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Abstract

The performance of marine vehicles is largely influenced by interactions with the flow
around their hull, both self-generated and environmentally driven. To improve perfor-
mance through flow control, a detailed, real-time measurement of the near-field flow
is necessary, yet such sensing capability is presently unavailable. Looking to nature
for inspiration, fish employ the distributed pressure and velocity sensing capability
of their lateral line sensory organ to mediate navigation and control behaviors that,
if replicated, could benefit engineered systems. Through a series of towing tank and
field experiments, it was found that while distributed pressure measurements on ma-
rine vehicles enabled the detection of near-body flow phenomena, the size, cost, and
mounting requirements of commercial sensors lead to sparse arrays and substantial
gaps in the characterization of the flow field.

To address the challenges associated with obtaining spatially-dense pressure mea-
surements on curved surfaces in marine environments, a new waterproof and confor-
mal pressure sensor array was developed based on a closed-cell piezoresistive foam
composed of carbon black-doped-silicone composite (CBPDMS foam). The response
of the CBPDMS foam sensor arrays was characterized using periodic hydrodynamic
pressure stimuli from vertical plunging and water waves, and a piecewise polyno-
mial calibration was developed to describe the sensor response. The sensitivity and
frequency response of the sensor arrays was also documented through a series of
biologically-inspired hydrodynamic stimuli, including the flow from a dipole source,
and the Karmin vortical wake flow behind a circular cylinder. The CBPDMS foam
sensor arrays have significant advantages over existing commercial sensors for dis-
tributed flow reconstruction and control. They are found to have sensitivity on the
order of 5 Pascal, frequency range of 0.5-35 Hertz, are contained in a waterproof and
completely flexible package, and have material cost less than $10 per sensor.

Thesis Supervisor: Michael Triantafyllou
Title: William I. Koch Professor of Marine Technology
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Chapter 1

Introduction

1.1 A Challenging Environment

Operating in the ocean environment presents a unique set of challenges to engineering

systems. Marine vehicles and structures are subject to highly dynamic fluid forces,

corrosive surroundings, and potentially large hydrostatic pressures amongst a multi-

tude of physical design considerations. Along with the physical effects operating in

an often times harsh environment has on vehicle design and construction, the sensory

and communication capabilities of marine vehicles are defined by the surroundings.

Unlike terrestrial and aerial vehicles which utilize visual feedback for local naviga-

tion and task execution, as well as radio frequency (RF) communication for receiving

operating commands, and data from the global positioning system (GPS), marine

vehicles often operate at a sensory deficit, especially underwater.

Unlike in air, RF signals quickly attenuate underwater, leaving underwater vehicles

without a means of untethered communication with operators on the surface, or

reliant on technologies like acoustic modems that often times lack the performance of

radio-based communications and are subject to environmental interference. Similarly,

visual feedback is severely limited in many marine applications. When operating

deep underwater, vehicles are faced with a lack of natural light, forcing the use of

high powered illumination, which represent a substantial drain on energy resources.

Similarly, in coastal areas turbidity often impairs the use of visual systems by severely
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Figure 1-1: Environmental hazards such as turbid water, strong currents, and sudden

squalls, combined with large numbers of anchored vessels and heavy maritime traffic

make the waters off of the East Coast of Singapore particularly challenging for inarine

vehicle operation.

reducing operational range. On the surface, quickly changing atmnospheric conditions

and the potential for large waves and spray challenge traditional communication and

navigation systems.

Of particular interest for this study are the Singaporean coastal waters and the

Straits of Malacca. The Straits represent the primary shipping channel between the

Indian and Pacific Oceans, connecting major world econolies such as Japan, China,

and South Korea with India and the Middle East. Located at the tip of the Malaysian

Peninsula, the strategic position of the Port of Singapore has led it to be the second

busiest container port in the world according to Forbes [75]. The large volume of ships

traversing the Straits and anchored off of Singapore's east coast, as seen in Figure 1-1,

comibined with shallow, turbid water and strong currents make these coastal waters

particularly hazardous to marine vehicle operations. Additionally, the tropical climate

of Singapore is conducive to the formation of strong and rapidly forming storms which

bring heavy rain and greatly reduced visibility. Because of the unique environmental

challenges facing marine vehicles, a nieed exists for additional sensory systems that,

allow for a better characterization of the highly dynamic surroundings, and help

ensure safe and efficient operation.
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1.1.1 Marine Vehicle Sensory Deficit

Overall, a significant challenge in the operation of marine vehicles off the coast of

Singapore is that of a sensory deficit summed up below:

" Can't see:

Turbid water and tropical squalls greatly reduce visibility.

" Can't hear:

Shallow water and noise from biological and man-made sources negatively

impact acoustic communication and navigation methods.

" Difficult to communicate:

Seawater greatly attenuates RF signals, impairing communication with un-

derwater vehicles.

1.2 The Role of Marine Vehicles

Despite the difficulty of operating in the marine environment, marine vehicles play

a crucial role across a variety of industries and applications. In the offshore indus-

try unmanned underwater vehicles are relied on for a variety of tasks including the

identification and mapping of hydrocarbon deposits, drilling wells, construction of

wellheads and blowout preventer valves, and periodic inspection of underwater struc-

tures throughout the operational life of the well [90]. Marine researchers rely on

underwater vehicles, both manned and unmanned, for the collection of biological and

oceanographic data crucial to gaining a better understanding of the planet's ecosys-

tems and climate. Autonomous underwater vehicles such as the Slocum Glider are

increasingly relied upon for the collection of data over geographic and temporal scales

exceeding the capabilities of traditional manned research cruises [46]. Autonomous

underwater vehicles equipped with forward-looking sonar systems have also been uti-

lized for ship hull inspection, eliminating the need to put divers in harm's way and

enabling hull inspection during periods of poor visibility which would restrict the
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capabilities of vision-based methods [83]. While the applications of marine vehicles

are diverse and wide-ranging, in the context of the Singaporean harbors and littoral

zones, several specific tasks stand out.

1. Detection and sampling of harmful algal blooms

Singapore has a strong seafood industry [43] that is dependent on the health

of the coastal fisheries as well as near-shore aquaculture. Harmful algal blooms

often lead to seafood kills that represent a risk to public health and the nation's

economy [43, 78, 2].

2. Marine structure surveying and mapping

There is great interest in the autonomous surveying and mapping of surface

and subsurface marine structures including piers, oil platforms, and harbor

structures.

3. Port security and surveillance

As one of the busiest ports in the world, ensuring the safety and security of

the Port of Singapore is a demanding task. The use of manned and uinmanned

marine vehicles and novel sensors to enhance and streamline port security is of

great interest.

4. Data collection for environmental model development and verification

A significant role of the Center for Environmental Sensing and Modeling

(CENSAM) is the advancement of oceanographic and climate models for trop-

ical Southeast Asia. The dynamic nature of the tropical climate creates a sub-

stantial challenge for modeling, and environmental data is needed to verify

the model's performance. In general, the marine environment is highly under-

sampled, and utilizing unmanned marine vehicles to carry out sample collection

over large spatial and temporal scales will lead to better models through im-

proved training and verification data.
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Figure 1-2: The lateral line distribution is shown for the Lake Michigan mottled

sculpin. Superficial neuromasts are shown as black dots, while the extent of the canal

subsystem is shown in red (adopted from [15]).

1.3 A Biological Solution: The Lateral Line

Solutions to complex engineering problems can often be found by looking to nature

for inspiration. The application of biological principles to engineering systems, or

bionimetics, is especially powerful when considering the marine environment which

is inhospitable to humans, but contains an incredible degree of bio-diversity. The

ability of fish to navigate the undersea world at high speeds and in close proximity to

obstacles and other individuals is particularly attractive to ocean engineers seeking

to enhance the perforinance of marine vehicles.

A fantastic example of a biological system overcoming a profound sensory deficit

is the ability of the blind Mexican Cave Fish (Astyanax fasciatus) to survive in

subterranean caverns devoid of light. So complete is the visual deficit in the cave

environment, the fish's eyes have atrophied away, leaving the species blind. In place

of sight as a primary means for detecting and avoiding obstacles, the cave fish rely

on their lateral line for navigation, feeding, and other essential behaviors [82, 69, 85].

The lateral line system found in all species of fish and some amphibians is a hair-

cell based mechanosensory organ comprised of two primary subsystems: superficial

neuromasts and canal neuromasts, as seen in Figure 1-2. While the two subsystems

share physiological elements, they provide different information to the fish about the

surrounding fluid flow, allowing for a wide variety of behaviors. For an in depth

review of the lateral line, the work of Coombs et al. in [16] is highly recommended.
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1.3.1 Lateral Line Physiology

Descriptions of the lateral line system in fish first appeared as early as the 17th

century by Stenosis, who proposed mucus production as the primary function of the

organ, a view that remained largely unchanged for nearly 200 years. In the mid 19th

century, the sensory nature of the lateral line was identified by German anatomist

Franz Leydig based on his discovery of large and easily identifiable sense organs in

the head canal of the ruffe [57] (as discussed in [16]). Around the same time, a

second type of sensory organ was identified on the skin surface of fish and aquatic

amphibians by Schulze [77]. These two types of sense organs are now recognized as

the two distinct subsystems of the lateral line: canal neuromasts (CN) and superficial

neuromasts (SN).

The main building block of the distributed lateral line system are neuromasts,

small epithelial organs which are composed of both mechanosensory hair cells and

non-sensory cells. Each hair cell has a bundle of cilia extending from its surface

composed of a single kinocilium and several shorter stereovili that are graded in

length, providing a polarity to each individual hair cell, as seen in Figure 1-3(a).

Whn th4k11z kinoU11,1s11im t 10 dLecd away f1roim U1sterL iia, an exciuauory resp"1J1O 1s

generated and transmitted to the brain by nerves connecting to the neuromast. When

the kinocililum is deflected towards the stereocilia, an inhibitory response is produced,

creating a much different signal to the brain. Within a neuromast, individual hair

cells are present in opposing orientations and are spatially distributed 1-3(c); defining

an axis of greatest sensitivity for the neuromast, and providing directional sensing as

discussed in [16].

A single elongated cupula covers the ciliary bundles of the hair cells and pro-

vides an interface between the neuromast and the surrounding environment. The

size, shape, and length of cupulas vary considerably between superficial and canal

neuromasts and between species of fish, as discussed in the chapter on lateral line

morphology by Coombs in [16].
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/ Hair
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(a) Each hair cell has a bun-

dIle of cilia extending from the
surface composed of a single

kinocilium and several shorter

stereovili that are graded in

length. Each hair cell is di-
rectional depending on the ori-
entation of the kinociliin and

the graded stereovili to the
flow.

(b) Scanning electron inicrograph of the indi-

vidual hair bundles that make up the sensory

surface of the lateral line neuromast in a inot-

tied sculpin. The single kinocilium and graded
stereovili are visible, as well as the directional

polarity of adjacent hair cells (from [15]).

Cupula

Hair
Bundles

flair

Cells
it /<

(c) Each neuroinast is coIposed of many spatialy
distributed hair bundles of varying orientations con-
tained within a single elongated cupula (orange).

Figure 1-3: Superficial and canal neuroniasts are composed of niany hair cells and

make up the building blocks of the lateral line sensory system.
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Superficial Neuromasts

Superficial neuromasts are located on the surface of the skin and are directly exposed

to flow, as seen in Figure 1-4. Because the height of the superficial neuromast's cupula

is generally around 50 jpm tall, the sul)erficial neuromasts reside in the boundary

layer of the fish body as discussed iii the chapter by McHenry and Liao in [16] and by

Windsor in [85]. Superficial neuromast are generally considered as velocity sensors

[7, 16], where the viscous drag of the fluid on the cupula causes deflections that

stimulate the neuromast [85].

a Superficial Canal pore Flow
neuromast v

Ccale ana
neuromrast

b Cupula C

Cupula

Hair bundle

It/ Hair ce! Hair

10 pm 5O Pm
Hair cell

Figure 1-4: a) The lateral line system is composed of superficial neuromasts preseint

on the skin of the fish and exposed to the flow field, an(d canal neuromasts which are

present within canals beneath the skin and between l)ores. b) Superficial neuromasts

are smaller than canal neuromasts and have a higher aspect ratio between base width

and height. c) Canal neuromasts are generally the larger of the two types and slide

like a rigid body alonig the eI)ilthelium in the canal (from [16])

Canal Neuromasts

While the su)erficial neuromasts are located on the skii of the animal and are exposed

to the mean flow, the canal subsystem com)rises a series of canals beneath the skin,

comiected to the surface through an array of )ores. Whei ex)osed to a pressure

gradient between adjacent pores, a local flow is induced in the canal, stimulating

canal neuromasts located within the canal and between the pores [85, 74]. Because

28

p



of the shape of the canals, canal neuromasts are generally hemisphere shaped and

quite large, as seen in Figure 1-4. When stimulated by a local induced flow, the canal

neuromasts slide like a rigid body along the epilthelium of the canal, with the motion

resisted by the spring-like dynamics of the cilia bundles in the hair cells [85]. The

deflection of the canal neuromasts is proportional to the velocity within the canal,

which is proportional to the pressure difference between pores [85, 74]. In this way,

the trunk canal subsystem acts in a similar fashion to an array of differential pressure

sensors mounted on the animal's body in hydrodynamically sensitive regions [33].

Signal Filtering by the Lateral Line

The lateral line sensory system has been shown to provide a degree of 'filtering' to

hydrodynamic stimulus. For the superficial neuromast subsystem, high-frequency

components of the flow velocity are preferentially transmitted to the surface of the

fish's body by the dynamics of the boundary layer, creating a 'high-pass' filter effect

[85, 74]. Due to their location within the lateral line trunk canals, canal neuromasts

are sensitive to pressure gradients between adjacent pores across a broad range of fre-

quencies without interference from the boundary layer [85]. Because of their response

in proportion to flow accelerations, CNs preferentially sense high-frequency compo-

nents of the flow and have the ability to filter out direct currents. Additionally, CNs

are at least an order of magnitude more sensitive than superficial neuromasts, and

exhibit a degree of low-pass filtering with a cutoff frequency that is determined by

the shape and size of the canal and cupula, and is generally in the hundreds of Hertz

[85]. For a thorough discussion of the frequency response of the lateral line system

the chapter The Biophysics of the Fish Lateral Line by van Netten and McHenry in

[85] is highly recommended.

1.3.2 Behaviors Mediated by the Lateral Line

Throughout most of the 19th and early 20th centuries, the lateral line was viewed

as an accessory to hearing, specialized for low frequency sound [16]. This view per-
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sisted, despite experimental work by German ichthyologist Bruno Hofer [42] that

demonstrated the ability of blind Northern Pike (Esox lucius) to avoid obstacles and

align to water currents (rheotaxis). Hofer's work, summarized in [16], provides some

of the earliest experimental evidence that the lateral line responds to flowing water,

and established obstacle avoidance and rheotaxis as behaviors mediated by the lateral

line system.

Evidence that the lateral line plays an important role in obstacle detection and

avoidance was reinforced by Dijkgraaf [23] (described in [16]) who termed the phrase

"touch-at-a-distance" to describe the function of the lateral line. This descriptor of

the lateral line remains an excellent one, as the distributed nature of the lateral line

sensors has more in common with touch than hearing. Following the lead of the early

pioneers of lateral line research, many studies have shown the role the lateral line

plays in navigation, especially in the blind cave fish [82].

Continued study has shown that the lateral line contributes to a wide range of

core behaviors in fish and amphibians, including feeding, predator avoidance, and

communication. In each of these cases, the lateral line is detecting the hydrodynamic

fields produced by other animals, an interaction that is limited to short-ranges when

compared to hearing, as described in the chapter by Bleckmann in [16]. The lateral

line has also been shown to sense large-scale water flows generated by wind and gravity

[16], as well as coherent flow structures generated by obstacles in the flow [58, 60].

Finally, the near-body flow sensing capabilities of the lateral line have been shown to

play a role in cooperative behaviors such as spawning, parenting, and schooling [16].

Obstacle Detection and Avoidance

The blind Mexican Cave Fish provides an excellent example of the use of self-generated

flows for 'hydrodynamic imaging' in low visibility environments [16, 88]. The distor-

tion of a gliding fish's self-generated flow can be sensed by the lateral line and utilized

by the animal for obstacle detection and avoidance [82, 88, 69]. Through the com-

bined use of computational fluid dynamics (CFD) models and experimental studies

utilizing particle image velocimetry (PIV) of fish swimming towards a wall [86], and
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gliding parallel to a wall [87], it was found that fish could detect a wall 0.10 body

lengths away, but not 0.25 body lengths away [87]. These results combined with the

potential flow simulations by Hassan [39, 40], reinforce the ability of the lateral line

to provide feedback for short-range object detection and avoidance.

Flow Synchronization and Alignment

The lateral line has been shown to contribute to the ability of fish to synchronize

with vortex structures in a flow field in order to reduce the energy cost associated

with station keeping [59, 58]. Experiments found that when placed behind a flow

obstruction generating a vortex wake, trout display unique body kinematics known

as the Kirmin gait. Using electromyography along with a variety of visualization

techniques, it was found that the trout exhibited less muscle activity when Kairmin

gaiting behind a D-shaped cylinder when compared to swimming in a free stream [58].

The role of vision and the lateral line during the Kirmin gait behavior was studied

using a pharmacologically blocked lateral line, and by performing experiments in the

dark. It was found that the body kinematics of the fish Kairmain gait were altered

when the lateral line was impaired and the experiments were performed in the light.

However, when experiments were performed in the dark, fish preferred to entrain in

the suction zone behind the cylinder for both intact and impaired lateral line cases.

It was concluded that vision plays a role in the preference to associate with a vortex

street, but the lateral line plays a larger role in affecting body kinematics during the

Kairmain gait behavior [59].

The lateral line has also been found to play a role in the ability of fish to align

with certain types of flows (rheotaxis). For fish in uniform flows of sufficient current

to sweep them downstream, little hydrodynamic flow stimulus to the lateral line is

generated, and visual stimulus is the primary source of feedback [16]. In slow moving

flows insufficient to displace the fish, the lateral line is able to sense the flow relative

to the body surface, enabling the fish to orient to the flow [70] (discussed in [16]).

It was found that blocking the entire lateral line significantly increased the velocity

threshold for rheotaxis behavior, while blocking only the canal neuromast system
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had little to no effect, suggesting rheotaxis is primarily influenced by the superficial

neuromast system. Further study has also suggested that the lateral line plays a role

in rheotaxis in non-uniform flows [53].

Prey Detection and Predator Avoidance

The ability of surface feeding fish to localize prey trapped on the water surface by

sensing concentric propagating surface waves via the lateral line was investigated by

Bleckmann [6] using enucleated fish and a vibrating probe stimulus. It was found

that determination of the direction of the wave source depends on the interaction

of symmetrically located groups of receptors on either side of the top of the head,

and that a characteristic change in the frequency spectrum of surface wave trains is

the most dominant physical parameter of the stimulus relevant to localizing surface

prey. Using Lake Michigan mottled sculpin, Cottus bairdi, Coombs found that canal

neuromasts mediate the ability of fish to orient towards live pray or a vibrating sphere

[17].

The impact of the difference in lateral line physiology between the ruffe, a noctur-

nal fish that live in turbid water, and the perch, a diurnal shallow water fish, while

responding to prey was investigated by Janssen, and it was found the ruffe detected

prey at a greater distance than the perch, possibly due to membranes over the lateral

line canal openings inhibiting self-generated flow noise from reaching the neuromasts

[45].

Just as the fish lateral line can detect the hydrodynamic signal created by prey, it

can help in the detection and avoidance of predators as well. Experimental work using

zebrafish larvae has shown that the accelerating flow created by a predator's strike

is detected by the larvae's lateral line, allowing for an escape response that provides

predator evasion during the vulnerable growing stage [68]. For a comprehensive review

of prey localization on the surface and in midwater; as well as predator avoidance,

the chapter by Bleckmann in [16] is recommended.
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Cooperative Behaviors and Schooling

The short length scales of lateral line sensing make it an ideal candidate for enabling

cooperative short range interactions between neighboring animals. The role of the

lateral line in spawning synchronization, young protection, and aggression is sum-

marized in [16]. Of particular interest for application to engineering applications is

fish schooling, and the ability to navigate rapidly in close proximity to neighbors.

Comparing the ability of groups of fish to shoal before and after the entire lateral

line system has been suppressed with an antibiotic treatment showed the fish with

impaired lateral lines were unable to maintain a shoal (note: shoaling applies to fish

swimming together in an unstructured manner, whereas schooling implies synchro-

nized and polarized swimming, although a clear dichotomy does not exist) [30].

Schooling behavior in fish is often times a response to predator threat, and the

lateral line is likely involved in the transmission of threat information throughout

the school. Schooling has also been shown to have hydrodynamic benefits depending

on the position of an individual in the school, as investigated computationally by

Maertens in [64].

1.3.3 What are the lessons of the fish lateral line?

The fish lateral line provides an excellent example of a sensory system that has evolved

to overcome the challenges of survival in a marine environment. The lateral line

mediates behaviors in fish that enhance performance, reduce energy expenditure, and

allow for survival in harsh conditions. When considering the current state of ocean

engineering systems, achieving a mere fraction of the capabilities observed in fish

is highly desirable. With the goal of reducing the sensory deficit faced by marine

vehicles in mind, the fish lateral provides two primary lessons that can be applied to

engineering systems.

1. Fish utilize the pressure stimulus generated by near-body hydrodynamic

structures to inform a variety of behaviors.
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2. The lateral-line is an example of a distributed pressure and velocity sensory

system.

1.4 Bringing Lateral Line Inspired Capabilities to

Marine Vehicles

In order to achieve the lateral line mediated capabilities observed in fish with marine

vehicles, advancements are needed in the characterization and utilization of near-

body hydrodynamic pressure signals, as well as in the development of bio-inspired

distributed sensor arrays. The fish lateral line and the behaviors it mediates provides

an excellent motivation for the development of distributed sensor arrays, however

the design requirements for arrays intended for marine vehicle use must be scaled

appropriately to the hydrodynamic stimulus of interest, as shown in Table 1.1. The

primary aim of this study is to answer the following questions:

1. Near-body Hydrodynamics

(a) What are the measurable near-hody flow structures that are ]Isful for

ocean engineering applications?

* To answer this question, a series of towing tank and field experi-

ments were performed using distributed arrays of commercially avail-

able pressure sensors. The results of these experiments will be pre-

sented in Chapter 2, along with a review of previous work on the

impact of near-body flow structures on marine vehicle operation.

2. Distributed Pressure Sensing

(a) What requirements should a distributed pressure sensor array fulfill for

practical ocean engineering applications ?

* In Chapter 3, design guidelines for distributed pressure sensor arrays

intended for marine applications are formulated based on the results

of previous experiments utilizing commercially available sensors.
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(b) Are current sensor technologies available and sufficient ?

* Commercially available pressure sensors are evaluated for use in hy-

drodynamic sensing applications in Chapter 3. In particular, the size,

cost, and mounting considerations of the commercial sensors used in

the near-body flow sensing experiments in Chapter 2 are discussed.

(c) What sensing principle can be developed and demonstrated specifically

for ocean engineering applications ?

o In Chapter 3, previous work in the development of doped-polymer

'smart-skin' pressure sensors is presented. An extension of soft-sensor

fabrication techniques to marine applications, along with the develop-

ment of a closed-cell foam sensing material, is introduced in Chapter

4. In Chapters 5, 6, and 7, closed-cell doped-polymer foam sensor

arrays are evaluated for use on unmanned marine vehicles.

1.5 Chapter Summary

Due to the unique challenges of the maritime environment, marine vehicles face a sen-

sory deficit compared to terrestrial and aerial vehicles. Despite limitations on the use

of visual and auditory feedback systems and communication challenges underwater,

unmanned marine vehicles are in high demand for applications including ship and

structure inspection, port security, and scientific data collection. In nature, fish have

overcome this sensory deficit by utilizing feedback from the lateral line sensory organ.

Composed of two subsystems that act as distributed velocity and pressure sensor ar-

rays respectively, the lateral line has been shown to mediate such complex behaviors

as obstacle detection and avoidance, organism tracking, vortex wake synchronization,

and cooperative schooling. Examples of the size scale and sensing performance of the

fish lateral line system for representative applications are given in Table 1.1. With

the goal of applying the lessons from nature to engineering systems, the subsequent

chapters previewed below will investigate the use of distributed arrays of commercial
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pressure sensors on marine vehicle hulls, and describe the development and character-

ization of a closed-cell foam composite pressure sensor array for marine applications.

1.6 Chapter Previews

Chapter 2: Near-Body Hydrodynamics Chapter 2 discusses the performance

impacts of near-body flow structures on marine vehicles, and the need to sense

and characterize these flow structures. Previous studies of the use of pressure

sensing to characterize near body flow structures are discussed, and experi-

ments conducted by the author using an instrumented model sailboat hull and

instrumented hydrofoil are introduced. An experimental study of near-body

flow sensing on an unmanned kayak vehicle using commercially available and

experimental MEMS pressure sensor arrays is discussed in detail. Results of

the laboratory and field experiments using commercial pressure sensors will

provide size, dynamic range, and sensitivity guidelines for the development of

distributed hydrodynamic pressure sensor arrays.

JIChapter 3:~i~ istrite Pressure SenDr Arr iays in ch~apter 3, guideinesc~ fur

the design and fabrication of distributed pressure sensor arrays for use in hy-

drodynamic sensing applications are outlined. The guidelines are based on ex-

perience gained from previous experiments with commercially available sensors,

which are reviewed in the context of marine vehicle applications. Prior work

in the development of pressure sensor arrays inspired by the fish lateral line is

summarized, and the development of doped polymer 'smart-skin' pressure sen-

sor arrays is introduced. The author's collaborative involvement in early stage

'soft-skin' sensor development and testing is discussed, and recommendations

for next generation 'soft-skin' arrays are made.

Chapter 4: Closed-Cell CBPDMS Foam Development Chapter 4 presents the

extension of the soft-sensor fabrication techniques and materials introduced in

Chapter 3 to marine vehicle applications. The expansion of 'smart-skin' pressure
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sensor arrays to marine vehicles is provided by the development of an innova-

tive waterproof and flexible closed-cell carbon black-silicone foam piezoresistive

composite. The piezoresistive behavior of the material is discussed, and the

fabrication of a 4 x 1 pressure sensor array is outlined.

Chapter 5: CBPDMS Foam Sensor Array Characterization Chapter 5 describes

characterization experiments conducted on the CBPDMS foam sensor arrays

using oscillatory pressure stimuli from vertical plunging and water waves. The

repeatability of the sensor arrays is discussed, and a piecewise polynomial cali-

bration is generated for the sensor array's response to hydrodynamic stimulus.

Chapter 6: Dipole Experiments Chapter 6 introduces the use of an oscillating

sphere as a biologically inspired pressure stimulus for testing the frequency range

of the CBPDMS foam sensor array. A potential flow model of the pressure

field generated by the oscillating sphere is presented for the sphere vibrating

perpendicular to the CBPDMS foam sensor array, and in the vicinity of the

sensor array and testing tank bottom. The frequency range of the CBPDMS

foam sensor array is discussed, and the minimum RMS pressure for successful

frequency identification is explored.

Chapter 7: Kairmin Vortex Street Identification Chapter 7 discusses the sens-

ing of a Kirmin vortex street by the CBPMDS foam sensor array. The biological

relevance of vortex sensing and the fish Kirmain gait behavior is introduced, and

measurements of vortex shedding frequency and pressure magnitude from the

foam sensor array are compared to measurements from an array of commercial

pressure sensors and measurements of the foil lift force.

Chapter 8: Conclusions Chapter 8 summarizes the need for distributed pressure

sensing for near-field flow measurement, and reviews the principle contributions

of the thesis. Based on the results of the current study, recommendations for

future work are made and discussed.
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Application
Scale
Fish

lateral line

Example unsteady
flow

Energy extraction
from vortices [60]

Sensor spacing

~ 1-3 mm
(Trout)

Dynamic

pressure [Pa]

10-30

Fish Prey tracking [15] 2 mni 0-15 30-100

lateral line (Mottled

Sculpin)

Unmanned Free vortex tracking < 6 cm 20-100 0.5-2

marine [33]

vehicles

Unmanned Leading edge vortex < 4 cm 40-200 0.25-3

marine shedding [27]
vehicles

Unmanned Separation from 5 cm 10-100 < 1 Hz

marine model sailboat hull

vehicles (L= 1 in, Fr= 0.16,
u= 0.5 i/s) [31]

Proposed Separation during 1.5 in 400 - 4000 < 1 Hz

ship-scale surface vehicle

marine maneuvering

application (L= 30 m, Fr= 0.16

in, u= 3 m/s)

Table I.1: The size and performance requirements for lateral line inspired hydrody-

niamic sensor arrays are dependent on the scale of the vehicle or unsteady flow of

interest. In nature, the fish lateral line canal subsystem (highlighted in red) has pore

spacing on the order of imillimeters, and the dynainic pressure stimuli discussed in

Section 1.3.2 are typically on the order of tens of pascals. In Chapter 2, examples of

unsteady flows characteristic of unmanned marine vehicles on the scale of -1-3 in (ill

grey) will be discussed in detail, and will serve as the foundation of design guidelines

for hydrodynamic pressure sensor arrays that will be presented in Section 3.1. Pro-

posed sensor array characteristics for a ship-scale application based on Froude scaling

are also given for comparison (highlighted in green).
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Chapter 2

Near-Body Hydrodynamics

The interaction of marine vehicles with near-body flow structures has consequences

for navigation in currents and cluttered environments, and for performance during

maneuvers or while operating in dynamic flow conditions. Near-body flow structures

can be self-generated as in the case of a helical vortex being shed from a vessel's keel

line [311, or environmentally driven, as in the case of a vortex street shed behind an

obstruction, or the vortex wake generated by a swimming fish. Examples of both

types of interactions are present in nature and are exploited by fish, as described in

Section 1.3.2. In particular, the ability of fish to identify obstacles and navigate in a

cluttered environment is an excellent example of utilizing the impact on self-generated

flow noise by nearby obstacles. Similarly, the ability of fish to exploit vortex wakes to

reduce the energy cost of station keeping demonstrates the utility of measuring and

utilizing coherent structures already present in the flow field.

In this chapter, previous work in near-body flow sensing will be reviewed, including

previous studies by members of the towing tank group at MIT. Additionally, two

experimental programs conducted by the author will be discussed. A brief summary

of the experimental study of leading edge vortex shedding conducted in [27] will be

offered, as well as a more comprehensive discussion of the experimental investigation of

near-body flow sensing on an unmanned kayak conducted in Singapore and published

in [26].
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2.1 Prior Work in Near-Body Flow Sensing

Several studies have explored the use of pressure sensors to characterize near-body

flow structures. Fish-shaped robots equipped with arrays of coinmercially available

pressure sensors to minic the lateral line sensory organ were used to investigate the

pressure features around a fish during different swimming gaits by Liu et al. [61].

Similarly, biomimetic robots equipped with pressure sensors were used to mimic the

ability of fish to station keel) in steady streams and exploit the vortical structures

behind obstacles in the flow field [1, 11]. Rheotactic and station keeping behaviors

were demonstrated by DeVries et al. using a streamlined foil equipped with ionic

polymer metal composite (IPMC) artificial superficial neuromasts for flow velocity

sensing, and pressure sensors to represent the canal subsystem [22].

In an effort to accomuplish the task of obstacle detection and avoidance using a

small underwater vehicle named "Snookie," Franosch et al. developed flow velocity

sensors based on hot-thermistor anemometry. The thermistors were covered with

individual canals, as seen in Figure 2-1, and the sensors were shown to have a power

law relationship between flow velocity and energy dissipation [34].

Il'''IlIIIIIII~lIIIIIIT1II11 l~II\III li~ ii

Figure 2-1: Thermistor sensors covered by a canal were used by Franosch et al. for

lateral line inspired sensing on an underwater vehicle (from [34]).

Fernandez et al. investigated the use of pressure sensor arrays to passively aid

in navigation and object identification [32]. Using a streamlined body instrumented

with an array of seven conmmercially available pressure sensors, it was shown that

the position and velocity of a cylinder translating near the body could be identified.
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Additionally, it was shown that a differentiation could be made between a circular

and square cylinder using data from a single pass of the cylinder after performing a

principal component analysis on a set of training data. Expanding on the capability

to identify objects, it was shown that the location and cross sectional shape of a

stationary cylinder could be found using the pressure field generated by a translating

instrumented hydrofoil.

The use of pressure sensor arrays on marine vehicles was further investigated in the

context of optimizing vehicle performance and maneuverability [31]. The strength and

position of a free vortex pair translating near a streamlined body was estimated using

sparse pressure sensor measurements and a potential flow model with an extended

Kalman filter. Leading edge vortex shedding was identified on an instrumented hy-

drofoil translating at large angles of attack, and an array of pressure sensors mounted

inside a model sailboat hull was used to identify helical vortex shedding from the keel

line.

Experiments with an instrumented model sailboat hull of length L=1 m discussed

in [31] were conducted by the author in the MIT towing tank. An array of 10 Hon-

eywell 19C015PG4K pressure sensors were connected to taps along the length of the

model's hull 2.54 cm below the waterline via plastic tubes, as seen in Figure 2-2(a).

The model was towed at 0.5 m/s at angles of attack ranging from 0 to 35 degrees

with respect to the towing direction, as seen in Figure 2-2(b). At low angles of attack

between 0 and 10 degrees, the experimentally measured pressure decreased along the

length of the bow-mounted pressure sensors from x/L=0.05 to 0.11. At angles of

attack greater than 15 degrees the trend reversed, with the pressure increasing from

x/L=0.05 to 0.11. The pressure gradient indicated accelerating fluid in the bow por-

tion at low angles, and decelerating or re-circulating fluid at high angles. It was clear

that the pressure along the sailboat hull peaked at high angles in the un-instrumented

midship region of the vehicle from x/L of 0.11 and 0.5. Although the precise location

of this peak was not captured in the experiment due to the limited distribution of

discrete pressure taps, its presence suggested vortex separation was occurring at the

sharp bow and possibly also at the keel line, which was supported by the dye visu-
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alization in Figure 2-5. Additionally, the pressure at the bow-most tap exhibited a

consistent decreasing trend with increasing angle of attack. This information could

therefore be used to accurately estimate the hull's angle of attack, demonstrating

that surface pressure measurements provide useful insight to the nature of the flow

field past the hull. The results of the model sailboat hull experiments, summarized

in Table 2.1, were also used to inform design guidelines for continued sensor array

development, as presented in Section 3.1.

(a) A model sailboat hull was instrumented

with an array of 10 Honeywell 19 111111 pressure

sensors connected to taps on the low pressure

side of the hull using plastic tubes. The sail-

boat hull was attached to the towing carriage

in the MIT Towing Tank and the angle of at-

tack relative to the towing direction was varied

from 0 to 35 degrees.

Odeg.

5 deg.

10 deg.

15 deg.

17 deg

20 deg

22 deg

25 deg

27 deg

30 deg

33 deg

100 Pa l 
deg

(b) The pressure distribution on the sail-

boat hull s surface was found to vary with

the angle of attack, allowing for the esti-

iiiation of towing angle (from [31]).

Figure 2-2: Study of distributed pressure sensing oni a towed surface vehicle.
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(a) Honeywell 19mm Ipressure sensors were (b) To transmit pressure from the foil surface

used the study LEV shedding on a single el- to the sensors mounted on top of the foil, tub-

ement hydrofoil. Because of sensor size limita- ing was embedded within the urethane foil dur-

tions, the array on the foil was limited to four ing the casting process (from [27]).
sensors (from [27]).

Figure 2-3: Ai instrumented hydrofoil was used to study the pressure distribution

due to LEV shedding.

2.2 Detection of Leading Edge Vortex Shedding

An experimental study of leading edge vortex (LEV) detection using on-body pressure

sensors was conducted by the author to investigate the utility of distributed pressure

sensing arrays for ocean engineering applications [27]. An array of four commercially

available pressure sensors (Honeywell 19mn type) were mounted on top of a rigid

urethane hydrofoil as seen in Figure 2-3(a). Due to the size of the foil being con-

strained by experimental facilities, the thickness of the foil did not allow the plressure

sensor to be mounted internally, and tubes were instead embedded within the foil

connecting the sensors to the foil's surface., as seen in Figure 2-3(h).

Experiments were conducted with the foil undergoing steady translations at vai-

ous angles of attack as well as sinisoidal lapping' motions over a range of heave and

pitch )araleters. Of great interest during the study was the formation and shedding

of a strong LEV during the acceleration phase of the foil motion. It was found that

the presence and location of the LEV was readily identifiable using surface pressure

mneasurements at discrete locations along the foil chord. Using particle image ve-

locimetry (PIV) techniques, the location of the LEV was deteriniied and correlated

with pressure nicasuremnents, as seen in Figure 2-4. Additionally, force measureieits

were used to measure the performance impact of the shed vortex in the near-body

flow field.
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The study of LEV detection using on-body pressure sensing demonstrated the

ability to detect a near-body flow structure that has a significant impact oil the foil's

performlance. The range of dynamic pressure signals measured during the LEV ex-

periments, the frequency of vortex shedding, and analysis of the sensor spacing on the

foil's surface all provided valuable contributions to the development of design guide-

lines for distributed pressure sensor arrays, as seen in Table 2.1. The study of LEV

shedding was conducted in the context of optimizing perforimain(ce during flapping foil

eiergy extraction, but the lessons were applicable to a variety of marine vehicles and

structures, and motivated continued investigation of near-body flow structures.

Vorticity from PIV Filtered Pressure

150I

-50 05 1001

E -100E 0 ?5 50

E ,15
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-200 -45 100

-75 -150

-105 200

-300 -250

150 200 250 300 350 11 12 13 14 15 16

Position [mm] Time [s]

Figure 2-4: The left frame is a plot of the near-body vorticity field of a foil at 350

angle of attack and translating at 0.3 m/s. Red is counter-clockwise vorticity, and a

shed LEV is clearly visible adjaceiit to the second pressure tap denioted by the blue

colored circle. The right frame is a time trace of pressure at the four discrete taps

for the entire run. The colors of the pressuire traces correspoind to the colored circles

denoting pressliure tap location. The vertical line denotes the time corresponding to

the frame at left, and a characteristic drop in pressulre consistent with the presence

of a vortex is clearly observed in the seconi( pressiire trace shown ii blue.
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2.3 Near-Body Hydrodynamics of an Unmanned

Kayak

The utility of near-body flow sensing on a surface vehicle was investigated experi-

mentally by the author in collaboration with members of the towing tank group at

MIT, and CENSAM researchers in Singapore [26]. The primary experimental plat-

form for the study was an unmanned surface vehicle adapted from a rotomoulded

kayak, as described in Section 2.3.3. The kayak vehicle was equipped with an ar-

ray of commercially available pressure sensors, described in Section 2.3.4, as well as

three experimental pressure sensor arrays inspired by the fish lateral line. Two of the

experimental arrays, described in Section 2.3.2, were fabricated using silicon piezore-

sistive sensor dies on a flexible substrate by CENSAM researchers Ajay Kottapalli

and Mohsen Asadnia. The third experimental sensor array, described in Section 2.3.2,

was fabricated by MIT researcher Mandy Woo using doped silicone, and is described

further in the context of continued 'smart-skin' sensor development in Section 3.4.

The author was the lead investigator for the study of the unmanned kayak vehicle,

integrating the commercial and experimental pressure sensors onto the vehicle and

managing the data collection hardware and software. The author also lead the analysis

efforts for the data collected experimentally both in swimming pool and reservoir

environments.

2.3.1 Introduction to Pressure Sensing on an Unmanned kayak

Pressure sensing on hulls

For a vehicle operating in a marine environment, enhanced situational awareness has

numerous benefits to control, navigation, and performance. Marine environments are

highly dynamic, and vehicle motions are impacted by waves, wind, currents, and a

wide variety of surface and submerged obstructions. In order to accurately control

a marine vehicle, the vehicle dynamics must be well measured in real time. While

these measurements are typically accomplished using inertial motion units (IMU), or
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digital compasses with built-in gyroscopes, hull mounted pressure sensor arrays offer

an alternative method for measuring vehicle motions.

Experiments using a hydrofoil constructed with pressure taps on the foil surface

indicated that the shape and location of stationary obstruction can be detected using

pressure sensor feedback alone [33, 65]. While existing sensor technology greatly

limited the distance at which an obstruction could be detected, the experiments

demonstrated the potential for increasing environmental awareness by marine vehicles

using a passive detection technique. Such a passive technique could be of great

benefit for operation in noisy, cluttered environments, or where visual navigation is

impaired due to a lack of light or poor water clarity. Passive methods for improving

vehicle awareness are also attractive for missions where stealth and quiet operation

is desirable.

The detection of strong vortex structures shed by a vehicle during maneuvering

could be utilized to either increase vehicle maneuverability, or decrease the drag

associated with rapid maneuvers [31]. During maneuvering, streamlined bodies take

on a large angle of attack relative to the mean flow, resulting in a cross sectional

profile that is no longer streamlined, but similar to a bluff body. Because of this

change in profile, helical vortices are shed from the vehicle, resulting in strong regions

of low pressure near the body, as seen in figure 2-5.

The presence of helical vortices, and their subsequent low pressure regions, near

a body result in a large additional drag force on the vehicle during maneuvers. For

a survey vehicle conducting a "lawnmower" search pattern, the additional drag at

each maneuver can add up quickly, resulting in a reduced mission length. For an

autonomous vehicle, battery life and mission endurance are the driving factors for

cost, and the amount of usable data collected. If vehicle drag can be reduced through

the use of active sensing and control through maneuvers, the benefit to ocean data

collection would be significant [31].
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Figure 2-5: When towed at an angle of attack, even well strealinled hill shapes,
such as a model sailboat hull, presenlt a bluff cross section to the incoming flow field.

This drastic change in cross section results in the shedding of strong helical vortices

from the hull's keel line. These helical vortices were vislualized in the MIT Towing

Tank by iiijecting fluorescent dye into the flow field at the keel line, near the bow of a

sailboat hull. The dye could be clearly seen curling into a helical vortex that grew in

diameter towards the stern of the model, aId begall to break apart due to the effects

of viscosity.

MEMS Pressure Sensor Array Requirements for Hydrodynamic Sensing

While previous experimlenltal works within the MEMS pressure sensor group [33, 31,

65, 27] used commercial off the shelf (COTF) pressure sensors, these sensors do not

imleet all of the re(luiremilents of the MEMS pressure sensor arrays currelltly under

developmlent. Of primary inmportance ill the developlment of the MEMS pressure

seisor arrays was to create a flexible and waterproof sensor array that coulld be

surface ilmounited to a clurved body, sch as the 1hu1ll of all umlderwater or surface

vehicle. Additionlally, it, was desired to fabricate arrays of sensors that will ultimately

mimic full body-length coverage of the fish lateral line [33].

The experiments conducted by Fernandez [33, 31], Dusek [27], and Maerteis [65],

itilized Honeywell 19111111 series pressurme sensors for mlleasurimlg surface pressllre. The

Honeywell sensors were found to have excellent robulstlless andol sensitivity, blut their

large size (30mm height, 19111111 diameter), and lack of waterproofinlg made surface

mounting the sellsors imllpossible. Instead, the sensors required mllountinlg inside a wa-

terproof housinig [33, 31], or mouintilg above the water surface, with pressiurie traiis-

ulission tubes needed to transmit signals fron the body surface to the sensors [27, 65].

In both cases, the size and lack of waterproofing of the sensors placed limitations oil

both the number of sensors that could be mlloulInted on a body, and the size aid shape
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of the experimental setup. In addition, the use of pressure transmission tubes intro-

duced an undesirable added degree of uncertainty to pressure measurements due to

the dynamics of the air-water interface within the tubes.

Based on experience gained from these previous experimental studies, particular

emphasis was placed on optimizing the flexibility and waterproofing of the MEMS

pressure sensor arrays. Ultimately, it is desired to produce sensor arrays with sufficient

flexibility, waterproofing, and robustness to allow for surface mounting on a wide

variety of surfaces without the need for altering the sensing body in any permanent

way. To achieve this goal, innovative, flexible, material sets were chosen for the

fabrication of the MEMS sensor arrays.

2.3.2 Experimental Pressure Sensor Arrays Used on Unmanned

Kayak Vehicle

Within the MEMS pressure sensor group at the Center for Environmental Sensing and

Modeling (CENSAM), several sensor technologies are currently under development.

During January of 2012, three experimental sensor types were tested both in the

CENSAM testing tank, and on an autonomous surface vehicle (ASV) at the Pandan

Reservoir in Singapore. While the three sensors were based on different technologies,

all three were flexible, waterproof, and able to be surface mounted on the vehicle.

Two of the sensor arrays were developed around a silicon pizeoresistive sensor die,

discussed in section 2.3.2, and their individual packaging schemes will be discussed in

sections 2.3.2 and 2.3.2. The field testing results for the two packaging schemes will

be discussed together in section 2.3.5. The third sensor array was developed using

an innovative conductive polymer material set, and will be discussed in section 2.3.2.

While much work remains to further optimize each sensor, initial trials beyond the

laboratory environment showed great promise.
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Silicon Piezoresistive Sensors

Pressure Sensor Dies

For the two pressure sensor arrays developed at the Nanyang Technological Uni-

versity (NTU) in Singapore, commercially available pressure sensor dies were im-

plemented using two different packaging schemes to create flexible and waterproof

sensor arrays. Piezoresistive-based absolute silicon micro-machined pressure sensor

dies (Model MS7201-A2 from Measurement Specialties Inc) were chosen as suitable

for deployment in harsh environments due to the construction of the pressure port

from glass and silicon that is stable in most chemicals. Applied pressure was con-

verted into electrical signal by the implanted piezoresistors in the silicon membrane,

with packaging needed to provide the sensor die power and transport the output sig-

nal off-array. Other features included 0 to 100 kPa range, output span of 110mV at

5V supply voltage, temperature range from -40' to 1500 C, small die size (1.35 x 1.79

mm2 ), affordability, and high reliability.

Underwater Packaging Scheme

A liquid crystal polymer (LCP) substrate was used, on which Chromium (Cr)/Gold

(Au) electrical circuits were sputtered so that electrical connection via wires could

be established with the bonded pressure sensor dies. Advantages of the LCP sub-

strate included extremely low moisture absorption, superior hermetic sealing, and

excellent chemical resistance. Thus, the substrate was able to maintain stable elec-

trical, mechanical, and dimensional properties in wet, humid environments [52]. The

most flexible method to process LCP is micro-machining techniques, as it is compat-

ible with most photoresist. As a result, standard IC fabrication processes, such as

photolithography, etching, and metallization, can be utilized to process the LCP sub-

strate. As a complement to the LCP substrate, a flexible printed circuit board (PCB)

substrate was also implemented to attach the sensor dies. For waterproofing and seal-

ing purposes, polydimethylsiloxane (PDMS) (or silicone rubber) was dispensed over

the LCP and flexible PCB substrates. These LCP/PDMS and flexible PCB/PDMS
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combinations resulted in flexible pressure sensor arrays that could be easily deployed

on the streamlined bodies of marine vehicles.

Fabrication

LCP/PDMS Packaging Scheme

For the LCP/PDMS packaging scheme, the processing of two LCP substrates was

involved: (1) sensor and (2) base. For the sensor substrate, the fabrication process

consisted of five steps. First, a square copper (Cu) feature (2 mm by 2 mm) was

patterned on the LCP substrate by photolithography and Cu etching. Subsequently,

this Cu pattern defined the location of a mechanically drilled through-hole (diameter

1.2 mm) in the substrate. Second, a metallic layer of Cr (30nm)/Au (700 nm) was

sputtered onto the LCP substrate to form the electrical circuits for the sensor dies.

Third, a through-hole was drilled through the LCP substrate via the Cu pattern so

that the sensors backside pressure port could be accessed by water. After that, any

residual Cu pattern around the through-hole was etched away. In the fourth step,

after cutting out the individual sensor substrates, the sensor die was bonded to the

LCP substrate using adhesive with the alignment performed under a microscope.

Finally, the sensor die was wire-bonded to the Cr/Au electrode pads using Au wires.

For additional mechanical protection, the entire sensor die, together with the bonded

wires, was encapsulated in silicone gel. These fabrication steps resulted in a sensor

module ready to be placed on the LCP base substrate during the assembly process.

For the base substrate, the fabrication process consisted of three steps, which were

similar to those of the sensor substrate. For the assembly of the sensor modules to the

base substrate, four steps were involved. First, the sensor modules were bonded to the

LCP base substrate using adhesive with the alignment performed under a microscope.

Second, individual wires and ribbon cable wires were hand-soldered on the sensor

modules and the base substrate to complete the electrical circuits. Where necessary,

Ag conductive epoxy was used in addition to solder to enhance the durability of the

electrical connections. Third, after securing the LCP base substrate (with assembled
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sensor modules) to a container, PDMS was dispensed over the whole assembly and

subsequently allowed to cure under room temperature. Figure 2-6 illustrates the

fabricated pressure sensor array.

PDMS 4 Ribbon cable to
encapsulation .1 NI DAQ

(a) A completed LCP sensor array before en- (b) The backside of an encapsulated LCP
capsulation array

Figure 2-6: Fabricated pressure sensor array (2 x 5) with the LCP/PDMS packaging

schene. Size: 65 mm x 40 mm and sensor pitch: 10 nun (x-direction) and 8.5 nni

(y-direction).

Flexible PCB/PDMS Packaging Scheme

For the flexible PCB/PDMS packaging scheme, the fabrication pIroess consisted of

similar steps to the LCP/PDMS array. First, the sensor die was bonded to the flexi-

ble P-CB substrate using adhliesive with the alignment perforned under a nicroscope.

Second, the sensor die was wire-bonded to the Au electrode pads using Au wires.

For additional mechanical protection, tle entire sensor array was eicapsulated with

silicone gel. Third, ribbon cable wires were hand-soldered on the flexil~e PCB sul)-

strate to cOmllplete the electrical circuits. In the fourth step, after securing the flexible

PCB substrate to a container, PDMS was dispensed over the sensor array and subse-

queiitly allowed to cure lllder roo1 telperature. Figure 2-7 illustrates the fabricated

pressure sensor aray.
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(a) The backside of an encapsulated PCB (b) The frontside of an encapsulated PCB

sensor array. sensor array

Figure 2-7: Fabricated pressure sensor array (2 x 10) with the Flexible PCB/PDMS

packaging scheme. Size: 40 mnm x 20 mm and sensor pitch: 3 m (x-direction) aind

5.5 nm (y-direction).

Hydrostatic Calibration

Prior to deployment of the experimental pressure sensors on a streamlinedi body,

hydrostatic calibration was performed in the laboratory. The piezoresistive sensor dies

used in both the LCP and flexible PCB packaging schemes operated on the principle

of the Wleatstone blridge, and a 5V input voltage was used (luring calibration with the

sensor output voltage recorded using a National Instriments Data Acquisition Board

(Model USB-6281) and Labview software. lydirostatic calibration was plerforiied

by placing the seiisor arrays at known depths in the CENSAM testing tank, and

acquiring the output signal over a 60 secoiid period. Both sensors performed as

expected, producing a linear relationship betweeni pressure and output voltage with

flegligible hysteresis, as seen in figures 2-8(b) and 2-9(b).

LCP/PDMS Packaging Scheme

Figure 2-8 illustrates the voltage data acquired by the DAQ system in the tne

dolaili (luring the multi-step hydrostatic calibration of the LCP/PDMS sensor. The

left half of the p lots shows the ste)wise icrease in the hydrostatic pressure when the

senor array was howered nito the water tank while the right half shows the stepwise



decrease in pressure when the sensor array was raised upwards. From figure 2-8, a

seiisor calibration plot could be obtained as shown in figure 2-8(b). As illustrated,

the average sensor sensitivity is about 0.99 p-V/Pa with a 5V supply voltage. During

testing, it was found that sensor channels 5 and 7 produced unreliable results due to an

air bubble forming at the access hole to the sensor die, preventing water from reaching

the sensing membrane. The formation of this bubble was likely due to the presence of

protruding edges of LCP in the access hole, created during the manual drilling of the

LCP substrate. Although deep reactive ion etching recipes were developed that could

etch LCP, the etch rate was found to be too low, ald etching of the mask layer was

experienced in som)e cases. Because the pressure die access holes were large enough

for manual drilling, this technique was employed with generally favorable results.

15- Sensor 6 00010-

-Sensor 8
---- Sensor 9 0 0008

10- 
Sensor 10

0 0006 -
E
0) 05)

t 00004-
01 0

0. 00002- LCP/PDMS Linear Calibration
0.0 - - -Value Error

Intercept 1.792E-4 1.745E-5
00000- Slope 9.865E-7 2.286E-8

-0.5 - - - i -
-100 0 100 200 300 400 500 600 700 800 200 400 600 800 1000 1200

Time (s) Pressure (Pa)

(a) Example calibration for the bottom row of (b) Sensor calibration plot for the LCP/PDMS
the LCP sensor array. packaging scheme with an average sensitivity of

0.99 uV/Pa with a 5V supply voltage.

Figure 2-8: Multi-step hydrostatic calibration results for the LCP/PDMS packaging

scheme fabricated by CENSAM collaborators A. Kottapalli and Ml. Asadnia. During

testing, array channels 5 and 7 were not operational due to the pressure access hole

on the backside of the sensor being blocked by protruding edges of LCP substrate

created during the manual drilling of the access holes. A discussion of the signal noise

can )e found in section 2.3.5

Flexible PCB/PDMS Packaging Scheme

Figure 2-9(a) illustrates the voltage data acquired by the DAQ system in the time

domain diirinig the multi-step hydrostatic calibration of the flexible PCB/PDMS sei-
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sor. The plot shows the stepwise decrease in the hydrostatic pressure when the sensor

array was raised upwards in the water tank. From figure 2-9(a), a sensor calibration

plot could be obtained as shown in Figure 2-9(b). As illustrated, the average sensor

sensitivity is about 0.92 uV/Pa with a 5V supply voltage.
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two sensor arrays was not identical, creating the potential for different stresses on the

sensor dies as the PDMS dried.

Conductive Polymer Pressure Sensor

The third pressure sensor array deployed on the ASV was developed at the Mas-

sachusetts Institute of Technology (MIT), and fabricated entirely from a polymer.

Unlike the silicon piezoresistive pressure sensors that employed rigid dies on a flexi-

ble backing, the polymer-based sensor was completely flexible. The active part of

each sensor cell in the array was a strain-concentrating diaphragm molded from

polydimethylsiloxane (PDMS), on which a piezoresistive strain gauge was patterned

([94],[95]), as seen in figure 2-10. A pressure difference across the diaphragm caused

it to deflect, and this deflection was transduced by the strain gauge. PDMS was

chosen as the sensor material because its favorable chemical resistance and water-

proofing characteristics are desirable for long term underwater usage. Additionally,

its flexibility allows the sensor array to be compatible with the streamlined bodies of

underwater vehicles, making it amenable to wide-area fabrication and deployment.

The strain gauge was made of PDMS doped with carbon black. This composite was

chosen because it is inexpensive, compatible with the main body of the sensor array,

highly piezoresistive ([94],[95]), and because it provides for repeatable operation.

Figure 2-10(b) shows the fabrication flow. Initially, PDMS was poured into two

different molds and cured for 15 minutes at 120 C. The top substrate comprised four

square strain-concentrating PDMS diaphragms, as seen in figure 2-11(a), connected to

a common plenum; hence each sensor array had four pressure sensors. After removing

the cured PDMS substrates from the molds, the piezoresistive carbon-black-PDMS

composite (composition of 1:6 in weight) was screen-patterned onto the bottom sub-

strate ([94],[95]). After inserting copper wires into the grooves on that substrate to

make strain-gauge connections, the whole assembly was cured for 20 additional min-

utes at 120'C. Finally, a Tygon tube was inserted into the common plenum before the

top and bottom substrates were bonded together for waterproofing. The fabrication

process was straightforward, with an approximate fabrication time of 3 hours and a
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material cost of less than $3 per sensor array (Dow Corning).

All sensors were connected to a common plenum used to equilibrate the array

against large pressure fluctuations due to hydrostatic variations. Equilibration was

actuated through the Tygon tube. Before conducting underwater tests, a known

positive bias pressure was applied to the plenum causing the sensor array to bulge

slightly outward. This pressure biased the strain gauges into their most sensitive

regions. In response to a pressure difference between the plenum and the external

environment near a diaphragm, the diaphragm would deflect, and this deflection

was transduced by its piezoresistive strain gauge. The center-edge of the diaphragm

experiences the maximum strain during diaphragm deflection, and was thus chosen

for the strain gauge location. All four strain gauges in an array were connected in

series and driven with a common current. The output from each strain gauge was

the voltage measured across it. A Kelvin-probe structure, seen in figure 2-11(b), was

used to measure these voltages without the influence of contact resistance. Upon

calibration, the measured voltage was readily converted to the deflecting pressure

difference.

To demonstrate the capabilities of the polymer-based pressure sensor array, one

array was mounted on the hull of a kayak, and its pressure signals were recorded dur-

ing kayak maneuvers in the Pandan Reservoir. For reference, the kayak hull was also

instrumented with commercial pressure sensors at nearby locations. Because the com-

mercial and experimental pressure sensor were not exactly co-located due to mounting

considerations, some variation in the measured pressure is expected between the sen-

sors. This experimental setup is discussed further in section 2.3.3. Figure 2-12 shows

two pressure signals recorded during one kayak maneuver. The pressure measured by

a commercial sensor is shown in blue, and that measured by a polymer-based sensor

is shown in green. During the kayak experiments, the polymer-based sensor demon-

strated a sensitivity of 1.21pV/Pa with a 12V supply voltage. Note that to create

Figure 2-12, the pressure signal from the polymer-based sensor has been shifted in

time so as to best match the pressure signal from the commercial sensor; again, the

two sensors were not co-located. The figure shows that the pressure response of the
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polymer-based sensor was siilar to that of the commercial sensor, demonstrating

the promising functionality of the polymer-based sensor in uncontrolled conditions.

CH1-I'IDMS cCmpositc

W 'ir mS ubs. I

Pressure
compensating
tube

(a) A flexible polyiner-based
pressure sensor array (1x4) con-

structed from PDMS, employ-

ing four strain-concentrating di-

aphragmfs that each supported

a strain gauge made from

a piezoresistive carbon-black-

PDMS composite.

(b) An exploded view of the polymer-based pres-
sure sensors array. During fabrication, the carbon-
black-PDMS composite was screen-patterned onto
one PDMS substrate, and connecting wires were in-
serted into nolded slots, before the two substrates
were bonded together.

Figure 2-10: The conductive polyier sensor array was fabricated using PDMS and

PDMS-carbon black composite, creating a completely flexible array suitable for sur-

face mounting on a variety of streamlined vehicles.

I mm

Air Cavitv 2 mm

20 mm

Rigid surface

Side View

(a) Side view of the polynier-based
pressure sensor array showing the

sensor diaphragls with 1mmn mate-

rial thickness and 2nin air cavity.

The 1x4 array had a sensor pitch of'

25mm (x-direction).

+V 1 - + V2  + V3  + V

Channel
1 mm thick diaphragms

Top View

100 pn thick
strain gauge

(b) Top view of the polymer-based pressure
sensor array showing the Kelvin-probe struc-
ture used to measure the voltage across each
strain gauge without the influence of contact
resistance. Each sensor diaphragm had a ma-
terial thickness of hiun, with a 2nin air cavity.
The screen-printed carbon black/PDIS strain
gauges had a thickness of 100pm.

Figure 2-11: The conductive polymner sensor array was composed of four individual

sensor diaphragms, each employing a PDMS-carbon black strain gauge as the sensing

elenement.
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Figure 2-12: Pressure sensor output recorded during an open-water kayak test. The
pressure recorded by a polymer-based sensor is shown in green, with the Honeywell

SPT series sensor in blue. During the kayak experiments, the polyner-based sensor

demionstrated a sensitivity of 1.21pV/Pa with a 12V supply voltage. As shown above,
the polyner-based sensor capture(d the same trends as the connercial sensor during

the experinent.

2.3.3 Unmanned Kayak Vehicle

In order to test the experiimental pressure sensors outside the laboratory environment,

an autonomous surface vehicle, operated with radio control, was eniployed. Based

on a Pungo 100 rotomoulded kayak (fron Wilderness Systems), the vehicle provided

a platformi capable of carrying nultiple experimental pressure sensor arrays, along

with a suite of commercial pressure sensors and vehicle navigation instrumentation,

as seen in figure 2-13.

The kayak was equipped with two onboard comiputers within a custom waterproof

electronics box. One coml)uter was responsible for the control of the kayak's onboard

sensors which include a, digital compass, GPS, IMU, and DVL. This computer ran

Ubuntu Linux, and was loaded with \OOS-IvP software which both mianaged the

data collection and saving, and could provide for autonomous operation if (lesired (for
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Figure 2-13: An unmanned kayak, used in radio control mode, was used as a platform
for testing multiple arrays of experimental pressure sensors.

more information on the MOOS-IvP software, please see www.moos-ivp.org).

The second onboard computer ran a Windows operating system, allowing for the

use of National Instruments Labview software to be employed for collecting data from

the commercial pressure sensor suite and the experimental pressure sensors. Labview

provided an easy to use interface for collecting data from a large number of sensors,

while also allowing visual inspection of the signals in real-time, enabling the operation

of each sensor to be verified before deployment.

2.3.4 Commercial Pressure Sensors

In order to provide a baseline against which to test the experimental pressure sensors,

the kayak was outfitted with 19 Honeywell SPT series pressure sensors. Honeywell

19mm pressure sensors had been used in previous experiments by group nembers,

and were found to be both sensitive and robust. The SPT series sensors offered

similar sensitivity and robustness to the previously used sensors, while also carrying

onboard amplification, allowing for easier implementation in the bow compartment of

the kayak. The SPT series sensors were individually calibrated before use, and were

found to have excellent consistency in both voltage offset and calibration constant-. To

reduce the measurement noise from the SPT sensors, a first order RC filter was used

between the sensors and the National Instruments Data Acquisition Board (Model

USB-6281).

While the SPT sensors were found to provide am excellent baseline for verifying the

performance of the experimental sensor arrays, the size of the sensors (731mnm height,

22nin diameter) was substantially larger than desired for surface mounted applica-
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tions. Because of their size, mounting the sensors to the kayak was substantially

more difficult than the experimental arrays. While the flexible PDMS encapsulated

arrays were adhered directly to the exterior of the kayak hull using silicone adhesive,

the Honeywell SPT sensors were mounted to the interior of the kayak bow section by

threading the individual sensors into tapped delrin blocks that were epoxied to the

kayak inner hull. Holes were drilled through the kayak hull at each sensor location,

allowing for the surface pressure to be measured, but also introducing potential failure

points to the kayak system.

2.3.5 Field Experiment Results

Two series of experiments were conducted using the autonomous surface vehicle out-

fitted with experimental surface mounted pressure sensor arrays. The first series of

experiments was conducted in a pool at the National University of Singapore (NUS),

allowing for simple and controlled vehicle motions without the influence of waves

or the vehicle's thruster. The second series of experiments was conducted at Singa-

pore's Pandan Resevoir, and allowed for the sensor arrays to be tested in "real world"

operating ndtns

Pool Experiments

Before taking the kayak vehicle to Singapore's Pandan Reservoir, experiments were

conducted in one of the swimming pools at NUS to ensure the operation of the

pressure sensors, as well as remote data collection from the vehicle.

Because the pool at NUS was limited in size, experiments were restricted to simple

vehicle motions that did not use the vehicle's propulsor. The conductive polymer

based sensors were not working during the initial pool tests due to an electrical

problem that was remedied before conducting experiments at the reservoir. The two

silicon piezoresistive sensors were operating as expected, however, and responded well

to various vehicle motions.
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Roll Test

A roll response test was performed by forcing an oscillatory roll motion by hand in

the pool. Because the silicon piezoresistive sensors were mounted on opposite sides of

the vehicle, it was expected to see the signals from the two sensors 1800 out of phase,

as seen in figure 2-14(a). The voltage output from the silicon piezoresistive sensors

was found to have high frequency noise of approximately 25% the signal magnitude,

but a Butterworth filter at 20 hertz greatly improved the output signal as seen in

2-14(a).

To verify the time response of the sensors, the frequency spectrum of the sensor

response, seen in figure 2-14(b), can be compared to the roll motion from the IMU

data, as seen in figure 2-15.

It was observed that the primary one hertz frequency of the sensors matched

the roll frequency, demonstrating that the sensors were working as expected. The

frequency response of the pressure sensors also contained a 1.75 Hz component which

was not observed in the frequency response of the roll motion from the IMU data. The

cause of this high frequency component was not fully known, but it was theorized

the higher frequency could be attributed to saturation at the extremes of the roll

motion, as observed in the flattening of the top of the pressure spikes in Figure 2-

14(a). Similar experiments were performed for the case of pitch and yaw, each with

results matching expectations.

Pandan Reservoir Experiments

Experiments were conducted at Singapore's Pandan Reservoir January 25 and 26,

2012 to verify the operation of the experimental arrays in "real world" conditions.

Pandan Reservoir is located in the southwest portion of Singapore, and is a drinking

water reservoir managed by the Singapore Public Utilities Board. Located near the

Singapore-MIT Alliance for Research and Technology (SMART) center at NUS, the

reservoir offers an ideal setting for the testing of underwater and surface vehicles.

Unlike the experiments in the NUS pool, Pandan Reservoir provided sufficient

61



x 10-3 Roll Response for Silicon Piezoresistive
2

0 -

0
CU)

S-2--
0 1 2 3 4 5

> x 10-3 Roll Response filtered at 20 hz

4- -
0 01
0

0 1 2 3 4 5
Time [s]

(a) A roll test was performed on the kayak in the NUS pool. The two silicon piezore-

sistive sensors reacted as expected, with periodic signals 180' out of phase. Variation

in peak magnitude betweel channels could be attributed to a slight difference in depth

below the kayak waterline between the PCB and LCP arrays.
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(b) Power spectrum for the silicon piezoresistive

sensors during the pool roll experiment. Strong fre-

quency components are observed at approximately
1 and 1.75 liz. Variation in power spectral density

between the two arrays was due to differences in

mounting position, and a slight difference in sensi-

tivity between the LCP and PCB arrays.

Figure 2-14: A roll test was performed in the NUS pool to test the response of the

expleriiilental sensor arrays.

space to condlct self-propelled experiments using the kayak's piopiiisoi under radio

ont1rol. A variety of experiments were couducted over the two day testing pleriod,

62



S- - _-- m ~

15

10

(D

0)

7)
cV

5

0

-5

Kayak Roll Motion in NUS Pool

10

-15' ' '
15 16 17 18 19 20 21

Time [s]
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(b) Power spectrum for the IMU roll data during
the pool roll experimeflt showing the roll motion
of the kayak was forced at approximately 1hz.

Figure 2-15: The kayak inertial motion unit (IMU) was used to measure the vehicle's
roll angle and verify the frequency response of the sensors.

including circles of various diameters, periodic turning motions in forward and reverse,

approaches to docks and obstructions, and attempts to detect boat wakes.

For the experinents at Pandan, the electrical connection problemls to the conduc-

tive polyier sensors had been resolved, enabling all of the sensors on the kayak to

be used simultaneously. To ensure the conductive polyimer sensors were operating

as expected, the roll and pitch experimients without the thruster were repeated at

the reservoir. It was found that for both the roll and pitch experinents, all three

sensor types (commercial, conductive polymer, and silicon piezoresistive), worked as

expected, as seen in Figures 2-16(a) and 2-16(b). The commercial sensors gave the

largest signal due to their onboard amplification, but the periodic vehicle motions

could be easily identified in the signals from both types of experimental sensors. In

the case of both experimental sensor types, the signal to noise ratio was not as good

as for the conmniercial sensors, revealing an area to be addressed in future iterations

of the sensors.
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(a) The un-powered roll test was repeated at the reservoir to ensure

the operation of all three pressure sensor types.
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(b) The un-powered pitching experiment was repeated at Pandan.

Figure 2-16: Un-powered ex)erilflents were repeated at Pandan after the coiiiiectioii

problems with the conductive polyier sensors were fixed. Only operationlal chaiiiiels

from the sensors arrays are shown, and an 80 point moving average was apllied to

the experimental data.

Self-Propelled Experiments

One of the primary goals for the Pandaii Reservoir trials was to test the sensors during

"real world" op)erating colnditiolis. While simple vehicle motions without the thruster
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demonstrated that the sensors were working as expected, the successful iniplementa-

tion of the sensors on a self-propelled vehicle was considered a crucial proof of concept

of the utility of pressure sensors as a feedback mechanism on marine vehicles.

Several types of self-propelled tests were conducted at the reservoir, all with the

intention of producing strong hydrodynamic signals for the sensors to detect. One

result that was immediately apparent during the experinents was the noticeable in-

crease in noise on the silicon piezoresistive sensors when the thruster was in operation,

as seen in Figure 2-17. The increase in noise was not observed when the motor was

tested in air, and the magnitude of the increased noise was found to make discern-

ing hydrodynamic signals difficult. It is believed noise was introduced to the signals

through the unshielded ribbon cable used between the sensor arrays and the NI DAQ

board. Work is ongoing to incorporate filtration and amplification onboard the sensor

arrays, as well as using shielded components to imitigate the effects of external noise.
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LCP I
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Figure 2-17: During the experiments at the Pandan Reservoir, it was found that

operating the thruster added significant noise to the silicon piezoresistive sensors.

In the figure above, the thruster was enabled at approximately 12 seconds. Two

channels of the PCB/PDMS sensor were damaged during transport of the kayak to

the Pandan Reservoir and are not plotted. A discussion of the thruster noise can be

found in Section 2.3.5

Circle maneuvers were performed to both port and starboard in order to investi-
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gate if the pressure sensors could be used to measure the drift angle of the vehicle.

Previous experiments using a sailboat hull equipped with commercial pressure sensors

and towed at various angles of attack showed that a nearly-linear relationship existed

between the pressure difference across the bow of the vehicle, and the angle of attack

[31]. It was believed that by conducting circle tests at various radii, the drift angle

found from compass and GPS data could be compared to pressure measurements,

and a similar relationship established.

Interpreting the results from the self propelled kayak experiments was complicated

by the data collection system employed on the kayak. Because navigational and pres-

sure data were recorded on two separate computers, relating features in the pressure

signals to vehicle motions required special care. In the case of the circle test, coordi-

nating the pressure and navigational data was accomplished by comparing features

in the pressure data recorded using the commercial sensors, and the vehicle roll mo-

tion found from the IMU. The un-powered roll experiments in Figure 2-16(a) showed

that the pressure sensors were well-suited for measuring the vehicle roll dynamics,

verifying the utility of roll data as a means to coordinate pressure and navigational

data. For the circle test in Figures 2-18 and 2-19, the time difference between the

navigation and pressure data was found to be approximately 20 seconds.

Considering a port circle experiment, seen in Figure 2-19, all three sensor types

showed an initial drop in voltage, followed by a rise to a steady value that was

maintained for the remainder of the experiment. By comparing the pressure during

the first 20 seconds of the turn with the yaw rate and acceleration, it was found that

the pressure sensors showed a measurable change in pressure during the initiation

of the port turn, when the yaw rate was changing and the acceleration was non-

zero, as seen in Figure 2-18 and Figure 2-20. When the vehicle reached a steady

yaw rate, the pressure recovered to a steady value, and remained constant for the

remainder of the turning maneuver. The drop in voltage output from the Honeywell

SPT pressure sensors in Figures 2-18 and 2-20 was indicative of a decrease in pressure

on the starboard bow of the kayak, consistent with an added mass effect during the

initiation of a turn to port by the vehicle.
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Figure 2-18: The vehicle yaw angle, rate, and acceleration were found from IMU

data. From the IMU data, it was observed that the turn to port was initiated at

approximately zero seconds, with a steady turning rate achieved by approximately

6-7 seconds.

In addition to the variation in pressure during the unsteady portion of the circle

maneuver, oscillations in the 0.75-1 hertz range were present in the pressure signals,

as seen in Figure 2-21(a). These oscillations were present whenever the vehicle was

undergoing a turning maneuver, and were caused by a small anplitude, but constant

frequency, rolling motion of the kayak, as seen in Figure 2-21(b).

Additional self-propelled experiments conducted with the kayak vehicle consisted

of circles to port and starboard, zig-zag motions in both forward and reverse, and

passes in close proximity to a stationary pier. In each case, the vehicle pitch and roll

dynamics were clearly evident in the pressure data, but larger flow structures were

more difficult to distinguish. These results suggest that additional optimization of

sensor design is needed before the existing sensor arrays can be implemented as a

feedback mechanism oii an operational vehicle.
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Figure 2-19: During the port circle experiments, a dip in pressure was observed duriiig

the initiation of the turn, followed by a constant value during the remainder of the

maneuver. Two channels from each sensor were chosen for clarity, and an 80 point

moving average was applied to each signal.

Silicon Piezoresistive Sensor Analysis

The silicon piezoresistive sensors have two main areas of need: packaging size and

signal to noise ratio. While both the PCB and LCP based arrays are contailned

ill a very small, flexible strip, the PDMS encapsulation is too large for practical

application. In order for the MEMS sensors to be a viable feedback solution on a

variety of marine vehicles, the sensor arrays must be robust, easy to apply, and small

enough not to alter the near-body flow field. To meet these goals, the size of the

encapsulated sensors must be reduced.

The signal to noise ratio is also an area of needed improvement for the silicon

piezoresistive sensors. While the sensors produced a measurable signal without am-

plification, operating the thruster created noise that iiearly masked the desired signal,

as seen in Figure 2-17. In an effort to resolve the signal to noise ratio of the silicon

piezoresistive sensors, work is underway to incorporate a low-pass filter and amplifier
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Figure 2-20: The output from the Honeywell SPT pressure sensors located on the

kayak's starboard side shown with the kayak yaw acceleration during the initiation

of a port turn.

onto the same strip as the sensor dies, creating an array that requires no external

circuitry and delivers a strong signal to noise ratio. This design change will retain

the flexibility and size benefits of the current sensor, while enhancing the usability of

the output signal.

Conductive Polymer Sensor Analysis

The conductive polymer sensors denmonstrated mixed results when tested on the sur-

face of the kayak. The implementation of the sensors was straightforward, with the

completely flexible sensors able to be mounted at any location on the kayak's hull.

Additionally, it was found that the sensor arrays could be powered with both a 0 volt

reference or a -12 volt reference, allowing them to be connected to the same set of

batteries as the commercial pressure sensors.

Where the conductive polymer sensor's performance was lower was in sensitivity

compared to both the commercial and silicon piezoresistive sensors. During the test-
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circle maneuver revealed the presence of oscillations in the range of
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(b) The power spectrum of the IMU roll data showed the

roll motion had the same frequency range as the oscillations

in the commercial pressure sensor data.

Figure 2-21: The frequency content of the commercial pressure sensor data and the

kayak roll motion were coinpared to ensure the oscillations in the pressure data could

be attributed to the small amplitude kayak roll motion during the maneuver.

ing of the sensors, the conductive polymer output signals were found to he on the

order of millivolts, even after amplification. As a consequence of the small amplitude

response of the sensors, small variations in pressure were not detected by the array,
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or masked by noise. Enhancing the sensitivity of the sensor array would improve its

utility as a feedback mechanism for a marine vehicle where relevant flow structures

produce pressure variations on the order of tens to hundreds of pascals.

Additionally, the question of back pressure on the conductive polymer sensor array

remains an open, and relevant, question. During the experiments on the kayak vehicle,

a reliable way to maintain a constant back pressure on the sensors was not achieved.

In order to reliably measure pressure, the back pressure needs to be held constant, or

the baseline calibration of the sensors will be in constant flux. While this requirement

presents an engineering design and fabrication challenge, work is underway to resolve

the issue using a micro-channel patterned into the sensor substrate that will account

for variations in hydrostatic pressure.

2.3.6 Conclusions from Unmanned Kayak Experiments

The lateral line found in most species of fish is an organ without analog in humans,

and makes possible many behaviors such as obstacle avoidance, schooling and prey

detection. In an effort to extend these capabilities to engineering systems, several

lateral line like pressure sensor array were constructed using innovative material sets.

In each case, priority was placed on constructing a sensor array that was durable,

flexible, and able to be surface-mounted on a marine vehicle.

Three individual pressure sensor arrays were fabricated at MIT and NTU in Sin-

gapore. The two NTU sensors were constructed from commercially available piezore-

sistive sensor dies that were packaged on LCP and flexible PCB substrates. The array

fabricated at MIT relied on a new, and unique material set that allowed for a com-

pletely flexible sensor. The array was constructed using conductive polymer strain

gauges arranged in a four point probe arrangement and utilizing four independent

strain-enhancing diaphragms patterned from flexible PDMS.

Overall, the experiments conducted during January 2012 served as an important

proof of concept for the experimental MEMS pressure sensors arrays. All three exper-

imental arrays demonstrated the ability to measure dynamic pressure while mounted

to the curved kayak hull. In addition, the sensors were shown to deliver a measurable
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signal, despite suffering from additional noise while the thruster was in operation.

Although experiments demonstrated significant progress from previous generations

of the sensors, they also revealed areas of needed improvement for each sensor type.

2.3.7 Lessons from Kayak Experiments for Next Generation

Sensor Arrays

While the experimental sensor arrays utilized during the kayak experiments in Singa-

pore were successfully mounted to a marine vehicle and demonstrated their ability to

measure vehicle dynamics, several areas for improvement in sensor array design and

fabrication were identified. Two goals for sensor array development made clear from

the field experiments were to improve device robustness and increase signal-to-noise

ratio. As has been previously discussed, all of the experimental sensor arrays suffered

from signal-to-noise problems when the vehicle motor was in operation. In addition,

the sensor robustness was a cause for concern when transporting the kayak vehi-

cle from the NUS campus to the Pandan reservoir. While the sensor arrays survived

normal operating conditions very well, several individual sensor dies from the piezore-

sistive arrays were damaged when the kayak was improperly placed on its transport

cart during deployment. Based on the lessons learned from the Singapore kayak ex-

periments, it was desired for the next generation of pressure sensor arrays to be a

"stick and forget" technology, utilizing waterproof, robust, and flexible materials.

2.4 Characteristic Examples of Near-Body Hydro-

dynamic Sensing

In the design of pressure sensor arrays, sensor spacing and dynamic pressure range is

largely defined by the scale of the application and flow of interest. In Chapter 1, the

fish lateral line was introduced as a biological example of distributed pressure sensing

mediating complex behaviors in a marine environment. At fish-scale, dynamic pres-

sure stimuli are on the order of tens of pascals, and the spacing between individual
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pores of the lateral line trunk canal vary by fish species, but are generally on the

order of millimeters, as shown in the red rows of Table 2.1. In Chapter 2, a series

of towing tank and field experiments were conducted to investigate the distributed

pressure sensing on the scale of typical unmanned marine vehicles in the 1-3 m length

range. The sensor spacing, dynamic pressure ranges, and frequency ranges for ex-

ample applications on this scale are given in the grey rows of Table 2.1. The results

from these experiments serve as the foundation for design guidelines for hydrody-

namic sensor array development given in Section 3.1. While the focus of the sensor

development presented in this thesis is focused on the size and performance range for

unmanned vehicle applications, experimental results can be scaled to predict the size

and performance requirements for sensor arrays in ship-scale applications, as given in

the green row of Table 2.1.

2.5 Chapter Summary

The performance of marine vehicles is greatly impacted by interactions with the flow

around their hull, both self-generated and environmentally driven. In this chapter,

previous studies investigating near-body hydrodynamics were reviewed, focusing on

applications on the scale of unmanned marine vehicles approximately 1-3 m in length.

Along with studies from the literature, several experiments conducted by the author

using distributed arrays of commercial pressure sensors were introduced. Using a

model sailboat hull towed in the MIT towing tank, it was shown that the angle

of attack of the hull could be determined by measuring the hydrodynamic pressure

gradient near the vehicle's bow. As the angle of attack increased, the pressure gradient

was observed to switch directions, suggesting the onset of separation from the sharp

bow which leads to increased drag during maneuvering. Similarly, an autonomous

kayak vehicle was instrumented with an array of pressure sensors to study the near-

body pressure field during self-propelled operation. It was found that the vehicle

dynamics in pitch and roll were measurable by the pressure sensor array, as well as

the initiation of vehicle maneuvers due to a characteristic pressure signature consistent
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Application
Scale
Fish

lateral line
Fish

lateral line

Unmanned
marine
vehicles

Example unsteady
flow

Energy extraction

from vortices [60]

Prey tracking [15]

Free vortex tracking

[33]

Sensor spacing

- 1-3 mm

(Trout)
- 2 mm

(Mottled
Sculpin)
< 6 cm

Dynamic
pressure [Pa]

10-30

0-15

20-100

Unmanned Leading edge vortex < 4 cm 40-200 0.25-3
marine shedding [27]
vehicles

Unmianned
marine

vehicles

Proposed
ship-scale

marine
application

Separation from

model sailboat hull

(L= 1 m, Fr= 0.16,
u= 0.5 m/s) [31]
Separation during

surface vehicle

maneuvering

(L= 30 m, Fr= 0.16
m, u= 3 m/s)

~ 5 cm

~ 1.5 mn

10-100

400 - 4000

Table 2. 1: Examples of unsteady flow sensing using distributed pressure sensor arrays.

The rows in red represent examples at the scale of the fish lateral line, as discussed

in Chapter 1. Examples in grey represent applications at the scale of tyl)ical un-

mained marine vehicles, and are based on experimeiital results using commercially

available pressure sensors. The final green row represents a, theoretical scaling of array

requirements to ship-scale.

with added mass effects during unsteady vehicle motions.

The primary contribution of the experimeints presented in Chapter 2 was to inform

guidelines for the development of next generation pressure sensor arrays, as discussed

ii Section 2.4, and sunmmarized in Table 2.1. The experiments conducted using com-

mercial pressure sensor showed that the principle of distributed pressure sensing dis-

played by the fish lateral line could give useful information at a, scale consistent with

unmanned marine vehicles. By studying the measurements from the commercial sen-

sor arrays, guidelines for the sensor spacing, dynamic pressure range, and frequency

range appropriate for hydrodynamic sensing applications were developed.
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Frequency

range [Hz]
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Chapter 3

Distributed Pressure Sensor Arrays

3.1 Guidelines for Hydrodynamic Pressure

Sensor Arrays

After conducting a series of experiments using commercially available pressure sensors

to characterize near-body flow structures, as described in Chapter 2, the limitations

of each type of sensor were made apparent. In general, the sensors used in previous

studies were rigid and too large for surface mounting applications, and were not

designed for prolonged exposure to moisture. Using the practical knowledge gained

from first-hand experimental experience, the attributes of a pressure sensor array

designed specifically for marine use were considered. To act as a lateral line inspired

sensor on marine vehicles, pressure sensor arrays should be designed with a variety

of guidelines in mind.

Flexibility: Pressure sensor arrays to be surface mounted on curved surfaces with

radius of curvature -5-10 cm, consistent with unmanned vehicle hulls [27, 26, 31].

Form Factor: Sensor spacing should be less than 5 cm for vehicles on the 1-3 m

scale. Sensor thickness should be < 5 mm to avoid vortex shedding [27, 33, 31].

Robustness: Sensor arrays are meant for sustained underwater or exposed operation

and may be subject to impacts.
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Sensitivity: For marine vehicles of length -1-3 m, dynamic pressure stimuli range

from ~10-400 Pa with -10 Pa sensitivity [27, 26, 33, 31].

Cost: Sensor cost should be reduced from ~ $100 per sensor to - $10 per sensor

[26].

3.2 Review of Commercial Pressure Sensors

A variety of commercial off the shelf pressure sensors have been tested at the MIT

Towing Tank for use as lateral line inspired sensor arrays. These include 19 mm series

(Figure 3-1(a)) and SPT series sensors (Figure 3-1(b)) from Honeywell, and MPXV

series sensors (models 5010 and 7007) from Freescale Semiconductor (Figure 3-1(c)).

While the Honeywell sensors offered robust stainless steel construction, and a fully

waterproof housing in the case of the SPT series, the form factor was much larger

than desired. Neither Honeywell sensor was amenable to surface mounting, requiring

the use of pressure transmission tubes to an off-body array of sensors [27], as seen

in Figures 3-2(b) and 3-2(a), or the use of holes drilled through the test vehicle's

hull [26], as seen in Figure 3-2(c). The MPXV series sensors had a reduced form

factor when compared to the Honeywell sensors, which allowed for a higher density

of sensors along body. The sensors were not waterproof, however, requiring them to

be either potted in silicone or resin, connected to the flow via pressure transmission

tubes, or contained within a watertight vehicle [35].

Additional pressure sensor technologies that were investigated for use in hydro-

dynamic pressure sensing included Flexiforce conductive ink sensors from Tekscan,

and a disposable medical pressure sensor from Measurement Specialties. The Flex-

iforce conductive ink sensors from Tekscan, shown in Figure 3-3(a), were attractive

for surface mounting applications because of their thin profile and high flexibility.

Initial experiments with the sensors revealed difficulties with drift and sensitivity,

precluding the use of the sensors from the current study of hydrodynamic stimulus.

However, the use of conductive ink for highly flexible sensors remains attractive, and

the Flexiforce sensors are considered an excellent choice for tactile applications with
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(a) Honeywell 19mm series (b) Honeywell SPT series pres- (c) Freescale Semiconductor

pressure sensor sure sensor MPXV7007 pressure sensor

Figure 3-1: Commercially available pressure sensors used in previous studies by mem-

bers of the MIT Towing Tank Laboratory.

larger pressure requirements.

The model 1620 disposable medical pressure sensor from Measurement Technolo-

gies, seen in Figure 3-3(b), was also attractive for use in hydrodynamic sensing ap-

plications because of the dielectric gel barrier provided to protect the silicon piezore-

sistive sensor die from exposure to liquid. Despite the waterproofing of the sensor

die, the form factor of the sensor was too large for surface mounting, and electrical

connections required additional waterproofing.

Overall, a commercially available pressure sensor was not found that met all of

the needs for near-body flow sensing described in Section 3.1, as shown in Figure 3-4.

The Measurement Specialties MPXV5010 and MPXV7007 and Honeywell 19mm se-

ries and SPT sensors were utilized in experiments because of their appropriate range

and excellent repeatability; however, the large form factor or lack of waterproofing

required the use of pressure transmission tubes or compromises to be made in niount-

ing position, as seen in Figure 3-3. The Honeywell pressure sensors also represented

a significant financial cost during distributed pressure sensing experiments, as shown

in Table 3.1. The financial challenge of achieving dense spatial resolution using coin-

mnercially available pressure sensors was demonstrated during experiments using the

unmanned kayak vehicle described in Section 2.3. The vehicle was equipped with

20 Honeywell SPT pressure sensors at a total cost of approximately $5000.00. De-

spite the substantial investment in instrumentation, sensors were limited to the bow
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(a) Honeywell 19 1n pressure sensors were

used to study LEV shedding on a single ele-

ment hydrofoil. Because of sensor size limita-

tions, the array on the foil was limited to four

sensors (from [27]).

(b) To transmit pressure from the foil surface
to the sensors mounted on top of the foil, tub-

ing was embedded within the urethane foil dur-

ing the casting process (from [27]).

(c) Honeywell SPT sensors were used to nea-
sure the pressure distribution on the bow re-

gion of an autonomous kayak. To mount the

sensors inside the vehicle, tapped delrin blocks

were epoxied to the inside of the rotomoulded

hull, and holes were drilled through the hull

skin to access the flow.

Figure 3-2: The form factor of commercially available sensors

to be made in sensor positioning and mounting, including the

mission tubing and drilling holes through vehicle hulls.

required compromises

use of pressure trans-
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(a) Flexiforce conductive ink (b) The model 1620 disposable
sensors from Tekscan showed medical pressure sensor from
great form factor and flexibil- Measurement Technologies had
ity, but lacked the sensitivity re- a dielectric gel barrier to pro-
quired for near-body flow sens- tect the piezoresistive sensor
ing. die from contact with fluid,

but lacked the form factor for
surface-mount applications.

Figure 3-3: Both conductive ink and disposable medical pressure sensor were consid-

ered for use in lateral line inspired sensor arrays, but did not meet all the requirements

for use in hydrodynamic sensing applications.

section of the vehicle, leaving a large percentage of the near-body flow structures

unmeasured. In order to scale the use of distributed pressure sensing to real-world

applications while maintaining spacial resolution on the order of centimeters, an order

of magnitude price decrease is needed compared to current commercial offerings, as

discussed in Section 3.1.

Although the dielectric gel barrier protecting the sensing element in the disposable

medical sensors from Measurement Specialties provided waterproofing, the sensors

lacked the appropriate form factor for surface mounting applications. The Flexiforce

sensors from Tekscan provided great improvements in form factor, but lacked the

sensitivity needed for the specific hydrodynamic stimulus under investigation. The

lack of commercially available sensors able to satisfy the guidelines given in Section 3.1

and shown in Figure 3-4 motivated the development of experinental pressure sensor

arrays designed specifically for hydrodynamic sensing applications, as described in

Section 3.4 and Chapter 4.
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Experiment Sensor Number of Approx. Sensor Approx. Total
Type Sensors Density Cost per Sensor

Sensor [$] Cost [$]
Unmanned Honeywell 20 1/900cm 2  250.00 5000.00
kayak SPT
Model sailboat Honeywell 10 1/160cm2  120.00 1200.00
hull 19mm
Instrumented Honeywell 4 1/5cm (linear 120.00 480.00
hydrofoil 19mm array)

Table 3.1: Approximate cost for use of commercially available pressure sensors in
distributed sensing applications based on previous experimental studies.

3.3 Prior Work in Lateral Line Inspired Sensors

Generally speaking, lateral line inspired sensor arrays fall into two categories: those

that mimic the physiology of the fish lateral line system, and those that draw on

the broad principle of distributed pressure sensing. For an excellent overview of the

application of biological principles from the lateral line to engineered sensors, the

chapter by Bleckmann et al. [7] is recommended.

3.3.1 Sensor Arrays Mimicking Lateral Line Physiology

Looking to fish for engineering inspiration, several sensor arrays have been developed

mimicking the physiology of the lateral line. Flow velocity generated by a dipole

source was measured through the deflection of a vertical 'hair-cell' structure fabri-

cated on the end of a doped cantilever piezoresistor by Chen et al. [13], and further

developed by Yang et al. [93]. Using a similar standing structure mounted to a

cantilever piezoresitor, McConney et al. found the addition of a hydrogel 'cupula'

to the artificial neuromast, seen in Figure 3-5(a), increased the flow sensitivity by

two orders of magnitude compared to the 'hair-cell' without a 'cupola' [67]. A silicon

standing structure patterned on top of a liquid crystal polymer (LCP) substrate was

fabricated by Kottapalli to mimic the geometry of a superficial neuromast, as seen

in Figure 3-5(c) [51]. An array of standing structures was also used by Pandya et

al. in the form of a linear array of 16 hot-wire anemometers, shown in Figure 3-5(b)
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Cost per Waterproof Size Flexible Surface -10 Pa
Sensor (Footprint x Height) Mountable Sensitivity

Freescale -$14.00 No 100 mm 2 x 13 mm No No Yes
Semiconductor
MPXV

Honeywell -$120.00 Sensing 283 mm 2 x 31 mm No No Yes
19mm Series Element

Only

Honeywell $250.00 Yes 380 mm2 x 70 mm No No Yes

SPT Series

Measurement -$3.50 Sensing 85 mm 2 x 3.5 mm No No Not

Specialties Element Verified

1620 Only

Tekscan -$16.00 Yes 196 mm 2 x 0.2 mm Yes Yes No

Flexiforce (sensing pad)

Figure 3-4: Evaluation of commercial pressure sensors for use in distributed hydro-

dynamic pressure sensing applications. Green coloring represents the sensor satisfied

the needs of distributed pressure sensor arrays. Orange coloring signifies that the

requirements were partially satisfied (e.g. the sensing element is waterproof but elec-

trical connections would need additional encapsulation). Red coloring signifies the

sensor did not not satisfy a necessary requirement for use in hydrodynamic sensing

applications.

[73, 38]. The array was reported to have a flow velocity sensitivity of 10mm/s, and

was used to develop algorithms for the localization and tracking of a dipole [73], and

for characterizing the wake behind a cylinder in a flow channel [91].

An artificial lateral line canal, seen in Figure 3-6(a), was fabricated from plexiglass

by Chen et al. [12] for use with the array of hot-wire anemometers described in [73]

with the goal of acting as a high pass filter and attenuating the DC component of

hydrodynamic signals. Similarly, Yang et al. [92] used stereolithography techniques to

fabricate a canal, shown in Figure 3-6(b), for the hair-cell sensors developed in [13]. It

was found that the artificial lateral line canal reduced the background turbulent flow

noise created by a dipole source oscillating at 20 Hz, a result consistent with the noise-

rejection functionality of the fish canal neuromast. Noise rejection was also observed

by Kottapali at al. who used PDMS to fabricate canals for a MEMS piezoeletric hair

cell sensor, as seen in Figure 3-6(c) [51]. Finally, Klein and Bleckmann developed an
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A

B

(a) An artificial hydrogel cupula was used to (b) An array of 16 hot wire anemometers used

increase the flow sensitivity of a lateral line in- to Yang et al. for lateral line inspired sensing

spired flow sensor mimicking the phsiology of (from [91]).

a neuromast (from [67]).

(b)

(a)
- Si60 haircell

-Au electrodes
-Pb(Zrj ,-TIL'.4)O I
-TilPt electrode

-Si device layer
-510,
-DRIE cavity

(c) Kottapalli fabricated an artificial superficial nenirom aist from

silicon on a LCP substrate (from [51]).

Figure 3-5: Sensors developed mimicking tie physiology of the neuromasts found in

the fish lateral line.
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I /C

(a) Plexiglass lateral line canal for a hot-wire

anemometer array (from [12]).

00%

(a))

(b)

(b) Artificial canal fabricated by Yaug for use

with the cautilever-type artificial neuromasts

showu in fraume (a) (from [92]).

PDMS canal

Canal pores

PZT haircell
sensors

-- Micro-cannel

(c) Kottapalli fabricated an artificial lateral
line canal using PDMS (from [51]).

Figure 3-6: Artificial lateral line canals fabricated to replicate the frequency filtering

observed in the fish lateral line system.

artificial lateral line canal with artificial neuroniasts that relied on optical signals for

flow sensing [48].

3.3.2 Distributed Pressure Sensitive 'Smart-Skins'

Interest in the development of soft and conformal sensor arrays capable of large area

coverage, generally referred to as 'smart skins', is present in multiple fields. For

ocean engineering applications, thin and flexible pressure sensors are of interest for

use in surface mount applications on streamlined vehicles and structures [95]. In the

broader field of robotics, pressure sensitive skins to provide haptic feedback are in

great demiand to mediate interaction with humans [72, 9], and could also find use in
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rehabilitative and assistive technology applications.

A liquid crystal polymer (LCP) membrane patterned with helical gold strain

gauges was used by Kottapalli to fabricate a pressure sensor array for flow sensing

applicatiolls, as seen in Figure 3-7 [52, 50]. Thin film piezoelectric pressure sensors

capable of operating at very low frequencies approaching 0.1 Hz were mounted in

an array on a flexible LCP substrate and tested in water using a dipole source by

Asadnia [4].

Figure 3-7: A flexible LCP substrate was patterned with serpentine gold strain gauges

by Kottapalli (from [52]).

With the goal of creating thin, large area, and conformal "electronic skins,"

Someya et al. utilized organic field-effect transistors due to their low cost and in-

herent, flexibility ([80]1[79]). A 12 x 12 network was successfully fabricated and found

to be extremely flexible and resistant to degradation, even after repeated cyclic load-

ing. Because the focus of the network design was on accurate spacial resolution of

pressure, sensitivity was not a priority, and tests were performed at 30 kPa, much

higher than typical for hydrodynamnic stimulus.

Microstructured PDMS thin filns were used by Manusfeld et al. as the dielectric

layer in an organic field-effect transistor to create a highly pressure sensitive device

[66]. The PDMS thin filns were microstructured to minimize visco-elastic behavior

typically exhibited by PDMS fils with thicknesses of a few micrometers, as seen in
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Figure 3-8. Microstructuring the PDMS thin films provided voids that enable the sur-

face to elastically deform when subjected to external pressure, enhancing reversibility.

The sensors were able to detect pressures as low as 3 Pa with a highest demonstrated

sensitivity of 5.50% change in capacitance (AC/C,) per kPa. The microstructured

thin filns also exhibited relaxation times in the milliseconds, a significant increase in

performance over unstructured PDMS thin films with relaxation times on the order

of ten seconds.

b

Figure 3-8: Thin PDMS filns were microstructured with one and two dimensional

features in order to reduce visco-elasticity (adopted from [66]).

Carbon black-PDMS (CBPDMS) composite has been studied as an active mate-

rial for pressure and shear sensors due to its low Young's modulus, ease of fabrication,

and low cost ([63j,[62],[95],[54],[76]). The variation in piezoresisitivity as a function

of carbon black concentration in carbon black filled silicone rubber composites was

studied and modeled by Luheng et al. [63]. The pressure sensitive response of car-

bon black filled silicones, and the influence of contact resistance with electrodes was

studied by Lacasse et al., and an analytical model was developed for the change in

resistivity under an applied pressure [54].

The introduction of porosity iito CBPDMS composites has also been studied as

a method to lower Young's modulus and increase sensitivity ([47],[10]). King et al.

showed a sacrificial sugar scaffold could be used in PDMS to create a porous network in
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the material, reducing the Young's modulus when compared to solid PDMS. Carbon

black was introduced to the pure PDMS "sponge" by dropping a solution of carbon

black and water over the material, allowing the solution to percolate through the

PDMS, and when dried, leaving a thin layer of carbon black coating the inside of the

pores. When the porous material material was compressed, the pores were found to

collapse, bringing the carbon-lined walls into contact and increasing the conductivity

of the composite. The use of a sacrificial scaffold to create a porous network in PDMS

was also employed by Cha et al. to create a pump for use with microfluidic devices

[10].

Polyvinylidenefluoride (PVDF) was used as the sensing element in a 4x10 pressure

sensor array by Lee and Sung [56]. PVDF was chosen as the sensing material for

measuring small amplitude fluctuations due to its large dynamic range and large

piezoelectric constant. The sensor array was validated using a speaker, and utilized

to measure turbulent pressure fluctuations at the wall of a wind tunnel.

Doped-Polymer 'Smart-Skins' for Marine Applications

Based on the operational requirements for use in distributed pressure sensing on

marine vehicles, and after considering previous work in bio-inspired pressure sensor

development, it was determined a doped polymer 'smart-skin' array offered the best

combination of performance characteristics for marine use. The use of a doped poly-

mer would allow for the development of a completely waterproof and flexible sensor

array through the careful selection of bulk matrix material and conductive dopant.

The flexibility, robustness, and resistance to moisture of bulk matrix materials like

PDMS (silicone) make doped composites well suited for prolonged environmental ex-

posure while surface mounted on marine vehicle hulls. Additionally, controlling the

material properties of the bulk matrix through the introduction of porosity has been

shown to lead to increased sensitivity in carbon black-PDMS composites, allowing for

piezoresistive composites to be optimized for pressure ranges consistent with hydro-

dynamic stimulus. Finally, doped polymers make use of cheap and easy to work with

component materials, allowing for the scaling of distributed pressure sensor arrays to
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real-world applications.

3.4 Collaborative Development of Doped Polymer

'Smart Skins'

Several iterations of 'smart-skin' pressure sensor arrays were developed at MIT using

an innovative carbon black-polydimethylsiloxane (CBPDMS) composite as the active

sensing material. The first version 'smart-skin' array utilized CBPDMS strain gauges

on a PDMS (silicone) substrate, as seen in Figure 3-9, and was developed by MIT

Masters student Frank Yaul [94, 95, 32]. MIT Masters student Mun Ee Woo continued

the optimization of the strain gauge sensor arrays, and also developed a novel open-

cell CBPDMS foam sensing material [89, 26, 28].

The author worked in collaboration with Yaul and Woo on the development and

testing of the CBPDMS 'smart-skin' pressure sensor arrays. In particular, the author

worked closely with Woo to characterize the performance of a version-one strain gauge

array in the MIT towing tank [89], and to deploy and test a version-one strain gauge

array on the hull of an unmanned kayak vehicle operating in the Pandan reservoir in

Singapore [26]. Based on the lessons learned from the kayak experiments in Singapore

[26], and experiments with commercially available sensors on hydrofoils [27], Dusek

and Woo collaborated on the development and tow tank testing of a CBPDMS open-

cell foam sensor array [28].

The following sections will summarize the collaborative work on the early genera-

tion CBPDMS 'smart-skins' that provided an important foundation for the develop-

ment of the closed-cell CBDPMS foam sensors described in Chapter 4. For complete

details of the sensor fabrication and testing, see the works by Yaul [94, 95] and Woo

[89].
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3.4.1 Carbon Black-PDMS Composite

To fulfill the guidelines identified for conformal pressure sensor arrays in Section

3.1, a composite of carbon black and polydimethylsiloxane (PDMS) was used as a

piezoresistive sensing material. Because the primary component of the mixture is

PDMS, the composite retains the flexible, robust, and waterproof characteristics for

which PDMS is known.

Material Selection

A low Young's modulus was desired for the composite's polymer matrix in order to

maximize the deformation of the material under compressive load [89]. In this regard,

PDMS was an excellent material choice due to its low Young's modulus and very low

glass transition temperature [89]. Additionally, PDMS has a low cure temperature,

allowing for fabrication without specialized equipment or training, and making the

material suitable for large area fabrication. Finally, the material exhibits no signifi-

cant change in shear or Young's modulus with respect to frequency [94], making the

material properties very stable under multiple deformations, which is important for

use as a pressure sensor.

The choice of filler material was also important in achieving the sensitivity and

reproducibility necessary for sensor array fabrication. After a thorough review of

existing active materials for sensors [89], carbon black was judged to be the most

suitable filler material for use with the PDMS matrix. From the literature, high

structure carbon black was found to have high piezoresistivity and reproducibility, as

well as being an inexpensive filler agent [49].

With the composite matrix and filler agents selected, the design space for opti-

mizing the Young's modulus and sensitivity of the composite consisted of the ratio

between crosslink agent and base material in the PDMS, and the ratio between PDMS

matrix and carbon black filler in the final composite.
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Figure 3-9: The version-one conformal pressure sensor array utilized a solid CBPDMS

composite patterned in a four point probe strain gauge arrangement. To achieve

the sensitivity necessary for hydrodynamic stinmlus, strain enhancing diaphragns

were patterned in the solid PDMS substrate. Inconsistencies in the fabrication of the

diaphragnis and difficulty in eliminating voids when joining substrate layers influenced

the development of a new active sensing material.

Solid CBPDMS Composite

A solid CBPDMS composite was developed by Yaul et al. [94] for use as a flexible

strain gauge on a PDMS sensor. For the solid composite, a mixture of PDMS (Sylgard

184) and carbon black (Cabot XC 72) was conlbined to produce a conmposition that

was 14.3 percent by weight carbon black [94].

To produce a pressure sensor array, the CBPDMS composite was screen printed in

a strain gauge pattern onto a pure PDMS substrate, then bonded to a second PDMS

substrate containing strain-enhancing cavities to achieve the sensitivity necessary

for hydrodynamic stimulus (for full fabrication details see [94] or [89]). To guard

against measurement uncertainty caused by contact resistance, the four-point probe

measurement technique was utilized, as shown in Figure 3-9. The resulting Version 1

sensor array, seen in Figure 3-9, achieved a sensitivity of approximately 1.21 mV/kPa

during sea trials on an unnianned kayak vehicle, at a material cost of approxinately

$3 per sensor [26, 89]. While the solid CBPDMS conposite and strain gauge geometry

produced a pressure sensor array capable of operation in real-world conditions [26], it

was desired to imlprove the active material sensitivity in order to eliminate the need

for fabrication-intensive strain enhancing cavities.
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Figure 3-10: The porous structure of the new active material is visible after the

sacrificial sugar scaffold has been dissolved.

3.4.2 Material Development for Improved Sensitivity

Based on experience with the solid carbon black composite both in the laboratory and

in the field, it was desired to develop a new composite with 1. lower Young's modulus

and 2. increased piezoresistivity. Reducing the Young's modulus of the composite can

be accomplished by reducing the relative amount of crosslink agent to base material in

the PDMS. However, this leads to reduced creep resistance in the PDMS, impacting

the reversibility of the active material and allowing for plastic deforination. For use

as a pressure sensor, repeatability of measurements is of primary importance, and

requires the material to behave predictably over many loading and unloading cycles.

Young's nodulus reduction can also be accomplished by lowering the percentage of

carbon black in the CBPDMS composite. Reducing the carbon black content also

has a significant impact on the piezoresistivity, and therefore the sensitivity of the

composite. In order to ensure the carbon black concentration could be optimized to

achieve the desired sensitivity in a new active material, it was determined that a new

fabrication technique was needed to achieve reduced Young's modulus.

3.4.3 Porous (Open-Cell) CBPDMS Foam

After a review of the literature, it was determined that creating a porous CBPDMS

composite would accomplish the desired reduction in Young's modulus [47, 10]. The

porous composite was fabricated through the use of a sacrificial sugar scaffold which
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Figure 3-11: Electrical properties of CBPDMS composite. Figures adopted from [89]
and [28].

was dissolved away after the composite cured. Sugar is preferred for the creation

of the sacrificial scaffold because it is inert and does not react with PDMS. Also, it

can be easily removed with water, allowing for inexpensive and scalable fabrication.

The fabrication of the porous composite was straightforward, adding to the appeal

of the porous CBPDMS as the active material in a sensor array. First, PDMS base

(Sylgard 184 from Dow Corning) was prepared and degassed in a desiccator before

adding the filler particles of acetylene carbon black (catalog unber 06-0026 from

Strem Chemicals) and fine sugar, and mixing in a mechanical mixer. The PDMS

crosslink agent was then added at a base:crosslink ratio of 10:1 by mass, and again

mixed mechanically. The raw material was then cast in a mold and cured at 90'C

for approximately 30 minutes. Following the complete curing of the material, the

samples were soaked in a 80'C water bath for 24 hours to dissolve the sugar scaffold,

leaving a porous structure as seen in Figure 3-10. To ensure all the sugar had been

dissolved from the sample, acetone was used to infiltrate the porous composite. Since

acetone precipitates sugar, the solution will appear to be cloudy if the PDMS-carbon

black composite contains sugar, otherwise, the solution will appear to be clear.
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CBPDMS opein cell foam. Figures adopted from [89] and [28].

Carbon Black Concentration

Achieving optimal senisor performance is largely dependent on the concentration of

carbon black in the CBPDMS composite. The largest change iii resistivity (or the

largest piezoresistivity) occurs in composites when the concentration of the conduc-

tive particles is near the percolatiol threshold [76, 63]. When compressive stress is

applied to the composite, the deformation of the polymer matrix causes a change in

distanice Ibetweeni the conhtdctive particles, leadiig to a change in conductiol l)ath

and a large change in resistance [89]. To determine the percolatioml threshold and

optimal carbon 1lack concentration for the CBPDMS composite, current-voltage (I-

V) measurements were coniducted on a series of solid CBPDMS samples with varying

carbon black conceitratioms, as seen in Figure 3-11(a). To eliminate the contribution

of coitact resistance to the results, a four-point prol)e methodology was used during

all measuremenits to ensure accuracy [89].

From the slope of the I-V plots, the resistance (R) of eachi composition was deter-

mined, and the resistivity was computed as p = Lf where A was the cross-sectional

area, and L the leigth of the sample. The largest change in resistivity, and thus

the percolatioin threshold for the CBPDMS composite, was found to be at 6.25% 1)y
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weight carbon black concentration, as seen in Figure 3-11(b).

Following mechanical testing, it was also found that the 6.25% concentration of

carbon black had the best reversibility in the change of resistance vs. pressure curve

when compared to other concentrations. While the 6.25% concentration composition

had optimal resistivity properties, it also had the highest Young's modulus of the

tested compositions, as seen in Figure 3-12(a), reinforcing the need for the porous

fabrication technique.

Sugar Concentration

Three different mass ratios of sugar in the 6.25% concentration composition were

investigated (4.5:1, 5:1, 5.5:1) to determine the effect of the sugar scaffold on the

Young's modulus of the composite. To create a continuous porous network in the

solid CBPDMS composite, the mass of sugar must be at least four times that of the

solid CBPDMS, otherwise the sugar will not completely dissolve. It was found that

at a mass ratio of 5.5:1, the Young's modulus of the porous composite was reduced

nearly two orders of magnitude compared to the solid composite, as seen in Figure

3-12(b).

3.4.4 CBPDMS Sensor Results

Having developed a new active material optimized for the sensitivity requirements

of hydrodynamic stimulus, the material was packaged as a sensor and subjected to

mechanical testing. Unlike the Version-one sensor that relied on strain enhancing di-

aphragms to achieve the required sensitivity for near-body flow detection, the porous

CBPDMS sensor was designed as a simple 'smart skin' array with no cavities or mem-

branes. Due to the high porosity of the new active material, it was found that special

care was needed to ensure adequate contact between wires and the active material

when building a sensor. Unlike the solid CBPDMS material where a single copper

wire was used at each contact point of the four-point probe arrangement, the porous

material used three parallel wires to maximize transmission, as seen in Figure 3-10
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and Figure 3-13. To fabricate the porous CBPDMS sensors, the composite material

was first mixed following the procedure outlined in Section 3.4.3. Copper wires were

then embedded between successive layers of active material, as shown in Figure 3-13.

After curing the active material with embedded copper wires, the entire sensor skin

was soaked in warm water to dissolve the sugar matrix, leaving a porous CBPDMS

array ready for electrical connections.

The experimental sensor fabricated using the porous CBPDMS material was sub-

jected to cyclic loading on a mechanical tester with I-V measurements taken in the

same four-point probe manner as during material characterization experiments. The

porous material exhibited some hysteresis during the cyclic loading, but the resis-

tance was found to return to the initial value upon unloading, demonstrating the

reversibility of the material and suitability for use as a pressure sensor. With the

porous CBPDMS active material and the three wire arrangement, the piezoresistivity

estimated from the resistance vs. pressure plot was found to be 12 1% AR/RO

per kPa for the major loop and 5.6 0.2% AR/R per kPa for the minor loop,

which represents a significant improvement over the 1.9 % AR/RO per kPa achieved

by the Version 1 sensor comprised of solid CBPDMS composite, and utilizing strain

enhancing diaphragms [89].

3.4.5 Sensor Encapsulation

To enable reliable underwater operation, the porous PDMS composite required en-

capsulation to keep water out of the pores in the material. A successful encapsulation

method provided waterproofing to the composite, while retaining the very low Young's

modulus provided by the porous material. Initial testing was performed on three dif-

ferent encapsulation techniques: 1. pure PDMS 2. sticky wrap 3. electrical insulating

spray. Of the three encapsulation methods, the use of ordinary household sticky wrap

was found to be the best method due to the negligible impact its application had on

the Young's modulus of the material. The pure PDMS and insulating spray, seen in

Figure 3-14, decreased the Young's modulus by a factor of three and two respectively.

The sticky wrap, however, allowed the Young's modulus, and thus the sensitivity of
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Figure 3-14: A porous CBPDMS sensor array enlcapsulated in a thin layer of electrical

insulating spray. Insulating spray had the advantage of being very easy to apply, but

was found to increase the Young's modulus of the porous active material.

the porous composite, to remain unchanged. While the sticky wrap approach worked

well in mechanical testing and controlled lab experiments, the material was delicate

aiid pronle to puicture.
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Dynamic Calibration of Pormus CBPDMS Sensor
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(a) A strong correlation was observed between the wave dynamic pressure

and the CBPDMS voltage output. Using a linear best-fit, the sensitivity of
the un-amplified sensor was found to be 11.7 mV/kPa.
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(b) After applying the dynamic calibration, the pressure sensor was found

to accurately measure the inagnitude and frequency of the dynamic pressure

field.

Figure 3-15: Dynamic testing of a CBDPMS open cell foam pressure sensor array in
the MIT towing tank using water wave stimulus.
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Underwater Testing

To verify the ability of the porous CBPDMS sensor to measure hydrodynamic stimuli,

the encapsulated sensors were tested in the MIT Towing Tank using a paddle-type

wave maker to generate plane waves, and therefore oscillatory pressure variations

at known frequencies. The experimental sensor arrays were mounted perpendicular

to the wave fronts and placed at a static depth of 2.5 cm. Voltage measurements

were amplified approximately 2.66 times using an AD 620 operational amplifier, and

filtered using an RC filter with a cut-off frequency of approximately 100 Hz. The

amplification and filtering electronics were the same as used when testing the Version

1 sensor, allowing performance comparisons to be easily made. An Op-amp circuit

was used to provide a constant current source of 90pA to the sensor. Signals were

collected using a National Instruments USB 6215 DAQ and Labview Signal Express

software. A conductance wave probe was used to record the wave height throughout

the experiments, and linear wave theory was used to calculate the dynamic pressure

at the sensor array. The dynamic portion of the wave pressure is given by Equation

(3.1) where r1e is the measured free surface elevation from the wave probes, k is the

wavenumber, and z is the static depth of the sensor array. For the experiment shown,

the wave maker was set to generate waves with a frequency of 1Hz.

Pdynamic -- p9rleekz (3.1)

When the measured output voltage from the sticky wrap encapsulated CBPDMS

sensor array was plotted against the calculated dynamic pressure, a strong correlation

was present, as seen in Figure 3-15(a). To ensure an accurate assessment of the

response of the the CBPDMS material to a dynamic pressure field, only the portion

of the voltage time trace when a wave packet was present was used, and the mean

was removed from the raw signal. Using a linear best-fit, the sensitivity of the sticky

wrap encapsulated sensor without amplification was found to be 11.7 mV/kPa at a

90pA current bias. With the 2.66 times amplification included, the sensitivity was

found to be 31 mV/kPa, representing a 25 times improvement over the Version 1
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array sensitivity using the same amplification. Applying the dynamic calibration to

the raw sensor output voltage, the pressure magnitude and frequency were found

to closely match the dynamic pressure from the waves, as seen in Figure 3-15(b).

Overall, it was found that the porous CBPDMS array encapsulated in shrink wrap

provided an accurate measurement of the dynamic pressure field produced by water

waves with an amplitude of ~400 Pa. The dynamic pressure range tested using

the water wave stimulus was consistent with the range needed for unmanned marine

vehicle applications, as given in Table 2.1, and demonstrated that CBPDMS foam

could achieve the desired performance for hydrodynamic sensing applications. The

performance of the CBPDMS sensor in response to the dynamic portion of the wave

pressure demonstrates the potential for use as a conformal near-body flow sensor.

3.4.6 Two Dimensional CBPDMS Sensor Array

When considering the geometry of the lateral line on fish, it is recognized that near the

head of the animal, the lateral line elements increase in density and extend vertically

as well as horizontally, as seen in Figure 1-2. For many marine applications, includ-

ing the helical vortex shedding on ship hulls, identifying the location of a near-body

flow structure in two dimensions is necessary. To meet this need, a two-dimensional

pressure sensor array was fabricated using solid CBPDMS as the active sensing ma-

terial, and pure PDMS as the structural component of the sensor, as seen in Figure

3-16(a). Copper foil leads were embedded within the PDMS encapsulation to trans-

mit power and signals, as seen in Figure 3-16(b), and the entire sensor was flexible

and waterproof. The sensor array proved to be operational and responsive to manual

stimulus. However, it was found that as the sensing elements were pressed manually,

the contact resistance between the solid PDMS and the copper foil varied compara-

bly to the resistance variation due to the compression of the active material. Work

is ongoing to improve the two dimensional array design through the incorporation of

a four-point probe measurement as used in previous iterations of the sensor, as dis-

cussed in Chapter 8. Plans also include using silver-PDMS composite transmission

wires to improve flexibility and reduce contact resistance. To enhance sensitivity, it
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is desired to incorporate the CBPDMS foam active material introduced in Chapter 4

into future generations of two-dimensional sensors.

(a) Solid CBPDMS sensing elemients were patterned us-

ing 3D printed molds and encapsulated within a pure

PDMS miatrix

1 cm --

(b) Copper foil leads embedded within the pure

PDMS matrix were used for power and signal

transmission.

Figure 3-16: Two-dimensional pressure sensor array using solid CBPDMS composite.

3.4.7 Conclusions from First Generation CBPDMS Open-

Cell Foam

Drawing on the lateral line sensory organ for inspiration, flexible, waterproof, and

highly sensitive pressure sensor arrays were developed for use in marine applications.

The active material used in the sensor arrays was an innovative composite of carbon

black and PDMS, with an optiial concentration of 6.25% carbon black by weight.

To achieve the desired sensitivity of tens of pascals required to measure hydrody-

mamic stimuli, porosity was intro(hced to the material through the use of a sacrificial

sugar scaffold. This lowered the Young's modulus of the CBPDMS composite by two
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orders of magnitude. Mechanical testing revealed that the porous CBPDMS com-

posite achieved a piezoresistivity of up to 12 1% AR/RO per kPa, an increase in

piezoresistivity of nearly an order of magnitude over previously reported results for

CBPDMS composites.

Using the new porous CBPDMS active material, sensor arrays were tested under-

water and shown to successfully measure the magnitude and frequency of the dynamic

pressure field generated by water waves. During underwater experiments, a sensitiv-

ity of 3lmV/kPa was recorded. This is 25 times higher than the Version 1 sensors,

which utilized solid CBPDMS and strain-enhancing diaphragms. Both sensor arrays

utilized the same amplification.

3.5 Lessons from Doped Polymer Smart-Skins

The development and testing of the doped polymer smart-skins conducted in collabo-

ration with Yaul and Woo provided several lessons to be applied to the next generation

of conformal hydrodynamic pressure sensor arrays. Primary among these lessons was

a general need to simplify array architecture and in doing so improve robustness. The

Version 1 arrays developed by Yaul [94, 95, 32] utilized a solid CBPDMS that relied

on strain enhancing diaphragms to achieve the sensitivity desired for lateral line in-

spired hydrodynamic sensing, as described in Section 3.1. While the performance of

the sensors was demonstrated in the towing tank [95] and in the field [26], the strain

enhancing diaphragms were time consuming to manufacture and prone to damage,

especially when the array was surface mounted on the side of a vehicle as in [26].

The benefits of the strain enhancing diaphragms were largely retained in a sim-

plified geometry by introducing porosity into the CBPDMS composite to create an

open-cell foam [28]. Without strain enhancing diaphragms, the sensor arrays were

found to be extremely robust and flexible, representing an improvement over the Ver-

sion 1 strain gauge arrays. The introduction of porosity introduced different problems,

however, specifically the time consuming need to soak the CBPDMS for 24 hours to

dissolve the sugar scaffold, and the requirement to waterproof the open-cell foam.
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It was also found that the CBPDMS open cell foam sensors were thicker than de-

sired, and required special attention to be paid to electrical connections because of

the reduced contact area between the porous material and the wires. Despite these

challenges, the improvement in sensitivity shown by the CBPDMS foam motivated a

continued effort to develop the material for use in hydrodynamic pressure sensing ap-

plications. A summary of the lessons learned from the stage one and two development

of doped polymer smart-skins is given below.

1. Simplify

(a) Improvement: The development of CBPDMS foam eliminated the neces-

sity of fabricating strain enhancing diaphragms

(b) Failure: Dissolving a sugar scaffold was time consuming and additional

wires were needed for electrical connections

2. Improve Robustness

(a) Improvement: Thin diaphragms were eliminated from the sensor array

3. Reduce Thickness

(a) Failure: CBPDMS open-cell foam sensors were of similar thickness to CB-

PDMS strain gauge sensors

4. Retain Sensitivity

(a) Improvement: A 25 times sensitivity improvement of the Version 1 array

was found for CB-PDMS foam under the same amplification

3.6 Chapter Summary

Based on the results of the experiments using commercial pressure sensor arrays

presented in Chapter 2, guidelines for the design of pressure sensor arrays intended

for unmanned marine vehicle applications were outlined in Section 3.1. Using these
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guidelines, commercially available pressure sensors were evaluated and found to not

satisfy all of the needs for hydrodynamic sensing applications. In particular, most

of the commercial devices were too large for surface mounting on the outside of a

marine vehicle hull, and required additional waterproofing for exposed applications.

The cost of commercially available devices was also a concern, with the commercial

sensors used in the towing tank and unmanned kayak vehicle experiments costing

between -$100 and -$200 per sensor, making spatially dense arrays economically

infeasible.

Pressure sensor arrays inspired by the lateral line sensory organ were reviewed,

and found to fall into two main categories, arrays that mimicked the physiology of

the lateral line, and those that drew on the broad principle of distributed pressure

sensing. Based on this review of alternative sensor technologies, the use of a doped-

polymer 'smart-skin' sensor stood out as a promising approach to pressure sensing on

marine vehicles. The collaborative development of soft sensor arrays using a carbon

black-PDMS composite material set was discussed, and the ability to increase the

sensitivity of the composite through the addition of porosity was introduced. Based

on testing of first-generation open-cell foam sensor arrays in the MIT towing tank,

areas of improvement for next generation hydrodynamic sensor arrays were identified.
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Chapter 4

Closed-Cell CBPDMS Foam

Sensor Development

4.1 Goals for Next Generation CBPDMS Foam

Sensor

Experience gained from the collaborative development of the doped polymer 'smart-

skin' arrays described in Section 3.4 informed and motivated the development of a

next generation closed-cell CBPDMS foam array for hydrodynamic sensing applica-

tions. While previous generations of CBPDMS sensors demonstrated the validity

of the material set for pressure sensing applications, several areas of improvement

remained for use in ocean engineering applications. Primary among these areas of

improvement was the need to develop an inherently waterproof active sensing mate-

rial that retained or improved upon the sensitivity of the open-cell CBPDMS foam

described in Section 3.4.3. The need to waterproof the open-cell CBPDMS foam

material was detrimental to its practical use in marine applications by adding an

additional fabrication step and increasing the time and cost of sensor production. Af-

ter investigating several sensor array encapsulation materials, including pure silicone

and aerosol insulating spray, it was found that sealing the array with household sticky

wrap worked best in the laboratory environment. The sticky wrap had little to no
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impact on the Young's modulus of the open-cell foam, allowing the sensitivity gains

achieved by the introduction of porosity to remain. The use of sticky wrap as a long

term solution to the encapsulation problem was not viewed as practical, however, as

the thin film was too susceptible to damage for use in a real world environment.

Another goal of the sensor array development was to improve the contact method

between the active piezoresistive sensing material and the electrodes used to provide

current to the array and measure voltage drop as a response to pressure stimulus. The

sensor arrays developed utilizing open-cell CBPDMS foam relied on an arrangement

of three parallel wires within the thickness of the array to maximize contact area

between the foam and the wires, as described in Section 3.4.4. This solution was not

ideal, as it required array fabrication to be done in a time-intensive three-layer process.

Additionally, the three independent parallel wires needed to be spliced together and

connected to longer transmission lines to provide current or pass voltage to data

acquisition equipment. Eliminating the need for multiple independent wires was

viewed as an important step in improving the array's performance, reducing the

fabrication time, and improving robustness.

The goals of the next-generation sensor development are summarized below:

1. Retain or improve upon sensitivity of open-cell CBPDMS foam

2. Eliminate the need for additional waterproofing layers

3. Improve contact between electrodes and piezoresistive material

4. Improve robustness of the sensor array and associated electrical wiring

4.2 Closed-Cell CBDPMS Foam Sensor Arrays

Carbon black-PDMS closed-cell foam pressure sensor arrays were fabricated using

alternating segments of piezoresistive CBPDMS foam and silver-carbon black-PDMS

(Ag-CBPDMS) electrodes, as seen in Figure 4-1. A four point probe arrangement

was used (described in Section 4.5.2), creating a 4x1 linear array of sensor channels,

as seen in Figures 4-1(b) and 4-1(c). The overall footprint of the array was 80 mm

by 20mm, with each piezoresistive foam sensor channel having a width of 5 mm,
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Sensor Channels Footprint Active Layer Overall Mass [g]
[mm] Thickness [mm] Thickness [mm]

Thin 4 80 x 20 3.175 6.2 15
Thick 4 80 x 20 4.763 7.8 20

Table 4.1: Physical dimensions of the CBPDMS foam sensor arrays.

and Ag-CBPMS electrodes having a width of 4 mm as seen in Figure 4-1(c). Each

sensor array was composed of three layers, a pure PDMS base layer, a middle active

layer that contained the electrodes and CBPDMS foam sensor channels, and a thin

CBPDMS foam top layer, as seen in Figures 4-1(a) and 4-1(d). The height of the

middle active layer was varied to create a thick sensor with a 4.763 mm active layer

and overall thickness of 7.8 mm, and a thin sensor with a 3.175 mm active layer and

overall sensor thickness of 6.2 mm. A complete description of the sensor geometry

for the thick and thin CBDPMS foam sensor arrays can be found in Table 4.1. To

supply current to the sensor array and allow for voltage measurements, ribbon cable

ends were embedded in the Ag-CBDPMS electrodes, as seen in Figure 4-1(a).

4.3 CBPDMS Foam Array Sensing Principle

The CBDPMS foam pressure sensor arrays rely on the piezoresitivity, or variation in

resistance with strain, of carbon black doped PDMS (silicone) to provide a measure-

ment of pressure stimulus. Each component composite in the sensor array utilizes

PDMS as the matrix material, ensuring strong bonding between sensor components

while retaining overall array flexibility. By varying the carbon black doping and

Young's modulus between sections of the sensor array, a linear four by one array of

sensor channels was created. Electrodes were fabricated using a silver-carbon black-

PDMS (Ag-CBPDMS) composite with a high mass fraction of silver to ensure high

conductance and low piezoresistivity, as a discussed in Section 4.5.3. Sensing elements

were fabricated using a closed-cell CBPDMS foam (Section 4.5.4) with a low Young's

modulus and carbon black concentration near the percolation threshold to enhance

piezoresistivity and improve the sensitivity of the array to hydrodynamic stimuli.
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(a) The top of the CBIPDMS foam sensor array
is covered with a thin layer of CBPDMS foam.

The ends of a ribbon cable are embedded in a Ag-

CBPDMS electrodes to supply the array with a

constant current and to allow for for voltage mea-

surements to be taken across the piezoresistive

CBPDMS foam sensor channels.

Ch anel I Channel 2

(b) Viewed froim the bottom, the middle active

layer of the CBPDMS foam sensor array is visible

through the clear solid PDMS base layer. The

active layer is composed of alternating blocks of

piezoresistive CBPDMS foam, and Ag-CBPDMS
electrodes. The sensor array uses a four-point
measurement to eliminate the effects of contact
resistance in voltage measurements and is a lin-

ear array of four channels.
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(c) The overall footprint of the CBPDMS foam array is 80 mn by 20mm, and each
sensor channel is 5 mnn wide while electrodes and non-sensor foam sections are 4 nn
wide

CBPDMS Foam
Ag-CBPDMS

Electrode

CBPDMS Foam Thick: 7.8 mm
Active Layer Thin: 6.2 mm

Pure PDMS ----------------------- -
80 mm

Channel I LIChannel 2 [Channel 3 Channel 4

(d) Each CBPDMS foam array is composed of three layers. A 2 mnn layer of pure

PD1\S provides a flexible base to the array and allows for surface mounting to curved

surfaces. The active middle layer is composed of CBPDMS foam sensor channels and

Ag-CBPDMS electrodes, and active layer thicknesses of 4.763 nn and 3.175 mn have

both been tested. The top lower of the device is a 1 nn thick layer of CBPDMS

foam created during the foam expansion process.

Figure 4-1: Carbon b)lack- PDMS closed-cell foam pressure sensor arrays were fabri-

cated usinig alternating segments of piezoresistive CBPDMS foam and silver-carbon

I)lack-PMDS (Ag-CBPDMS) electrodes with a pure PDMS base layer to preserve

flexibility. 106
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4.4 Models of Carbon Black Doped Silicone Piezore-

sistivity

Above a mass fraction of carbon black known as the percolation threshold, carbon

black doped PDMS forms a conductive composite. When the percolation threshold

is reached, continuous chains of carbon black particles create conductive pathways

through the PDMS bulk material; while below the percolation threshold, CBPDMS

composite behaves like an insulator. The piezoresistive behavior of CBPDMS relies

on the formation and breakdown of these conductive chains as the PDMS matrix

material is deformed due to external stimulus.

Two primary models are used to describe the resistance change of CBPDMS com-

posite when subjected to an external pressure stimulus, as summarized by Lacasse [54]

and shown in Figure 4-2. Both piezoresistive effects have been observed in CBPDMS

composites, and the relationship between resistance and strain is highly dependent

on the filler material, the type of polymer matrix, and the nature of the loading [54].

Compressible Model The compressible model of CBPMS piezoresistivity, shown

in Figure 4-2(a), states that as the PDMS matrix is compressed due to external

pressure stimulus, the volume fraction of CB particles within the composite is

increased, allowing for the formation of new continuous conductive pathways

and decreasing the resistance of the composite ([54, 44, 5]). When the external

pressure stimulus on the composite is decreased, the material relaxes, and the

newly formed conductive pathways are broken, leading to a recovery of the

composite resistance.

Incompressible Model The incompressible model of CBPMS piezoresistivity, shown

in Figure 4-2(b), states that small deformations in the PDMS matrix due to com-

pressive strain cause a breakdown of conductive pathways within the CBPDMS

composite, leading to an increase in resistance ([54, 24]). When strain is relieved

from the composite, the conductive pathways reform in a reversible process.

For the CBDPMS foam used in the fabrication of the distributed pressure sen-

sor arrays, piezoresistive behavior consistent with both the compressible and
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(a) The compressible model of (b) The incompressible model of CPDMS

CBPDMS piezoresistivity in which piezoresistivity in which small deforma-

the PDMS matrix is compressed under tions of the PDMS matrix leads to re-

load, leading to an increased volume versible destruction of carbon black con-

fraction of CB particles in the composite ductive pathways within the composite,

and the formation of new conductive leading to an increase in resistance.

pathways, leading to a decrease in

resistance.

Figure 4-2: Comparison of the two primary models used to explain the change in

resistance in CBPDMS composites when subjected to a pressure stimulus. The light

grey boxes represent the PDMS foam bulk material, and dark grey circles represent

free carbon black (CB) particles that have not formed conductive chains. The gold

circles represent CB particles that have linked together to form continuous conductive

pathways through the bulk PDMS foam matrix. For the CBDPMS foam pressure

sensor array responding to isotropic hydrodynamic stimulus, the resistance is expected

to change in accordance with the compressible model.

incompressible models has been observed for different sample geometries and

loading cases. For cubes of CBPDMS foam tested in pure compression on a

mechanical tester, the piezoresistivity was consistent with the incompressible

model, as discussed in Section 4.6.2. For the complete CBPDMS foam pressure

sensor array responding to isotropic hydrodynamnic stimuli, the resistance was

found to change in accordance with the compressible model, as discussed in

Chapter 5.

4.4.1 DC Response of CBPDMS Composite

Cambon black-PDMS composites provide a reversible piezoresistive response to dy-

namic pressure stimulus, but are not well suited for low frequency, DC type stimulus.
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Over time at a continuous strain, conductive pathways reform within the material,

leading to a gradual decrease in resistance [24]. This recovery of conductive pathways

takes place over a period on the order of tens of minutes[24], effectively acting as a

high pass filter. Efforts have been made to characterize the low frequency behavior

of CBDPMS composites through the use of Burger models and modifications of the

Burger model by Yaul [95] and Lacasses [54]. The hydrodynamic pressure stimuli

of interest to marine vehicles typically have frequencies ranging from 0.5 Hz (water

waves, vortex shedding) to 35 Hz (predator and prey detection), and the dynamic

response of the CBPDMS foam sensor arrays will be the focus of this study.

4.5 Sensor Fabrication

4.5.1 CBPDMS Foam Array Fabrication Steps

The general steps associated with the fabrication of a closed-cell CBPDMS foam

sensor array are given below and in Figure 4-3. The details of the fabrication steps

will be described in subsequent sections.

1. Prepare ribbon cable for current and voltage transmission by separating rib-

bon into individual cable ends and winding bare wire into helical "pig tails"

which improve the electrical and mechanical connection to the Ag-CBPDMS

electrodes.

2. Mix silver-carbon black-PDMS (Ag-CBPDMS) composite for electrodes using

a mechanical mixer, as discussed in Section 4.5.3.

3. Apply uncured Ag-CBPDMS electrode material to delrin electrode mold and

cure in oven (Figures 4-3(a) and 4-5(a)). The overall thickness of the CBPDMS

foam array is determined by choosing an electrode thickness of 3.175 mm (1/8")

or 4.763 mm (3/16").

4. After trimming the cured electrodes and returning them to the mold, apply a

2 mm layer of pure PDMS over the electrodes to serve as a flexible base for the
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sensor array (Figures 4-3(b)).

5. Remove electrodes and pure PDMS base layer from delrin mold. With the

electrodes facing up and the pure PDMS base layer on the bottom, return

electrodes to the mold in preparation for the CBPDMS foam (Figures 4-3(c)

and 4-5(b)).

6. Mechanically mix CB into part A of foaming silicone to ensure uniform distri-

bution of conductive CB particles throughout the composite.

7. Mix A and B components of foaming silicone to initiate the expansion reaction,

and manually spread the CBPMS foam into the gaps between Ag-CBPDMS

electrodes (Figure 4-3(d)).

8. Cap the mold with an aluminum top plate, leaving a 1mm gap to allow CBPDMS

foam to escape the mold during the expansion process.

9. After allowing for the complete cure of the CBPDMS foam, de-mold the array

and trim the excess foam created during the expansion reaction.

4.5.2 Electrode Layout and Material Selection

Electrode layout and material selection were driven by the need to eliminate the

effects of contact resistance and maximize the conduction between the electrodes and

the CBPDMS foam active sensing material while retaining overall array flexibility.

To eliminate contact resistance, a four point probe arrangement was utilized. In

a four point probe, a pair of outside leads act as a constant current source, while

inner lead pairs are used to take voltage measurements, as seen in Figure 4-4. In

this arrangement, virtually no current flows in the measurement leads, meaning the

voltage drop due to the contact resistance between the measurement leads and the

CBPDMS foam is negligible, allowing the the resistance variation with strain of the

CBDMS foam to be isolated.
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Delrin
Electrode

Mold Layer

Ag-CBPDMS
Electrodes

qb

Aluminun
Base

(a) After mixing the comilponents of the Ag-

CBPDMS, the uncured composite was spread

into a delrin mold, taking special care to ensure

no voids were present iii the material. Stripped

ribbon cable ends were embedded in the mni-

cured composite, and the delin 1)1(old was capped

with an aluminumi plate to compress the Ag-

CBPDMS into any remaning gaps and hold the
wires in place during the curing process. The

electrodes were cured in an oven at 120'c for

approximately two hours, then allowed to cool

coipletely before being removed from the mold.

Ag-CBPDMS Electrodes

Pure (clear)
PDMS
Layer

(c) After the pure PDMS base layer was cured in

the oven for 20 minutes, the electrodes au(d base

layer were reioved froim the mold and flipped

over so the pure PDMS was on the bottom amd!

gaps betweeni the electrodes were accessible.

Pure (clear)
PDMS Layer '

Ag-CBPDMS
Aluminum Electrodes

Mold

Ele ctrd

Aluminum
Base

(b) After the Ag-CBPDMS electrodes were
cured, they were individually removed from

the delrin mold, trimmed, aid returned to the
cleaned mold. A 2mm layer of pure PDMS was
then applied on top of the electrodes to hold
them in place during the remainder of the fabri-
cation process and to serve as a flexible base for
the finished sensor array.

Ag-C'BPDMS
Electrodes

Delrin Mold

Aluminum
Middle Mold

Aluminum
Base

(d) After returnimig the electrodes and base layer

to the mold, uncured( CBPDMS foam was uman-
ally spread into the gaps between the electrodes
before the foam expansion process took place.
With the uncured CBPDMS foam expaiiding to
fill the electrode gaps, an alumiuinm top plate

was placed on the mold with a small gap pre-

served by washers to allow the excess foan to

escape during expainsion.

Figure 4-3: Fabrication steps for CBPDMS foam sensor arrays.
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(a) The CBDPMS foam sensor arrays were con- (b) In a four point arrangement, virtually

nected in a four point probe arrangement to ehim- no current flows in the measurement leads,
nate the impact of contact resistance on the voltage meaning the voltage drop due to the contact
measurements. The leads connected to the outside resistance between the mneasurement leads

electrodes provided constant current to the array, and the CBPDMS foam is negligible, allow-

while pairs of inner leads and electrodes provided a ing the the resistance variation with strain of

voltage measurement across each of the CBPDMS the CBDMS foam to he isolated.

foam sensor channels.

Figure 4-4: A four point probe measurement was used to elimiiate the impact of

contact resistance on voltage measurements.

When making electrical connections to CBP1DMS foam, the contact area between

the electrode and the foam sensing material plays a large role in the iality of voltage

measurements [28]. To maximize contact between the electrodes and the CBPDMS

foan, electrodes spanned the fill height of the sensor array and were embedded

within the foam, as seen iin Figure 4-5(c). To retain array flexibility and maximize

adhesion between the electrodes aid the CBPDMS foam, electrodes were fabricated

from a silver-carboni black-PDMS composite (Ag-CBPDMS). The use of silver aid a

high carbon black concentration within the electrode ensured a composite with high

conductivity that was insensitive to strain. By retaining PDMS as the bulk material

in the composite, the electrodes remained flexible and excellent adhesion was observed

between the electrodes and CBPDM\S foam.

To allowv for comununication with the sensor arrays, ribbon cables were embedded

in the AG-CBDPMS electrodes. Prior the embedding the stripped wire ends in the

composite, the wires were tightly woiiiml into "1)igtails" which both maximized the

contact area between the wire aid the AG-CBPDMS, and enhanced the mechanical

bod between the compollent s.
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(a) Following initial difficulties removing Ag-CBPDMS electrodes
from aluminurn molds, delrin molds were machined using a water jet
for use in electrode fabrication. It was found that electrode quality
was improved by removing the Ag-CBPDMS electrode blocks from
the delrin mold after curing, trimming the electrodes and cleaning
the mold, then returning the electrodes to the mold for application
of tie pure PDMS base layer.

Pure (clear)
PDMS Layer

Ag-CBPDMS
Electrodes

Electrode
Mold

(b) A 2 mnm thick pure PDMS base was used to hold the electrodes
in place during tie fabrication process and to give the finished array
a smooth and flexible base for mounting to marine vxehicles. The
use of PDMS throughout the fabrication process ensured reliable
bonding between sensor components while preserving a high degree
of flexibility. A prototype sensor array is shown before wiring was
switched to ribbon cables.

(c) After the pure PDMS base layer was applied to the Ag-CBPDMS
electrodes and allowed to cure, the electrodes were returned to the
mold in preparation for the gaps between the electrodes being filled
with piezoresistive CBP DMS foam.

Figure 4-5: To maintain overall sensor array flexibility while providing maxinmun

conductivity and adhesion with the CBPDMS foam piezoresistive material, electrodes

were fabricated from a Ag-CBPDMS composite.
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4.5.3 Electrode Fabrication

The first step of the sensor array fabrication process was to mold the electrodes from

AG-CBPDMS. To prepare the AG-CBDPMS, silver powder (Number 11402 from

Alfa Aesar) was mixed with PDMS (Sylgard 184 from Dow Corning) and carbon

black (from Denka Elastomer and Performance Plastics) at a composition of 72.94%

AG, 3.79% CB, and 23.27% PDMS by mass in a Kurabo Mazerustar KK series mixer.

The uncured AG-CBPDMS mixture was manually spread into a delrin mold with an

aluminum base plate, as seen in Figure 4-5(a). Wires were embedded in each uncured

electrode, and the mold was capped with an aluminum top plate before being cured

in an oven at 120'c for approximately two hours.

Following curing and cooling, excess AG-CBPMS was carefully trimmed using a

razor, and the electrodes were individually removed from the delrin mold, allowing

any excess material to be trimmed using a razor blade. After the delrin mold was

cleaned, electrodes were reinserted, and a 2 mm layer of pure PDMS was applied over

the electrodes to serve as a structural base for the sensor array, as seen in Figure

4-5(b). After curing the pure PDMS in the oven for approximately 20 minutes, the

completed electrode layer was able to be removed from the mold, as seen in Figure

4-5(c).

4.5.4 CBPDMS Foam Fabrication

The CBPDMS foam used in the pressure sensor arrays was fabricated using Soma

Foama 15 from Smooth-On. Soma Foama is a two-component platinum silicone

casting foam that is available in both 240 kg/M3 (15 lb/ft3 ) and 400 kg/m 3 (25

lb/ft3 ) densities, as seen in Figure 4-6(a). The Soma Foama 15 was found to be the

more compressible of the two weights, and it expanded 3-4 times its initial volume

when mixed, as seen in Figure 4-6(b). Because the foaming reaction was rapid when

the two components of the silicone were mixed, working time was very limited, and

advanced preparation of all molds was required to ensure successful fabrication. Soma

Foama 15 is the lower density of two versions of Soma Foama offered by Smooth-On,
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and used a 2:1 ratio of the A:B silicone components by volume or weight. Because

part A of the mixture is used in higher volume than part B, carbon black particles

were mechanically mixed into Part A in advance of the foaming reaction using the

Mazerustar mixer shown in Figure 4-6(c).

When ready to mold the CBPDMS foam sensing layer, Soma Foama Part B was

mixed into the Soma Foama Part A-carbon black mixture by hand, taking care to

ensure thorough mixing of the two components. The mixture was then spread into

the gaps between the AG-CBPDMS electrodes, and the molds were capped with an

aluminum plate. A small gap was maintained between the electrode layer and the top

plate using aluminum washers, allowing the foam mixture to expand out the sides of

mold after the electrode gaps were filled and leaving a uniform layer of foam across

the top of the array, as seen in Figure 4-1(a). After allowing the completed array to

cure for approximately 12 hours, the excess foam was trimmed away from the array,

and the edges of array were coated in a thin layer of pure PMDS to insulate the

exposed electrode edges from exposure to the environment.

After completing the fabrication process, sensor arrays were initially tested on

the bench top to verify the operation of each array channel. The CBPDMS foam

sensor arrays were found to have a high degree of flexibility, as seen in Figure 4-

7(a), and the operation of the sensor arrays underwater was confirmed by testing the

arrays while submerged in a shallow petri dish. A more comprehensive experimental

characterization of the CBPDMS foam arrays can be found in Chapter 5.

4.6 CBPDMS Foam Material Properties

The material properties of PDMS foam and CBPDMS foam composite were studied

by MIT undergraduate Jessica Herring for her Bachelor's thesis in the Materials

Science Department [41]. The mechanical and electrical properties of the CBPDMS

Foam, shown in detail in Figure 4-8, were investigated using an Admet mechanical

tester capable of recording position and force, as seen in Figure 4-9(a). To measure

the electrical properties of the material, a Keithly 2602 System SourceMeter was
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(a) Closed-cell CBPDMS foaim was pro-
duced using Soma Foamna, a two part

platinum silicone foam from Smooth-

On.

(b) Without CB particles mixed into the ma-

terial, the bubbles generatled during the Soma
Foamna expansion were clearly visible. Pure
Soma Foamia 15 was found to expand 3-4
times its initial volume, and the expansion
was found to decrease as the percentage of
CB was increased.

A

V - I
/14 ZERUSi4IR

(c) During fabrication, CB particles were mixed into
Part A of the Soma Foamia silicone foam using a
Mazerustar high speed mixer to ensure even distri-
bution of particles throughout the composite.

Figure 4-6: The commercially available silicone foam "Soma Foama" from Smooth-

On was the base material used in the fabrication of closed-cell CBPDMS foam. The

silicone foam is available in 240 kg/m:3 (15 lb/fti) and 400 kg/mu 3 (25 lb/ft") (enisities.

and the 240 kg/m 3 density material was chosen for use in the fabrication of CBPDMS
foanm pressure sensor arrays.
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(a) Initial confirmation of the array flexibility. (b) Initial bench top testing of the array un-
derwater using a, petri dish.

Figure 4-7: Initial tests of prototype closed-cell CBPDMS foam sensor array.

used to generate a constant current and capture voltage measurements in a four-

point arrangement as shown in Figure 4-4. Samples for testing were 25.4 nun cubes

prepared in a delrin mold with wires embedded within the material at the half-height

plane, as seen in Figure 4-9(b).

4.6.1 CBPDMS Foam Mechanical Properties

Using the ADMET mechanical tester, stress-strain curves were developed for pure 240

kg/in3 (15 lb/ft3 ) Soma Foama, and for composites with carbon black concentrations

ranging from 4% to 5.5%, as seen in Figure 4-10. As expected for a silicone composite,

the stress-strain curve for each sample was found to be non-linear, particularly at low

levels of stress consistent with the hydrodynamic stimulus of interest. Additionally, it

was found that the stiffness of the composite increased with the introduction of carbon

black dopant in the composite. This result reinforced the desire to keep the weight

percentage of carbon black as low as possible while staying above the percolation

threshold.

4.6.2 CBPDMS Foam Electrical Properties

The piezoresistivity of the CBPDMS foam composite was tested using four wires in-

serted into the mid-plane of the composite blocks in a four-point probe arrangement,
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(a) Under 20x magnification, the cell structure (b) Under 100x magnification the non-uniforin

of the closed-cell CBPDMS foamn is clear. shape of the cell walls within the material is

revealed. The non-uniformity of' the cellular

structure has an impact on mass percentage

of the percolation threshold for the composite,

anm1d contributes to slight variations in sensitiv-

ity between the array channels.

Figure 4-8: Under magnification the cellular structure of the CBPDMS foai structure

is apparent. The cellular structure reduces the Young's modulus of the material

compared to solid PDMS, enhancing the sensitivity of the CBPDMS foam active

material. The use of a waterproof closed-cell foam is of great importance in the use

of the sensor arrays in marine applications.

as seen in Figure 4-9(b). Of primary interest was determining the percolation thresh-

old for the CBPDMS composite before fabricating complete sensor arrays. Based on

previous studies by Woo [89] aid Yaul [95], tests were restricted to weight percent-

ages of carbon black of 4% to 5.5c. Samples were tested ill pure compression on

the AD1\'ET mechanical using sinusoidal and ramp stimulus. The CIBPDMS foam

was found to react to the compressive stimulus in accordance with the incompressible

model discussed in Section 4.4, with the resistance increasing with stress, as shown in

Figure 4-11 for the composite with 5.5% by weight of carbon black. It was also found

that the 5% aid 5.5% carbon black by weight samples perforlmed the best, leading to

the use of 5% carbon black in the final sensor arrays.
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(a) An Admnet inechaniical tester
was utilized to measure the stress-
strain relationship an(1 electrical

properties of CBPDMS foam sam-
ples.

(b) Wires were emlbedded iii the
imiid-plane of the CBPDMS cubes
in a four-point probe arrangement
in order to measure the change
in resistance of the material when
subjected to comhpressive strain.

Figure 4-9: Cubes of CBPDMS foam with varying concentrations of carbon black

were tested for mechanical and electrical properties using an ADMET mechanical

tester.

Compression of CB-doped SF15
Stress (Pa)

0.1 0.2

4 5M1%

-~ -------- - -~Stri ni
0-3 0.4 55%

Figure 4-10: Stress-strain curves for 240 kg/in3 (15 lb/ft3 ) Soma Foania platinum

silicone with increasing weight percentage of carbon black. The stress-strain curve

was found to be non-linear, and the stiffness of the composite was found to increase

with presence of carbon black dopant. Results suggest that the weight percentage of

carbon black may be proportional to the composite stiffness, although variations in

molding and the presence of air pockets in the samples may also have an effect on

the stress-strain curve.

119

40000

30000

20000

10000



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

0.5 Hz

-- Stress (kPa/2)

-Voltage (mVI
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Figure 4-11: The response of 5.5 %/ by weight CBPDMS foam composite in compres-
sion is consistent with the incompressible model of piezoresistive response.

4.7 Chapter Summary

Conformal pressure sensor arrays for use in a marine environment were fabricated

using a silicone-based material set. The pressure sensitive components of the array

utilized a closed-cell piezoresistive CBPDMS foam, while the sensor array electrodes

were composed of a silver-carbon black-PDMS composite that displayed high con-

ductivity with low piezoresistivity. The array utilized a pure PDMS base layer to

provide support during the fabrication process, and to allow for surface mounting us-

ing silicone adhesives. The array uitilized a four-point probe measurement technique

to mitigate the effects of contact resistance, and electrical connections were provided

by a ribbon cable embedded in the Ag-CBPDMS electrodes. Overall sensor array

dimensions were 80mmn x 20mmn with thicknesses of 7.8 and 6.2 mmn-, and four sensor

channels were contained in the array.

The physical dimensions and cost of the CBPDMS foam sensor array compared

favorably to commercially available sensor options, as seen in Figure 4-12. For use in

hydrodynam-ic sensing applications, the need for the sensor array to be waterproof is

of great importance, as is the ability to surface mount the array oil a curved surface

typical of marine vehicles and structures. Additionally, for large-area distributed

sensing, the price per sensor is vital and the material cost of the CBDPMS foam array
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Cost per Waterproof Size Flexible Surface Sensitivity
Sensor Mountable ~10 Pa

Closed Cell -$10.00 Yes 5 mm x 20mm Yes Yes Yes
CBPDMS Foam (4x1) per channel

~$5.75 X
(7x1) 6-8 mm height

Freescale -$14.00 No 10 mm x No No Yes
Semiconductor 10mm
MPXV footprint

x
13 mm height

Honeywell 19mm -$120.00 No 19mm No No Yes

Series diameter
x
31 mm height

Honeywell SPT -$250.00 Yes 22 mm No No Yes

Series diameter
x
70 mm height

Figure 4-12: The physical dimensions and cost of the CBPDMS foam sensor array

compare favorably to commercially available sensor options.

(~$10) represents an order of magnitude decrease over

sensors offered by Honeywell (19nm and STP series),

NPXV series sensors from Freescale Semiconductor.

the CBPDMS foam sensor arrays will be discussed in

the stainless steel piezoresistive

and a slight reduction over the

The dynamic performance of

detail in subsequent chapters.
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Chapter 5

CBPDMS Foam Sensor Array

Characterization

5.1 Introduction

To characterize the performance of the CBPDMS foam sensor arrays, a series of

experiments were conducted with the sensor arrays operating underwater and using

biologically-inspired hydrodynamic stimulus. Experiments using the CBPDMS arrays

could be broadly categorized into three main types:

1. Characterization and calibration experiments using periodic stimulus (Chapter

5)

2. Dipole experiments using a vibrating sphere (Chapter 6)

3. Vortex detection in the wake of a circular cylinder (Chapter 7)

In Chapter 5, experiments using simple periodically varying pressure stimulus

meant to investigate sensor response characteristics and develop a sensor calibration

will be discussed. In Section 5.3, a time-varying hydrostatic pressure was created by

oscillating the sensor arrays vertically in the water column using a computer con-

trolled linear stage. From these experiments the basic operating characteristics of
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the sensor arrays were studied, and the dynamic range of the arrays was investi-

gated. The repeatability of the sensor arrays was confirmed, and a sensor calibration

was developed. In Section 5.4, the CBPDMS sensor arrays were placed at a fixed

depth and surface water waves were generated by the wave maker in the MIT towing

tank, creating an oscillatory pressure stimulus that is ubiquitous in nature. From

the water waves experiments the performance characteristics established during the

plunging experiments were confirmed, the operation of the sensor arrays while surface

mounted on a curved body was investigated, and the sensor calibration found during

the plunging experiments was verified.

5.1.1 Characteristics of a Successful Sensor

During the experiments to characterize the CBPDMS foam sensor arrays, the success

of the sensor design was evaluated based on a set of desired characteristics:

1. Sensors must demonstrate repeatable results

2. Sensors must be able to be calibrated

3. Sensors should have enough dynamic range to measure useful flows for ocean

engineering applications

4. Sensors must be robust

Repeatability

To be valuable as a sensor, a device must demonstrate three types of repeatability:

* Sensor is repeatable over the course of a single experiment. For example, mul-

tiple oscillations of a periodic stimulus should give consistent measurements.

* Sensor is repeatable across multiple independent trials using the same stimulus.

" Sensor is repeatable across various types of stimulus
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Calibration

In order to act as a sensor, a relationship between an input stimulus such as pressure,

and the device output voltage, must be able to be developed. This relationship does

not need to be linear, and may include hysteresis.

Dynamic Range

A prototype device must demonstrate a large enough dynamic range to be useful for

measuring flows within a designated range of interest. For the CBPDMS foam sensor

arrays, the flows of interest were at the scale of unmanned marine vehicles as given

in Table 2.1 and Section 3.1, and the dynamic range should reflect this.

Robustness

For use in ocean engineering applications a sensor must be able to withstand extended

periods of submergence, the potential for impact, and repeated deformations.

5.2 Sensor Power and Amplification Electronics

For the CBPDMS foam sensor array characterization experiments, custom electron-

ics were designed to provide a current source for the four-point probe arrangement

discussed in Section 4.5.2, and to amplify voltage measurements from the array. The

current source and amplification circuits were built on a custom PCB board designed

and printed for the experiments, as seen in Figure 5-1.

5.2.1 Constant Voltage Source

During the plunging (Section 5.3) and Dipole (Chapter 6) experiments conducted in

Singapore, the CBPDMS foam sensor arrays were powered with a constant voltage

source as shown in the equivalent circuit diagrams in Figure 5-2. As shown in Fig-

ure 5-2(b), the CBPDMS foam sensor array was found to have a total resistance of

-28 kQ which can be largely attributed to the contact resistance between the ribbon
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Current
Source to

i Array
To NI
DAQ"--

Board
-- From

Power
--- Supply

Voltage in Amplification and
from Array x 2 Filtration x 8

Figure 5-1: A custom PCB board was designed and priiited for sensor array char-

acterizatioi ex)erinieits that conitainied a constant. current source circuit using aii

LM741 Op-Amnp and signal ainplificatioii using AD620 Op-Amps.

cables and the Ag-CBPDMS electrodes. With the ~ 28 kQ array resistance in series

with a 112 k resistor, the currenit through the sensor array was 0.17 inA. Because

the voltage source was constant in this arrangement, variations iii the sensor array

resistance could lead to variations in the current being sll)plied to the array, iitro-

dlucing uncertainty to the voltage ieasureinents takei across the sensor channels.

The magnitude of this uncertainty can be calculated using the voltage ineasureinents

taken during a characterization explerinent and knowledge of the voltage source aiid

ill-series resistor.

To qiianitify the effect of the changiiig resistaice of the sensor channels on the

array souice current, a case of periodically varying hydrostatic pressure, shown in

Figure 5-3, was analyzed (for a coiiplete discussioni of the varying lly(rostatic pressrile

eX)eriliienlts see Section 5.3). Ii this aialysis, it, was assiiied that the total resistance

of the CBPDMS sen1sor array when measured across the two outermost electrodes of

the four-point )robe arrangemmieit was a sunnuation of the idi(lividlal resistance of

each block of Ag-CBPDMS and CBPDMS foaiim (for details of seisor layout aid

fabrication see Chapter 4). If this was the case during experiments, a variatioi of

resistance in the (BPIIDMS foam sensor iaterial womld cause a change Iii lie total

resista nce of the sensor array, a1(d smibse(Iulcitly cause variation of tihe cnrrent iii the
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112 kQ

i ~ 0.17 mA

CBPDMS
CBDPMS Foam Array

0.214 112Foam +4~28 k9
mA kQ Array

28 kQ

(a) Norton equivalent circuit for the sensor ar- (b) Thevenin equivalent circuit for the sensor ar-

ray current source when using a constant 24 volt ray current source when using a constant 24 volt

power source. power source.

Figure 5-2: For the experiments conducted in Singapore, the CBPDMS foam sensor

array was powered with a constant voltage source of 24 volts. Because the resistance

variations of the sensor array were substantially smaller than the in-series 112 kQ

resistor, the sensor array was provided with a nearly constant current of approximately

0.17 mA.

circuit. The measured voltage and corresponding resistance values for each sensor

channel is summarized in Table 5.1, assuming a 24 volt constant voltage source and

initial current of 0.17 mA based on a measured total array resistance of - 28 kQ.

From the results shown in Table 5.1, it was observed that during a typical ex-

periment, the variation in CBPDMS foam resistance could cause an ~ 1% change

in supply current. Additionally, if the total measured resistance of the CBPDMS

foam array was primarily due to contact resistance between the ribbon cable and the

Ag-CBPDMS electrodes, the effect of resistance change in the CBPDMS is further

reduced. Because the potential change in current was found to be minor, it will be

noted as a source of experimental measurement error during experiments, as discussed

in Section 5.3.4.

5.2.2 Constant Current Source

For experiments conducted at MIT including water wave stimulus (Section 5.4) and

Karmn vortex street identification (Chapter 7), the CBDPMS foam sensor array was

powered using a constant current source circuit composed of a LM 741 operational

amplifier in an inverting amplifier configuration, as seen in Figure 5-4. In this config-

uration, the constant current supplied to the sensor array was found using Equation
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Ch. Offset R [Q] % Total R A v A R A i % Total i
Volt. [v] [Q] [mA]

2 0.2917 1715.9 1.23 0.008 47 0.0015 0.88
3 0.4312 2536.6 1.82 0.01 58 0.0017 0.88
4 0.3726 2191.8 1.57 0.01 58 0.0017 0.88

Table 5.1: The nominal resistance of each CBPDMS foam sensor channel was found
using the average offset voltage at the beginning of the characterization experiment
shown in Figure 5-3 and a supply current of 0.17 mA. The supply current was calcu-
lated from a 24 v constant voltage source and a total resistance for the sensor array
and in-series resistor of 140 kQ. '% Total R' is the percentage of the total circuit re-
sistance (140 kQ) of each sensor channel. 'A v' is the peak-to-peak voltage variation
during the oscillatory component of Figure 5-3, and 'A R' was the resistance change
assuming i=0.17 mA. 'A i' is the change in supply current based on the total circuit
resistance changing by 'A R' with a 24 v constant voltage.

5.1, where Vi, was the supply voltage from a DC power supply, ii, was the desired in-

put current to the array, and R was the resistance value chosen to achieve the desired

input current. For the CBPDMS foam sensor array, Vi,=12v and R=56 kQ, giving a

constant current of fii=0.2 mA.

'in = R (5.1)

5.2.3 Signal Amplification and Filtering

Signal amplification was provided for each sensor channel by an AD620 operational

amplifier, as shown in Figure 5-5. The amplification was set by a gain resistor ac-

cording to Equation 5.2, where RG was the value of the gain resistor and G was the

gain. During the CBDPMS foam array characterization experiments a 30 kQ gain

resistor was used, giving an amplification gain of 2.66.

49.4kQ
G - 1

(5.2)

Following amplification, signals were filtered using an RC low pass filter with a

cutoff frequency (fc) given by equation 5.3. For the CBPDMS foam array experi-
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Raw Voltage from CPDMS Foam
0.5

Channel 2
Channel 3

0.45- Channe14

0.

0
(jf 0.35

C

>

0.3
0.2
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Time [s]

Figure 5-3: The initial resistance of each channel of the 7.8 mm thick CBDPMS foam

sensor array at a starting depth of 10mm can be found by calculating the average

steady voltage outp~ut before the start of an oscillatory characterization exlperimfent

(0-4s) and dividing by the supply current. The variation in resistance of each channel

caii similarly lbe determined using the voltage fluctuations in response t~o anl oscillatory

pressure stimulus. With tihe magnitude of resistance variation known, the effect on

the suppIly current can be quantified. Sensor array channel 1 was not operational

during the plunging experiments in Singapore and results for that channel will not

be shown. Sensor channel 1 was subsequently repaired umponi return to Boston, and~

discussion of the sensor channel's p~erformlanlc during water waves tests at MVIT can

be found in Section 5.4.5.

muents, the resistor was R=30() kQ amid the capacitor was C=470() pF giving a cutoff

frequency of 112.88 Hz.

1
3 = C(5.3)
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R= 56kQR= 5 kQiin = Vi / R ~ 0.2 mA

Vin= 12v CBDPMS

-Vs = -12v Foam Array
~28 kQ

LM 741

"=" Vs = 12v

Figure 5-4: For all experiments conducted at MIT, the CBPDMS foam sensor array
was provided a constant 0.2 mA current using a constant current source cicruit com-
posed of a LM741 Op-Amp and a 56 kQ resistor. Voltage was supplied to the current
source electronics using a DC power supply.

5.3 Vertical Plunging Experiments

To demonstrate the operation of the CBPDMS Foam pressure sensor arrays, a time-

varying hydrostatic pressure stimulus was used. The goals of the experiment were to

verify the operation of the closed cell CBPDMS foam sensor arrays when submerged,

characterize the sensitivity of the arrays, and develop a set of calibration curves for

each sensor channel. To do this, two types of experiments were conducted using well-

characterized dynamic pressure stimulus. First, sinusoidal plunging motions were

carried out using a computer controlled linear stage to create a time-varying hydro-

static pressure. Second, a sensor array was surface mounted on a foil shape and tested

using the dynamic pressure field generated by surface water waves in the towing tank

at MIT.

5.3.1 Plunging Experimental Setup

To allow for vertical plunging of the sensor arrays, a Zaber T-Series linear stage

(Model T-LSQ300B) was mounted vertically above CENSAM's large vehicle testing

tank in Singapore, as seen in Figure 5-6(a). The CBPDMS foam pressure sensor

arrays were mounted in a 3-D printed holder which was attached to the linear stage
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+Vs
RC Filter

r- - - - To NI
DAQR= 300 kQ Bor

RG AD 620 1.
30 k

C= 4700 pF I

Ref L . - - I

-Vs
Differential Voltage

Input from CBPDMS
Foam Array

Figure 5-5: Differential voltage measurements from the CBPDMS foam sensor array

were amplified 2.66 times using an AD 620 operational amplifier. An RC filter with

a cutoff frequency of ~ 113 Hz was included to reduce electrical noise during the

experiments.

using an alumium plate, as seen in Figure 5-6(b). Because the aluminum plate was

thin, oscillation of the sensor holder due to actuator vibrations or fluid interactions

was a consideration, but were found to be negligible for the low frequencies (0.5-1 hz)

being investigated.

The motion of the linear stage was controlled using proprietary Zaber Console

software running on a laboratory laptop, and connected to the stage via a USB-

serial converter. Motion of the Zaber stage was provided by a stepper motor, and

stage position and velocity values were reported by the Zaber Console software in

terns of microsteps. Proper use of the stage required conversion between the output

Data reported by the control software for the desired parameter, andi metric units.

For the stage used in the experiments, the mlicrostep size H was found to be Al =

0.49609375 "" . The conversions between output values from the Zaber Console
mwcrostcp

software Data and metric units are given in Equations 5.4 and 5.5.

Data x Al
Distancc(m) ( 5.4
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!iIi
(a) A computer controlled Zaber I-
Series linear stage was mounted ver-

tically above the large vehicle test-

ing tank on the CREATE campus in

Singapore in order to provide an os-

cillatory hydrostatic stimulus. Two

CBDPMS foam sensor arrays were

secured in a 3D printed holder and

attached to the stage using an alu-

minumn plate.

(b) During plunging experiments the two CBPDMS foam
sensor arrays were secured in a 3D printed holder that

was attached to the Zaber stage by an aluminum plate.
The sensor arrays were mounted so they were flush with

the surface of holder, and the bottom of the holder was

streamlined to reduce vibrations due to vortex shedding.

The ribbon cable that supplied current to the sensor ar-

rays and facilitated voltage measurements exited through

a slit in the top of the holder.

Zaber T-Series
linear stage

3-D printed
array holder z

aox- -

CBPDMS foam
sensor arrays

(c) To begin each plunging experiment, the stage was positioned so the top of the

CBPDMS foam sensor arrays was level with the tank free surface. The initial position

of the array represented the peak of the stage oscillatory motion, with subsequent stage

motions increasing the submergence depth of the arrays.

Figure 5-6: The respionse of the CBDPMS foam sensor arrays to a time-varying

hydrostatic stimulus was tested by periodically raising and lowering the arrays in

a water tank. The vertical oscillation of the arrays was provided by a comflplter-

controlled linear stage mounted above the tank, and the stage position was recorded

along with voltage measurements from the sensor array.
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VCIOCItyg(m/S) Data x 9.375 x A! ()
106

During the plunging experiments, the sensor arrays were powered using two 12v

batteries, and signals were anlplified using the electronics described in Section 5.2.

The position of the linear stage was written to an output file throughout each exper-

iment to allow the actual hydrostatic pressure acting oii the arrays to be determined.

The output voltage from the the pressure sensor arrays was recorded using an NI

USB-6218 data acquisition board and National Instruments Labview software run-

ning on a laboratory laptop. The complete data flow for the experiment can be seen

in Figure 5-7.

Zaber T-Series
Linear Stage

Laptop running
Zaber Console
and Labview NI Amplification CBPDMS Foam
Software USB+6218 + Electronics and 4> Sensor Arrays

Current Source

t
2 x 12v
Batteries

Figure 5-7: For the p)unging experiments using the Zaber linear stage, both the Zaber

Console software for controlling the stage motion and Labview software for data ac-

(IisitioIl were run on a laboratory laptop. Data acquisition from the CB1PDMS foam

sensor arrays was provided by a Nationals Instruments USB 6218 data acquisition

board, and signals were amplified 2.66 times using AD620 operational amplifiers.

Power was provided to the sensor array by two 12v batteries.

5.3.2 Experiment Description and Parameters

To characterize the dynamic response of the CBPDMS foam pressure sensor arrays,

oscillatory plnging notions were used to generate a time-varying hydrostatic stim-

ulus. Because of the limitations of the Zaber stage, and to iniiiimize the impact of

spurious vibrations on the experimental results, experiments were restricted to fre-

quencies of 0.5 Hz and 1 Hz. In each experiment, the initial position of the array was
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with the still waterline level with the top of the array, as seen in Figure 5-6(c). To

allow time synchronization between the stage position and the sensor voltage output,

a step in the positive z direction was executed at the beginning of each experiment

to create an easily identifiable feature in both signals, as seen in Figure 5-8. Follow-

ing the step move, ten oscillatory cycles were executed with peak-to-peak amplitudes

ranging from 5mm to 30mm. A complete description of the paramneter space covered

can be found in Table 5.2.

Raw Voltage with Offset Removed
0.04 1

Channel2
Channel3

0.03 Channel4

0.02

0 0.01
4-, I
0

-0.01

-0.02
0 10 20 30

Time [s]

Figure 5-8: To allow for synchronization between the Zaber stage position and the

CBPDMS foam array output voltage, the stage carried out a , mm step move in the

positive z-direction at the beginning of each experiment, creating a clear signal in

the voltage measurement. The voltage measurement shown has had the initial offset

voltage of each sensor removed to highlight the step motion.

The total time-varying pressure during the plunging experiments (Pg) was com-

posed of both a hydrostatic (Pi) and dynamic component (Pad), as shown in Equation

5.6. In Equation 5.6, u is the plumging velocity and z is the vertical position of the

sensor array midpoint. When considering the time-varying pressure from a simulated

sinusoidal motion with a 5nn peak-to-peak amplitude at 0.5 Hz and 30nn peak-to-
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Frequency [hz] 5mm 10mm 20mm 30mm

0.5 Tx1 Tx2 Tx2 Tx2
tx2 tx2 tx3

1.0 Tx2 Tx2 Tx2
tx2 tx2 tx3

Table 5.2: Parameter space for oscillatory plunging experiments. The thick sensor
is represented by capitol T, and the thin sensor is represented by lower case t. The
number of runs for each parameter combination is also specified. The amplitude is
given as peak-to-peak amplitude.

peak amplitude at 1 Hz, the dynamic pressure component was found to be at least two

orders of magnitude smaller than the hydrostatic component, as seen in Figure 5-9,

and therefore the dynamic pressure component was neglected from future analysis.

Ppt = Pph - Ppd (5.6)

Pph = -P * g * z

12
Ppd = * p * U2

It was observed during the course of the experimental program that the sinusoidal

motion created by the Zaber stage was not always consistent in amplitude and fre-

quency, as seen in Figure 5-10(a). This was particularly evident during low frequency

motions were the stage would occasionally hesitate at the peak or trough of a cycle.

These slight errors in amplitude and frequency were accounted for by making sure

to utilize the actual position output information recorded from the stage during each

experiment instead of relying on the anticipated frequency and amplitude values.

5.3.3 CBPDMS Foam Array Response Characteristics

The periodic plunging experiments conducted at the CENSAM lab in Singapore using

the Zaber linear stage provided an excellent platform for studying the response of the

CBDPMS foam sensor arrays. During the experiments, it was found that sensor
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Press. Components A=5mm Press. Components A=1 5mm f=1 Hz
f=0.5Hz
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- hydro dynamic 0

(a) The pressure components for a simulated si-

nusoidal plunging motion with a 10 nn peak-

to-peak amplitude at 0.5 Hz starting froni an

initial depth of 10nun. The dynamic comlponent

of pressure (green line) was found to be approx-

iiately three oriders of magnitude less than the

time-varying hydrostatic pressure (blue line),
making its contribution to the total pressure

(orange squares) negligible.

(b) The pressure components for a simulated

sinusoidal plunging motion with a 30 nun peak-

to-peak amplitude at 1 Hz starting from an ini-

tial depth of 10nmn. The dynaulic pressure com-

ponent was found to be greater than the case of

10 inn and 0.5 Hz due to the larger peak stage

velocities, but still two orders of magnitude less

than the hydirostatic component.

Figure 5-9: The hydrostatic (blue line) and hydrodynaiic (green hine) coiponlents

of the total pressure (orange squares) was found for simulated sinusoidal plulging

motions. The hydrostatic conmpoielt of the pressure was found to be the donmianit

compoiieiit, and the dynanmic component was neglected during the CBPDMS foani

senisor characterization.

136

0

0)U)
U)

0

_0
-o
U)

0

_0
-o
I

5

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

0z

U)
U)

E
U)

3 4

Ptotal

15

1

-



Stage Position for A=5mm f=0.5Hz

5 10 15
Time [s]

220

200

180

160

0F
' 140

U)

U) 120
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80

60

Expected Phydro for A=5mm f=0.5Hz

-U- Stage Position Output

I+u

20 25 30 0 5 10 15 20 25 30
Time [s]

(a) The Zaber stage output position through- (b) Using the position output values from the

out the perio(lic plunging experiments, denoted Zaber stage, the hydrostatic pressure at the

here by red squares for the case of a 10nn peak- midpoint of the CBPDMS foam sensor array

to-peak motion at 0.5 Hz. The first position was calculated. Due to the low frequency and

output value froin the stage was after an ini- small oscillation amplitudes, the hydrostatic

tial 51nn step move in the positive z direction component of pressure was dominlant in the ex-

used to sync the position and pressure signals periiments, as shown in Figure 5-9

was comipleted. Despite the stage position being

under-samipled, it is evident that some variation

in aniplitude and period occurred throughout

the experiment.

Figure 5-10: The pressure values used to characterize the CBPDMS foai sensor array

were the hydrostatic component of pressure found using the position output from the

Zaber linear stage.
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channel one on both the 7.8 mm and 6.2 mm thick sensor arrays was not operational.

The sensor channels were subsequently repaired upon returning to MIT and were

found to be operational and consistent with channels two through four, as discussed

in Section 5.4.5. For the plunging experiments, results for sensor channels two, three,

and four will be presented.

CBDPMS Voltage Output Filtering

The voltage output signals from the CBPDMS foam sensor were bandpass filtered

using the idealfilter function in Matlab. The filter is non-causal with sharp cutoffs

in the frequency domain and non-realizable in real time. The bandpass interval was

chosen to be 0.2 to 3.0 Hz for the plunging experiments in order to remove any low

frequency DC drift from the signals, as well as high frequency electrical noise.

Inverse Pressure-Resistance Relationship

Studying the voltage output from the CBPDMS foam arrays when subjected to an

oscillatory pressure stimulus revealed several important sensor characteristics. The

first of these was that an inverse relationship existed between voltage output and

pressure magnitude under an approximately isotropic stimulus, as seen in Figure 5-

11(a). For a constant current, voltage is proportional to resistance through Ohm's

law (v=iR), so it follows that the resistance change in the CBPDMS foam sensing

material is inversely related to pressure.

The inverse relationship between pressure and resistance follows the compress-

ible model of CBPDMS piezoresistivity discussed in Section 4.4, but is opposite of

the pressure-resistance relationship observed when CBPDMS foam cubes were tested

on a mechanical tester in Section 4.6.2. During the investigation of the CBPDMS

foam composite's electrical properties using the ADMET mechanical tester, the pres-

sure stimulus was anisotropic compression, as opposed to the isotropic hydrodynamic

pressure experienced during the plunging experiments. The difference in the loading

condition of the foam composite is believed to play a crucial role in determining if

the piezoresistive response of the CBPDMS foam follows the compressible or incom-
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pressible model of CBPDMS piezoresistivity.

For an anisotropic stimulus like the compressive force from the mechanical tester,

it was observed that the PDMS matrix material 'bulged' in the off-loading direction,

consistent with the graphical description of the incompressible model in Figure 4-2(b).

For an isotropic stimulus like hydrostatic pressure, no off-load direction exists, and it

is expected that the CPDMS foam undergoes a volume reduction consistent with the

compressible model in Figure 4-2(a). Additionally, the boundary conditions on the

CBPDMS foam are believed to contribute to the piezoresistive response by influencing

the material deformations. During the ADMET mechanical testing, the CBPDMS

foam cubes were unconstrained in the off-loading direction, as seen in Figure 4-9(b),

while the CBPDMS foam sensor channels in the complete array were constrained by

the presence of the Ag-CBPDMS electrodes and the pure PDMS base layer, as seen in

Figure 4-1(b). Throughout extensive testing of the CBPDMS foam sensor array using

multiple hydrodynamic stimuli, the inverse relationship between the resistance and

pressure remained consistent and repeatable, and it was concluded that for isotropic

hydrodynamic stimulus, the CBPDMS foam sensor arrays follow the compressible

model of piezoresistivity.

Sensor Array Repeatability

As discussed in Section 5.1.1, a prototype sensor must demonstrate repeatability

in order to be considered successful. To evaluate the repeatability of the CBPDMS

foam arrays, voltage was plotted versus hydrostatic pressure for the periodic plunging

experiments. From the plunging experiments the repeatability of the sensor array over

the course of a single experiment could be verified, as well as the repeatability of the

sensor when the plunging motion was changed. To be considered repeatable, the

pressure-voltage pairs from multiple plunging cycles should fall on the same curve or

hysteretic loop.

As mentioned previously, the oscillatory motion of the Zaber stage varied slightly

in amplitude and period throughout an experiment, as seen in Figure 5-10(b). To

account for these variations, sensor output voltage values were selected for the times
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(a) Plotting the hydrostatic pressure stinmlus
(black (lotted line) and the CBPDMS foam sei-
sor voltage output (solid colored lines) together
shows that an inverse relationship exists be-
tween hydrostatic pressure ald o1tpUt voltage
for the CBPDMS foam sensing material. Be-
cause output voltage is proportional to resis-
tance, it follows that the resistance change in
the material is inversely proportional to pres-

sure.

0.01

0.008

0.006

0.004

0.002

0

-0.002

-0.004

-0.006

-0.008

-0.01
5

Sensor Output and Sample Times

- Ch. 2 Ch. 3 Ch. 4

10 15 20
Time [s]

(b) A subset of the array voltage output values

(squares) was selected to correspond with the
position saiples from the Zaber stage iii order

to account for any variations iii aIplitu(de or

period in the stage motion. The mean voltage

froi each channel has been removed for easier

visualization.

Figure 5-11: The voltage output froi the CBPDMS foam sensor array duriig os-

cillatory plunging revealed an inverse relationship between pressure and resistance.

The voltage time series was sampled at discrete tines corresPolding with position

outputs from the Zaber stage in order to generate pressure-voltage pairs for use in

sensor calibration.
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corresponding to the position outputs from the Zaber stage, as seen in Figure 5-11(b).

In this way, an accurate picture of the pressure-voltage relationship for the array could

be found.

A qualitative assessment of sensor array repeatability was found by plotting the

results from six independent plunging experiments with the 7.8 mm thick sensor

array on the same pressure vs. voltage axes, as seen in Figure 5-12(a). Within

each experiment, the data points were found to follow a consistent trend, as seen in

Figure 5-12(b), qualitatively fulfilling the requirement of repeatability within a given

experiment, as described in Section 5.1.1. Although the dynamic response of the

sensor array appeared consistent between independent experiments, variations in the

DC offset voltage were observed, leading to a distinct spread in the data points, as

seen in Figure 5-12(b).

DC Offset Voltage When the results from six independent plunging experiments

with the 7.8 mm thick sensor array were plotted on the same pressure vs. voltage axes,

it was observed that the DC voltage offset varied between independent experiments,

as seen in Figures 5-12(a) and 5-12(b). Because the CBDPSM foam sensor array

is intended for the measurement of AC pressure signals, the dynamic response of

the array is of primary concern. In order to verify the repeatability of the dynamic

response of the sensor array between independent experiments, the DC voltage offsets

were adjusted for consistency, as seen in Figures 5-12(c) and 5-12(d). With the DC

voltage offset corrected, the results from all six independent experiments were found

to have a repeatable non-linear pressure vs. voltage response, as seen in Figure 5-

12(c).

5.3.4 Experimental Error in Plunging Results

Error in Voltage Measurement During the plunging experiments conducted in

Singapore, the CBPDMS foam sensor array was powered using a constant voltage

source, as described in Section 5.2.1. Based on the analysis presented in Section 5.2.1

and summarized in Table 5.1, it was found that the supply current to the sensor array

141



0.3

0.295-

0.29-

0.285

0.28 -

Calibration Data: Channel 2

0.275'
0 100 200 300

Pressure [Pa]

0

0
c/)

Uf)

400 500

(a) The pressure-voltage data pairs from chan-

iel 2 for six independent pluiigiiig experiments

were plotted togethier to demotistrate the re-

peatability of the 7.8 mm thick CBPDMS foam

sensor array.

0.3

0.295

0.29

0.285

0.28 -

Calibration Data: Channel 2

0 Data: 1Omm-1
K Data: IOmm-2
E3 Data: 20mm-1
i Data: 20mm-2
K Data: 30mm-1

Fn * Data: 30mm-2

D-

0.275'
0 100 200 300 400 500

Pressure [Pa]

(c) When the DC offset was adljusted foi data

sets '10 mum-2 (light blue diam()oIids) and '30mm-

2' (green circles), the spread iii data points

between the six plunging experimeIts was re-

(uced.

0.3

0.298-

0.296-

0.294-

0.292-

0.29

0.288

0.286

0.284

0.282L
50

Calibration Data: Channel 2

0 Data: 10mm-1
K Data: 1Omm-2 -

100 150
Pressure [Pa]

200 250

(b) Pressure-voltage pairs from C(haniel 2 of the

7.8 imm thick CBPMDS foam array for two
p)linlging experimeiits with a 10mm peak-to-

peak amplitude.

Calibration Data: Channel 2

5,

0
0
U)

U/)

0.298

0.296 -

0.294

0.292-

0.29 t

0.288

0.286

0.284

0.282'
50 100 150

Pressure [Pa]
200 250

(d) With a 2 mV shift applied to the second

10mm peak-to-peak data set (light b1lue dia-

ionds), the results from the two experiments

were found to show stroig agreement.

Figure 5-12: Six independent plunging experiments were conducted using the 7.8 nm

thick CBPDMS foam sensor array, two each at 10 mm, 20 nm, and 30 nun peak-

to-peak amplitude. Pressure-voltage pairs were found by sampliig the foam array

voltage output at the Zaber stage position output times, as described in Section

5.3.3.
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could vary by ~1% if the total resistance of the sensor array was a summation of the

resistance of each individual electrode and sensor channel resistance. To account for

this possible variation, the error in voltage, given by the red shaded boxes in Figure 5-

13, was found by scaling each voltage measurement based on a supply current increase

and decrease of 1%, as given in Equation 5.7. For the 6.2 mm thick (Thin) sensor

array, the magnitude of voltage fluctuation was found to be approximately twice that

of the 7.8 mm (Thick) array for the same pressure stimulus. To account for the larger

change in resistance with pressure, the error in voltage as found by assuming a 2%

variation in supply current as seen in the plots in Appendix B.

Verror = V 0.01 * V (5.7)

Error in Theoretical Hydrostatic Pressure As described in Section 5.3 the

pressure used to generated pressure-voltage pairs in Figures 5-11 and 5-12 was the

hydrostatic component of pressure based on the position output from the Zaber linear

stage. Two likely sources of error in the theoretical hydrostatic pressure were the

presence of surface waves in the tank generated by the motion of the sensor holder

beneath the surface, and measurement error in the initial position of the sensor.

Because the position output from the Zaber stage was in Microsteps with a conversion

to meters given by Equation 5.4, small errors in the stage output value would cause

negligible errors in the submergence depth and theoretical hydrostatic pressure.

The possible error in hydrostatic pressure due to free surface fluctuations in the

tank was characterized by considering the voltage measurements from the CBPDMS

foam array after the motion of the stage had completed it's motion, as shown in the

period after -35 seconds in Figure 5-8. Because the stage motion was complete and

the array was at rest, fluctuations in the voltage measurements were likely due to

residual free surface motion in the tank. After applying the calibration described in

Section 5.3.5 to the raw voltage measurements, the pressure fluctuations were found

to be <-10 Pa for the 30 mm peak-to-peak case, where maximum free surface dis-

turbances were expected. Because the maximum submergence depth in the plunging
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experiments was 40 mm, the decay of the pressure fluctuations due to free surface

deformation was found to be small, and a constant 10 Pa error was applied to the

pressure values in Figure 5-13. Additional error in the theoretical hydrostatic pres-

sure may have been present due to errors in the initial measurement of sensor array

position before the plunging motion was initiated. Because careful attention was paid

to aligning the the top of the sensor array with the free surface before each set of

experiments, as shown in Figure 5-6, measurement error was assumed to be of similar

magnitude or less than the t10 Pa error assumed for free surface deformations.

Plunging Experiment Data Plots With Error Examples of the experimental

data from the plunging experiment with boxes representing error in the voltage mea-

surement and theoretical hydrostatic pressure are given in Figure 5-13 for the channel

2 of the 7.8 mm thick (Thick) sensor array. Similar plots for each of the six plunging

experiments and the three operational sensor channels ( channels 2, 3, and 4) can be

found in Appendix A for the 7.8 mm (Thick) array and Appendix B for the 6.2 mm

(Thin) array.

5.3.5 Calibration of 7.8 mm (Thick) CBPDMS Foam Array

As described in Section 5.1.1, an experimental device must be able to be calibrated in

order to be considered a viable sensor. For the CBPDMS foam arrays, a relationship

between voltage output and stimulus pressure was required for use of the device as a

hydrodynamic pressure sensor. To find this relationship, the curve fitting function fit

in Matlab was used to fit polynomials of increasing order to the experimental data

plotted as voltage vs. pressure.

Cross-Validation of Polynomial Order

The output of the CBPDMS foam array in response to a time-varying hydrostatic

stimulus was found to be repeatable and non-linear, as seen in Figure 5-12. To

determine the order of polynomial fit best suited to represent the sensor response,

a cross-validation was performed, as described in Figure 5-14(a). For each iteration
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CBPDMS foam array.
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of the cross-validation analysis, the complete set of experimental data from the six

independent plunging experiments discussed in Section 5.3.3 was divided into four

subsets based on randomly selected sample indices. One subset (1/4 of the total

data) was set aside to be used for validation, while the remaining voltage-pressure

pairs (3/4 of the total data) were used as training data to fit a polynomial curve. The

polynomial fit was then applied to the validation subset, and the percent root-mean-

square error (%RMSE), given in Equation 5.8, was calculated. For each polynomial

order, 100 iterations of the cross-validation procedure were performed, and the mean

and standard deviation of the %RMSE was found, as shown in Figures 5-14(b) and

5-14(c)

%RMSE= Z -Yi x 100 (5.8)

For the CBPDMS foam array voltage output, it was found that the average

%RMSE decreased as the polynomial order increased to four, and then stabilized

or increased as the data became over-fit, as seen in Figure 5-14(b). When outliers

were removed from the data set, as discussed in Section 5.3.5, the %RMSE was found

to stabilize for polynomials of second order and on. Based on the cross-validation

of polynomial order, curve fits of second, third, and fourth order were pursued for

further analysis.

Polynomial Fits for Full Data Set

Using the curve fitting function fit in Matlab, robust polynomial fits of order 2-4

were found for the 7.8 mm thick CBPDMS foam plunging data, as seen in Figure

5-15. It was observed that while the 2nd (red) and 3rd (black) degree fits were

very similar in shape, the 4th degree fit displayed non-physical characteristics at the

high-pressure extreme of the training data range due to the influence of outliers at

particularly low voltage values. The coefficients for an n degree polynomial of form

P= Cn*V"+C *V'-I+...+C0 , as well as the RMS error (Equation 5.9), normalized

RMS error (Equation 5.10), and R2 values (Equation 5.11) can be found in Tables 5.3,
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n C4 03 C2 C1 CO
2 NA NA 4.883e+06 -2.834e+06 4.114e+05
3 NA -1.33e+08 1.195e+08 -3.572e+07 3.559e+06
4 -1.271e+11 1.459e+11 -6.281e+10 1.202e+10 -8.62e+08

n R2 RMSE [Pa] NRMSE [%]
2 0.8823 33.73 9.14
3 0.8853 33.32 9.02
4 0.8882 32.92 8.92

Table 5.3: Polynomial coefficients and goodness of fit measures for the 7.8mm
CBPDMS foam sensor array Channel 2 with outliers included.

n C4 3 C2 C1 CO
2 NA NA 2.369e+06 -2.046e+06 4.418e+05
3 NA 1.766e+07 -2.025e+07 7.617e+06 -9.337e+05
4 -4.747e+10 8.115e+10 -5.201e+10 1.482e+10 -1.582e+09

n R2 RMSE [Pa] NRMSE [%]
2 0.8512 37.92 10.27
3 0.8495 38.17 10.34
4 0.8508 38.03 10.30

Table 5.4: Polynomial coefficients and goodness of fit measures for the 7.8mm
CBPDMS foam sensor array Channel 3 with outliers included.

5.4, and 5.5. Based on the results for second, third, and fourth degree polynomials, it

was decided that the third degree polynomial provided the best representation of the

voltage-pressure relationship without the end effects observed for the fourth degree

fit.

(5.9)RMSE = wi (Qi y)2

NRMSE = x 100
Ymax - Ymin

R2 SSR
SST

(5.11)n wi (yi - 9)2
n" wi (yi - 9)2
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n C4 3 C2 C1 Co
2 NA NA 3.515e+06 -2.629e+06 4.917e 05
3 NA -2.767e+08 3.116e+08 -1.169e+08 1.463e+07
4 -7.434e+10 1.101e+11 -6.111e+10 1.508e+10 -1.395e+09
n R2  RMSE [Pa] NRMSE [%]
2 0.8485 38.26 10.37
3 0.8688 35.64 9.65
4 0.8596 36.89 9.99

Table 5.5: Polynomial coefficients and goodness of fit measures for the 7.8mm
CBPDMS foam sensor array Channel 4 with outliers included.

Identification and Removal of Outliers

When considering the CBPDMS foam array plunging data, outliers were considered

samples that fell greater than 1.5 standard deviations away from the third degree

polynomial fit found using the complete data set in Section 5.3.5. In Figure 5-16,

the points that satisfied the criteria for being considered an outlier are designated

with large red asterisks, and were removed from the training data set when gener-

ating the refined curve fits shown in black. The third degree polynomial coefficients

and t-, goodness of fit mtries for th refined curves can be found in Thbl 5. . In

Figure 5-17 the refined third degree polynomial fits are shown with 95% confidence

bounds for each sensor array channel. The outliers present in the experimental data

were attributed to the first oscillation of each plunging experiment which consistently

produced a lower sensor output voltage than subsequent oscillations, as seen in Fig-

ure 5-11(b). The source of this transient behavior in the output voltage should be

considered as a direction for future study.

Calibration Applied to Time-Series Results

The refined third order polynomial calibration curves were tested by applying the

calibration to the voltage output measurements from plunging experiments at 10

mm, 20 mm, and 30 mm peak-to-peak amplitude, as seen in Figure 5-18. The RMS

error (RMSE), percent RMS error (%RMSE), and Normalized RMS error (NRMSE)

were then calculated between the theoretical hydrostatic pressure determined by the
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Figure 5-16: Outliers were designated as samples falling further than 1.5 standard
deviations away from the third degree polynomial fits shown in Figure 5-15. A re-

fined third degree polynomial fit was found for each sensor channel with the outliers
excluded.
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Channel 03 C2 C1 Co
2 -1.426e+08 1.277e+08 -3.809e+07 3.785e+06
3 1.152e+07 -1.239e+07 4.254e+06 -4.548e+05
4 -2.846e+08 3.203e+08 -1.202e+08 1.503e+07
Channel R2 RMSE [Pa] NRMSE [%]
2 0.8881 32.80 8.89
3 0.8551 37.54 10.17
4 0.8752 34.49 9.34

Table 5.6: Refined third degree polynomial
for the 7.8mm CBPMDS foam sensor array

coefficients and goodness of fit measures

Ch. Experiment RMSE %RMSE NRMSE
[Pa] [%]

2 10 mm 19.83 12.18 13.23
2 20 mm 35.21 16.7 12.77
2 30 mm 47.41 28.04 13.34
3 10 mm 22.04 13.19 12.52
3 20 mm 47.77 27.32 15.09
3 30 mm 55.08 25.96 16.43
4 10 mm 32.58 18.23 15.27
4 20 mm 38.14 19.46 12.66
4 30 mm 71.82 24.86 24.92

Table 5.7: RMS error and Percent RMS error for the refined third degree polynomial
calibration applied to time series plunging results.

vertical location of the Zaber stage, and the calibrated sensor results, as given in

Table 5.7. The first oscillation of the stage was removed from each data set due to

the first plunging oscillation generating a lower voltage response from the CBPDMS

sensor array than the remainder of the oscillations within the experiment, as seen in

Figure 5-11(b) and discussed in Section 5.3.5.

Piecewise Calibration with First-Order Correction

When considering the third order polynomial curve fits shown in Figure 5-17 it was

observed that the behavior of the curves at the low pressure and high voltage end of

the training data set was non-physical.While the slope of the polynomial curve changes

from negative to positive, the pressure-voltage relationship in the physical sensor is
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always inverse with a sensitivity that decreases at high levels of strain (pressure). To

better represent the physical performance of the sensor array, a first-order correction

of the form shown in Equation 5.12 was added to the calibration curve in the low

pressure region to create a piecewise calibration.

P = C3 *v 3 + C2 * v 2 + C1 * V + Co,v < V'inflection (5.12)

P = D1 * v + Do, v > Vinf lection

To determine the curve fit for the first-order correction, the inflection point in

the refined third degree polynomial fit was found. A linear fit was then performed

on the subset of the data for v > Vinflection with a condition put on the linear fit

that it needed to pass through the point (Vinflection, Pinflection) from the third degree

polynomial. The linear fit was found using the simengine function in Matlab which

allows for curve fitting with prescriptions on shape, piecewise segments, etc. The

calibration curves with first and third degree polynomial regions for each channel of

the 7.8 mm thick CBPDMS foam array can be seen in Figure 5-19, and the calibration

curve parameters are given in Table 5.8. The piecewise polynomial calibration was

also applied to the same time series data used to evaluate the refined third order

polynomial fit in Section 5.3.5, and the results for the RMS error, %RMSE, and

Normalized RMS error (NRMSE) are given in Table 5.9. While the the RMS error

was not found to improve significantly between the refined third degree polynomial

fit and the the piecewise polynomial fit, the piecewise fit eliminated the non-physical

behavior of the third degree polynomial curve at low pressures, and is expected to

provide more accurate results for low pressure stimulus outside of the training data

range.
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Ch. 03 C2 C CO
2 -1.426e+08 1.277e+08 -3.809e+07 3.785e+06
3 1.152e+07 -1.239e+07 4.254e+06 -4.548e+05
4 -2.846e+08 3.203e+08 -1.202e+08 1.503e+07
Ch. Vinflection [v] Pinflection [Pa] Di Do
2 0.2906 89.25 -2362.43 775.74
3 0.4317 86.46 -553.09 325.23
4 0.376 84.99 - 3437.60 1377.53

Table 5.8: Coefficients and break points for the piecewise polynomial calibration of
the thick array. For channel 4, an inflection point did not occur within the training
data range, so a linear correction was added for v > 0.376 to ensure extrapolated
values followed expected behavior.

Ch. Experiment RMSE %RMSE NRMSE
[Pa] [%]

2 10 mm 19.78 12.06 12.84
2 20 mm 35.20 16.70 12.73
2 30 mm 47.41 28.04 13.34
3 10 mm 22.04 13.19 12.52
3 20 mm 47.77 27.32 15.09
3 30 mm 55.08 25.96 16.43
4 10 mm 32.58 18.23 15.27
4 20 mm 38.14 19.46 12.66
4 30 mm 71.82 24.86 24.92

Table 5.9: RMS error, Percent RMS error, and normalized RMS error for the piecewise
polynomial calibration applied to time series plunging results for the thick array.
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(a) Piecewise l)olynomial calibration for 7.8 mm
thick CBPDMS foam array Channel 2.
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(b) Piecewise polynomial calibration for 7.8 mm
thick CBPDMS foam array Channel 3.

Piecewise Calibration: Ch 4
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0
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(c) Piecewise polynomial cali bration for 7.8 imn

thick CBPDMS foam array Channel 4.

Figure 5-19: Piecewise polynomial calibrations for the 7.8 mm (Thick) CBPDMS

foam Sensor array.
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Ch. 03 C2 C CO
2 -9.875e+05 9.223e+05 -2.678e+05 2.487e+04
3 -8.004e+05 8.296e+05 -2.791e+05 3.077e+04
4 -9.771e+05 1.045e+06 -3.721e+05 4.418e+04
Ch. Vinflection [v] Pin flection [Pa] Di Do
2 0.2305 60.20 0 60.20
3 0.2898 58.15 0 58.15
4 0.3437 62.81 0 62.81

Table 5.10: Coefficients and break point for piecewise polynomial calibration for the
6.2 mm (Thin) array.

5.3.6 Calibration of 6.2 mm (Thin) CBPDMS Foam Sensor

Array

The 6.2 mm thick CBPDMS foam sensor array (referred to as "Thin") was calibrated

using the same approach as the 7.8 mm thick array. A third degree polynomial

was fit to the plunging data and refined through the exclusion of outliers falling

further than 1.5 times the standard deviation away from the third degree fit curve.

A linear correction was then added to the low pressure region of the training data

to form a pC1ewvvis pulyn"mCiai JIt WII Ut buak puiint I UeUUU at le hird degre

polynomial inflection, as seen in Figure 5-20. As in the case of the 7.8 mm thick sensor

array, Channel 1 of the 6.2 mm (Thin) array was not working during the plunging

experiments in Singapore. The parameters of the piecewise polynomial calibration for

the Thin array can be found in Table 5.10, and the results of applying the calibration

curves to time series plunging data is shown in Table 5.11.

5.3.7 Conclusions from Plunging Experiments

The periodic plunging experiments using the Zaber linear stage demonstrated the

CBPDMS foam sensor array's repeatability and ability to be calibrated. The repeata-

bility of the sensor arrays was demonstrated by considering the pressure-voltage trend

exhibited by the array during six independent plunging experiments at increasing os-

cillation amplitudes, as seen in Figure 5-12. It was observed that pressure-voltage
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Thin Calibration: Ch 2
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(a) Piecewise polynomial calibration for 6.2 mm

thick CBPDMS foam array Channel 2.
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(b) Piecewise )olynotmial calibration for 6.2 tmn

thick CBPDMS foam array Channel 3.
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(c) Piecewise polyinmial calibration for 6.2 mnm
thick CBPDMS foam array Channel 4.

Figure 5-20: JPiecewise polynomial calibrations for the 6.2 mimi (Thin) CBPDMS foam

sensor array.

159

I

700

600-

500-

400-

300-

200

w~
P7)

(D

rs- - - 3rd Poly No Outlie
Outliers > 1.5*std
Linear Correction

0 E

0. 0F



Ch. Experiment RMSE %RMSE NRMSE
[Pa] [%]

2 10 mm 26.16 18.72 13.37
2 20 mm 53.75 30.26 12.56
2 30 mm 61.96 22.80 15.29
3 10 mm 28.36 20.15 12.37
3 20 mm 49.82 25.03 12.28
3 30 mm 56.65 26.97 12.67
4 10 mm 28. 97 20.08 12.17
4 20 mm 53.10 23.56 13.21
4 30 mm 58.89 29.20 12.54

Table 5.11: RMS error, Percent RMS error, and normalized RMS error for the piece-
wise polynomial calibration applied to time series plunging results for the thin array.

samples from multiple oscillations within the same experiment followed a consistent

trend, as seen in Figure 5-12(b), and that with the DC offset voltage adjusted for

consistency, the sensor response was consistent across multiple trials with the same

parameters, as seen in Figure 5-12(d). Finally, it was observed that consistency was

maintained across all six independent trials, as seen in FIgure 5-12(c).

The pressure-voltage measurements from the plunging experiments made clear

that the relationship between hydrodynamic pressure stimulus and sensor voltage

output was inverse and non-linear. Using a cross-validation methodology, it was de-

termined that a polynomial fit of second, third, or fourth order could represent the

sensor behavior. After refining the calibration through the removal of outlier values,

a third degree polynomial was determined to best capture the sensor response, and

a first order correction was added to the calibration for low pressures to eliminate

non-physical behavior of the third-order curve. Using the piecewise polynomial cali-

bration curves, time-varying hydrostatic pressure was reproduced from sensor voltage

measurements with -15% NMRSE for the 7.8 mm thick sensor array, and ~13%

NMRSE for the 6.2 mm thick array when compared to the theoretical hydrostatic

pressure based on sensor depth.
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5.4 Water Wave Stimulus

5.4.1 Introduction

The ability to sense variations in free surface elevation is of great value in ocean

engineering applications. Sensors may be employed to gather pressure data in order

to characterize the frequency spectrum and significant wave heights of a random sea-

state, or identify the free surface deformations caused by the wake of a passing surface

vessel. Surface waves generated by wind are generally found at low frequencies, while

the frequency of the waves generated by a surface vessel are related to the vessels

speed [21].

In nature, both fish and toads utilize the lateral line sensory organ to perceive

and localize the source of high frequency surface waves [6, 8, 36]. The perception

of toads was tested by dipping a rod in the water to generate surface waves, and it

was found toads were more likely orient to the wave source when the lateral line was

intact compared to cases with the sensory organ disabled [36]. In the case of surface

feeding fish, prey struggling on the water surface is localized based on the direction

of the wave front sensed using symmetric lateral line receptors on opposite sides of

the fish's head, as well as the curvature of the wave front and the change in frequency

spectrum due to dispersion. The surface waves generated by insects trapped on the

water surface are typically at frequencies above 20 Hz and have amplitudes less than

1 mm, a range very different from waves generated by surf, wind, and the fish's own

movements [6, 8]. This distinction in frequency content, and the adaptation of the

laterally line of surface feeding species to sense high-frequency and low-amplitude

signals, allows fish to distinguish between waves signals from prey and environmental

"noise".

5.4.2 Water Wave Experimental Setup

Characterization of a closed-cell CBPDMS foam pressure sensor array was conducted

in the MIT towing tank using water waves as a dynamic pressure stimulus, similar
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to the experiments described in Section 3.4.5. The MIT towing tank is a 100ft x

8ft x 4ft basin and waves were provided by a paddle type hydraulic wave maker

capable of producing waves between 0.5 and 2.5 Hz, as seen in Figure 5-21(a). The

wave maker frequency was controlled via a Labview interface, and wave amplitude

was governed by an analog signal amplifier. Free surface elevation was accurately

measured using two capacitance style wave probes located ahead of the foil's leading

edge and separated by 4.5 cm, as seen in Figures 5-21(b) and 5-21(c). The output

voltage from a CBPDMS foam pressure sensor array surface mounted on the foil

was recorded simultaneously with the wave probe voltage output using a National

Instruments USB-6289 data acquisition board and Labview software.

Two wave probes were used in the experiment and spaced at a distance less than

the expected wavelength to allow for the measurement of the phase velocity during

each experiment. In addition to the CBPDMS foam pressure sensor array, an array

of four commercially available pressure sensors was mounted on the top of the foil

and connected to the foil's surface via tubes within the foil for use in subsequent

experiments. Additional details of the hydrofoil and commercial pressure sensor array

can be found in Section 7.3.

Unlike the plunging experiments where the sensor array was tested while mounted

flat in the 3D printed holder, during the wave experiments the array was glued into

the surface of a NACA 0020 hydrofoil with a chord length of 0.12 m and composed of

multiple individual sections along the span, as seen in Figure 5-22(a). Experiments

were conducted using the 7.8mm thick array, and the array was held in place using

Sil-Poxy silicone adhesive from Smooth-On. Experiments were conducted with the

sensor array mounted on the foil section for two reasons:

1. To determine the effect of steady-state curvature on the array's output and

sensitivity

2. To characterize the sensor in the foil used for the Kirmin vortex street identi-

fication experiments discussed in Chapter 7

The 7.8mm thick array was chosen for integration into the foil surface due to its
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Paddle-type
wave maker

Surface
-- waves

MIT Ti

Foil section and
wave probes

(a) Water waves were generated in the MIT towing tank by a paddle-type wave maker

controlled via Labview. The sensor array was mounted in a 3D prointed NACA 0020
foil section and submerged at 1-1.5 cm below the mean waterline.

Wave

Surface Probes

waves

Piobe 4-
Separation

(b) Two capacitance style
wave probes were mounted

adjacent to the closed-cell
CBDPMS foam sensor array
to provide an accurate mnea-

surenient of the free surface
elevation and wave speed.

Force
Transducer

Commercial
<- Pressure Sensors

<- CBPDMS Foam

Array

Commercial
Pressure
Sensor Tube
Exits

(c) The CBPDIS foam sensor array was mounted on a NACA
0020 hydrofoil secured so the array was submerged between 1-1.5
cin. The hydrofoil also contained an array of commercially avail-
able pressure sensors that were connected to the foil's surface via
tubes within the foil. Additional details about the hydrofoil and

commercial pressure sensor array can be found in Section 7.3.

Figure 5-21: A closed-cell CBPDMS foam sensor array was tested in the MIT towing

tank using water waves as a dynanic )ressure stimulus.
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(a) For testing in the towing tank, a closed-cell (b) Because of the presence of a inounting shaft

CBPDMS foam sensor array was mounted on within the foil section, the foam array could not

the surface of a foil section. be mounted flush with the foil surface. Silicone

adhesive was used to secure the array and to

fair the edges of the array with the foil surface.

Figure 5-22: A closed-cell CBPDMS foani sensor array was mounted on the surface

of a NACA 0020 foil section for testing in the towing tank.

reliability during the plunging phase of array characterization. However, due to the

presence of an aluiinum support shaft that, served to hold the 3D printed sections

together and allow for mounting to the towing tank carriage, the array was not able

to he positioned flush with the foil surface, as seen in Figure 5-22. To mitigate the

effect of the protrusion from the foil surface, additional Sil-Poxy adhesive was used

to fair the edges of the array and fill in any gaps between the array and the cutout

in the foil surface. The effect of the sensor array protrusion from the foil surface is

discussed in greater detail in Section 7.5.

5.4.3 Water Wave Pressure Field

The pressure field generated by the surface waves produced in the towing tank was

calculated using linear wave theory, with the velocity potential given in Equation

5.13.
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Ag cosh(k(z + h))
W cosh(kh) sin(kx - wt) (5.13)

With the free surface elevation (e) measured experimentally using the capacitance

wave probes, the time-varying pressure due to the surface wave was given by Equation

5.14, where z was the depth of the sensor array below the mean free surface, W was

the wave frequency, and k was the wavenumber.

Ptotal = Pdynamic - pgz (5.14)

o
Pdynamic = Pd = -Pa

cosh(k(z + h)) cosh(k(z + h)) (t)
pd(t) =pg A cos(kx - wt) =pg coshtkhcosh(kh) cosh(kh)

For the wave maker oscillations used in the sensor array characterization experi-

ments, - h > A/2 satisfying the condition for the waves to be considered deep water,

and allowing the simplification given in Equation 5.15 to be made.

h > A/2 (5.15)

- 2 = gk

Pd(t) = Pgqe(t)Cez

5.4.4 Data Analysis

Wave Probe and CBDPMS Foam Voltage Output Filtering

The voltage outputs from the capacitance style wave probes and the CBPDMS foam

pressure sensors were bandpass filtered using the idealfilter function in Matlab. The

cutoff frequencies were chosen by considering the frequency spectrum of the wave

probe and CBPDMS foam array measurements. For both the wave probes and the

sensor array, the primary frequency component aligned with the wave maker fre-
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quency. In the case of the CBPDMS foam sensor array, a low frequency drift was

present below 0.25 Hz, which was expected based on previous experiments and the

design of the sensor for use in the measurement of AC signals. For both the wave

probes and the pressure sensor array, high frequency noise was also present in the

signals at 60 Hz and 34.65 Hz respectively. Based on the frequency spectra of the

experimental data, the bandpass filter cutoffs were set at 0.3 and 3 Hz.

Temporal Shift of Pressure Measurements

As discussed in Section 5.4.2, two capacitance style wave probes were mounted in the

water tank in front of the foil section to measure the free surface elevation. Using

linear wave theory, the time-varying free surface elevation was used to determine

the total pressure at the location of the CBPDMS foam sensor arrays. Because the

wave probes were mounted closer to the wave maker than the sensor array, the voltage

output from each sensor array channel needed to be shifted to ensure the proper phase

alignment between the wave-generated pressure field, and the sensor output voltage.

The data was shifted based on the measured distance between the wave probe closest

to the foil leading edge and the location of each sensor channel (Apr), the phase

velocity (V,) of the water wave, and the sampling rate of the National Instruments

DAQ board.

The phase velocity of the water waves was determined experimentally by compar-

ing zero crossing times of the two independent wave probes separated by 4.5 cm, as

shown in Figure 5-23. With the phase velocity of the wave and the separation between

the wave probe and the channels known, the time lag between the wave arriving at

the probe and at the sensors was calculated. The number of data points to shift the

CBPDMS foam pressure measurements was then determined based on the sampling

rate of 1000 Hz, as outlined in Table 5.12.

Sensor Voltage Output Scaling and Offset Adjustment

As discussed in Section 5.2.1, during the plunging experiments conducted in the

CENSAM laboratory in Singapore, the CBPDMS foam sensor array was powered by
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Figure 5-23: The phase speed of the water waves generated in the towing tank was

found by comparing zero crossing times between the two capacitance wave probes

separated by 4.5 cim. Shown above is the way probe measurements for a water wave

at 1 Hz.

a supply current of ~ 0.17 mA. For the wave experiments conducted at the MIT

Towing Tank, a constant, current circuit producing ~ 0.20 mA was used to power the

sensor array, as discussed in Section 5.2.2. In order to use the piecewise polynoiiial

calibration found during the plunging experiients and described in Section 5.3.5,

the voltage measurenents from the wave experiients were scaled by (0.17/0.20) to

account for the difference in supply current.

In addition to scaling the voltage output values to iaintain consistency with the

Array Channel Aroe [in] V, [i/s] Time Lag [s] Sanples to Shift

Channel 1 0.0308 1.54 0.020 20

Channel 2 0.0478 1.54 0.031 31
Channel 3 0.0648 1.54 0.042 42

Channel 4 0.0818 1.54 0.053 53

Table 5.12: Example of the shifting of pressure sensor array measurements for a I

Hz water wave. The distance Apro( is given from the wave probe closest to the foil

leading edge to the center of the CBPDMS foam sensor channel.
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Array Channel Hydrostatic Pressure [Pa] DC Voltage Offset [v]

Channel 1* 200 0.2854
Channel 2 200 0.2854
Channel 3 200 0.4249
Channel 4 200 0.36815

Table 5.13: The DC offset of the sensor voltage output from the water wave exper-
iments was adjusted for hydrostatic pressure according to the piecewise calibration
found during the plunging experiments in Singapore. In Singapore channel 1 was
not operational, and therefore a piecewise calibration was not developed. Instead the
calibration from sensor channel 2 was used, as discussed in Section 5.4.5

calibration experiments, the DC offset of the voltage output values was shifted to

align with the piecewise calibration for each channel, as seen in Figure 5-24. The DC

offset value was set to be the voltage that corresponded to the 200 Pa hydrostatic

pressure at the sensor array submergence depth, as given in Table 5.13. With the

DC offset voltage adjusted for the hydrostatic pressure, the dynamic response of the

sensor array to water wave stimulus was found to be consistent with the plunging

experiment data, as seen in Figure 5-24. The consistency of the dynamic response of

the CBPDMS foam sensor array between the plunging and water wave experiments

satisfied the requirement for repeatability across various types of stimulus as outlined

in Section 5.1.1.

5.4.5 Calibrated Water Wave Results

To test the applicability of the piecewise calibration developed using plunging data

to other hydrodynamic pressure stimulus, the calibration was applied to the sensor

output voltage from water wave experiments, as seen in Figures 5-26 and 5-27. For

Channels 2, 3, and 4 which were calibrated using the plunging experiments, the

percent RMS error between the calibrated sensor output and the theoretical wave

pressure found using linear wave theory was less than 10 %, as seen in Table 5.15.

While the calibrated sensor results contained additional high frequency components

compared to the theoretical wave pressure, the peak frequency of each channel's

frequency spectra was found to match the wave frequency at 1 Hz, as shown by
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(c) Sensor outptt data from water Wave stim-
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data aid piecewise polynomial calibration for

channel 3.

(d) Sensor output. data from water wave stimulus
Thick channel 4 overlaid on the plunging data
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Figure 5-24: To demonstrate the repeatability of the 7.8 mm thick CBPDMS foam

sensor array output across differing pressure stimulus, the voltage output from a

water wave stinmulus was compared to the data from six pluinging experiments. Array

channel 1 was not operational during the plunging experiments, so the output from the

wave stimulus was compared to the plunging data and calibration from array channel

2. Voltage ontput from the water wave experiments has been scaled according to

the ratio of supply current between the wave and plunging experiments, and every

one-hundredth sample is shown.
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frequencies matching the wave stimulus at 1 Hz.

Figure 5-25: The peak frequency in the spectra of the CBDPMS foam sensor array

channels was found to match that of the capacitance wave probes.

comparing the sensor array spectra to the wave probe spectra in Figure 5-25.

Calibration of Sensor Channel 1

During the plunging experiments conducted at the CENSAM laboratory in Singapore,

channel 1 of the 7.8 mnm thick CBPMDS foam sensor array was not operational, and

therefore a piecewise polynomial calibration was not developed in Section 5.3.5. Upon

return to MIT in Boston, channel 1 was restored to operation for use in the water

wave ald sulbse(uent experiments. In order to convert the voltage measurements

from channel 1 to pressutre values, the calibrations from channels 2, 3, and 4 were

applied to the channel 1 voltages and compared against the theoretical wave presslire

fond using linear wave theory, as seen in Table 5.14. It was found that the the wave

pressurc was reproduced with less than 10 % RMS error using the calibration from

channel 2, a result significantly better than the calibration curves from channels 3 or

4. In subsequent experiments, the calibration curve developed for channel 2 will be

applied to channel 1.
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(d) Polynomial calibrationi for 7.8 mm thick
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MIT Towing Tank.

Figure 5-26: The piecewise polynomial calibration found during the plinging experi-

nents was applied to the tine series voltage output from the 7.8 inin thick CBPDMS

foam sensor array in response to water wave stimulus. The water wave pressure inea-

surements for sensor channel 1 were found using the piecewise calibration curve found

for channel 2 during the pilnging experiments.
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(a) Detailed view of the polyniomial calibration
for 7.8 mmn thick CBPDMS foam array Channel
2 applied to sensor Channel 1 voltage output
from water waves in the MIT Towing Tank.

280

260

240

220

200

180
Cz

160

140

120'

Calibrated Ch 3 with RMS Error

'I
I,

~ I a
i I1
'I
-u I
~; ~I ~i
A,

I

I,
'I
I,
'I

I

16 17 18 19 20

Piecewise Fit

(b) Detailed view of the polynomial calibration
for 7.8 mm thick CBPDMS foam array Channel
2 applied to sensor Channel 2 voltage output
from water waves in the MIT Towing Tank.
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(c) Detailed view of the polynomial calibration
for 7.8 mm1 thick CBPDMS foam array Chanmel
3 applied to seisor Channel 3 voltage output
from water waves iii the MIT Towing Tank.
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(d) Detailed view of the polynoimial calibration
for 7.8 1nn thick CBPDMS foam array Channel
4 applied to sensor Channel 4 voltage output

from water waves in the MIT Towing Tank.

Figure 5-27: Detailed view of the water wave pressure cmeasured using the 7.8 mm
thick CBPDMS foam sensor array.
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Calibration RMS Error [Pa] % RMS Error

Channel 2 17.02 9.43
Channel 3 109.03 53.56
Channel 4 87.73 42.60

Table 5.14: The piecewise calibration for each channels 2, 3, and 4 found using
the plunging experiment data was applied to channel 1, and the RMS error when
compared to the theoretical wave pressure was calculated. It was found that the
calibration for channel 2 provided the best fit for channel 1 by a considerable margin.

Array Channel RMS Error [Pa] % RMS Error NRMSE [%]
Channel 1* 17.02 9.43 12.96
Channel 2 13.88 7.89 16.91
Channel 3 13.30 7.39 14.48
Channel 4 17.15 9.39 16.13

Table 5.15: Using the piecewise calibrations developed from the plunging experi-
ments, the water wave pressure was found from the sensor array voltage output and
compared to the theoretical pressure found from linear wave theory. For channel 1,
the calibration from sensor channel 2 was used, as discussed in Section 5.4.5

5.5 Chapter Summary

Sensor characterization experiments using time-varying pressure from vertical plung-

ing and surface water waves revealed fundamental characteristic of the CBPDMS

foam array performance. Primary among these was the non-linear and inverse rela-

tionship between hydrodynamic pressure and sensor voltage output that is consistent

with the compressible model of CBPDMS piezoresistivity presented in Section 4.4.

The response of the sensor arrays across multiple plunging experiments with increas-

ing amplitude was found to be repeatable, and using the results from the plunging

experiments, a piecewise polynomial calibration was developed for each channel of

the 7.8 mm and 6.2 mm thick arrays.

When exposed to the hydrodynamic pressure field generated by surface water

waves, the voltage output from the 7.8 mm thick CBPDMS foam sensor array was

found to exhibit a consistent trend to the plunging experiments when the DC voltage

offset was corrected for changes in experimental setup, as shown in Figure 5-24. When
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the piecewise polynomial calibration curves found from the plunging experiments were

applied to the sensor voltage output recorded during the water wave experiments, the

hydrodynamic pressure was reproduced with less than 17% Normalized RMS error

(NRMSE) when compared to the theoretical pressure based on free surface elevation

recorded using wave probes. The success of the CBPDMS foam sensor array in

measuring the hydrodynamic pressure field from surface water waves demonstrated

the repeatability of the sensor array across varying stimulus types, and confirmed the

ability of the sensor array to be calibrated using a piecewise polynomial curve.

The success of the CBDPMS foam arrays as a hydrodynamic sensor for use on

unmanned marine vehicles can be evaluated by comparing the performance of the

arrays during plunging and wave experiments against the applications identified in

Table 2.1. Based on previous experiments in vortex tracking on an AUV shaped

body [33] and a single-element hydrofoil [27], sensor spacing of less than 5 cm was

recommended in order to properly resolve vortex location. The spacing of individual

sensor channels in the CBPDMS foam arrays is 1.7 cm, satisfying the sensor spacing

guidelines for the unmanned vehicle applications presented. In Table 2.1, the exam-

ple hydrodynamic pressure stimuli were found to have dynamic pressure amplitudes

between 10 and 200 Pa. During the plunging and wave experiments, the dynamic

range demonstrated by the CBPDMS foam pressure sensor array was approximately

50-500 Pa, with a resolution of -10 Pa. In these experiments, the low end of the

dynamic range was limited by the experimental setups and the minimum depth nec-

essary to fully submerge the sensor array. In Chapter 6, experiments will be discussed

which utilized a dipole stimulus with RMS pressure approaching -3 Pa. Based on

these experiments, it is expected that the CBPDMS foam arrays would be capable of

detecting hydrodynamic stimuli consistent with the examples presented in Table 2.1.

The low frequency range of 0.25-3 Hz identified for the example unmanned marine

vehicle applications was verified through plunging experiments at 0.5 Hz and wave

experiments at 1 Hz. Evaluation of the high frequency sensing capabilities of the

sensor array will be discussed in Chapter 6. Based on the results of the plunging and

wave experiments, the CBPDMS foam sensor arrays were found to be well suited for
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the unmanned marine vehicle applications identified in Table 2.1.

For the proposed ship-scale application in Table 2.1, additional optimization work

would be needed to increase the dynamic range of the CBPDMS foam sensors. Dur-

ing the plunging experiments, it was observed that the sensitivity of the sensor arrays

decreased at pressures greater than approximately 500 Pa. In ship-scale applications,

foam sensor arrays would likely be subjected to dynamic pressures on the order of sev-

eral kilopascals, as well as potentially large hydrostatic pressures due to the increased

draft of large scale vessels. To be useful for these applications the material properties

of the CBPDMS foam would require optimization for higher pressure ranges.
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Chapter 6

Dipole Experiments

6.1 Introduction and Literature

A vibrating sphere generating a so-called dipole flow is one of the most commonly used

stimuli in both biological studies of the fish lateral line, and efforts to characterize the

performance of biomimetic sensor arrays. Any vibrating object of constant volume

located in the far field appears like a dipole, leading to the the dipole being used

generically for identification of flapping or vibrating bodies. Details of the dipole flow

can be found in Lamb [55] and Newman [71], and the potential flow model of the flow

field will be discussed in Section 6.3.

6.1.1 Dipole use in Biological Studies

When studying the sensory abilities of the fish lateral line, the dipole flow is often

used as a hydrodynamic stimulus. The dipole source has been a primary stimulus

method used when studying the lateral line capabilities of fish both experimentally

[20, 37, 18, 19, 14, 69] and in simulation [20, 15, 85, 74]. In particular, an extensive

study of the response to a dipole stimulus by blinded Mottled Sculpin was carried

out by Coombs and Conley [18, 19, 14]. It was found that the lateral line line played

a crucial role in the ability of the fish to orient towards a dipole source, and that

the variation in excitation patterns across the spatially distributed lateral line was
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especially important. The importance of the spatial distribution of the lateral line

when localizing and orienting towards a dipole source adds to the motivation for

developing spatially distributed sensor arrays for use in hydrodynamic applications.

6.1.2 Dipole use in Sensor Characterization

The dipole flow generated by a vibrating sphere is commonly used in the characteri-

zation of biomimetic sensor arrays, both due to the well known flow characteristics,

and the broad use of the dipole stimulus in biological lateral line studies. The gen-

eration of a dipole flow by a vibrating sphere has been used extensively to study

the response of experimental lateral line inspired pressure sensor arrays in water

[48, 91, 92, 93, 73, 67, 12] and in air [25]. The particular experimental setup used in

this study has been previously utilized by CENSAM researchers to characterize the

performance of bio-inspired MEMS pressure sensors [3, 51, 4].

6.2 Experimental Setup

A 15.83 mm diameter brass sphere was attached to a Briiel and Kjaer Type 4810 mini

shaker using a 4.70 mm diameter rod, as shown in Figure 6-1(b). The mini shaker

was secured above a water tank using a T-slot aluminum frame, as shown in Figure

6-1(a). A Tektronix function generator (model AFG3102) was used to produce a

sinusoidal signal at the desired testing frequency, and amplification was provided by

a Briiel and Kjaer Type 2718 power amplifier, as seen in Figure 6-1(c).

The velocity of the brass sphere was a function of both the frequency and am-

plitude settings on the function generator, as well as the gain setting on the power

amplifier. The velocity of the sphere was measured experimentally for the settings

used in the characterization by taking high speed video of the sphere at each testing

frequency, as shown in Figure 6-2(a). The average amplitude A of the sphere oscil-

lation was found from individual video frames, and the sphere velocity was found as

Usphere= wA, where w = 27rf. It was found that the velocity of the sphere increased

nearly linearly with frequency from 10-35 Hz, as seen in Figure 6-2(b).
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(a) Dipole experiments were conducted using a (b) A 15.83 nun diameter brass sphere was at

vibrating sphere mounted above

water tank iii the CENSAM lab
a shallow glass tached to a Briiel and Kjaer Type 4810 mini

in Singapore. shaker which provided oscillations from 5-100

Hz

(c) Power amplification for the mini shaker

was provided by a Briiel and Kjaer Type 2718

power amlplifier.

Figure 6-1: Dipole experimental setup in the CENSAM laboratory in Singapore.

For the dipole experiments, the thin CBPDMS foam sensor array was used with

a total sensor thickness of 6.2 111111. The sensor array remained in the 3-D printed

holder used during the plnging experimellts, and was held on the bottomn of the tank

using a dive weight, as seen iii Figure 6-3.

During te dipole experiments, the vibrating sphere was oriented in a perpendic-
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Maximum Sphere Velocity

20
Frequency [Hz]

(a) High speed images of the sphere oscillations

at various frequencies were captured using a

Phantom V1O camera. The calibration image

shown was used to convert from image pixels

to physical units, and the intersection between

the vertical shaft and the brass sphere provided

an easily identifiable and consistent location to

measure sphere position in the image frame.

(b) The sphere peak velocity was calculated

from the sinusoidal oscillation frequency and

amplitude and was found to vary approximately

linearly with frequency. Velocity was not calcu-

lated for a frequency of 5 Hz

Figure 6-2: The peak velocity of the oscillating sphere was measured using high speed

imagery and found to vary approximately linearly with frequency.

Figure 6-3: In the perpendicular configuration tle (ilpole sphlere was positioned di-

rectly above the thin CBPDMS foam sensor array at separation distances of 5 mun

and 18 mm. The sphere oscillated vertically, perpendicular to the foam array
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ular configuration to the sensor array, as shown iii Figure 6-3. To accomodate the

perpendicular orientation, the 6.2 mni thick CBPDMS foam sensor array was placed

flat on the bottom of the testing tank with the sphere oscillating vertically above

it inine with the z axis. In this orientation, the separation distance between the

surface of the sensor array and the vibrating sphere was varied, as was the lateral

position of the sphere relative to the array, as seen in Figure 6-4 and Table 6.1. For

the perpendicular orientation the total water depth was 9 cm, and the submergence

depth of the sensor was 7 cu, corresponding to a hydrostatic pressure of 686 Pa.

During the experiments, the sinusoid amplitude generated by the Tektronix function

generator was kept constant at 707 mV peak-to-peak, and the frequency of oscillation

was varied from 10-35 liz as seen in Table 6.1.

Front:

Oscillation

Separation Direction

Distance

Top:

+y

I ---
Lateral Offset (LO)

Figure 6-4: The dipole was positioned in a perpendicular arrangement above the 6.2
mnn thick CBPDMS foam sensor array, and the lateral offset and separation distance
were varied.
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Orientation Separation Lateral Frequency

Distance Offset Range [hz]

[mm] [mm]
Perpendicular 18 0 10:5:35
Perpendicular 18 20 10:5:35
Perpendicular 18 -20 10:5:35
Perpendicular 5 0 10:5:35
Perpendicular 5 20 10:5:35

Table 6.1: Dipole experiment parameters.

6.3 Dipole Flow Field

The pressure distribution generated by the dipole can be found by modeling an os-

cillating sphere in potential flow, as found in [20, 19, 18, 37, 25, 93, 15, 4, 73]. The

position of the dipole was initially defined in a cartesian coordinate system with the

sphere located at the origin and oscillating along the z axis, as seen in Figure 6-5. The

cartesian coordinate system can be converted to spherical coordinates using Equation

6.1.

r = [X2 + Y2 + Z2] (6.1)

y tan- (

0 cos-

In spherical coordinates, the velocity potential for the horizontal translation of a

sphere with fluid at rest at infinity is given in Equation 6.2, where a is the radius of

the sphere, and U is the sphere velocity. For the case of the vibrating sphere, the

sinusoidal velocity profile in Equation 6.3 is used where U0 is the velocity amplitude.

The time-varying velocity potential (#(t)) for the vibrating sphere is then given in

Equation 6.4.

1 Ua3

#(rO ) = -~ 2 cos(O) (6.2)
2 r2

182



y

y
x

Figure 6-5: Coordinate system for perlpendicular dipole lpotelltial flow model. The

sphlere oscillates along the z-axis.

J U0 sin(wt) (6.3)

1 U0 sin(wt)a3

2(,6,t 2 cos(O) (6.4)1 ,2 Tr

The pressure field (an then be found from the unsteady Bernoulli equation, as

given in Equation 6.5. For the oscillating sphere, the pressure is dominated by the

musteady term .as >> V# 2. This is due to the unsteady term being proportional

to while the steady term is proportional to r as seen in Equation 6.6 and Equation

6.7.

P = -p h W1 2 gU + g [) (6.5)

- 1 t10wa cos (wt) cos(0) (6.6)
Ot 2 r12
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= ) + + (6.7)
Or r 00 r sin (0) O-y

2 U sin(wt)a 3cos() 2 + (1 U0 sin(wt)a3 sin(0) 2

r 3 2 r 3

The total pressure at a point in the vicinity of a vibrating sphere is therefore given

by Equation 6.8, and the dynamic component (Pd) is given by Equation 6.9.

P = -p -+ gz (6.8)( )t
0q# pwa3Uo cos(wt)

Pd(r, 0, t) -- -P 2  cos(9) (6.9)
Ot 2r2

6.3.1 Flow Field Near a Wall

Sensor Array on Tank Bottom- Perpendicular Case

For the dipole experiments, the oscillating sphere was in close proximity to the

CBPDMS foam sensor array, the array holder, and the water tank bottom. To ensure

the no flux condition was satisfied at these walls, an image sphere was used as shown

in Figure 6-6(b) and with velocity potential given in Equation 6.10. In general, the

velocity potential for the image sphere is a function of 02 and r2 , as seen in Fig-

ure 6-6(a). For the special case of the sensor array located at the symmetry plane

for the image sphere, it can be observed from Figure 6-6(b) that r1 = r2 = r and

02 = 7r - 01. The total velocity potential (#1 ) is then found to be the summation

of the velocity potential for the vibrating sphere (#1) and the image sphere potential

(02) #1 = 01 + 02 as shown in Equation 6.11. The pressure can then be found from

the total velocity potential #j_ using the unsteady Bernoulli equation from Equation

6.5 as seen in Equation 6.12.
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Front: 61 Front: 01

y y

d r gd r

d 2 r2 d 9- T r2

% BIImage .,, I Image
sphere sphere

(a) Position of the potential flow image sphere, (b) Position of the potential flow image sphere,

and radius and inclinations angles for a general and radius and inclinations angles for the special

point in the fluid domain. case where the point of interest is located at the

symmetry plane (wall).

Figure 6-6: To properly model the flow field in the vicinity of a wall, an image sphere

was utilized to satisfy the no flux boundary condition.

p2(72, 02, = 1 COS(2) (6.10)
' 2 2

1 F cos(01) cos(0 2)1
#(,, )=-U 0 sin(wt." + 2(6.11)

2 2 L 2

1cos(01) cos(02)
P(r, 0, t) = fpwaIU0 cos(wt) )w+ 2 (6.12)

2 r2 2 .2

The pressure amplitude contours for the field generated by the vibrating sphere

can be seen in Figure 6-7(a) for the cases where the sphere is located at the middle of

the array and with a separation distance of 18mm1. If the image sphere is neglected,

as shown in Figure 6-7(b), the pressure field is considerably altered. The pressure

(istribution at the array surface can be seen in Figure 6-7(c), and as expected, the
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largest, pressure is observed directly beneath the sphere and decays symmetrically to

either side. It was also observed that the magnitude of the pressure at the sensor

surface differs by a factor of two due to the presence of the image sphere.

Pressure Contours: f=20 Hz Press. No Image: f=20 Hz

Ch 1 Ch 1

0.04- Ch2 5 0.04 Oh 2 5
Ch3 35 Ch3 35
Ch 4 25 Ch 4 25 2

0.02 15 . 0.02 15
5 5

-5 --5
-15 -15 0
-25& a. -25
-35 -35
-45 -45

-0.02 -55 -0.02 -55

-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
Position [m] Position [m]

(a) Potential flow simulation of the dipole pres- (b) Potential flow simulation with the image

sure field for the sphere oscillating at 20 Hz po- sphere neglected from the model.

sitioned in the center of the CBPDMS foam sen-

sor array and with a separation distance of 18

RMS Pressure Distribution: f=20 Hz
15

- Image Sphere No Image Sphere

'_10-

U)
U)

a_

0 'A

-0.04 -0.02 0 0.02 0.04
Position [m]

Ch1 Ch 2 Ch3 Ch 4

(c) RMS pressure distributioli oi the sur-

face of the sensor array for the sphere vi-

brating at 20 Hz positioned in the center of

the CBPDMS foam sensor array aid with

a separation distance of 18 m111.

Figure 6-7: Potential flow model for the sphere positioned in the center of the

CBPDMS foam sensor array and with a separation distance of 18 nn.

When the vibrating sphere was shifted laterally, the pressure field shifted as well,

as seen in Figure 6-8(a) and Figure 6-8(b).
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0.04
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Pressure Contours: f=20 Hz

Ch 1
Ch 2
Ch 3
Ch 4 _I

55
45
35
25
15
5
-5
-15
-25
-35
-45

a. 10
a)

a_

c 5
0
C)

p

-0.02 [ * -55

-0.06 -0.04 -0.02 0 0.02
Position [m]

(a) Potential flow simulation of the dipole pressure

field for the sphere vibrating at 20 Hz positioned 20
mmn to the right of the CBPDMS foam sensor array

center, and with a separation distance of 18 111.

RMS Pressure Distribution: f=20 Hz

- Image Sphere
No Image Sphere

Oh
-0.06 -0.04 -0.02 0 0.02

Position [m]
Ch 1 Ch 2 Ch 3 Ch4

(b) Pressure distribution on the surface of
the CBDPMS foam array for the sphere vi-
brating at 20 Hz positioned 20 111 to the
right of array center, aid with a sepIaratiol
distance of 18 mm.

Figure 6-8: When the vibrating is sphere is shifted away from sensor array center, an

asymmetric pressure distribution is established on the sensor surface.

When the separation distance between the vibrating sphere and the array was

decreased, the pressure magnitude observed at the sensor surface beneath tile sphere

increased, but the width of the pressure distribution decreased, as seell in Figure

6-9(1).

6.4 Dipole Experiment Results

For the perpendicular dipole arrailgemient, experiments were conducted at two sep-

arationl distances an( three lateral offset positions, as showil in Table 6.1. For each

combinatioln of separatioll distance alnd lateral offset position, the sphere oscillation

frequency was ilcreased from 10 to 35 Hz il ilicrements of 5 Hz, then stepped back

dowil from 35 to 10 Hz. Each frequency step represeilted a separate experimielt with

the micro-shaker stopped between steps, allowing the frequency to be reset on the

signal gelerator awl giving the water in the tank time to settle.
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RMS Pressure Distribution: f=20 Hz
60

Pressure Contours: f=20 Hz - Image Sphere No Image Sphere

50-
0.06 Ch 1

Ch 2 55
0.05 Ch 3 45 40

35 a
0.04 Ch 4 25 2

15 2 u 30
c 0.03 5u

0.02
IL 0.01 25

35 100 -45
-55

-0.01 0
-0.04 -0.02 0 0.02 0.04

-0.04 -0.02 0 0.02 0.04 Position [m]
Position [m] Ch 1 Ch 2 Ch 3 Ch 4

(a) Potential flow simulation of the dipole pressure (b) Pressure distribution o1e the surface

field for the sphere vibrating at 20 Hz positioned in of the senor array for the sphere vibrat-

the center of the CBPDMS foam sensor array and big at 20 Hz positioned in the center of the

with a separation distance of 5 mm. CBPDMS foam sensor array aini with a sep-

aration distance of 5 mm.

Figure 6-9: Potential flow model for the sphere positioned in the center of the

CBPDMS foam sensor array and with a separation distance of 5 mm.

6.4.1 Frequency Domain Results

Of primary iterest dinug the dipole experiments was the frequency range of the 6.2

nn thick CBPDMS foam sensor array. Using the dipole stimulus, a large ramige of

stimulus frequencies were available, particularly high frequencies above 10 Hz that

were not able to be tested using the plunging experiments or water waves. As showin in

Figure 6-2(b), the velocity of the oscillatiig sphere was proportiolal to the frequency

of vibration, with the vibratioi amplitude remaining nearly coistait across the 10 to

35 Hz frequency range where the aumplitude was directly measured using high speed

imagery.

In Figures 6-11, 6-13, and 6-15, the composite frequency spectra are shown for the

case of the sphere vibrating perpendicular to the sensor array at changing separatioi

distances and lateral offsets. Each composite spectrum was formed by combining

the frequency spectra from ildividual experiments commducted at each test frequency

(10, 15. 20, 25, 30, 35 Hz) for the three operatiomal sensor chanmels of the 6.2 111111

thick CBDMS foam array (Chanimels 2-4). Therefore, the composite spectrum for
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each channel was composed of six independent component spectra shown in different

colors in Figures 6-11, 6-13, and 6-15. The power spectral density for each component

frequency spectra was normalized by the maximum power spectral density in the

channel's composite spectrum, allowing for easier comparison of frequency response

between channels. As in previous experiments, the signals were filtered using an

ideal band pass filter with a low-frequency cutoff of 7 Hz to remove low-frequency

variations in DC offset or free-surface oscillations in the testing tank, and a high-

frequency cutoff of 40 Hz to account for the 50 Hz electrical noise experienced during

experiments conducted in Singapore.

Results for Separation= 18 mm and Lateral Offset= 0 mm

For the sphere vibrating perpendicular to the sensor array with a separation of 18 mm

and a centered (0 mm) lateral position (Figure 6-10), the pressure distribution on the

sensor surface was symmetric, as seen in Figure 6-7(c). Considering the composite

power spectra in Figure 6-11, it was observed that a prominent frequency peak was

present at the dipole oscillation frequency for trials at frequencies greater than 20 Hz

for all three sensor channels, as summarized in Table 6.2. Because the pressure field

generated by the vibrating sphere is proportional to the sphere velocity, and therefore

the vibrational frequency, the ability to properly identify the sphere frequency is

dependent on the RMS pressure at the sensor surface exceeding a threshold value.

In Table 6.2, the frequency trials designated in green correspond to successful

identification cases where the maximum power spectral density occurred at the sphere

oscillation frequency. The trials highlighted in yellow correspond to cases where a

prominent peak was present in the power spectrum at the sphere vibration frequency,

but the maximum power spectral density occurred at a different frequency due to

noise in the signal. An example of this scenario can be seen in the power spectrum

for channel 2 in Figure 6-11 where a peak is clearly visible at 30 Hz (green line), but

a slightly larger peak is also present at ~10 Hz. The source of the noise at lower

frequencies during the dipole experiments was not fully determined, and additional

investigation is recommended for future studies. Finally, the trials designated in red
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S8 mm

Ch. I Ch. 2 Ch. 3 Ch. 4

Figure 6-10: The orientation of the vibrating s)here relative to the sensor channels

for the case of 18 mm separation and 0 mm lateral offset.

correspond to unsuccessful cases where a frequency peak coul( not be idelntifie(d at

the exl)ected frequency.

Based on the results in Table 6.2, the threshold RMS pressure for signal frequency

identification appeared to be ~12 Pa for channels 2 and 3, while channel 4 exhibited

a lower threshold. successfully identifying a signal with a predicted RMS pressure

of ~5 Pa. To refine these estimates of threshold RMS pressure and to gain a more

conj)lete lun(lerstalnding of the sensor's frequency range, the analysis was repeated

for additional se)aration an(1 offset orientations.

Results for Separation= 18 mnm and Lateral Offset= +20 mm

When the lateral offset of the vibrating sphere was increase(d to +20 mm111 with the

se)aratioln distance mailtainle( at 18 1nn1 (Figure 6-12), the peak pressure on the

sensor surface was found to shift towards sensor channel 4, as seen in Figure 6-8(b).

With the pressre distrilbution 10 longer synunetric albout the m1il(he of the sensor

array, it was exI)c(ted t hat the sensor channels closest to the sphere (channels 3 and

4) woul( successfully i(enitifV lower-frequency signals than sensor channel 2 due to
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Channel fs)ole [Hz] fscaso, [Hz] Percent Predicted
Difference in f PIAIs [Pa]

2 10 7.90 20.99 3.06
2 15 7.70 48.66 7.47
2 20 12.00 39.99 11.75
2 25 25.00 0.01 18.43

2 30 10.10 66.33 31.71
2 35 35.00 0.01 40.68
3 10 13.30 33.01 3.06
3 15 8.00 46.66 7.47
3 20 11.50 43.49 11.75
3 25 25.00 0.01 18.43

3 30 9.40 68.66 31.71
3 35 __7.30 79.14 40.68

4 10 7.90 20.99 1.29
4 15 9.00 39.99 3.15
4 20 20.00 0.01 4.96

4 25 25.00 0.01 7.78
4 30 30.00 0.01 13.39
4 35 35.00 0.01 17.17

Table 6.2: Dipole frequency domain results for 18 nn separation and 0 nun lateral

offset. Trials designated in green correspond to successful identification cases where

the iaxiinum power spectral density occurred at the sphere oscillation frequency. The

trials highlighted in yellow correspond to cases where a prominent peak was present

in the power spectrum at the sphere vibration frequency, but, the maxinun power

spectral dlensity occurred at a different frequency due to noise in the signal. Trials

desigiated ill red correspond to unsuccessful cases wxlere a frequency peak could not

be identified at, the expected frequency.
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Figure 6-11: Frecquency domain results for the case of 18 mm separation and 0 mm

lateral offset. The plots at left give the predicted RMS pressure at the sensor sur-

face as a function of sphere vibration frequency as found using the potential flow

model in Section 6.3. The composite frequency spectrum plots at right show the nor-

malized frequency spectra for independent experiments performed at discrete sphere

oscillation frequencies as designated by the line color.

the higher RMS pressure at those channels. Additionally, based on the experiments

with the sphere centered over the array, channel 4 was expected to be particularly

sensitive to low RMS pressure values when compared to the other sensor channels.

Considering the results for the case of 18 mm separation and lateral offset of

+20 nn in Figure 6-13 and Table 6.3, all three sensor channels showed increased

success at identification of low frequency signals, especially sensor channel 4 which

exhibited successful frequency detection over the full tested frequency range of 10

to 35 Hz. When comparing the threshold RMS pressure value to the centered case,

sensor channel 3 was consistent, exhibiting a threshold RMS pressure of -10 Pa for

the trial at 20 Hz. Sensor channel 2 showed an iiproved threshold compared to

the previolms experiment, poteitially due to ain increased signal to noise ratio during

the trials at 18 1nn separation and lateral offset of +20 min. While the threshold
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Figure 6-12: The orientation of the vibrating sphere relative to the sensor chainels

for the case of 18 nn separation and +20 nun lateral offset.

RMS pressure during trials with the sphere centered gave a value of ~13 Pa, the

threshold with the sphere offset +20 mn was found to be ~4 Pa. Sensor channel 4

also exhibited a slight improvemient in the threshold RiMS pressure, with a successfiil

identification of a 10 Hz signal at a predicted RMS pressure of -3 Pa.

Results for Separation= 5 mm and Lateral Offset= 0 mm

When the vibrating sphere was moved closer to the surface of the pressure sensor array

center, as in the case of 5 nun separationl distance an( 0 nn lateral offset, the RMS

pressiure (listribuiltion from the potential flow model showed a large increase across the

frequenicy range at, seiisor channels 2 and 3 relative to the 18 nn separation case.

However, due to the sharp (Irop-off of' the RMS pressure with lateral (istance, the

EMS pressure at sensor position 4 was similar to the experiments at a larger separation

(istance. Because of this variation in pressure distribution with separation distance,

it, was expected that sen1sor channel 4 would exhibit a similar frequency detection

range as the experimellts at 18 nn separation, while sensor 2 and 3 were expectedl to

benefit from the higher RM S pressme values and exhibit greater success i(ientifying
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fsenso, [Hz] Percent
Difference i

11.60 16.02
8.10 46.00

20.00 0.01
25.00 0.01
30.00 0.01
35.00 0.01
11.60
8.00

20.00
25.00
30.00
35.00

Channel

2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4

16.01
46.66
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Table 6.3: Dipole
offset.

frequency domain results for 18 mnn separation and +20 mn lateral
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10.00
15.00
20.00
25.00
30.00
35.00

fshpole[H]

10
15
20
25
30
35
10
15
20
25
30
35
10
15
20
25
30
35

Predicted
PAIs [Pa]

1.09
2.65
4.17
6.54
11.25
14.43
2.73
6.65
10.46
16.41
28.23
36.21
3.34
8.15
12.82
20.11
34.60
44.38
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Figure 6-13: Frequency domain results for the case of 18 mm separation and +20 min

lateral offset. The predicted RMS pressure from potential flow is given at left, while

the experimental frequency spectra are given at right.

low fre(uecies.

When viewing the results for the 5 mm separation distance an(i 0 mm lateral offset

experiments in Figure 6-15 and Table 6.4 it was observed that sensor channel 2 was

able to detect frequencies as low as 10 Hz. This improvement over the case of 18

mil separatioi amd 0 mml offset (Table 6.2) was expected (ie to the predicted RMS

pressure for the 10 Hz case being 8.38 Pa, which was higher than the -4 Pa cutoff

frequency shown (iring the experiments with 18 1u separation and +20 nn offset

(Table 6.3). Sensor channel 2 exhibited slightly worse performaice than previous

experiments, failing to detect, a signal a 15 Hz with a predicted RMS pressuire of ~20

Pa. It, was foud in previols experimeiits that the cntoff RMS Pressure for chainel

2 was ~10 Pa, suggesting the difficlilties in frequency ideintificatiom (hiriiig the 5 mum

seIaratioi experimeits may have been due to a lower signal to noise ratio, as seei ill

Figure 6-15. The source of the additional noise may have b eeni due to the increased

)roximity of the sphere to the sensor sphere, as both channels 2 amid 4 exhibited
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Figure 6-14: The orientation of the vibrating sphere relative to the sensor channels

for the case of 5 m1 separation aid 0 nin lateral offset.

increased noise at low frequencies in Figure 6-15.

As discussed previously, the RMS pressure variation with frequency at sensor

channel 4 was similar for both the 18 mnn and 5 mnn separation cases with lateral

offset of 0 nm, and the range of frequency identification was expected to be similar

between the two experiments. Channel 4 was initially found to successfully identify

frequencies clown to 25 Hz, or an RMS pressure of ~8 Pa. Upon closer inspection, it

was observed that a clear frequency peak was present at 20 Hz, or an RMS pressure of

-5 Pa, but low frequency noise was also present in the 20 Hz frequency spectrum and

masked the identification of the sphere vibration frequency (therefore highlighted in

yellow in Table 6.4). Despite low frequency noise similar to that observed in Channel

2, the identification of the 20 Hz signal with an expected RMS pressure of ~5 Pa by

Channel 4 demonstrated consistency of threshold pressure with previous experiments

and different, sphere orientations.
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Table 6.4:
offset.

Channel f pot [Hz] tsenlor [Hz] Percent Predicted
Difference in f Pwis [Pa]

2 10 9.10 8.99 8.38
2 15 8.00 46.66 20.44
2 20 7.90 60.50 32.15
2 25 25.00 0.01 50.42
2 30 30.00 0.01 86.74
2 35 35.00 0.01 111.28
3 10 10.00 0.01 8.38
3 15 15.00 0.01 20.44
3 20 20.00 0.01 32.15
3 25 25.00 0.01 50.42
3 30 30.00 0.01 86.74
3 35 35.00 0.01 111.28
4 10 9.10 8.99 1.33
4 15 7.60 46.66 3.23
4 20 8.80 56.00 5.09
4 25 25.00 0.01 7.98
4 30 30.00 0.01 13.72
4 35 7.30 79.14 17.61

Dipole frequency domain results for 5 nin separation and 0 minn lateral
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Figure 6-15: Frequency domain results for the case of 5 mm separation and (0 nun
lateral offset. The predicted RMS pressure from potential flow is given at left, while

the experinental frequency spectra are given at right.

6.4.2 Time Domain Results

Based on the CBPDMS foam sensor array characterization performed using periodic

plinging and water waves and discussed in Chapter 5, it was expected the the RMS

voltage from the sensor array would scale with RMS pressiire. While a non-linear

inverse relationship was found to exist between pressure and sensor voltage output,

increasing pressure oscillation amplitude was still found to lead to increasing volt age

amplitiide. For the experinients conducted using the vibrating sphere as a pressure

stinuilus, the sibilnergence depth of the seiisor array was 7 ciii, corresponding to a

hydrostatic pressure of ~700 pa, outside of the training data range for the calibration

curves (leveloped in Section 5.3.6. According to the piecewise calibration curves,

shown in Figure 6-16 for channel 4, a hydrostatic pressire of 700 Pa places the

response in the third-degree polynomial portion of the calibration curve, and large

variat iolis in pressure were found to produce very small changes iii voltage output,

consistent with the sensitivity of the array decreasing at higher values of pressure.
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Figure 6-16: Piecewise calibration curve for thin array channel 4 found during plung-

ing experiments.

When the predicted RMS pressure was plotted against the RMS of the output

voltage for the dipole experiments, a consistent relationship between pressure and

voltage was not observed, as seen in 6-17. When coiisidering the pressure-voltage

results for channel 3, it was observed that the RMS voltage output from the sensor

remained nearly constant with RMS pressure, suggesting that the sensor was operat-

ing in a semi-saturated state where it was responsive to dynamic pressure stimulus,

as observed in the frequency domain results, but the voltage output of the sensor

was dominated by the large hydrostatic pressure value and did not scale with the

RMS of the dynamic componlet of pressure. Because the sensor array was outside of

it's calibrated range range during the dipole experiments, the piecewise calibration

curves developed in Section 5.3.6 did not provi(e for al accurate reproduction of the

time-series results for the dipole pressure field. This suggests that at larger values

of hydrostatic pressure, the CBPDMS foam sensor arrays were useful for frequency

domain measurements of hydrodynamic stimulus above a cutoff RMS pressure, but

were not suited for time-domain measurements of pressure magnlitude.

From the pressllre-voltage curves from the dipole experiments it was also observed
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that the magnitude of the RMS voltage varied considerably between the three working

sensor channels on the array, with the magnitude of the voltage output corresponding

with the sensitivity of the channels. When investigating the frequency response of

the sensor array, it was observed that sensor channel 4 had the lowest cutoff RMS

pressure, consistent with having the largest RMS sensor voltage output. Similarly,

Channels 2 and 3 were found to have higher cutoff RMS pressure values, and RMS

voltage outputs lower than found for channel 4. The variation in performance between

the sensor array channels was likely due to variations in the (istribition of carbon

black particles within the composite, as well as closed-cell pore distribution, and the

need for fabrication improvements will be further discussed in Section 8.3.

x 10-3 Channel 2 Channel 3
2 0.012
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2- 0.008
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Figure 6-17: Predicted RMS pressure versus RIS voltage output for dipole exper-

iments. In the figure legend, 'LO' designates the lateral offset in nun, and 'Sep'
designates the separation distance in mun.
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6.5 Conclusions from Dipole Experiments

6.5.1 CBPDMS Foam Array Frequency Range

Using the vibrating sphere as a hydrodynamic pressure stimulus, the frequency range

for the CBPDMS foam sensor array was found to cover the full 10-35 Hz tested range.

Added to the periodic plunging experiments at 0.5 Hz and the the wave experiments

at 1 Hz, the frequency range for the sensor arrays was shown experimentally to be 0.5-

35 Hz, comparable to the range of stimulus frequencies measured by the fish lateral

line.

6.5.2 CBPDMS Foam Array Sensing Threshold

By comparing the predicted RMS pressure at the surface of the sensor array found

using a potential flow simulation to the frequencies at which the CBPDMS foam sensor

array was able to successfully identify the sphere vibration frequency, an approximate

RMS pressure threshold for each sensor channel could be found. For channel 2, the

lowest pressure during a successful frequency identification was ~4 Pa, although the

channel was observed to exhibit lower signal to noise ratio than the other two channels,

inhibiting the frequency detection in some experiments. The cutoff RMS pressure for

Chapter 3 was found to be as low as -8 Pa, and similar to channel 2, the signal to noise

ratio suffered for the case of 18 mm separation and 0 mm lateral offset. Channel 4 was

found to have the lowest RMS pressure cutoff of the array, successfully identifying a

signal at 10 Hz with a predicted RMS pressure of -3 Pa.

6.5.3 CBPDMS Foam Array Saturation

When considering the relationship between predicted RMS pressure and RMS volt-

age output, it was found that a consistent relationship was not present for the sensor

operating at a hydrostatic pressure of 700 Pa, and that the array was likely operating

in a semi-saturated state. While the frequency domain results demonstrated conclu-

sively that the sensor array was responding to the dipole hydrodynamic stimulus, the
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time-series results for the pressure field amplitude were unable to be reproduced. It

can be concluded from the dipole experiments that at large hydrostatic pressures, the

CBPDMS foam array is capable of accurately identifying the frequency of oscillatory

stimuli with RMS pressure as low as ~3 Pa, but the ability to reproduce pressure

time-series results is impaired.

6.6 Chapter Summary

In Chapter 6, the ability of the CBPDMS foam sensor array to detect high frequency

stimuli was investigated using the dipole flow created by an oscillating sphere. Exper-

iments were conducted with the sphere vibrating perpendicular to the sensor array

surface at variable separation distance and lateral offset, and with oscillation fre-

quencies ranging from 10 to 35 Hz. A potential flow model of the dipole flow in

the vicinity of the tank bottom was used to predict the RMS pressure at the sensor

surface in order to determine the threshold RMS pressure necessary for identification

of an oscillatory signal.

From the experiments, it was found that the 6.2 mm (Thin) CBDPMS foam sensor

array was capable of measuring the sphere's frequency of oscillation across the 10 to

35 Hz range as long as the RMS pressure exceeded a threshold value. The threshold

value varied between sensor channels, and ranged from 3 - 8 Pa, consistent with the

pressure resolution of ~ 5 Pa identified during the plunging and wave experiments.

The success of frequency identification was also highly dependent on the signal to noise

ratio in the pressure signal. In several cases, as seen in Figure 6-11, low frequency

noise was present in the pressure signal power spectra, obstructing the identification of

a clear frequency peak at the sphere vibration frequency. The ability of the CBPDMS

foam sensor array to identify high frequency stimuli at RMS pressures below 10 Pa is

consistent with the energy extraction and prey tracking capabilities of the fish lateral

line identified in Table 1.1, and suggest the sensor arrays could be used in organism

tracking applications.

The time domain results from the dipole experiments, discussed in Section 6.4.2,
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revealed the saturation of the CBDPMS foam sensors at large hydrostatic pressures.

During the dipole experiments, the sensor arrays were subjected to a ~700 Pa hydro-

static pressure, and the voltage output from the arrays was not found to consistently

correspond to the predicted RMS pressure from the potential flow model, as dis-

cussed in Section 6.5.3. Despite this saturation, the sensor arrays exhibited excellent

frequency domain results, demonstrating that useful information about the flow field

could still be obtained outside of optimal operating conditions. The saturation of the

CBDPMS foam arrays is an avenue for continued investigation and may be delayed

through the optimization of material properties for various operating conditions.
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Chapter 7

Kdirmdin Vortex Street

Identification

7.1 The K arm in Vortex Street

When present in a flow field, bluff bodies periodically shed vortices in an oscillatory

pattern known as the Krmin vortex street, as seen in Figure 7-1. Named after

Theodore von Karman, this flow pattern is ubiquitous in fluid dynamics, and the

forcing from these periodically shed vortices is responsible for the well known fluid-

structure interaction known as vortex induced vibrations (VIV).

The frequency of K6arman vortex shedding is related to the fluid velocity and the

significant length of the flow obstruction through the Strouhal number (St), given in

Equation 7.2. The Strouhal number is largely regime dependent on Reynolds number,

given in Equation 7.1, as seen in Figure 7-2 for a circular cylinder.

Re UD (7.1)
V

St fstD (7.2)stU

stU
f Dt = (7.3)D
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Figure 7-1: The periodic shedding of vortices behind a bluff body in a flow field is

know as the Kirmin vortex street, and has a shedding frequency related to the flow

velocity and body size by the Strouhal number (adopted from [29]).

7.2 Biological Influence

In nature, fish have been observed to iutilize the Karmin vortex wake behind obstruc-

tions in the flow field to reduce the amount of energy required for station keeping,

as discussed in Section 1.3.2. Unlike the largely passive behavior of sitting iil the

suction zone imediately behind all obstruction, the so-called "KArmain gait" is an

active behavior where the fish 'slalonms' between the shied vortices to extract energy,

as seen in Figure 7-3. The energy contained ill the periodically sied vortices is suffi-

cielt to allow for a dead fish to 'swim' upstream against a current following a, passive

synchronization with the vortex shedding, although this passive synchronization is

unstable aid the body kinematics differ slightly from the case of the living fish [58].

The active KArmAn gait behavior is enabled by a combination of both visual cues

and sensory feedback from the lateral line system. Experiments conducted with live

trout in the wake of a D-shaped cylinder showed that while vision has a large influence

oil whether all individual decides to entrain in the suction zone (vision impaired) or

Karmlin gait (no vision imnpairmlent), during periods where the fish has visual cues

the likelihood of Karinii gaiting is much higher when the lateral line is functioning

compared to experiments when the lateral line was pharmacologically impaired [59].

The higher rate of KArinii gaiting when the lateral line is functioning suggests that
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Figure 7-2: The Strouhal number which relates the IKArmin shedding frequency to

the fluid velocity and cylinder diameter is dependent on the Reynolds number. For

the experiments conducted in the towing tank, the Strouhal number is expected to

fall between St=0.18 and St=0.22 (adopted from [81]).

the sensory organ plays a role in the localization of, and synchronization with, shed

vortices.

7.3 Experimental Setup

To investigate the identification of a Kirnin vortex street by a CBPDMS foam sensor

array, an array was glued into the surface of a NACA 0020 foil and towed in the wake

of a, circular cylinder in the MIT towing tank, as seen in Figures 7-4 and 7-7. The

foil was placed three dianieters downstream from the circular cylinder to allow for

the formation of the vortex street, and was offset from the cylinder centerline so

that the shed vortices would pass near the CBPDMS foam and commercial pressure

sensor arrays, as seen in Figure 7-4 and described in Table 7.1. Experiments were

conducted at towing speeds from 0.1 to 0.3 m,/s, and the Reynolds number for each

experiment was subcritical as shown in Table 7.1. Based on the Reynolds numbers of

the experiments, and considering the cylinder used in the experimuents to be rough,

the Strouhal munber was expected to fall in the range of 0.18-0.22.
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Figure 7-3: When station keeping behind an obstruction in a flow field, fish have been

observed to extract energy from the shed vortex wake to reduce swinning energy.

This behavior is know as the "Kairm~ii Gait" and is characterized by 'slaloming'

between the shed vortices. While experiments have shown this behavior can take

place passively, enabling a dead fish to overcome fluid drag and travel upstream (a),
the body kinematics are exaggerated in the live animal (b) (adopted from [58]).

Surface pressure measurements were taken on the foil using the 7.8 nn thick ex-

perimental CBPDMS foam pressure sensor array, as well as four coimnercially avail-

able pressure sensors from Freescale Semiconductor. Three of the sensors were model

MPXV5010 (part number MPXV5010GC7U), and one sensor was niodel MPXV7007

(part number MPXV7007GC6U). The commercial sensors were silicon piezoresistive

type sensors, and had a range of 7 kPa for model MPXV7007, and 0-10 kpa for

model 1\PXV5010, with an output voltage for both of 0.5-4.5 volts. Both sensor

models had the sane form factor and packaging, as seen in Figure 7-5(a). The sen-

sors were powered using the +5 volts output from an N1-USB 6289 data acquisition

board, and the analog output signals were also acquired using the USB-6289. Each

commercial sensor was calibrated )y submerging the foil to known depths and record-

ing the voltage output over a period of several seconds. A linear fit was then found for

the hydrostatic pressure versus average voltage curve for each sensor, as seen in Figure
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U D Separation Separation Offset RecYi Trials

[m/s] [m] [m] [diameters] [m]
0.1 0.0381 0.1143 3 0.06 3810 3
0.15 0.0381 0.1143 3 0.06 5715 3
0.2 0.0381 0.1143 3 0.06 7620 3
0.3 0.0381 0.1143 3 0.06 11430 3

Table 7.1: Parameter space for Kirmin vortex street identification experiments.

7-5(b). It was found that the steady voltage offset varied between the MPXV7007

and MPXV5010 model sensors, but that the sensitivity was similar and both sensor

models performed reliably during the experiments. The calibration curves for the

commercial sensors can be found in Appendix D.

The Freescale Semiconductor pressure sensors were not waterproof, and therefore

needed to be located on the top of the foil above the waterline, as seen in Figure

7-7(a). To transmit pressure from the foil surface to the pressure sensors, flexible

PVC tubes with an inner diameter of 2.38 mm were run from the pressure sensor

locations to taps along the chord length of the foil, as seen in Figure 7-6.

An experimental CBPDMS foam pressure sensor array was mounted on the surface

of the foil above the pressure taps for the commercial sensors, as seen in Figure 7-7(a).

A foil section was 3D printed with a channel cutout from the surface to allow for the

CBPDMS foam array to be glued into the foil surface, and to allow for the array's

wires to pass into the interior of the foil, as seen in Figure 7-8(a). The CBPDMS

foam array was glued into the foil surface using Sil-Poxy silicone rubber adhesive

from Smooth-On, and the silicone adhesive was also used to fill in the remaining

gaps between the array and the edges of the cutout. Due to the presence of the

aluminum shaft inside the foil, the cutout depth was limited to 5 mm, which was not

deep enough for the 7.8 mm thick CBPDMS sensor array to lay completely flush with

the foil surface, as seen in Figure 7-8(b). The effect on the flow field by the sensor

protrusion is discussed in detail in Section 7.5.

Power to the CBPDMS foam sensor array was supplied by the constant current

source electronics described in Section 5.2.2, and the electronics were powered by a
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(a) Top view of the experimental setup for Kirmin vortex street

identification. The offset distance between the cylinder anld foil cen-

terline in the x-direction was varied to ensure the shed vortices passed

on the side of the foil with the commercial and CBPDMS pressure

sensor arrays.
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(b) Side view of the experimental setujp for Kiirin vortex street

identification. The cylinder used in the exPerimients had a diameter

of D=0.0381i1 and a submerged spali of approximately 19D to redlice

3D ,ffects on the flow structures. The submergence of the CBPDMS

array was varied to miniinize free surface effects while avoidiing satu-

ration. Ai ATI force transducer was used to measure the fluid forces

acting on the foil during the experiment.

Figure 7-4: To investigate the ability of the CBPDMS foai sensor array to (letect

the vortex wake generate(d by a circular cylinder, a foil instrumiented with coiminercial

and CBPDMS pressure sensor arrays was towed behind a circular cylinder as the

sep1aration distance, offset distance, and towing speed were varied.

DC power supply on the towing tank carriage. Voltage signals were aimplified using

the ainplification circuit (lescribed in Section 5.2.3, and nieasurenients were takeii
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Commercial Pressure Sensor Calibration
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(a) Sensor model MPXV7007 and (b) A linear calibration was found for the coin-

MPXV5010 share the same packaging, mercial pressure sensors using discrete steps

power requirements, an( output voltage in hydrostatic pressure. It was founid that

range, but differ in pressure range. The the steady voltage offset varied between the

MPXV5010 sensors have a 0-10 kPa MPXV7007 and MPXV5010 model sensors, but
range, while the MPXV7007 sensors have that the sensitivity was similar.

a 7 kPa range. Both sensor types were

well suited for the expected experimental

pressure.

Figure 7-5: The NACA0020 foil used in the Krnian vortex street identification ex-

periments was equipped with an array of four connercially available pressure sensors

from Freescale Semiconductor to allow for comnparison with the measurements froi

the CBPDMS foam array.

using an NI USB-6289 data acquisition board mounted on the towing carriage and

connected to a carriage-mounted computer running Labview software.

During the IKAriiin vortex street identification experimlents the foil was mounted

to an ATI Ganmia force transd(ucer (Model US 30-100, SN: FT 14184), as seen in

Figure 7-9, to allow for the measurement of the fluid forces acting on the foil. Of

particular interest was an expected oscillatory lift force due to the presence of low

pressure regions from the shed vortices near the foil surface.
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Sensor Array Positions on NACA 0020 Foil
0.2
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0_ - 0 .1 -. . ... . . -.. .. .
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-0.2
0 0.2 0.4 0.6 0.8 1

Position [x/C]
El MPXV7007#1E MPXV5010#2L MPXV5010#3E] MPXV5010#4

Figure 7-6: The positions of the tube exits for the connercial pressure sensors

(squares) and the sensing channels of the CBPDMS foai array (filled rectangular

regions) given as a fraction of overall chord length.

7.4 Karman Vortex Street Three-Dimensionality

The periodic sliedding of vortices by a circular cylinder is not uniform along the

span of the cylinder in three diniensions, as seen in Figure 7-10. Instead, variations

in phase and vortex strength occur along the length of the cylinder due to three

dimensional instability, as seen in Figure 7-10(b). For the Kairnin vortex street

identification experiments, this three diniensionality meant that variations in the the

phase and magnitude of the pressure stinulus felt by the CBPDMS foan sensor array

and commercial pressure sensors was expected, as seen in Figure 7-10(a).

7.5 Effect of Sensor Protrusion on Flow Field

As discussed in Section 7.3, the 7.8 nn CBPDMS foam array array protruded from

the foil surface approximately 2.8 nn during the Kairnin vortex street identification

expferiments, as seen in Figure 7-8(b). The presence of the lip oi the foil surface

at the leading edge of the foam semsor array was expected to disrupt, the near-body

flow field in the vicinity of the sensor array, adding additional noise to the CBPDMS
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(a) A NACA 0020 foil (right) was mounted on

an ATI force transducer (green frame) to allow

for fluid forces to be measured during the exper-

iment. Four commercial pressure sensors (or-

ange frame) were mounted on top of the foil and

attached to tubes leading to the exterior of the

foil beneath the free surface (blue frame). A
CBPDMS pressure sensor array was mounted

on the surface of the foil, as seen in the red

frame. The cylinder ahead of the foil (blue, left)

was 0.0381m1 in dianeter with a span of 0.72 in.

(b) KAman vortex street identification experi-

ments were performed in the large towing tank

at MIT. During experiments with a 0.0508
m circular cylinder translating at 0.1 m/s,
the periodic vortex shedding consistent with a

KArnin vortex street was clearly visible when

observing the tank's free surface.

Figure 7-7: Experiments to deionstrate the identification of a periodic vortex shed-

ding from a circular cylinder, the Kirmin vortex street, were conducted using the

large towing carriage in the MIIT towing tank.

foam pressure incasurenients. To understand the effect of the sensor array protrusion,

experimnents were conducted in the towing tank in the absence of the circular cylinder

to isolate the noise contributions for the sensor strip, and CFD sinulations were

perforned using the altered foil shape to help visualize the near-body flow structures.
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(a) A NACA 0020 foil section (b) Due to the presence of an aluminumn mounting rod running

was 3D printed with a cutout through the foil center, cutout depth was limited to 5 mm, leaving

to allow for the mounting of the a 2.8 num protrusion from the foil surface.

CBPDM S foam sensor array.

Figure 7-8: During the KArini~n vortex street identification experiments, the 7.8 11n

thick CBPDMS foam sensor array was mounted in a cutout in the surface of a NACA

0020 fLil section.

Figure 7-9: The foil was attached to an ATI Ganna force transducer to allow for the

fluid forces acing on the foil to be measured. The presence of the periodically slled

vortices caused an oscillatory lift force in the positive x direction.

7.5.1 Experimental Measurements with Cylinder Absent

Measurinements were taken of the near-body flow field on the NACA 0020 hydrofoil

using the 7.8 1n thick CBPDMS foam pressure sensor array in the absence of the

upstream circular cylinder. At all four speeds tested, noise was present in the pressure

signals across the frequency spectra. The noise level was found to be highest on sensor

chanilel 1, which was the chalillel closest to the the protruding il) at the leading edge

of the sensor array. indicating that flowv separation or turbulence generation was likely

taking place.
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Top: 0

Side:

Commercial
Pressure Sensors

CBPDMS
Foam Array

( <- Commercial
Pressure
Sensor Tube
Exits

Vortex Tubes with 3D
Instability

(a) The three dimensional instability of K irmn vortex shedding

creates phase differences along the span-wise direction of the circular

cylinder. Because the CBPDMS foam and commercial sensor arrays

are located at different locations along the hydrofoil span, phase

differences are expected in the surface pressure time trace.

(1)) The three dimensional instability of Karinnin vortex

shedding was (leironstrated at Re=12000 using hydrogen

bubble imaging iii a circulating water tunnel. The fluid flow

is moving left to right in the image, and a circular cylinder

is on the left edge of the frame (Screenshot from a video by
Gustavo B.S. Assi).

Figure 7-10: The three dimiiensional instalbility of Kirmniin vortex shedding creates

)hase differences along the spai-wise direction of the circular cylinder.
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(a) Frequency spectra for the CBPDMS foam (b) Frequency spectra for the CBPDMS foam

sensor array ini the absence of the circular cylii- sensor array in the absence of the circular cylin-

dler at U=0.1 mn/s. der at U-0.15 i/s.
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(c) Frequency spectra for the CBPDMS foam (d) Frequency spect ra for the CBPDMS foan

senisor array in the abselice of the circular cylin- sensor array in the absence of the circular Cylill-
d er at U=0.2 nm/s. der at U=0.3 i/s.

Figure 7-11: The impact of the CBPDMS foam sensor array protrusioi from the foil

surface was characterized by finding the frequency spectra of ieasureients takeni ill

the absence of the circular cylinder.

7.5.2 Numerical Simulations

To get a qualitative pictuire of the near-body flow structiires generated in the KArmwin

vortex street identification experilnents, numerical siilations were perforlled. In
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particular, it was desired to observe the effect the protruding lip of the CBPDMS

foam sensor array would have on the near-body flow.

Numerical simulations of the Kairmain vortex street identification experiments were

conducted using the Computational Fluid Dynamics (CFD) solver Lily-Pad, which

is well suited for fluid-structures interaction problems. Lily-Pad uses the Boundary

Data Immersion Method (BDIM) to immerse solid bodies in the fluid domain, and

allows for simulations to be setup and run extremely efficiently [84]. For additional

details and references about the Lily-Pad solver and BDIM, see the Lily-Pad project

page on Github (https://github.com/weymouth/lily-pad/wiki).

For both the simulation of a clean NACA 0020 foil in the wake of a circular

cylinder, and for the case of the foil with the protruding sensor array, the simulation

parameters were the same. The domain size was chose as 20D x 20D with the circle

positioned 4D from the upstream boundary (16D from the downstream boundary)

and 12D from the side boundary. The Reynolds number based on circle diameter

(0.0381m) and free stream (0.2 m/s) was Re=7620, and the resolution was 50 grid

points spanning the circle diameter with a total of 1 million grid points in the domain.

Lily-pad simulations of the NACA 0020 trailing a circular cylinder provided an

excellent visualization of the flow field to qualitatively confirm the separation and

offset values used in the towing tank experiments. The location of the cylinder and

foil vortex wakes was clear when plotting the vorticity of the flow field, as seen in

Figure 7-12(a). From the vorticity plot, it was confirmed that the periodic vortices

shed from the circular cylinder remain inside the offset distance of the foil, causing the

vortices to pass the pressure sensor arrays on the foil's surface. The vorticity plot also

made clear the formation of the foil's own vortex wake, although the wake vortices

don't begin to take shape until downstream of the foil, suggesting the pressure signal

from the foil's own vortices will not be present in the measurements taken on the foil

surface.

In Figure 7-12(b), the foil section was simulated with the CBPDMS sensor strip

protrusion on the surface of the foil. It was observed that flow separation was present

at both the leading and trailing edges of the sensor strip, and vortices generated
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NACA 0020
Wake Vortices

4I

z
Karnmin Vortex

Shedding

(a) Lily-Pad simulation of a clean NACA 0020 foil section in the wake of a

circular cylinder. Clockwise vorticity is given in red, and counterclockwise

vorticity is given in blue. The Karmn vortex shedding is clearly visible from

the leading cylinder, and is observed to pass to the inside of the foil section.

Separation at NACA 0020 Wake
Sensor Leading Vortices

Edge

t /
Karmin Vortex

Shedding
Separation at Sensor

Trailing Edge

(b) Lily-Pad simulation of the NACA 0020 foil section with sensor strip pro-

trusion in the wake of a circular cylinder. Clockwise vorticity is given in

red, and counterclockwise vorticity is given in blue. Separation is visible at

both the leading and trailing edges of the CBPDMS foam sensor strip, and

is expected to contribute to the noise measured by the pressure sensor array.

Figure 7-12: A clean NACA 0020 foil section and a foil section with a sensor strip

protrusion were simulated in the wake of a circular cylinder. The separation and

offset distances were consistent with the experimental setup in the MIT towing tank,

and the simulated fluid velocity corresponds to an experiment at U=0.2 m/s.

at the sensor's trailing edge were being shed into the foil's wake. The visualization

of separation at the leading edge of the sensor array supports the observation of

increased noise on sensor channel 1 from Figure 7-11.
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Variation of Cp Standard Deviation
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Figure 7-13: The standard deviation of the coefficient of pressure (Cp) provides an
indication of the magnitude of pressure fluctuations along the foil chord. In a uniform
flow in the absence of an upstream cylinder, the standard deviation of Cp on a clean
foil would be small. For both the clean NACA 0020 foil and the the foil with sensor

protrusion, it was observed that the standard deviation of Cp was highest near the
leading edge, indicating that CBPDMS sensor channel 1 and MPXV sensor 1 would

'feel' the shed KirmAn vortices more than the other sensors.

Along with providing a visualization of the slled vortex wake from the circular

cylinder, the Lily-Pad simulations provided an expected pressure profile on the surface

of the trailing foil. Of particular interest was the variation in how the shed vortices

were 'felt' from the leading edge to the trailing edge. One means of characterizing

this variation was to plot the standard deviation (STD) of the coefficient of pressure

on the foil surface as a function of chord-wise position along the foil, as seen in

Figure 7-13. It was expected that locations along the foil where the interaction

with the shed vortex wake is significant would have large standard deviations as

the periodically shed vortices caused large variations in the foil surface pressure.

Similarly, the standard deviation was expected to be low in areas where the impact

of the shed vortices was less apparent and surface pressure variations were small. It

was observed that the standard deviation of the pressure coefficient was largest ill

the leading third of the foil, and dropped off towards the trailing edge for both the

clean NACA 0020 and sensor protrusion cases, as seen in Figure 7-13. This result

suggested that the KArnmAn vortex street would be most visible on sensor channel one
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for both the commercial and CBPDMS sensors, and that the signal would diminish

substantially towards the trailing edge sensor positions. Additionally, the observation

that the largest hydrodynamic signals were present near the leading edge of the foil

was consistent with lateral line physiology, where a concentration of neuromasts is

often present near the head of the fish, as seen in Figure 1-2.

For the case of the foil with the sensor strip protrusion, an additional peak in STD

was observed at approximately x/c=0.17 where the leading edge of the sensor strip

was located. The presence of increased pressure fluctuations at the sensor strip leading

edge is consistent with the observation of separation in 7-12(b). It was also observed

that the STD of Cp was increased along the mid-section of the foil where the sensor

strip was present (x/c=0.17-0.7) when compared to the clean foil. This indicated that

the likelihood of increased noise in the CBPMDS pressure measurements compared

to the pressure measurements from the MPXV sensors taken on a clean section of the

foil.

7.6 Experimental Results with Cylinder

During the Kirmain vortex street identification experiments, force and pressure were

recorded simultaneously while the towing carriage was in motion. Between experi-

ments, the towing carriage was returned to the starting position at the end of the

tank, and the tank was given time to settle before starting the next run in order to

avoid extraneous force and pressure signals. The submergence depths of the CBPDMS

and commercial sensor arrays were recorded before each set of experiments, and time

was given after placing the foil in the tank to allow for temperature equilibration.

Additional data collection runs were conducted at each test velocity with the circular

cylinder absent to allow for the identification of noise sources.

7.6.1 Data Analysis

Measurements from the ATI Gamma force transducer, commercial pressure sensors,

and CBPDMS foam array were collected at 1000 Hz using the analog input channels
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on a NI USB-6289 data acquisition board and Labview software. Measurements were

saved to a text file and analysis was performed in Matlab.

Conversion to physical units

Following the separation of the voltage values for individual sensor channels, calibra-

tions were applied to convert from voltage to units of force or pressure. For the ATI

Gamma force transducer, a factory provided 6x6 calibration matrix (provided in Ap-

pendix D) was used to convert voltage measurements to force and torque in pounds

and pound-foot respectively. An additional conversion to SI units was performed to

remain consistent with the rest of this study.

For the commercial pressure sensors, the linear calibration for each sensor de-

scribed in Section 7.3 was applied to the raw voltage signals before any additional

post-processing. The voltage measurements from the 7.8 mm thick CBDPMS foam

sensor array were converted to pressure using the piecewise polynomial calibration

curves developed in Section 5.3.5. As in the experiments using water wave stimulus,

the DC offset voltage was adjusted for the initial hydrostatic pressure at the CBPDMS

array submergence depth.

Selection of data subset

During the Kirmin vortex street identification experiments, the tow tank carriage

motion and the data collection from the force and pressure sensors were facilitated

by two separate computers. To run an experiment, data recording was started on

one computer, then the carriage motion was subsequently started. Because of this

experimental sequence, pressure and force data was recorded for periods when the

carriage was not in motion, as well as during the acceleration and deceleration phases

of the carriage motion. To allow for proper analysis of the CBPDMS foam sensor

array's ability to detect a Kirmin vortex street, a subset of data was selected for

each experiment during the period where the carriage velocity was steady. Due to

the length of the towing tank, data subsets ranged from 30-90 seconds depending on

the towing velocity, allowing for the analysis of many vortex shedding cycles. Selection
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of data subsets was based on analysis of the raw force signals, which displayed a clear

and characteristic response at the start and stop of the carriage motion due to the

foil's inertia, as seen in Figure 7-14(a)

Unfiltered Lift Force U=0.3 m/s

1 1111 11 1 1I1I I
10 20 30

Time [s]
40 50 60

Commercial MPXV Pressure U=0.3 m/s
50

i , 1

a)
Z,)

U)
(D

UI~h1~ii L

-50

100-

150 F

0 10 20 30
Time [s]

(a) The data subset for the period where the

carriage was moving at a steady velocity was

identified using the raw lift force. The initia-

tion of the carriage motion is visible from the

inertial spike at approxiIIately 6 seconds, and

the carriage stopping is identified by a similar

spike at approximately 49 seconds.

Figure 7-14:

(b) With the initial hydrostatic pressure off-
set removed, the variation in hydrostatic pres-

sure cansed by a change in submergence depth

throughout the course of a run is evident in the

un-filtered commnercial pressure sensor measure-

ients.

The subset of the pressure data where the carriage was moving was

selected by observiiig the raw lift force measurements. Cutoff frequencies for filtering

were chosen to eliiinate the low frequency effect of the taik slope.

Data Filtering

Experimental data was filtered with a non-causal bandpass filter using the idealfilter

function in Matlab. The idealfiler function makes any iiput signal zero-mean before

filtering, so the mean of of each signal wa~s taken before filtering and added back into

the signal after the filtering function was complete. In the experimiental signals, three

primary sources of iioise were identified:
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1. High frequency electrical noise at ~ 60 Hz

2. Low frequency drift due to change in submergence depth throughout each run

3. Mechanical vibration of the foil at ~ 3 Hz

The low frequency drift due to a time-varying submergence depth is clearly visible

in the un-filtered commercial pressure sensor measurements shown in Figure 7-14(b)

where the initial pressure offset has been removed to emphasis the effect of the change

in the submergence depth along the length of the tank. From the plot, it is clear that

the submergence depth changes approximately 8mm over the course of the experi-

ment, likely due to a very slight mis-alignment between the carriage support rail and

the water free surface.

Comparing the frequency spectra for the un-filtered lift force signal in the absence

of the circular cylinder (Figure 7-15(a)), and with the cylinder present (Figure 7-

15(b)), allowed for the identification of frequency contributions of relevance to the

detection of Karmain vortex shedding. In Figure 7-15(b), the expected frequency

range for Karmain vortex shedding calculated using Equation 7.2, and based on the

towing velocity and a Strouhal number range of 0.18-0.22, is designated by the grey

region. Frequency contributions that fell near or within this region were considered

relevant when choosing cutoff frequencies for the bandpass filter. In Figure 7-15(a)

no significant frequency contributions were observed within the Strouhal region of

interest, as expected. The presence of a frequency peak at - 3 Hz in both the

cylinder and no cylinder cases suggested that the contribution was due to a mechanical

vibration of the foil setup, and not a hydrodynamic stimulus of interest. The cutoff

frequencies for the bandpass filter were chosen based on the known noise sources

discussed above, along with the expected vortex shedding frequency range, and are

given in Table 7.2.

7.6.2 Frequency Domain Results for U=0.1 m/s

At U=0.1 m/s the MPXV commercial pressure sensors and lift force measurements

both indicated a primary frequency component at 0.50 Hz, corresponding to a Strouhal
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(a) Frequency s)ectruml for the un-filtered lift (b) Frequency s)ectruml for the un-filtered lift

force in the absence of the circular cylin- force with the circular cylinder p)resellt. The gray

der. The low frequency comj)ollent can be at- area represents the expected frequency range for

tributed to the variation in submergence depth Kirinii vortex shedding with a Stronhal number

along the length of the tank, while the fre- range of 0.18-0.22.

quency comi)onent at ~3 Hz is observed across

all experiments and can be attributed to a me-

chanical vibration of the foil.

Figure 7-15: Comparing the frequency spectra for the NACA 0020 foil lift force with

aid without the circular cylinder present allows for the identification of noise sources.

Across a range of towing velocities, a consistent frequency contribution was identified

at approximately 3 Hz which was attributed to a mechanical vibration of the foil.

num1.ber of 0.1905 that fell within the expected range for K6rmin vortex shedding.

The frequency spectra from the CBPDMS foam sensor array was found to be much

noisier than the commnercial pressure sensor and force measurements, which was ex-

pected due to the presence of the sensor protrusion on the foil surface, and consistent

with the measurements taken without the circular cylinder present (Figure 7-11(a)).

A minor frequency peak was present in the CBPDMS foam array measurements at

0.48 Hz, corresponding to a Strouhal numirber of 0.1829. However, the signal-to-noise

ratio was not sufficient to iake a conclusive judgement if the frequency component

was due to vortex shedding from the circular cylinder.
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U D ft for St=0.18 ftr for St=0.22 Bandpass Bandpass

[m/s] [m] [Hz] [Hz] low [Hz] high [Hz]
0.1 0.0381 0.472 0.577 0.25 1.5

0.15 0.0381 0.709 0.866 0.2 2
0.2 0.0381 0.945 1.155 0.25 2
0.3 0.0381 1.417 1.732 0.5 2.5

Table 7.2: Expected vortex shedding frequencies based on towing velocity and
St=0.18-0.22, and bandpass filter cutoff frequencies.

Measurement fpeak [Hz] Stpeak
Lift Force 0.50 0.1905
Commercial Sensors (Ch. 1) 0.50 0.1905
CBDPMS Array (Ch. 1) 0.48* 0.1829

Table 7.3: Peak frequency and corresponding Strouhal number for towed cylinder
experiments at U=0.1 m/s. For the CBPDMS foam sensor array, the peak frequency
was chosen as the peak frequency within the expected vortex shedding range (grey
region). At U=0.1 m/s, the frequency content of the CBPDMS foam signal is domi-
nated by noise, as seen in Figure 7-16(c).

7.6.3 Frequency Domain Results for U=0.15 m/s

For experiments at U=O. 15 m/s, the MPXV commercial pressure sensors and lift force

measurement both had a peak frequency component at 0.743 Hz, corresponding to a

Strouhal number of 0.1887. As in the case of U=0.1 m/s, the noise in the CBPDMS

sensor array measurements made identification of a clear frequency peak difficult.

Three frequency peaks at 0.70, 0.743, and 0.814 Hz were observed to fall within

the expected frequency range of Karmain vortex shedding. The peaks at 0.70 and

0.743 were closest to the primary frequency component measured by the commercial

pressure and force sensors, and corresponded to Strouhal numbers of 0.1778 and

0.1887 respectively. While it is likely that the peaks within the expected vortex

shedding frequency range were due to the presence of the upstream circular cylinder,

the signal-to-noise ratio was still insufficient for conclusive identification.
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(d) Normalized lift force, comnmercial pressure

sensor, and CBPDMS foam frequency conitellit

for U=0.1 im/s.

Figure 7-16: Frequency spectra for pressure and force measurements at U=O. 1 in/s.

7.6.4 Frequency Domain Results for U=0.2 m/s

At U-0.2 i/s the CBPDMS pressure sensor arrays exhibited a clear frequency peak

Within the expected range for IKrmin vortex shedding. When collmared to the

doinilant frequency peaks in the lift, force and coiniercial pressure sensor data, the
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Measurement fpeak [Hz] St peak

Lift Force 0.743 0.1887
Commercial Sensors (Ch. 1) 0.743 0.1887
CBDPMS Array (Ch. 1) 0.70 and 0.743 0.1778 and 0.1887

Table 7.4: Peak frequency content results for U=0.15 m/s. For the CBPDMS foam
sensor array, two peaks of near equal magnitude were present within the expected
frequency range for vortex shedding and in close proximity to the peak frequency
measured by the commercial pressure and force sensors.

CBPDMS peak frequency was lower by approximately 2%, as seen in Table 7.5.

Considering the three-dimensionality of Kirmain vortex shedding and the potential

for variations in phase and pressure magnitude along the span of the instrumented foil,

a 2% difference in the peak frequency detected by the CBDPMS foam array and the

commercial sensors was considered a successful Kairmain vortex street identification.

Compared to experiments at U=0.1 m/s and U=0.15 m/s, the CBPDMS foam sensor

signal to noise ratio was greatly improved at the increased towing speed, although

the CBPDMS sensor array measurements were still found to exhibit a lower signal-

to-noise ratio than the commercial pressure sensors, as seen in Figures 7-18(c) and

7-18(d).

Measurement fpeak [Hz] St peak

Lift Force 0.960 0.1829
Commercial Sensors (Ch. 1) 0.960 0.1829
CBDPMS Array (Ch. 1) 0.940 0.1791

Table 7.5: Peak frequency content results for U=0.2 m/s. The peak frequency at 0.2
m/s was much more clear than experiments at lower flow velocities.

7.6.5 Frequency Domain Results for U=0.3 m/s

At U=0.3 m/s a clear frequency peak in the expected frequency range for Kdirmin

vortex shedding was present in the the lift force, commercial pressure sensor, and

CBPDMS foam array data, as seen in Figure 7-19. Additionally, the strength of the

periodic pressure signal generated by the shed vortices dropped rapidly from the lead-
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Figure 7-17: Frequency spectra for pressure and force measurements at U=0.15 in/s.

ing to the trailing edge of the foil, as expected based on the results of the Lily-Pad

simulations shown in Figure 7-13. The peak frequency conitribution anid associated

Strouhal number for each imeasureient is given in Table 7.6, with the percent differ-

ence of the frequency measured by the CI3PDIS array from the frequency measured
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Figure 7-18: Frequency spectra for pressure and force measurements at U=0.2 i/s.

by the force transducer and commercial pressure sensors being 2.03%. As in the lower

towing speed cases the signal to noise ratio for the CBPDIS array was lower than

the coinnercial pressutre sensors, but it was observed that the ratio improved with
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towing velocity and the magnitude of the periodic pressure signal.

Measurement fpeak [Hz] Stpeak
Lift Force 1.429 0.1815
Commercial Sensors (Ch. 1) 1.429 0.1815
CBDPMS Array (Ch. 1) 1.400 0.1778

Table 7.6: Peak frequency content results for U=0.3 m/s.

7.7 Time Series Pressure Results

The voltage measurements from the 7.8 mm thick CBPDMS foam pressure sensor

array were converted to pressure using the piecewise polynomial calibration curves

developed from the plunging experiments. The time series pressure fluctuations from

CBPDMS channel 2 were compared against the pressure measurements from the

MPXV commercial pressure sensor number 2, which were co-located along the chord-

wise direction of the NACA 0020 foil, as seen in Figure 7-6. The CBPDMS foam sensor

array and the pressure transmission tube exit for the MPXV commercial pressure

sensors were locateu au uiferent positions along the span of the foil, as seen in Figure

7-7(a). Because of the 3D instability of Kairmain vortex shedding, as discussed in

Section 7.4 and shown in Figure 7-10, differences in phase and pressure fluctuation

magnitude were expected between the measurements from the CBPDMS foam array

and the commercial pressure sensors, as seen in Figure 7-20.

Considering the time series results at increasing free stream velocities in Figure

7-20, it was observed that at U=0.1 and U=0.15 m/s the CBPDMS foam sensor array

over-predicted the RMS value of pressure fluctuations when compared to the MPXV

commercial pressure sensors. At U=0.2 and U=0.3 m/s, the RMS pressure showed

better agreement between the CBPDMS foam array and the MPXV sensors, as seen

in Table 7.7, and consistent with the results of the frequency analysis above.

The difference in the RMS pressure between the CBPMDS foam sensor array and

the MPXV sensors can be partially explained by the presence of the sensor array

protrusion in the foil surface. Channel 2 of the CBPMDS sensor and MPXV sensor
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Figure 7-19: Frequency spectra for pressure and force ineasurenents at U :0.3 in/s.

2 are located at approximately x/c.=0.3, and the STD of the pressure coefficient, was

found to be higher in the presence of the sensor array protrusion than on a clean foil

section, as shown in Figure 7-13. The over-prediction at low flow velocities may also

be due to the < 4 Pa pressure signals neasured by the commercial MPXV sensors
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U RMS of RMS of Percent
[m/s] Pressure Pressure Difference of

MPXV [Pa] CBPDMS RMS
[Pa]

0.1 1.11 5.74 135.12
0.15 2.50 5.33 72.2
0.2 3.45 4.13 17.83
0.3 6.93 5.21 28.37

Table 7.7: Root mean square of the pressure fluctuations measured using the MPXV
and CBPDMS sensors with percent difference. RMS is calculated for 20 shedding
cycles starting 12 seconds after the initiation of the carriage motion, as seen in Figure
7-20. Because of the 3D instability of vortex shedding from a cylinder, differences in
magnitude and phase along the foil span are expected.

being at the limit of the CPDMS foam array resolution.

7.8 Chapter Summary

For Kirmain vortex shedding experiments conducted at towing speeds of 0.2 and

0.3 m/s, the RMS pressure was measured to be 3.45 and 6.93 Pa respectively using

commercial MPXV series pressure sensors. Despite the very low RMS pressure, the

CBPDMS foam sensor arrays were able to detect the peak shedding frequency within

3% of the value found using pressure and lift force measurements from commercial

sensors, as given in Tables 7.5 and 7.6. In addition to accurately detecting the Karmin

vortex shedding frequency, the CBPDMS foam sensor arrays were found to measure

the RMS pressure for the 0.2 and 0.3 rn/s cases with percent difference compared

to the commercial pressure sensors of 18% and 28% respectively, as seen in Table

7.7. These results provided strong evidence that the 7.8 mm thick CBPDMS foam

sensor array was capable of measuring the characteristic periodic pressure drop due

to vortices at frequencies below 1 Hz and with RMS pressure of ~4 Pa.

For vortex identification experiments at towing speeds of 0.1 and 0.15 m/s, the

signal to noise ratio in the CBPDMS pressure measurements was not sufficient to

clearly identify the peak vortex shedding frequency. For the case of 0.1 m/s, the com-
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mercial pressure sensors measured an RMS pressure of 1.11 Pa, below the anticipated

resolution of the sensor array found from the plunging experiments. As expected, the

CBPDMS foam sensor array over-predicted the RMS pressure for the 0.1 m/s case,

and a clear frequency peak was not identified within the power spectrum, as seen in

Figure 7-16. For the experiments at 0.15 m/s, the CBPDMS sensor similarly over-

predicted the RMS pressure, although the error was reduced as the signal to noise

ratio improved with towing speed. When considering the frequency spectra in Figure

7-17, a dual frequency peak was observed within the expected vortex shedding fre-

quency range, with one of these peaks matching the frequency measurement from the

commercial pressure sensors and lift force measurement. This partial identification

of the vortex shedding frequency is consistent with the RMS pressure measurement

from the commercial pressure sensors of 2.50 Pa, which is at the very limit of the

CBPDMS sensor resolution and consistent with the results of the dipole experiments

in Chapter 6.

In addition to measuring the vortex shedding frequency and RMS pressure for the

0.2 and 0.3 m/s cases, the decrease in the intensity of pressure fluctuations measured

from the leading edge to the trailing edge of the foil by the CBPDMS foam array was

consistent with measurements from the MPXV commercial sensors and simulations

of the flow found using the Lily-Pad CFD solver. The variation in measurements

along the chord-wise direction of the foil demonstrated the simultaneous use of the

full CBPDMS foil sensor array, and reinforced the need for distributed pressure sensor

arrays to characterize the development of flow structures along the length of a body.

The results of the Kirman vortex street identification experiments proved the

viability of the CBPDMS foam sensor array to measure meaningful hydrodynamic

stimulus. The experiments demonstrated the sensor array was successful at measur-

ing periodic stimulus at the low end of its resolution while surface mounted on a

curved hydrofoil being subjected to vibrations from being towed. The experiments

also allowed for a confirmation of the sensor array robustness, as the sensors were

left submerged for periods of over 24 hours during the series of experiments, and

the performance was not impacted. Finally, the Kairmain vortex street identification
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experiments provided a verification of the sensor array calibration, and further evi-

dence of the resolution of the CBPDMS foam sensor array as -5 Pa with a frequency

range of 0.5-35 Hz, using a different stimulus type from the time-varying hydrostatic

pressure, periodic water waves, or dipole.
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Figure 7-20: Time series pressure results

sensor array and MPXV sensor 2 which

along the foil. Results are shown for 20 s
the initiation of carriage motion to avoid

the MPXV sensors are located at different,

for the channel 2 of the CBPDMS foam
are co-located in the chord-wise direction

hedding cycles beginning 12 seconds after

trainsients. Thi CBPDMS foami array and

s positions along the foil, and vari-

ations in plhase and magnitude are exl)ectel as discussed in Section 7.4. A 15% error

region is shown based on the RMS error found during plunging and wave experiments

using the (TBPDMS foam array.
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Chapter 8

Conclusion

8.1 Overview

The performance of marine vehicles is largely influenced by near-field flows, both

self-generated and environmentally driven. Examples of self-generated flows include

leading edge vortex shedding from hydrofoils (Section 2.2), helical vortex shedding

from ship hulls at non-zero drift angles (Section 2.1), and separation from the sharp

bow of a surface vehicle at large angles of attack or during maneuvers (Sections 2.1

and 2.3). Environmentally driven flows cover an incredible frequency and amplitude

range, from the periodic shedding of a Kairmain vortex street behind an obstruction

in the free-stream (Chapter 7), to surface water waves generated by wind or passing

surface vessels (Section 5.4), to high frequency oscillatory flows generated by flapping

or vibrating sources in the far field (Chapter 6). In each case, the fluid-structure

interaction exerts forces on the marine vehicle, requiring a control action to either

minimize a negative performance impact, or optimize a beneficial interaction.

For manned surface and aerial vehicles, performance evaluations are made in-situ

and continuously through a variety of sensory inputs, and control decisions are made

in real-time to optimize vehicle performance. In the case of marine vehicles, the op-

erational environment presents a profound sensory deficit that must be overcome in

order to operate successfully. While land and aerial vehicles often rely on visual feed-

back systems for navigation and RF signals for communication, underwater vehicles
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are limited by low light transmission, turbidity, and the attenuation of RF signals in

water. In nature, fish have developed a unique sensory organ known as the lateral

line which overcomes this sensory deficit and allows for the detection of near-field flow

structures through the use of distributed pressure and velocity sensing. The lateral

line sensory organ in fish has been found to mediate such flow-field dependent behav-

iors as obstacle detection and avoidance, rheotaxis, vortex synchronization, and prey

tracking (Section 1.3.2).

The goal of this thesis has been to bring detailed and real-time near-field flow

measurements to unmanned marine vehicles through distributed pressure sensing in-

spired by the fish lateral line sensory organ. Experiments were first conducted using

distributed arrays of commercially available pressure sensors to test the applicability

of the sensing approach to hydrodynamic applications. The use of arrays of com-

mercially available sensors validated the utilization of distributed pressure sensing for

hydrodynamic stimulus, and demonstrated that the current landscape of pressure sen-

sor technologies was ill-suited for scaling to real-world applications while maintaining

spatial resolution and allowing for surface mounting. To satisfy the requirements of

distributed pressure sensing on unmanned marine vehicles presented in Section 3.1,

a conformal, waterproof, and highly sensitive pressure sensor array was developed

using a PDMS (silicone) based material set. The use of a closed-cell carbon-black

doped silicone foam allowed for sensitivity useful to hydrodynamic stimuli, while tak-

ing advantage of the flexibility, moisture resistance, and robustness of the PDMS bulk

matrix material.

The following section describes the principal contributions of this thesis, includ-

ing the validation of distributed pressure sensing for hydrodynamic applications, the

design and fabrication of a conformal silicone based pressure sensor array, and the

characterization and calibration of the sensor array using a series of biologically in-

spired fluid flows. As an experimental sensor array meant to demonstrate a novel

approach to distributed hydrodynamic pressure sensing on curved bodies, this work

revealed a series of paths for further study. The final section contains recommen-

dations for future work, and a discussion of refinements that could be made to the
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current experimental sensor arrays.

8.2 Principal Contributions of the Thesis

8.2.1 Distributed Pressure Sensing for use in Near-Body Flow

Measurement

In nature, the fish lateral line provides an example of a distributed pressure sensing

network for use in hydrodynamic flow sensing applications. The knowledge of the flow

field gained from this distributed sensor network mediates behaviors including vortex

detection, obstacle avoidance, and flow alignment (rheotaxis), which would benefit

marine vehicle operations. To validate the use of a distributed array of pressure sen-

sors to measure near-field flows, a series of experiments of increasing flow complexity

were conducted using commercially available sensors. Experiments included the de-

tection of leading edge vortex shedding on an instrumented hydrofoil [27], studying

the growth of the separated region on a model sailboat hull as a function of towing

angle of attack, and monitoring the dynamics of an unmanned surface vehicle during

forced and self-propelled experiments.

Distributed Pressure Sensing on a Towed Surface Vehicle

Using a model sailboat hull in the MIT towing tank, the pressure distribution on a

surface vehicle at non-zero angle of attack was investigated using an array of Honey-

well 19 mm series pressure sensors. At low angles of attack the pressure was found

to be highest at the bow stagnation point, and then decreased towards the vehicle

midship, consistent with accelerating flow as the vessel beam increased. At angles

of attack greater than 15 degrees, this trend reversed, with pressure increasing along

the bow. This indicated a region of re-circulating flow brought on by separation oc-

curring at the vehicle's sharp bow, as shown in Figure 2-2(b). Dye visualization and

pressure measurements just aft of the maximum beam of the hull indicated additional

vortex separation likely occurring at the sharp keel line, as seen in Figure 2-5. Most
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importantly, the pressure at the bow-most tap exhibited a consistent decreasing trend

with increasing angle of attack, allowing for the accurate estimation of towing angle

based on pressure measurements.

The model sailboat hull experiments validated the use of surface pressure mea-

surements to provide useful insight into the nature of the flow field past the hull. The

experiments also provided insight into the placement of pressure taps on the hull, and

the need for increased sensor coverage in the vicinity of the maximum beam where a

pressure minimum was expected to have occurred, but was unable to be measured.

Finally, the towed model experiments provided the first set of guidelines for the design

of pressure sensor arrays intended specifically for hydrodynamic sensing applications.

Instrumentation of the hull required pressure taps to be drilled through the hull, and

mounting hardware to be epoxied to the hull's inner skin to accept pressure transmis-

sion tubes from the Honyewell sensors. These mounting limitations made clear the

need for conformal and surface-mountable sensor arrays.

Distributed Pressure Sensing on a Self-Propelled

Unmanned Surface Vehicle

An unmanned kayak vehicle was used as a test platform to evaluate the utility of

distributed pressure sensing to measure vehicle dynamics during basic forced motion

experiments and self-propelled tests. The unmanned surface vehicle was instrumented

with an array 20 Honeywell SPT series commercial pressure sensors, as well as two ex-

perimental arrays featuring silicon piezoresistive sensor dyes mounted on conformal

substrates, and a carbon-black silicone composite strain gauge sensor array. Basic

forced vehicle motion experiments were conducted in the swimming pool at the Na-

tional University of Singapore, and it was found that pressure measurements provided

a comparable evaluation of vehicle motions in pitch, roll, and heave to the vehicles

inertial motion unit (IMU). Additionally, the operation of all three experimental sen-

sor arrays while surface mounted on a vehicle outside of the laboratory environment

was confirmed.

Self-propelled experiments were conducted using the kayak vehicle in Singapore's

240



Pandan Reservoir, and provided a proof-of-concept for the experimental conformal

sensor arrays in a real-world setting. It was found that the distributed pressure sensor

arrays, both commercial and experimental, were able to detect the characteristic

pressure variations associated with the non-zero yaw acceleration at the initiation of

a turning maneuver, as seen in Figures 2-19 and 2-20. Additionally, the vehicles pitch

and roll dynamics during maneuvers or when traversing an area of disturbed water

were readily visible in the pressure sensor output.

The experiments conducted in Singapore with the unmanned kayak vehicle rein-

forced the utility of distributed pressure sensing on the hull of surface vehicles that

was demonstrated in the towed model sailboat experiments. Like the towed model

sailboat experiments, the size, cost, and mounting of the commercial pressure sensors

was a limiting factor in capturing the kayak near-field flow structures. To begin to

address this limitation, the unmanned kayak experiments were the first attempt at in-

corporating experimental conformal pressure sensor arrays on the surface of a marine

vehicle hull. While the size and sensitivity of the sensor arrays required further opti-

mization, the unmanned kayak experiments served as an important proof-of-concept

for the continued development of conformal distributed pressure sensor arrays.

Design Guidelines for Distributed Hydrodynamic Sensor Arrays

Based on experiments using the towed model sailboat hull, the unmanned kayak

vehicle, and an instrumented hydrofoil discussed briefly in Section 2.2 and in great

depth in [27], a set of design guidelines were developed for distributed hydrodynamic

pressure sensor arrays, as presented in Section 3.1. Primary among these design

guidelines were an increase in sensor waterproofing, flexibility, and robustness to allow

for surface mounting of the sensor arrays, easing the mounting challenges experienced

in previous studies. The design guidelines also emphasized a reduction in individual

sensor cost to allow for distributed arrays to be scaled up to real-world applications

while maintaining spatial density on the order of millimeters to centimeters. Finally,

previous experimental results demonstrated that for use in hydrodynamic sensing

applications on marine vehicles of length -1-3 m, dynamic pressure stimuli range
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from ~10 - 400 Pa with ~10 Pa sensitivity, as stated in Section 3.1.

Each design guideline presented in Section 3.1 was based on lessons learned through

experimentation and experience with commercially available sensor technologies. By

basing the design of a next-generation distributed sensor array on a foundation of

experimental results using commercial sensors, the key areas in need of development

were identified early in the design process, providing focus to the sensor array devel-

opment.

8.2.2 Development of a Closed-Cell CBPDMS Foam Sensor

Array

Informed by the experience gained using commercial pressure sensors for hydrody-

namic sensing, a waterproof and conformal pressure sensor array was developed for use

on marine vehicles, as shown in Figure 4-1. To achieve the goal of a robust, waterproof,

and conformal array, a silicone-based material set was utilized, and piezoresistivity

was achieved by selectively doping regions of the array with conductive carbon black

particles. The array layout was designed to minimize contact resistance between the

piezoresistive sensing material and the electrodes, and soft sensor fabrication tech-

niques were extended to increase sensitivity through the use of a closed-cell silicone

foam.

PDMS Based Material Set

Sensor arrays were developed using a completely PDMS (silicone) based material set

to take advantage of the material's moisture resistance, flexibility, ease and safety

of use, and inexpensive availability. The primary sensing component of the arrays

was a commercially available platinum silicone foam doped with 5% by weight car-

bon black. The carbon black-PDMS (CBPDMS) foam composite was piezoresistive

and displayed an inverse relationship between pressure and resistance, following the

compressible model of piezoresistivity shown in Figure 4-2(a). The use of a closed-

cell foam retained the reduction in Young's modulus observed in previous work in
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CBPDMS foam composites (Section 3.4.3), while creating an inherently waterproof

material well-suited for marine applications, without the need for encapsulation.

The sensor array electrodes were composed of a silver-carbon black-PDMS com-

posite which offered excellent conductivity, low piezoresistivity, and maintained over-

all array flexibility. The continuity of PDMS base material provided excellent adhe-

sion between the electrodes of the CBPDMS foam active sensing material, and a layer

of pure PDMS on the bottom of the array provided for support during the fabrication

process as well as a smooth and flexible backing for surface mounting applications.

The use of a PDMS based material set allowed for the fabrication of a completely

flexible and waterproof sensor array. By varying material properties through the

introduction of PDMS foam, and electrical properties through the selection of dopant

type and concentration, segments of the sensor array were designated as either active

sensing channels or electrodes. Because PDMS is a cheap and readily available base

material, the overall material cost of the sensor arrays was kept below $40, and little

specialized safety equipment was necessary to handle the PDMS base material or

carbon black dopant.

Array Design and Fabrication Technique

The CBPDMS foam sensor arrays utilized a four-point probe measurement technique

to eliminate the imapct of contact resistance on the voltage measurements. As tested,

the array was comprised of a 4 x 1 linear array of 5 mm wide sensor channels, with a

spacing of 17 mm between sensing locations, as shown in Figure 4-1. The total array

dimensions were 80 mm x 20 mm, and array thicknesses of 7.8 mm and 6.2 mm were

tested.

The use of a PDMS based material set for sensor array fabrication eliminated

much of the need for specialized fabrication techniques or equipment, and arrays were

fabricated in a series of component steps, utilizing delrin molds to reduce unwanted

adherence betwccn the PDMS material and the mold walls. The sensor molds were

designed to be modular, allowing for the thickness of the electrode/sensor active

layer to be varied. The Soma Foama PDMS foam used to fabricate the active sensing
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material was commercially available from Smooth-On, and the foaming reaction took

place as soon as the A and B components were mixed. Carbon black particles were

pre-mixed into part A using a mechanical mixer with the goal of equal distribution of

the dopant throughout the polymer matrix. Despite having a lack of precise control

over the distribution of conductive particles within the matrix, or the density and

distribution of pores from the foaming reaction, the performance of the individual

sensor channels was found to be more consistent than expected, as evidence by the

application of the calibration curve for 7.8 mm thick channel 2 to 7.8mm thick channel

1 with less than 10% RMS error when measuring the pressure field from water waves,

as discussed in Section 5.4.5, and shown in Table 5.14 and Figure 5-26.

8.2.3 Experimental Validation of CBPDMS Foam Sensor

Arrays as a New Tool for Hydrodynamic Sensing

Prototype CBPDMS foam devices were experimentally evaluated against a set of

characteristics, given in Section 5.1.1, that are necessary for the device to be con-

sidered a viable sensor. Experiments were performed on the array using a series of

hydrodynamic stimuli ranging from time-varying hydrostatic pressure from oscilla-

tory plunging, to biologically motivated flows such as Kirmin vortex shedding, water

waves, and a dipole source. The sensor arrays were characterized over a range of

frequencies consistent with the fish lateral line, and a calibration between pressure

stimulus and output voltage was developed. Finally, the viability of the device for

use in measuring flows consistent with the unmanned marine vehicle applications

presented in Table 2.1 was evaluated.

Repeatability

For a prototype device to be considered a viable sensor, it must show repeatabil-

ity within an experiment, across multiple trials with the same stimulus, and across

different stimuli. The repeatability of the CBPDMS foam arrays was demonstrated

using the results from periodic plunging experiments as discussed in Section 5.3.3.
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Plunging experiments demonstrated the pressure-voltage pairs from within an exper-

iment, as well as from six independent experiments with varying amplitude, followed

a consistent non-linear trend, as shown in Figure 5-12(a). It was found that with

outliers removed, a third degree polynomial curve fit represented the experimental

data trend with less than 11% normalized RMS error.

Repeatability across pressure stimuli was demonstrated by applying the calibra-

tion curves found from the plunging experiments to measurements of water wave

pressure. Using the plunging calibration curves, the water wave pressure was repro-

duced with less than 17% normalized RMS error, as shown in Table 5.15.

Ability to Be Calibrated

The ability to convert voltage output measurements to physical measures of the stimu-

lus of interest is fundamental to the viability of a sensor. In the case of the CBPDMS

foam sensor arrays, calibration curves were developed for each sensor channel us-

ing the results from six independent plunging experiments where the stimulus was

a time-varying hydrostatic pressure. Initial calibration was performed using polyno-

mial curve fits, with cross-validation used to determine the optimal polynomial order.

A third degree polynomial was found to represent the experimental data well, and

outliers were removed to further refine the calibration curves. With outliers removed,

the third degree polynomial fits were found to have normalized RMS error less than

11%, and R2 values greater than 0.85. A first order correction was added for low

pressures to eliminate the non-physical behavior of the third degree polynomial at

the ends of the training data set, creating a piecewise polynomial calibration for the

arrays. The calibration curves for each sensor channel can be found in Tables 5.8 and

5.10 for the 7.8 mm and 6.2 mm thick arrays respectively.

Calibration curves were initially evaluated using time-series results from the plung-

ing experiments at 10 mm, 20 mm, and 30 mm peak-to-peak amplitudes. For both

the thick and thin arrays, the time-series pressure measurements were reproduced

with less than 16% normalized RMS error, as seen in Tables 5.9 and 5.11. Calibra-

tion curves were further evaluated by applying the calibration to measurements of
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water wave stimulus. With the DC voltage offset adjusted for consistency with the

plunging experiments, and output voltage scaled for the supply current, the periodic

water wave pressure was reproduced with less than 17 % normalized RMS error for all

four channels of the 7.8 mm thick array, as seen in Table 5.15. Results from both the

plunging and water wave experiments demonstrated conclusively that the CBPDMS

foam sensor array was able to be calibrated, and that the calibration was applicable

to multiple types of stimulus.

Ability to Measure Flows Useful for Ocean Engineering Applications

For use as a hydrodynamic pressure sensor, the CBPDMS foam array needed to be

capable of measuring flows useful for ocean engineering applications. For this study,

the primary application of interest was flow sensing on unmanned marine vehicles

with length ~1-3 m, and example unsteady flows of interest were given in Table 2.1.

From the guidelines outlined in Section 3.1 for hydrodynamic sensor development,

dynamic pressure stimuli consistent with unmanned vehicles on this scale range from

-10-400 Pa with -10 Pa sensitivity, and frequency from 0.25-3 Hz. The fulfillment

of these dynamic pressure range and frequency guidelines was demonstrated through

a series of experiments with a variety of hydrodynamic pressure stimuli.

During the plunging experiments with a vertically mounted linear stage, the peak-

to-peak amplitude of the time-varying hydrostatic pressure was varied from 100-300

Pa, and the nominal frequency of the stage was 0.5 Hz. By studying the pressure-

voltage pairs from all six independent plunging experiments, the pressure measured by

the CBPDMS foam array was found to cover a range of -50-500 Pa, and the sensitivity

of the array was found to be -5 Pa. Similarly, during the water wave experiments,

the peak-to-peak pressure amplitude was -75 Pa and the wave frequency was 1 Hz.

Based on the plunging and wave experiments with periodic pressure stimuli, the

dynamic range of the sensor arrays was approximately 50-500 Pa with a sensitivity

of approximately 5 Pa. Additional experiments using a dipole source and the wake

behind a circular cylinder were used to investigate the performance of the CBPDMS

foam array in response to pressure stimuli with magnitude less than 50 Pa.
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In nature the fish lateral line is used for detecting both low frequency near-field

flows such as vortex shedding and water gravity waves, and high frequency flows such

as the vibrations from an insect trapped on the water's surface. The upper frequency

range of the CBPDMS foam sensor arrays was investigated using a vibrating sphere

as a dipole source. From the dipole experiments, the CBPDMS foam sensor array

was found to be sensitive to periodic pressure signals up to a maximum tested value

of 35 Hz. For successful identification of the sphere vibration frequency, it was found

that the RMS pressure had to exceed a cutoff value of ~3-5 Pa, consistent with the

minimum sensitivity predicted from the plunging experiments.

In addition to the low-frequency experiments using time-varying hydrostatic pres-

sure and water waves, the ability of the CBPDMS foam sensor array to detect the

frequency of Kairmin vortex shedding was studied. It was found that the ability of

the CBPDMS foam array to detect periodic vortex shedding in the wake of a circular

cylinder was highly dependent on the magnitude of the pressure signals generated by

the shed vortices. For towing speeds of 0.1 and 0.15 m/s, the RMS pressure value was

measured with commercial sensors as 1.11 and 2.50 Pa respectively, and the CBDPMS

foam array was unsuccessful at clearly identifying the vortex shedding frequency due

to low signal to noise ratio. For towing speeds of 0.2 and 0.3 m/s, the RMS pressure

was found to be 3.45 and 6.93 Pa, and the CBPDMS foam array identified the vor-

tex shedding frequencies within 3% of the value measured using commercial pressure

sensors and the foil lift force, as given in Tables 7.5 and 7.6. For the experiments

with towing speeds of 0.2 and 0.3 m/s, the percent difference between the RMS pres-

sure measured using the MPXV series commercial sensors and the CBPDMS foam

array was 18% and 28% respectively, which can be partially attributed to expected

variations in pressure along the foil span due to the 3D instability of Ka6rmain vortex

shedding. The time-series results from the Kirman vortex experiments demonstrated

the ability of the array to measure RMS pressure in the 3-5 Pa range, near the lower

limit of the array as identified during plunging and dipole experiments. The results of

the Kairmain vortex street identification experiments further confirmed the resolution

of the CBPDMS foam sensor array as -5 Pa, and the frequency range as -0.5-35 Hz.
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While the experiments with water waves, the dipole source, and in the wake of

a circular cylinder demonstrated the ability of the sensor array to measure a variety

of hydrodynamic stimulus relevant to both biology and engineering applications, the

stimuli were confined to laboratory scale flows due to the dynamic range of the sensor

array. By using a low Young's modulus CBPDMS foam as the active sensing material

in the array, the sensitivity of the piezoresistive material was increased compared to

solid CBPDMS, but the dynamic range of the array was reduced. Above a hydrostatic

pressure of ~500 Pa, the array was found to reach saturation, and the sensitivity

of the array decreased. This saturation may be caused by the composite reaching

a point where due to compression, the majority of conductive pathways have been

formed from the available carbon black particles, and additional changes in resistance

are minor. Alternatively, a change in the mechanical properties of the PDMS foam

matrix material may occur as the interior cells collapse and the material reacts in a

similar manner to a solid. The investigation of array saturation and the optimization

of dynamic range is a rich path for future work.

Robustness and Cost

For use in real-world ocean engineering applications, CBPDMS foam sensor arrays

must be robust enough for prolonged exposure to fluids and able to withstand repeated

handling and potential impacts. The CBPDMS foam sensor arrays discussed in this

study were used in hundreds of experiments over six different experimental setups, in

five different tanks, and in two countries. The sensors were surface mounted on both

flat and curved surfaces using double sided tape and silicone adhesive. Throughout the

experiments, the sensor arrays were the most robust component of the experimental

setup, with failures occurring in connectors, amplifiers, batteries, and software. To

specifically test the robustness of the 7.8 mm thick CBPDMS foam array, the array

was left submerged in the small towing tank at MIT for over 24 hours. Following

this submergence test, the array was used for a full series of Kirmin vortex street

identification experiments and was found to operate normally.

To bring distributed pressure sensing with high spatial resolution to full-scale
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ocean engineering systems, pressure sensors must be low cost. The cost of current

commercially available sensors was strongly illustrated by the unmanned kayak vehicle

which was equipped with an array of 20 Honeywell SPT series sensors at a total cost of

-$5000 or -$250 per sensor. Despite this large investment in sensors, only a fraction

of the kayak's hull was instrumented, leaving large portions of the near-body flow field

unmeasured. The CBPDMS foam sensor arrays were fabricated using approximately

-$40 worth of materials for a 4x1 array, or -$10 per sensor. With some modifications

to the sensor electronics and data acquisition technique, the array could be converted

to a 7x1 array, reducing the cost per sensor to -$6. The largest contributor to the

material cost was the silver used in the fabrication of the sensor array electrodes.

With a modification to the materials used in the electrodes, the sensor cost could be

reduced further, representing a greater benefit over commercially available sensors for

large-area distributed applications.

8.3 Recommendations for Future Work

8.3.1 Reduction in Sensor Thickness

At present, the CBDPMS foam sensor arrays are too thick for use in surface mounting

applications, as evidenced by the 7.8 mm thick sensor's protrusion from the hydo-

foil surface during Kirmin vortex street identification experiments, as discussed in

Section 7.5. While the 6.2 mm thick sensor array offered similar performance to the

thick sensor, the imapct of sensor thickness on array performance has not been stud-

ied thoroughly. In particular, the impact of thickness on the sensor array's dynamic

range is of great interest. For use in future hydrodynamic sensing applications, the

thickness of the array must be reduced so as to not disturb the flow field.

8.3.2 Improved Control of Dopant and Pore Distribution

The use of a commercially available foaming platinum silicone enabled the fabrication

of CBPDMS foam sensor arrays with very little specialized equipment and at low
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cost. The downside of using a foaming silicone was little control over the size and

distribution of pores within the PDMS bulk material, which led to poor control over

material properties between sensor channels. Additionally, the distribution of carbon

black particles within the composite was not well controlled. Efforts were made to

ensure equal distribution by mixing the CB particles into Part A of the foaming

silicone using a Mazerustar mechanical mixer, but the sensor channels were found

to have varying initial resistance values and required individual calibration curves.

If sensor arrays are to be scaled up to real-world applications, and the number of

sensing channels greatly increased, the ability to use a single calibration for the entire

array would be a great benefit. To ensure consistent performance between sensor

channels, the sensor fabrication method needs to be improved to better control the

pore size and pore and dopant distribution. If such a method were developed, the

impact of pore size on sensitivity and dynamic range could be studied, allowing for

the pressure sensitive foam to be optimized for different applications. Additionally, if

fine control of pore size and distribution was available, an array could be developed

with variable material properties to accommodate a variety of dynamic range and

sensitivity combinations.

8.3.3 Modified Electrode Dopant for Cost Reduction

As discussed previously, the largest contributor to the cost of the CBPDMS foam

sensor arrays was the silver used in the fabrication of the array electrodes. Substi-

tuting a less expensive conductive dopant for silver would reduce the material cost

of the arrays and increase the viability of scaling to real-world applications. The use

of nickel in the array electrodes is of particular interest, and a study of additional

material options would be valuable.

8.3.4 Two-dimensional Sensor Arrays

In some areas along a fish's body, the lateral line is highly two-dimensional, espe-

cially near the head. The density and two-dimensionality of the lateral line in this
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region indicates that fluid structures near the leading edge of the fish are of partic-

ular interest, and that measurements in two-dimensions are important for mediating

certain behaviors. Extending the CBPDMS foam sensor array to two-dimensions in

regions of particular interest would allow for better characterization of near-body fluid

structures. Creating a two-dimensional array while maintaining a four-point probe

measurement presents a challenge in both sensor layout and fabrication technique.

To achieve the goal of full coverage of a marine vehicle hull with a network of dis-

tributes pressure sensors, extending the current array technology to two dimensions

is essential.

8.3.5 CBPDMS foam array validation outside of laboratory

The final recommendation for the CBPDMS foam arrays is to validate the utility

of the arrays outside of the laboratory environment through a series of experiments

on actual marine vehicles. The transition from laboratory experiments to real world

applications introduces an array of unknowns that provide the ultimate test of a sen-

sor array's viability. Real-world experiments were used to validate the experimental

sensor arrays in the unmanned kayak experiments, and a similar series of experiments

is recommended for the CBPDMS foam arrays.
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Appendix A

Thick CBPDMS

Plunging Data

Array (7.8 mm)
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Appendix B

Thin CBPDMS Array (6.2 mm)

Plunging Data
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Calibration Data: Ch 3
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Appendix

Thin CBPDMS Array (6.2 mm)

Calibration Plots
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(c) Polynoimial curve fits for Chaimel 4

Figure C- 1: ]
Second, third, atn1d fourth order polynomial curve fits were found for the p1liging

experilments results from the 6.2 mm thick (Thin) CBPDMS foam sensor array.
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Refined Calibration: Ch 2
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(b) Outliers and refined third order polynolmial
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(c) Outliers aid refinied third order )olyiomial

fit for channel 4.

Figure C-2: Outliers were designated as samples falling further than 1.5 standard
(eviations away from the third degree polynomial fits shown in Figure C-1. A refined

third degree polynomial fit was found for each sensor channel of the 6.2 mn thick

(Thill) array with the outliers exclulded.
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Thin Refined Calibration: Ch 2
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Figure C-3: Polynomial fits for the 6.2 mni thick
refined throngh tle removal of outliers.

(Thin) CBDPMS foam sensor array
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Thin Calibration: Ch 2
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(c) Piecewise polynomial calibration for 6.2 nun
thick CBPDMS foam array Channel 4.

Figure C-4: Piecewise polynomial calibrations for the 6.2 iun (Thin) CBPDMS foam

seIIsor array.
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Appendix D

Commercial Sensor Calibrations

Axis Max

Fx -0.02084 0.00709 0.16508 -3.60303 -0.06136 3.73227 30 lbf
Fy -0.07221 4.22837 0.10019 -2.08236 0.03623 -2.16487 30 lbf
Fz 6.60827 -0.33435 6.66040 -0.32223 6.53237 -0.28294 100 lbf
Tx -0.03912 2.01414 -7.50994 -0.61275 7.40439 -1.37069 100 lbf-in
Ty 8.73372 -0.43266 -4.41910 1.91123 -4.23543 -1.60265 100 lbf-in
Tz 0.08075 -4.51588 0.14203 -4.43269 0.12753 -4.56767 100 lbf-in

Table D.1: Gamma force transducer calibration
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Channel Cl CO
1 3901.4 -9511.6
2 2529.4 -613.4
3 2455.3 -586.0
4 2697.6 -953.8

Table D 2: MPXV pressure sensor calibration of form P=C1*x+CO.
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