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The brain is surrounded by cerebrospinal fluid, and when a brain tumor or a 

traumatic brain injury has occurred, intracranial pressure, ICP, is developed. Monitoring 

ICP non-invasively is a challenge. Currently, a probe is inserted through the skull, running 

the risk of infection, bleeding, and damage to the brain tissue with residual neurologic 

effects. A novel method to measure ICP using actuators and sensors has been proposed 

where the skull is vibrated at high frequencies and the receiving signal is measured at the 

surface eyelid. A design of experiments approach is used to develop the sensor part of the 



x 

ICP monitoring device so that gain can be maximized using factors such as area, thickness, 

electrode, and applied pressure. A full factorial statistical model with 4 factors and at 

different levels with 2 replicates was developed, each factors had 2 levels except area, 

which had 5 levels. A total of 120 samples were manufactured and tested. 

Statistical analysis showed that thickness has the biggest effect on overall gain. 

However, combination of all other factors cannot be ignored when maximizing gain. For 

instance, thicker samples of 110µm had an average gain of -39dB, at 50 kHz. Numerical 

analysis confirmed these results. 

In addition, sensor packaging is optimized to minimize dampening of the signal and 

ensure durability, reliability, and repeatability of the measurements. Results of this study 

showed that for a range of areas and thicknesses with Cu-Ni electrodes packaged with 

Scotch Packaging super strength 3M are the optimum factors for the ICP sensor. These 

parameters are then incorporated into a design, the ICP glasses that allow ease of 

application and consistency of the measurements.  The sensitivity of the sensor was 

measured to be 0.211mV/V. 
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1 Introduction 
 

 Intracranial pressure (ICP) is the pressure exerted on the rigid, bony skull 

by its constituents that are brain, cerebrospinal fluid (CSF), and the cerebral blood. It is 

described as pressure exerted by the cranium on the brain tissue, CSF, and the brain's 

circulating blood volume (Mokri 2001). ICP is a dynamic phenomenon constantly 

fluctuating in response to activities such as exercise, coughing, straining, arterial pulsation, 

and respiratory cycle. 

Pressure increase in the brain which is encased in skull can lead to serious medical 

conditions which can be life threatening. Elevated or increased ICP is a serious 

complication that can result from various neurologic conditions such as head trauma, 

intracranial hemorrhage, embolic stroke, alterations in cerebral spinal fluid production 

and/or absorption, infections, and tumors (Josephson 2004).  

Patients with increased ICP are among the most challenging patients to care for in a 

critical care setting.  Increased ICP is a medical/surgical emergency. Initiating rapid and 

effective treatment to protect a patient from a devastating outcome depends on aggressive 

and thorough clinical assessment (Arbor 2004). ICP is closely related to cerebral perfusion, 

blood flow in brain. Healthcare professionals should have a solid understanding of the 

pathophysiology of ICP treating patients with neurologic conditions associated with 

elevated ICP. The treatment goal to reduce ICP is normally to manipulate, and ultimately 
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to decrease the volume of one of three components of the intracranial space: blood, brain 

tissue, or CSF. 

Headache and facial edema are commonly observed symptoms in human subjects 

exposed to both actual weightlessness and weightlessness simulated by a head-down tilt 

(HDT) (Hargens et al. 1983 and Thornton et al. 1977). Increased ICP may contribute to 

these symptoms, as well as to the space motion sickness experienced by astronauts. HDT 

elevates ICP in monkeys (Keil et al. 1991). However, there is no direct evidence that actual 

weightlessness increases ICP, because there is currently no established method for 

sensitively, accurately, and non-invasively measuring ICP or changes in ICP in healthy 

adults. 

Neurological damage does not occur immediately at the moment of impact 

(primary injury) but evolves afterwards (secondary injury). Secondary brain injury is the 

leading cause of in hospital deaths after traumatic brain injury (TBI) (Marshall et al. 1991). 

In the United States, TBI is a leading cause of death for persons under age forty-five and 

occurs every fifteen seconds. An estimated 5.3 million American, approximately 2% of US 

population, currently live with disabilities resulting from TBI (Thurman et al. 1999). The 

leading causes of TBI are motor vehicle accidents, falls, and sports injuries, as shown in 

Figure 1-1. 
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Figure 1-1: Leading causes of TBI (Langlois et al. 2004) 
 

 
TBI contributes to a substantial number of deaths and cases of permanent disability.  Each 

year in the United States, an estimated: 

• 1.4 million people sustain a TBI. Of them, 235,000 are hospitalized and survive 

(Langlois et al. 2004, Johnson 2001) 

• 30% of those evacuated from battlefield to Walter Reed Army Medical Center have 

TBI (Singer 2008) 

• 1.1million people who sustain a TBI are treated and released from an emergency 

department 

• 50,000 people die from a TBI (Langlois et al. 2004)  

• 80,000 to 90,000 people experience the onset of long-term or lifelong disability 

associated with a TBI (Thurman et al. 1999) 
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Among children ages 0 to 14 years, TBI results in an estimated of 2685 deaths and 

435,000 emergency department visits (Langlois et al. 2004). In almost every age group, 

TBI rates are higher for men than for women and in that almost 75% of TBIs that occur 

each year are concussions or other forms of mild TBI (CDC 2003). Direct and indirect 

costs of TBI were an estimated $60 billion in the United States in 2000 (Finkelstein et al. 

2006). 

Normal ICP in adults ranges from 0-15 mmHg. Typically, sustained ICP levels 

above 20 mmHg can result in brain injury. It is important to understand that the definition 

of an elevated ICP depends on the specific pathology. In hydrocephalus for example, a 

pressure above 15 mmHg can be regarded as high whereas in a head injury, aggressive 

treatment usually starts at or below 25 mmHg (Czosnyka & Pickard, 2004). ICP can also 

depart from a "normal range" based on other factors such as age, body posture, and other 

clinical conditions. ICP is mainly derived from the CSF and cerebral blood circulatory 

dynamics (two of the three intracranial vault components) (Czosnyka & Pickard, 2004). 

The other component of the intracranial vault, the brain tissue, has for the most 

part, a constant volume. There are times when the volume of the brain tissue can be altered 

during the presence of a mass lesion or in the setting of edema. ICP is usually more 

dependent on changes in the volumes of CSF and cerebral blood than as a result of changes 

in the brain tissue. CSF is produced continuously and is normally reabsorbed into the 

venous system. Cerebral blood flow (CBF) determines the volume of the cerebral blood in 

the intracranial vault. The intracranial compartment consists of brain approximately 83%, 

CSF approximately 11%, and blood approximately 6%. Under normal conditions there are 



5 

two main components of ICP, CSF and vasogenic (Czosnyka 2000), it is derived from 

circulation of CSF and is responsible for ICP. An increase in the volume of one of the 

components of the intracranical cavity (e.g., brain) requires a compensatory reduction in 

another (e.g., CSF) to maintain a constant pressure. Brain tissue is essentially 

incompressible, so any increase in ICP due to brain swelling initially results in extrusion of 

CSF and blood from intracranial cavity a phenomenon known as spatial compensation. 

Most secondary brain injury is caused by brain swelling, with an increase in ICP and a 

subsequent decrease in cerebral perfusion leading to ischaemia (Graham et al. 1989). 

Within hours of TBI, vasogenic fluid accumulating in brain causes cerebral oedema, raises 

ICP, and lowers the threshold of systemic blood pressure (DeWitt et al. 1995). A reduction 

in cerebral blood flow or oxygenation below a threshold value or increased ICP leading to 

cerebral herniation increases brain damage and morbidity. 

Before the early 1980’s, most ICP monitors were fluid coupled devices of variable 

utility and accuracy (Feldman et al. 1993 and Luerssen et al. 1989). The first ICP 

microtransducers were introduced in the 1980’sby Honeywell Microtransducer Catheter 

MTC-P5F. It was first designed for intraparenchymal pressure measurement (Ostrup et al. 

1987). However, these devices also require the full penetration of the brain, especially in 

the case of small and shifted ventricles. The subsequent development and now wide spread 

use of implantable fiberoptic or strain gauge microtransducers has added substantially to 

Neurosurgeon’s ability to safely and accurately measure ICP. The complication rate for 

these monitors is extremely low, mostly because of the small diameter and the lack of fluid 

coupling (Pople et al. 1995 and Shapiro et al. 1996). However, these monitoring techniques 
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are relatively expensive. Breakage or malfunction generally requires complete replacement 

of the intracranical probe. 

Attempts have been made to monitor ICP noninvasively in infants by the 

application of a variety of fontanel “tonometers.” These devices require a certain minimal 

size of the anterior fontanel, lack of scalp swelling and a high degree of maintenance to 

obtain accurate readings (Kaiser et al. 1987). These concerns, as well as the limited 

number of disorders requiring continuous ICP measurements in infants, have limited the 

interest in and widespread use of fontanel tonometry. 

ICP cannot be reliably estimated from any specific clinical feature or computed 

tomography (CT) finding and must actually be measured. Different methods of monitoring 

ICP have been developed but selection and the type of ICP monitor should be guided by 

the clinical presentation and the therapeutic strategy that is chosen for each patient. All 

current clinical available methods used for measuring ICP are invasive and makes use of 

various transducer systems, each of them has their advantages and disadvantages. Current 

ICP monitors allow pressure transduction by external strain gauge, catheter tip strain 

gauge, or catheter tip fiberoptic technology. External strain gauge transducers are coupled 

to the patient's intracranial space via fluid-filled lines, whereas catheter tip transducer 

technologies are placed intracranially. External strain gauge transducers are accurate and 

can be recalibrated, but obstruction of the fluid couple can cause inaccuracy. The principle 

of operation of pressure transducers is that the resistance of a wire is inversely proportional 

to its length; four strain sensitive wires are connected to a wire frame attached to the 

diaphragm of the transducer. The set of wires form Wheatstone bridge network energized 
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by direct current. Pressure applied to the transducer diaphgram causes changes in 

resistance of the strain gauges and thus an imbalance in the bridge circuit. This is detected 

by an amplifier and the signal displayed on an oscilloscope (Ravi and Morgan 2003). 

1.1 Current Techniques 
 

In patients for whom ICP monitoring is indicated, a decision must be made as to 

what type of monitoring device to be used. The optimal ICP monitoring device is one that 

is accurate, reliable, and cost effective and causes minimal patient morbidity. Methods in 

use may make use of fluid coupled systems or an implantable pressure sensor, the fluid 

coupled system use sensors consisting of a fluid filled catheter or hollow bolt in 

communication with the lateral ventricle. The sensors are classified as stain gauge type, 

fiberoptic tip type, and Implantable devices. 

1.1.1 Strain gauge catheter type 
 

This transducer tip contains a silicon microchip with diffuse resistant strain gauges. 

The diaphragm is coated with a thin layer of silicone rubber to insulate the transducer from 

the environment into which it is placed; the strain gauges are connected via tiny wires that 

extend through the length of flexible nylon tube to complete a Wheatstone bridge type 

circuit as discussed above. It has a high delity with a frequency response greater than 10 

kHz, which is achieved by the elastic properties of silicon, small overall size of the 

diaphragm and tiny volumetric displacement under pressure. When this is incorporated 

into a ventricular catheter, the system allows simultaneous drainage of CSF and ICP 
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recording. It is flexible, and can be tunneled beneath the scalp, preventing it from being 

easily broken. Its small size (a nominal outer diameter of 0.7mm for the nylon vent tube 

and 1.2mm for the transducer case) is an additional advantage, particularly for pediatric 

patients. The absence of a fluid column precludes dampening by blood clots, debris, or air 

bubbles. Since irrigation is needed, there is low risk of infection (Gray et al. 1996). 

1.1.2 Fiberoptic catheter tip 
 

Fiberoptic transducers can be easily placed through the working channel of the 

endoscope and have interposed assembly (Vassilyadi et al. 2002). It is characterized as 

having a low zero drift over long periods of time, very good frequency response, and stable 

linearity (Bray et al. 1989). A very important advantage is that a pressure-sensitive element 

is placed in the head, so the risk of infection is minimized. This gives it an advantage over 

prolonged ICP monitoring, which uses a fluid-filled catheter and an external transducer 

(Poca et al. 2002). 

1.1.3 Implantable devices 
 

ICP monitoring-implantable system with no external connections has obvious 

advantages. These devices would still act as foreign bodies, but the elimination of skin 

penetration would minimize the risk of infection. The principal problems associated with 

these types arise from recalibrated after implantation, increased drift, requires complicated 

and expensive hardware, and shows a slow dynamic response (Chapman et al. 1984). 
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Sites of measuring ICP can be classified as epidural, subarachnoid, parenchyma, or 

intraventricular locations. ‘Gold standard’ of ICP measurement Intraventricular (Weaver et 

al. 1982, Yaablon et al. 1993, Gopinath et al. 1995) requires placement of a catheter into 

the lateral ventricle, the reference point for the external transducer is the foramen of 

Monroe (surface marking-2 cm above the pterion or midpoint of a line joining the two 

external auditory meati). It is the simplest, most reliable and accurate system available and 

has the advantage of allowing drainage of CSF to lower ICP. Disadvantages include high 

bacterial colonization rates defined as positive CSF or catheter tip culture (1-5% after 3 

days, though ventriculitis has not been demonstrated in clinical studies), difficult 

placement, injury to brain tissue and potential for leaks/blocks in the system. 

 

Complications related to ICP technology 

The complications of ICP monitoring are dependent on the type of monitor and the 

presence of systemic disturbances. ICP monitoring complications include infection, 

hemorrhage, malfunction, obstruction, and mal-position. Although these complications 

rarely produce long-term morbidity in patients, they can increase costs by requiring 

replacement of the monitor, and they can give inaccurate ICP readings. Parenchymal 

monitoring is associated with a very low complication rate, even in relatively high-risk 

patients. The use of ventricular catheters for ICP monitoring carries a somewhat higher 

complication rate, although the benefits derived from the use of these monitors frequently 

outweigh the additional risk. Ventricular catheters are larger than the parenchymal probes, 

and proper placement requires complete penetration of the brain and accurate positioning 
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in the ventricles. The major complication associated with the use of ventricular catheters is 

infection. Most recent series have reported infection rates under 10% (Holloway et al. 1996 

and Luerssen et al. 1991). Malfunction or obstruction in fluid coupled ventricular catheters, 

subarachnoid bolts, or subdural catheters has been reported as 6.3%, 16%, and 10.5%, 

respectively (Barlow et al 1985 and North et al. 1986). 

Ranking of ICP monitoring Technology 

ICP monitoring techniques have been ranked based on their accuracy, stability and 

ability to drain CSF (Bratton et al 2007). 

1. Intraventricular devices—fluid-coupled catheter with an external strain gauge or catheter 

tip pressure transducer. 

2. Parenchymal catheter tip pressure transducer devices. 

3. Subdural devices—catheter tip pressure transducer or fluid-coupled catheter with an 

external strain gauge. 

4. Subarachnoid fluid-coupled device with an external strain gauge. 

5. Epidural devices. 
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2 Design Considerations and Motivation 
 

 This chapter provides a thorough description of the opportunity and scope of this 

project. As the PolyVinyli Dene Fluoride (PVDF) sensor is designed for the eyelid, the 

anatomy of the human eye, i.e. its shape and dimensions, are discussed. 

2.1 Motivation 

 

There is a need for a technique that can be used to non-invasively monitor intra 

cranial pressure (ICP). There is a need for a portable, non-invasive sensor for measuring 

ICP in victims with traumatic head injury, suitable for use in the battle area and during 

medical evacuation as well as in hospital conditions. This will allow monitoring to prevent 

secondary brain damage. Timely identification and treatment of elevated ICP will greatly 

improve the chances of survival of these patients. 

There are three approaches allowing potential access to ICP, the ear, eye, and the 

movement of the skull. ICP in the brain is directly communicated to both the eye and ear. 

The eye is more convenient to non-invasively monitor changes in ICP. 

Ear monitoring of changes in (CSF) pressure has been attempted but has not 

resulted in a feasible clinical device. The most successful acoustical approach to date is the 
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combine measurement of skull vibrational resonance with ultrasonic measurement of blood 

flow in the main optic artery. This is based on the fact that the optic nerve and its vascular 

bundle are exposed to ICP because the optic nerve and the nerve sheath have a sleeve of 

CSF that extends up to the ocular globe. Using the sensor over the eyes capable of exerting 

pressure over the globe it was determined that pressure in the eye equals ICP when the 

retinal arterial pulsations stop, acoustic sensors were used on a head band for this study 

(Ragauskas and Gediminas, 1995). Direct measures of skull vibration by using ultrasonic 

probes have also been attempted, but with limited success because it is technically 

complicated, and is not a promising clinical alternative. Eye pressure does correlate with 

CSF and various approaches have been used since eye pressure assessment is a common 

opthalmological procedure. Two types of intra ocular pressure measurement have been 

reported, with varying correlations to ICP. The first is non-contact air tonometry, which 

measures intra ocular pressure. This technique has produced conflicting results and at best 

provides only a rough estimate of ICP (Lashutka et al. 2004). IOP was measured in 

humans using air tonometer (Sheeran et al. 2000) and these values were compared to 

simultaneously obtained ICP. Although a significant correlation between IOP and ICP 

were found in patients, there was significant variability of this relationship between 

patients. 

The other reported technique is ophthalmodynometry, which is an aplanatic 

technique. This technique applies pressure to the cornea and measures the intra ocular 

arterial pulse wave. Pressure is applied to the corneal surface until the intra ocular arterial 
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pulse wave (produced by the ophthalmic artery) is obliterated. The pressure at which this 

happens has been termed intra cranial arterial pressure and some have used this pressure to 

infer changes in ICP. However, this measure cannot be equated with ICP. There have been 

previous attempts by other researchers to acoustically measure ICP in animals, but 

although they have proven the validity of the concept, they have not been practical for 

portable use in humans (Semmlow and Fisher 1982) observed in young dogs that the 

response of the head to low-level audible vibrations correlates with ICP elevation. They 

had used sensors for the skull, and a clear understanding of the resonant frequencies and 

their significance is not demonstrated. Stevanovic et al. 1995, demonstrated the correlation 

of audible vibration with ICP in sheep, artificially elevating ICP and monitoring the 

acoustic signal. However, although their method did not require surgery within the skull 

cavity, it did require implantation of screws in the skull, making it impractical for a 

portable system. 

In another acoustical approach a 1MHz signal was used to record brain resonances 

in the third ventricle induced by the heart pulse, stronger signal is the second harmonic, 

which in turn is used to correlate with ICP (Michaeli and Rappaport 2002). In this 

approach the ultrasound is simply modulated by the low frequency resonances, recording is 

susceptible to errors induced by changes in the heart rate and pulse pressure, CSF volume 

in the third ventricle never the less the results were reasonable estimate of ICP. The 

problem of the approach may not lie in the utility of the results as reported but the cost and 

application in the field. 
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Another approach (Dutton et al. 2002), placed a transducer on the forehead to 

record the deformation of the skull produced by heart pulse. This is a low frequency 

displacement under 10 Hz and is based on the acoustic transmission properties of the brain 

tissue, sensing of the movement takes place on the forehead. A patient with increased ICP 

exhibits small displacements whereas normal patients had a strong skull displacement. 

However, this study presents evidence that with higher resonance frequency of the brain 

and the coupled skull complex will serve more informative and serve to offer more 

knowledge for searching for the algorithm that will accurately reflect ICP. 

Most recently a study reported that increased ICP will alter in a proportional fashion, the 

emissions from the cochlea in an animal model (Buki et al. 2002). The cochlea is 

connected to the cerebral spinal fluid system via the cochlear aqueduct. The work of 

Stevanoic et al. 1995 and Lenhardt et al. (1999, 2002) have explored the response of the 

head to low audio frequencies and ultrasonic frequencies respectively. The signal used 

employs wider range of frequencies i.e. 20-60 kHz. Only the attenuation of a calibrated 

ultrasonic noise applied to the head will be measured as the next part of the study through 

the developed sensor. This will simplify the response parameters and will yield clinically 

useable information in the field through an output signal, which converts attenuation in db 

V (dB Volts) to equivalent pressure. 
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2.2 Design Consideration 
 

The purpose of the PVDF sensor for this project is to fit on the human eyelid and 

convert any fluctuations of pressure received through the eye into an electrical usable 

signal. The radius of curvature (eρ) of the eye is approximately 1.27 cm, with a height of 

approximately 1.5 cm to 2.5 cm and a width of approximately 2.4 cm to 4 cm (Fledelius et 

al. 1992, Denis et al. 1993 and Insler et al. 1987). As the sensor is recording a high 

frequency response, it should be designed in such a way that it does not come in contact 

with the eye socket. The orbit, or eye socket, is a cone-shaped bony cavity that protects the 

eye, as seen in Figure 2-1. As it is a bone cavity it can alter the signal, which is not desired. 

Our eyelids protect and lubricate our eyes. Small oil-producing glands line the inner edge 

of our eyelids. These oils mixed with tears when we blink, keep the eye moist and clean. 

 

 

 

Figure 2-1: Human eye (www.99main.com) 
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The design considerations for this research project for the development of the 

sensor is its size and dimensions, provide good response over frequency range as our 

objective of the study is to develop piezoelectric sensors for measuring acoustic signal, 

disposable, should be easy to use and portable. Once it’s developed, for the testing, 

repeatable and reliability of signal is desired. 
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3 Materials and Manufacturing 
 

 This chapter describes all parts needed for manufacturing and assembly. 

The samples are constructed from three main components: the piezoelectric sample itself, 

electrical leads that conduct the signal, and a protective layer (casing). These components 

are assembled into a device by following two major steps, (1) Assembly; and (2) Quality 

assurance described in detail in the following sections. 

3.1 Materials 

3.1.1 Piezoelectric materials 
 

The term “smart” materials originated in 1880 by Jacques and Pierre Curie with the 

discovery of piezoelectricity in quartz and Rochelle salt, where the piezoelectric effect is 

inherent to the material (Jaffe et al. 1971). 

Piezoelectric ceramic materials such as Lead Zirconate Titanate (PZT) or zinc 

oxide are normally preferred as smart material actuators and sensors depending on their 

polarity and because of their relatively large piezoelectric coefficients (Suplee 1997). 

However, difficulties in the deposition of thin films and large Young’s modulus limit the 

achievable strain, and their brittle nature has limited their use in a wide range of 

applications (Wersing et al. 1986). Piezoelectric polymers such as PVDF can overcome 

some of these difficulties even though they have a relatively low piezoelectric coefficient. 
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The lower Young’s modulus of PVDF facilitates relatively large strain, which can result in 

large displacements or deflections in the actuators. PVDF materials are available in large 

sheets of thin film that are easy to shape into specific geometries to implement modal 

actuators and modal sensors for the control and sensing of flexible structures (Suplee 1997, 

and Lee 1990) Piezoelectric polymers like PVDF are widely used in sensor elements. 

Measurement Specialties Inc. supplies a wide range of piezo film sensors made from 

PVDF film. PVDF is polarized across the thickness of the polymer, which is commercially 

available in thicknesses of 9, 28, 52, and 110 µm from Measurement Specialist Inc., USA. 

3.1.2 Leads 
 

Leads can play an important role in the ease of application of the sensor on the 

eyelid and also on the comfort level for the patient. Flat metal leads are used to to provide 

electrical contact to the electrode faces of the PVDF polymer. The leads are Nickel 201 of 

Wiretronics, (0.001mm x 0.125mm). A constant length of 13 cm was maintained 

throughout the study. Soldering directly to a PVDF film sheet is difficult since the 

electrode thickness is small and excessive localized heat damages the sample. As the 

sensor has to be adjustable on the eyelid it will be easy to use a flat electrode instead of 

wired. 
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3.1.3 Shape and Size 
 

Desired shapes can easily be achieved using PVDF film. The human eye is 

spherical in nature and has a radius of 12.7 mm, so the limitation lies in the area to be 

covered by the sensor. Since shape may have an effect on the sensitivity of the transducer, 

3 different shapes will be considered. As the objective here is to maximize the gain, effect 

and results of all the shapes will be taken into the design of experiment for the statistical 

analysis using JMP software. The sensor will be designed and developed so as to cover as 

much area as possible without touching the orbit. More area is preferred so that a more 

accurate response can be obtained.  The study will be performed so as to quantify the 

difference in the response (gain) using samples of smaller and larger areas keeping the 

shape constant. Size of the samples will range from 150 – 300 mm2. Need more details. 

 

3.1.4 Casing Materials 
 

In order to attach the leads (electrode) to the PVDF sample, packaging material will 

be used. Its choice will be based on cost, properties, ease of use, and reliability. It will 

provide a protective shell. Due to the moisture and small dust particles on the eyelid, it 

should not be slippery. Various kinds of tapes like Furon CHR® KaptonTM adhesive, C-

Line self adhesive reinforcing strips (Mylar®), Scotch tape, Scotch Packaging super 

strength 3M, and Scotch High performance 3M will be tested for this study. 

 



20 

3.2 Assembly 
 

The samples are constructed from three main components: the piezoelectric sample 

itself, electrical leads that conduct the signal, and a packaging layer. First, one piece of 

packaging layer is cut to the desired dimensions and laid out, adhesive side up.  To that is 

affixed one of the electrical leads having a shielding layer covering it, followed by the 

PVDF. The other lead is then placed atop the PVDF, and the final protective layer is laid 

out, sealing the sample, Figure 3-1shows the schematic of the sensor assembly. 

 

 

 

 

 

 

 

 

3.3 Quality Assurance 
 

All the samples made were tested using a multimeter by checking continuity. 

Samples that failed this test were discarded.  An additional quality test consists of 

capacitance measurements. Capacitance was measured using a multimeter model FLUKE 

189 (at 60Hz) and a Impedance-Gain Phase Analyzer model HP 4194A (100 Hz-60kHz). 

  1 

1 

3 

3

4 

2

2

2 

2

Figure 3-1: Sensor (1) self-adhesive packaging 
material; (2) flat lead shield; (3) flat conductive 
lead; (4) sensor material.
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Results using the multimeter are shown in Table 3-1. The capacitance values vary from the 

median by less than 5 percent. Figure 3-2 shows the typical capacitance results at 

frequencies higher than 100Hz. The trends for all the samples look very similar. 

 

Table 3-1: Capacitance measurement at 60 Hz 
Sample number Capacitance (nF) 
1 0.106 
2 0.109 
3 0.111 
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Figure 3-2: Typical capacitance measurement at a range of frequencies of various samples 150 mm2, 
with Cu-Ni electrodes and thickness of 110μm 
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3.4 Peeling Test 
 

In order to ensure the proper packaging of the sensor material different encasing 

materials were tested. These materials shown in Table 3-2 were chosen because they are 

commercially available and relatively inexpensive.  To test the strength of the bond  

between sensor (PVDF), leads, and encasing material, a peeling test is conducted with a  

hand held force probe (Chatillon DPP series -23 model) with a range of 5lbs with a 

precision of 0.05lbs. Results of these tests are also summarized in Table 3-2. It was 

observed that High Performance Scotch material (3M) had the highest peeling force of all 

the materials tested. Gain was measured before the peeling test was performed and the  

results are shown in Figure 3-3. 
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Figure 3-3: Gain measurement with various tapes 
 



23 

 

Table 3-2: Peeling test results 
 

 

 

 

 

 

Once all the samples are fabricated and tested individually, their response can then 

be assessed.  These experiments are described in the next chapter. 

 

Packaging material Lbs 

Magic™ Scotch (3M) 1.3 

Mylar (C-line no 64112) 1.5 

Kapton® (Furon Chr) 1.8 

Super Strength Scotch (3M) 2.5 

Electric Tape 2.7 

High Performance Scotch (3M) 3.4 
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4 Experimental Setup 
 

This chapter describes the setup used for testing of the samples in the laboratory. The 

equipment and simulation experiments description is presented here. 

 

4.1 Vibration Source 
 

For ICP monitoring, it has been calculated that the frequency range of vibration 

required is in the range of 20-60 kHz. Using these parameters, the use of an 

electromechanical shaker as a vibration source becomes cumbersome. Instead, a 

piezoelectric Bimorph is chosen as a low vibration source for the frequency range where a 

response might be detected. Specifically, a Bimorph by Taiheiyo Cement Corporation was 

used as the actuator for testing purposes in the laboratory. It consists of a multi-layer piezo 

ceramics plate (PZT), an elastic plate, and electrodes. It had parallel polarization direction 

and was 60 x 20 x 0.2 mm in size, as seen in Figure 4-1. The device weights approximately 

7 grams. The input signal to the Bimorph consisted of a 1V sinusoidal waveform. The 

output is then acquired with the Impedance-Gain Phase Analyzer. 
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Figure 4-1: Bimorph top view (Eriguchi at al 2008)) 
 

4.2 Test Setup 
 

A challenge when using a Bimorph as a vibration source consists on consistent 

clamping or boundary conditions. To ensure consistent results and reducing variability on 

the actuator, a setup was developed so as to hold the Bimorph from one end, that is a 

cantilever beam setup. Clamps were used to hold and adjust the Bimorph without 

damaging the device. The output channel of the impedance analyzer is connected to the 

Bimorph (and supply the actuator with a VAC) and the test channel (the input of the 

impedance analyzer) to the output of the PVDF sensor.  

In order to facilitate transmission of any signals from the Bimorph (vibration source) to the 

sensor (PVDF) several coupling mediums need to be tested. The first approach used 

consisted on using double sided tape. A second approach consisted on adding a pressure 

(weight) therefore eliminating the need of a coupling or holding mechanism. The final 

setup is shown in Figure 4-2. 
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Figure 4-2: Experimental setup schematic, A: Bimorph (Actuator); B: PVDF sensor; C: Clamps 

 
 

4.3 Calibration 
 

The accelerometer is a standard conventional device used to monitor vibrations in 

many applications. In order to calibrate the test setup (the bimorph as a vibration source), 

an accelerometer is utilized to obtain a baseline measurement. Using the setup shown in 

Figure 4-3(b), a calibration of the setup is performed using an accelerometer 352A60, 

manufactured by PCB Piezotronics. These results indicate the Bimorph contains vibration 

peaks at 23, 33, 41 and 55 kHz labeled as A, B, C, and D respectively. Some of these peaks 

are due to the accelerometer weight on the beam lowering natural resonant an altering the 

system. However, a similar type of gain and trend should be observed by the PVDF sensor, 

even though the accelerometer does change the cantilever response due to its own weight 

(7 grams). The calibration curve shown in Figure 4-3 was obtained. 
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Figure 4-3: Calibration curve 
 

4.4 Approach 
 

Experimentation is a vital and integral part of engineering methods and plays an 

important role in product realization activities: new product design and formulation, and 

manufacturing process development. A well designed experiment is important because the 

results and conclusions that can be drawn depend to a large extent on the manner in which 

the data were recorded. In an experiment, typically one or more variables or factors are 

deliberately changed in order to observe the effect the changes have on one or more 

response variables. Experimental data are then used to derive an empirical model linking 

the outputs and inputs. These empirical models generally contain first and second-order 

terms. Screening designs are used to identify the few significant factors from a list of many 

A (23 kHz) 
B (33 kHz) 

C (41 kHz) 

D (55 kHz) 
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potential ones. In short, screening designs are economical experimental plans that focus on 

determining the relative significance of many main effects. This can be achieved using 

factorial designs (Montgomery 2005). 

 The correct approach to dealing with several factors is to conduct a factorial 

experiment. In this technique, factors are varied together instead of one at a time. By a 

factorial design, each complete trial or replication of the experiment for all possible 

combinations of the levels of the factors are investigated. The effect of a factor is defined 

to be the change in response produced by a change in the level of the factor. This is called 

a main effect as it refers to the primary factors of interest in the experiment. For some 

experiments, it is seen that the difference in response between the levels of one factor is 

not the same at all levels of the other factors. When this occurs, there is an interaction 

between the factors. As the number of factors in a 2k factorial design increases, the number 

of runs required for a complete replicate of the design rapidly outgrows the resources of 

most experimenters. If the experimenter can reasonably assume that certain high-order 

interactions are negligible, information on the main effects and low-order interactions may 

be obtained by running only a fraction of the complete factorial experiment. Since we are 

able to choose fractions of a full design, the whole experimental research process is made 

more economical and efficient. These fractional factorial designs are among the most 

widely used types of designs for product and process design and for process improvement. 

One very important feature of this factorial experiment is factorials make efficient use of 

the experimental data. 
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 The three basic principles of experimental design are randomization, replication, and 

blocking. Here for this study we have used replication in our design, as more number of 

samples of a kind can be tested for better accuracy. The ANOVA (Analysis of Variance) 

aids in determining the validity of the experimental design by testing the difference 

between two or more groups. When the F-value is larger than the significance F-value, the 

experiment design is considered to be valid, indicating that at least one of factors have an 

effect on the response variable. The F-value is computed from the mean square values, and 

Significance F-value is selected from the F-distribution tables based on the size of the 

sample, the number of factors, and the significance level selected which is 95% in this 

case. As the F-value is larger than the significance F-value, the linear model design is 

considered to be valid. 

The ANOVA only shows that the experimental design as a whole is valid but all the 

factors considered in the design may not be relevant. The analysis following the ANOVA 

helps in determining the importance of all factors. The factors are analyzed on the basis of 

the corresponding p-value. The basic purpose of a factorial design is to economically 

investigate cause-and-effect relationships of significance in a given experimental setting. 

By a factorial design, each complete trial or replication of the experiment for all possible 

combinations of the levels of the factors are investigated. The effect of a factor is defined 

to be the change in response produced by a change in the level of the factor. This is called 

a main effect as it refers to the primary factors or interest in the experiment. For some 

experiments, it is seen that the difference in response between the levels of one factor is 

not the same at all levels of the other factors. When this occurs, there is an interaction 
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between the factors. The 2k design is particularly useful in the early stages of experimental 

work, when many factors are likely to be investigated. It provides the smallest number of 

runs with which k factors can be studied factorial design; these designs are widely used in 

factor screening experiments as discussed later. As the number of factors in a 2k factorial 

design increases, the number of runs required for a complete replicate of the design rapidly 

outgrows the resources of most experimenters. If the experimenter can reasonably assume 

that certain high-order interactions are negligible, information on the main effects and low-

order interactions may be obtained by running only a fraction of the complete factorial 

experiment. Since we are able to choose fractions of a full design, the whole experimental 

research process is made more economical and efficient. These fractional factorial designs 

are among the most widely used types of designs for product and process design and for 

process improvement. 

 It is common to begin with several discrete or continuous input factors that can be 

controlled, that is, varied when desired by the experimenter and one or more measured 

output response variables which always are assumed to be continuous. In this particular 

case, a two level design is chosen due to the large number of factors involved. These levels 

“low” and “high” are denoted by “–” and “+” respectively and are chosen based on 

material availability and/or experience and are described in detail in Table 4-1. 

Table 4-1: Factors distribution 
  
Factors 

levels Levels 
 Low (-)    High (+)

Units Type 

thickness (t) 2 28 110 μm continuous 
weight (w) 2 20 50 g continuous 
area (A) 5 150, 

196,225 
270, 
300 

mm² continuous 

electrode (e) 2 Cu-Ni Ag n/a discrete 
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A full factorial design, 24, with different levels and 2 replicates was considered. In 

the case of thickness, commercially available sizes dictated the low and high settings. 

PVDF polymer is available commercially coated with Silver and Copper-Nickel 

electrodes, so these values were set as high and low for our study. Applied weight was 

chosen up to 50 grams because the Bimorph was set as a cantilever beam for the 

experimental setup as shown in Figure 4-2, and addition of more weight could break the 

beam. For the factor, area, more levels were selected so as to see the behavior of the 

response variable with respect to area covered by the sensor. From the entries in Table 4-2 

all factor effects such as main effects, first and second-order interaction effects can be 

calculated. The complete distribution is shown in Appendix A. 

 

Table 4-2: Full factorial design with 4 factors at different levels 
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A full factorial design with with 4 factors, β, γ, α, and τ can be represented by Equation 4-

1. These variables represent the factors under study, y represents the response variable of 

gain, μ represent the average of all factors, and ε represents the error. 
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5 Results and Discussion 
 

This chapter discusses the results obtained from the Design of Experiments theory and 

the effects of the factors and their interactions. Prediction profiles, regression analysis, 

contour plots, and the analysis of variance are also discussed. 

 

5.1 Design of Experiments 
 

Once the materials, experimental setup, factors, and response variables are chosen, a 

design of experiments is carried out using statistical analysis tools and the software JMP 

8.0. Through this technique a full factorial design can provide information on the factors 

effect if any, their relevance, and even develop a model to predict the performance of the 

developed sensor. A 95% confidence level is used for all the analysis and relevant factors 

are identified through p-values on the response variables. Conventionally for this analysis 

the 5% (less than 1 in 20 chance of being wrong) levels or the 95% confidence internal 

mark has be chosen such that the p-value has to be less than 0.05(Devore 2004). 

5.2 Response Curve 
 

Since the response variable used on the design of experiments is gain defined as the 

ratio of output signal to input signal, response quality may be poor. To ensure the signal 

obtained is of good quality, response curves are measured using an oscilloscope at specific 

frequencies. A response curve for a typical sensor is shown in Figure 5-1. This curve 
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shows that the sensor responds to the source with a delay of 0.7µsec and is not distorted in 

any way. Other frequencies were also checked but not included for clarity purposes. 
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Figure 5-1: Typical sensor and actuator responses at 50 kHz with an input sinusoidal waveform of 1 
Volt peak to peak magnitude and a sensor output of 0.23 volts 

 

 

5.3 Gain Curve 
 

Using the output of the sensor divided by the input to the actuator, a gain over a 

frequency range is obtained. Two approaches discussed in the experimental section setup 

were considered.  The first one consisted on double sided tape. In this approach, the tape 

served a double purpose: as a coupling mechanism between the sensor and the skin, and as 

an adhesive to hold the sensor in place. Results using this technique however, were not 

reliable or repeatable and subject to large error. So as to reduce or minimize the error, a 
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second technique was utilized. Pressure, in the form of a counter weight is used to ensure 

good coupling between the sensor and the actuator. This technique provided more 

consistent and reliable results. A typical gain curve over the frequency is shown in Figure 

5-2. These results show peaks in the ranges of 22 – 25 kHz and 52 – 55 kHz. These values 

are believed to be inherent to the Bimorph. The other peaks that can be seen with the 

accelerometer, but not the PVDF, may be due to the additional stresses the bimorph 

possesses due to the added weight of the accelerometer and are not considered for this 

study since PVDF does not add structural stresses to the beam. In addition all the samples 

show the same trend. All other tests are shown in Appendix A and omitted here for clarity 

purposes. 
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Figure 5-2: Typical gain vs. frequency response plot for a PVDF sensor with Cu-Ni electrodes, 28 
microns thick and 150mm² surface area with a 50 grams counterweight 
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5.4 Statistical Analysis 
 

Because of the pattern shown in Figure 5-2, a gain at 50 kHz was selected as a 

response variable to avoid errors in the area of the peaks. In this manner, statistical 

evaluation of all factors is possible and a model can be tested. An Analysis of Variance, 

ANOVA, is performed for the model shown in equation 4-1, and the results are 

summarized in Table 5-1. These results show that the model fitted to the data is 

statistically significant and the probability of the model not fitting the data is less than 

0.0001. 

 

Table 5-1: Analysis of Variance 
Source  Sum of 

Squares  
Mean 

Square  
F Ratio  

Model  2396.03  159.74  7.53  

Error  2207.56  21.23  Prob > F  

C. Total  4603.59   <.0001  

 
 
 

These results indicate that a model exists for a specific combination of parameters 

shown in bold in Table 5.2: thickness, weight, area, and one electrode type are statistically 

significant.  In particular, the interaction between weight, area, and thickness is quite 

significant as well as the interaction between thickness, area, and electrode. Higher order 

interactions were negligible, as well as the factors by themselves but are included in the 

model since that has an effect on the regression model overall.  
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The model developed is multi-dimensional as shown in Equation 4-1. In order to 

visualize the results, contour and three dimensional plots can be constructed.  This is 

accomplished by leaving some of the parameters constant and varying 3 factors. Figure 5-3 

shows the contour map of  thickness and area as x and y variables, and the contour lines 

represent the gain. In this case, the electrodes are Copper Nickel electrodes with a constant 

weigth of 20 grams. This figure shows that samples with higher thickness had more 

response than the thinner samples, and area is almost constant. 

 

Table 5-2: Regression Estimates 
 

 

 

 

 

 

 

 

 

 

For instance in the case of Figure 5-3 an area of 250 mm2 (red line) and a thickness 

of 70 μm (green line), a gain of is -40 dB is predicted. However, the same gain is attainable 

at an area of 230mm2 and the same thickness. 

Term Estimate p-value 
t 3.6083 <.0001* 
t·w·A -0.0243 0.0027* 
w·A -0.0197 0.0145* 
t·A·e[cu] 0.0182 0.0236* 
A·e[cu] 0.0175 0.0292* 
w·e[cu] 0.8083 0.0573* 
t·w·A·e[cu] 0.0150 0.0611 
e[cu] 0.5583 0.1872 
w·A·e[cu] -0.0088 0.2711 
t·w·e[cu] 0.4583 0.2783 
A 0.0077 0.3372 
w 0.2750 0.5146 
t·A 0.0051 0.5250 
t·w 0.2250 0.5938 
t·e[cu] -0.0250 0.9527 
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Similarly another contour plot is formed where the variables are weight and area as shown 

in Figure 5-4. In this case the electrode material is Cu-Ni and thickness of the sensor is 

kept constant at 45μm. 
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Figure 5-3: Contour plots for Gain at 50 kHz – weight 20 grams and Cu-Ni electrodes 
 
 

From the Figure 5-4, it was observed that increase in weight when chosen carefully, 

does not alter the response signal for a particular constant area line. If the weight is kept 

constant and the area increases, the gain is slightly less. In short these two factors can be 

manipulated according to the desired location of the sensors. 
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Figure 5-4: Contour plots for Gain at 50 kHz - 45μm thickness and Cu-Ni electrodes 
 

To provide an overall picture of the relevance of each effect, Fig 5-5 is constructed. 

Though these graphs are constructed with only two points (max, and min) for each factor, 

slope of growth or decay can be easily spotted.  For instance, among the factors tested, 

thickness had the most significant value on the design.  

A more detailed view than contour plots and overall effects plots can be 

accomplished on three dimensions. Some variables are still kept constant as previously 

done with the contour plots. 
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Figure 5-5: Main effects of each factor 
 

Specifically, gain, area, and thickness are varied but electrode and weight are kept 

constant. Results are shown in Figure 5-6. In this case, a plane is easily visible and the 

optimized region is identified clearly: higher area and higher thickness increase gain 

linearly. This is not the case for Figure 5-7, where weight, area, and gain are shown at a 

constant thickness and electrode.  In this case a complex plane with an inflexion area is 

shown. This shows that the weight (or applied pressure) is of utmost importance when 

optimizing gain. 

To compare these results, numerical simulations were also carried out and details 

are shown in the next section. 
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Figure 5-6: Gain at 50 kHz with a weight of 34 grams, Cu-Ni electrodes 
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Figure 5-7: Gain at 50 kHz with Silver electrodes at two constant thickness values 
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6 Numerical Simulations 
 

In order to investigate the physics behind the actuation and sensing mechanism, series 

of numerical modeling approach is required. In this chapter, effort has been made to model 

and simulate the performance of PZT-bimorph–PVDF setup. A design of experiments 

approach is performed to elucidate the effects of design factors and their relative 

importance in the physics. This chapter discusses the approach, modeling techniques and 

results of numerical modeling in conjunction to the experiments discussed in the earlier 

chapters.  

6.1 Setup 
 

The actuator, Bimorph, as discussed earlier (chapter 4) consists of PZT ceramic 

plates on either sides of the steel plate which, on application of external voltage, display 

the reverse piezoelectric effect. It is because of reverse piezoelectric effect, the bimorph 

undergoes a state of deformation in order to relieve the stresses induced by the application 

of voltage difference across its thickness. This deformation is thus transferred to the PVDF 

sensor which is mounted on the top of bimorph cantilever, thereby producing an electrical 

voltage difference across its thickness because of piezoelectric effect. The voltage 

generated by PVDF is proportional to the deformation it experiences. A distance of 5mm is 

marked as a reference point as shown in Figure 6-1, representing the top schematic view of 

the model. From one end actuator is held as a cantilever beam, its displacement at the edge 
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of the beam should be zero. For these simulations, Mylar was used for encasing material as 

shown in Figure 6–2; thickness of PVDF is varied in the study.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mylar 
 
 

 

6.2 Mathematics of modeling 
 

The complete model is simulated in ANSYS 11 which is capable of simulating this 

multiphysics problem. The bimorph and PVDF are modeled as 3-D anisotropic solid with 

the deflections and voltage as degrees of freedom. For linear piezoelectric materials, the 

linear constitutive equations relating the stress σ, strain ε, electric field E, are given by 

E
ij ijkl kl ijk kC e Eσ ε= −

    (6.1) 

where klε is the mechanical strain tensor, ijσ  is the mechanical stress tensor, kE  is the 

electric field vector, ijke  is the piezoelectric constant tensor; E
ijklC  is a 6 × 6, symmetric, 

60 mm

20 mm 
5 mm 

B 

L 

Figure 6-1: Schematic top view of the developed model 

PVDF 

Figure 6-2: Schematic drawing of sensor
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elastic stiffness constant tensor. In general, for anisotropic materials, there are 45 

independent material constants: 21 elastic, 18 piezoelectric, and 6 dielectric properties. 

Fortunately, for the hexagonal class piezoelectric material polarized in the radial direction, 

some constants are zero due to crystal symmetry (Shiah and Huang 2006). Two 

commercial materials with distinct properties, PVDF and PZT-5A, are considered for 

sensing and actuation respectively. The material properties for PZT-5A, an active 

component of PZT-bimorph device are displayed in Table 6–1. 

Table 6-1: Material constants of PZT 5A (Bhadauria et al 2009) 
Cijkl × 1010 (Pa) 

C1111 C1122 C1133 C2222 C2233 C3333 C1212 C2323 C1313 

12.03 7.52 7.51 12.03 7.51 11.1 2.11 2.11 2.26 

Piezoelectric coefficients (C-m-2) Permittivity (10-9 F-m-1) 
Density 
(kg-m-3) 

e15 e14 e31 e32 e33 ε11 ε22 ε33 
7750 

1 2 . 3 1 2 . 3 - 5 . 3 5 - 5 . 3 5 1 5 . 7 8 1 7 3 0 1 7 3 0 1 7 0 0 

 

In contrast, PVDF has relatively low dielectric and piezoelectric constants 

compared to piezoelectric ceramics, for which it is widely used as a sensing device. The 

material properties are displayed in Table 6–2. As the actuator consists of a steel plate in 

between two PZT ceramics, its properties are also incorporated in the simulation. It has a 

density which is equal to 7800 kg/m3 , Young Modulus E = 5.32 GPa, thickness equal to 

0.01 mm and Poisson’s ratio equal to 0.38. Mylar is used as the packaging material; it has 

a density which is equal to 1400 kg/m3 , Youngs Modulus E = 5.32 GPa, Thickness equal 

to 0.005 inch and Poisson’s ratio equal to 0.38. Also, a study is done to evaluate the 

performance of PVDF sensor by altering its size.  
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Table 6-2: Material properties of PVDF 
Cijkl × 1010 (Pa) 

C1111 C1122 C1133 C2222 C2233 C3333 C1212 C2323 C1313 

23.824 0.398 0.219 23.284 0.219 1.064 0.215 0.643 0.643 

Piezoelectric coefficients (C-m-2) Permittivity (10-9 F-m-1) 
Density 
(kg-m-3) 

e15 e14 e31 e32 e33 ε11 ε22 ε33 
1780 

-0.135 -0.135 - 0 . 1 3 - 0 . 1 3 -0.276 1.1068 1.1068 1.0607 

 

6.3 Boundary Conditions 
 

Bimorph, was set as a cantilever beam, its one end was fixed. Its displacement, due 

to the setup is zero. Pressure is applied as a coupling transmission medium on the sensor, 

the side view of the model is shown in Figure 6–3. As the study was to check the effect of 

factors on the response variable, applied pressure given was 20 and 50 grams. Input 

voltage given to the Bimorph was 1V, at a frequency of 50 kHz. 

 

 

 

 

 

 

 

 

PZT 

PZT

Steel

0.2 mm 

0.1mm 

0.2 mm 

Applied 
Pressure 

60 mm
 

Figure 6-3: Schematic side view of the setup
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Results from the experimental analysis showed that thicker PVDF polymer samples 

yielded better gain value, for the numerical approach also different thickness in order of 28 

and 110 µm were also tested. The deflection of the bimorph was observed in z direction, 

and it was given a series type of connection across its geometry as seen in Figure 6-4. 

 
 

 

 

Figure 6-4: Bimorph connection-Parallel (Eriguchi et al. 2008) 
 

Hexahedral elements with element size 0.0005 are used to mesh the geometry. The 

above mentioned value of element size is chosen after conducting a mesh independent 

study. There are 5 elements across thickness of PZT and Mylar while 3 elements are used 

across the steel and PVDF. For the piezoelectric materials SOLID5 elements are SOLID45 

applied to model the problem whereas for the steel and packaging material. The swept 

frequency was 50 kHz. 
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6.4 Approach 
 

A parametric study is carried out numerically to evaluate the performance 

characteristics with respect to actuating frequency of the PZT actuator. In this study, the 

response signal collected by the sensor has been investigated in detail by simulating the 

actuator and taking into account the complete physics of electro-mechanical coupling 

between the piezoelectric materials. Factors used in the design and development of the 

sensor for the testing part has been taken into consideration for the simulation. A factorial 

design 23 with factors area (a), thickness (t), applied weight (w), was developed. Electrode 

type and frequency are kept constant. Hence, the total number of designs is 8 as seen in 

Table 6-3. 

 

Table 6-3: Design distribution (factors interactions) 
Area 
(a) 

Thickness 
(t)  

Applied 
weight (w) 

-1 -1 -1 
+1 -1 -1 
-1 +1 -1 
+1 +1 -1 
-1 -1 +1 
+1 -1 +1 
-1 +1 +1 
+1 +1 +1 

 

Table 6-4 represents the factor distribution and interactions, “+1” represents the 

“high” setting of a factor and “-1” represents the “low” setting of a factor. 
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Table 6-4: Factor distribution 
Factor Low value (-1) High value (+1) 
Thickness (t) 28 µm 110 µm 
Area (a) 150 mm2 300 mm2 
Applied Weight (w) 20 grams 50 grams 

 

 

6.5 Results and Discussions 
 

Each cycle was set at 100 intervals, and the results are taken out at t/T = 0.25, where 

t is the time and T is total time-period.and frequency f was set as 50 kHz. and compared for 

analysis, it was observed that the thicker samples yielded better output response (gain). 

Stress was also taken out across the PVDF thickness as shown in Table 6-5. 

 

 

Table 6-5: Numerical results 
 

 
Design 

thickness Area Applied Weight Gain (dB) Stress 

(t) µm (a) mm2 (w) grams Experimental Numerical mPa 

1 28 150 20 -45 -157 251.6 

2 28 300 20 -43 -159 283.9 

3 28 150 50 -41 -158 248.9 

4 28 300 50 -39 -160 287.4 

5 110 150 20 -35 -138 240.2 

6 110 300 20 -38 -137 238.9 

7 110 150 50 -34 -134 238.4 

8 110 300 50 -36 -135 223.6 
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As discussed above, Bimorph was fixed from one end, its deflection was measured 

maximum at the other free end. It showed a linear displacement as seen in Figure 6-5. The 

values are plotted in the negative direction of the z axis. 
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Figure 6-5: Bimorph tip deflection curve at 50 kHz, at 1Vpp applied sinusoidal waveform 
 

Similarly, observing the effect of each factor on the response (gain), prediction 

profile of each factor are evaluated. Thickness did show a variation in the value of gain in 

accordance with its low and high value. Thicker samples had more optimized gain, similar 

trend was observed with the experimental analysis. Other factors like area and weight did 
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not have much steep slope as compared to thickness of PVDF polymer, as seen in Figure 

6-6. 

 

 

Figure 6-6: Main effect of factors - Numerical 
 

The average gain value calculated for the developed design was -147 db, while the 

experimental average value was -39 db. Similar trends can be observed in the factors when 

comparing the results of numerical simulations and experimental analysis. Figure 6-7 

shows the behavior of factors (Experimental) and their optimized values at low and high 

levels. 

 

 

Figure 6-7: Main effect of factors -Experimental 
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Stress was measured across the PVDF polymer thickness, as seen in Table 6-5, 

samples with thickness 28 µm had more von misses stress as compared to 110 µm. 

Thickness had an inverse influence on the stress, when compared with the gain as seen in 

Figure 6-8. 

 

Figure 6-8: Stress and gain behavior observed 
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7 Design Prototypes 
 

This chapter discusses the designs and prototypes developed for the sensors. Pressure 

mechanisms are developed. Initial testing and results of are also discussed. 

 

7.1 Developed designs 
 

The sensor developed has to fit over the closed human eyelid; the main design 

limitations are the dimensions of a human head and the eyelid. An initial design shown in 

Figure 7-1, shows the first generation ICP frames. These frames are used to provide a 

consistent application mechanism. In addition the design includes a mounting mechanism 

so that the sensor can be mounted on the glasses. Finally, to provide constant applied 

pressure, a tension band Scothmate™ 3M, Hook and Loop fastening system is 

incorporated. 

 

Figure 7-1: Sample prototype view, ICP- I 
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However, the prototype shown in Figure 7-1 does not include adjustments for 

different head sizes and eye positioning.  Another prototype is then developed as shown in 

Figure 7-2. This design was built using a Stratasys FDM 3000™ Rapid prototyping 

Machine (FDM-3000). 

 

 

Figure 7-2: Initial frame design, ICP- II 
 

 

To accommodate to the curved nature of the eye, holders are fabricated with a 

radius of curvature as shown in Figure 7-3. 

 

Figure 7-3: Holder 
 

7 cm 

18 cm 

2.5 cm 
Concave  
Shape 
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The final design, shown in Figure 7-4, accommodates for different head and bridge 

(distance between the eyes) dimensions. New frames were designed and developed so that 

they had the sliding mechanism for the holders, and are overall lighter.. Figure 7-4 shows a 

view of the adjustable sliding frames, ICP-III. 

 

 

 

 

Figure 7-4 : Modified frames, ICP-III 
 

 

7.2 Prototype Design Testing 
 

Once the modified frames were designed, the next step was to mount the sensor. 

Frames were made using Stratasys FDM 3000™ Rapid prototyping Machine (FDM-3000). 

The material used was Acrylonitrile Butadiene Styrene (ABS). The final prototype weight 

is approximately 65 grams, addressing one of the major concerns. Reliability and 

Sliding 
provision 
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repeatability of the recorded signals through these frames and sensors combinations is also 

tested. Testing includes mounting different sensors and verifying the quality of the signal. 

 

7.2.1 Repeatability 
 

The main idea here was to check the nature of the signal of the same sensor on a 

human subject at different set times. An HP 35670A Dynamic Signal Analyzer was used to 

take the Fast Fourier Transform (FFT) of the received signal. Tests were performed every 

10 minutes. Figure 7 (a) shows the results of the tests performed across frequency range of 

20-60 kHz and Figure 7(b) shows an enhanced view of the output signal from 20- 30 kHz. 

Test1 and Test 2 performed 10 minutes apart in the same subject and using the same 

frame-sensor combination shows that the obtained signal is repeatable. 
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Figure 7-5: Output signal of sensor- repeatability test 
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Figure 7-6: Output signal from 20-30 kHz 
 

 

7.2.2 Reliability 
 

In this phase, different sensors are placed on the frames and tested on the same 

subject.  Figure 7-6 shows the output signal measured when using two different sensors 

that are manufactured, and assembled in the laboratory. This figure again shows that the 

results are quite reliable and the mounting and manufacturing of the devices is sound and 

consistent. 
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Figure 7-7: Output signal-reliability test 
 

7.2.3 Sensitivity  

To characterize the behavior of the sensor with respect to the applied voltage to the 

actuator, a sensitivity test is performed.  By applying voltage ranging from 0.1 to 1V to the 

actuator-sensor setup described in section 4.2, the response of the sensor can be 

documented and measured.  For these tests a constant weight of 20 grams was used and the 

tested frequency was 50 kHz. Results are shown in Figure 7-8. It was observed the output 

measured by the sensor was linearly proportional to the applied voltage to the actuator. The 

sensitivity was measured to be 0.2111mV/V. 
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Figure 7-8: Measured Output Voltage at 50 kHz 
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8 Conclusions  
 

A PVDF sensor to monitor ICP is developed and optimized using a design of 

experiments approach along with numerical simulations. The sensor is designed to operate 

in the frequency range of 20-60 kHz, without any additional power supplied or signal 

filtering or amplification scheme. In addition, the sensor is incorporated into a frame that 

provides reliable and repeatable results. The sensors were constructed from three main 

components: the piezoelectric sample itself, electrical leads that conduct the signal, and a 

packaging layer. To ensure the proper packaging of the sensor material different encasing 

materials were tested. It was observed that High Performance Scotch material (3M) had the 

highest peeling force of all the materials tested. 

 To optimize the sensor response and narrow down the variables that have a 

significant effect on the sensor performance, an experiment is designed to simulate the 

signal type that the sensor is supposed to be monitoring. This in itself is not a trivial matter 

since the vibration source has to perform in the frequency range of 20-60 kHz. Most 

magnetic commercially available shakers cannot perform in this frequency ranges without 

large power supplies. So in order to overcome these difficulties, a Bimorph was used as a 

source of vibration for the study. This device had parallel polarization direction and 

operated with a 1Volt-sinusoidal input waveform. An Accelerometer was used to calibrate 

the Bimorph which had a sensitivity of 10mV/g. Results indicated that the average 

vibration levels were in the order of 0.1g. 
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Another challenge of developing an experimental setup was sensor placement and 

adhesion.  Several approaches, including double sided tape were attempted.  Double sided 

tape and other adhesives utilized to maintain the PVDF sensor to the Bimorph failed by 

providing inconsistent and unrepeatable results. To minimize error, pressure, in the form of 

a counter weight was used to ensure good coupling between the sensor and the actuator. 

This technique provided more consistent and reliable results. 

Once the experimental setup was designed, four factors were tested: sensor 

thickness, sensor area, sensor electrodes, and the applied counterweight. The complete set 

of experiments consisted of a 24 full factorial design at different levels and two 

replications. 

Using the design developed, the results show that the main contributor to the gain is 

sensor thickness. Other factors in combination with each other also had an effect on the 

design and the response value, gain. 

Numerical simulations were performed to model and simulate the performance of 

PZT-bimorph–PVDF setup. A 23 full factorial design was developed, using thickness, 

counterweight, and area as factors with gain as response variable. Results are compared 

with experimental results. The simulations showed that thicker samples yielded better gain 

of approximately -130 dB. Though these values were smaller than the experimental results, 

trends remain similar. That is, thickness is the most significant factor if gain is to be 

maximized. Differences can be observed on applied pressure effects on gain. Frames were 

developed for use on the head and eyes.  These frames provided the sensor with tension to 
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hold in place. They were made using Stratasys FDM 3000™ Rapid prototyping Machine 

(FDM-3000).  

To characterize the sensitivity of the sensor a calibration curve was performed. The 

calibration curve was measured using the same experimental setup used for all tests with 

the exception of the applied voltage.  In this case the applied voltage to the actuator was 

varied from 0.1 to 1Volt, with a constant pressure (weight = 20grms) and a constant 

frequency 50kHz.  It was observed the output measured by the sensor was linearly 

proportional to the applied voltage to the actuator. The sensitivity was measured to be 

0.211mV/V. The final prototype of the ICP glasses weighted approximately 65 grams and 

had sliding mechanism for the holder, addressing one of the major concerns: adjustment 

for each patient and to provide consistent and reliable measurements. 
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9 Future Work 
 

Developing the sensor and a setup to provide reliable measurements is only the first 

part to non-invasively monitor ICP. Another critical component of the technique is the 

actuator that will actuate a human skull. The actuator has to be a low voltage device that 

provides a high enough amplitude signal to be transmitted through the brain Cerebrospinal 

fluid. Next steps of the study would include incorporation of an actuator in the design. As 

simulation of head is one of the concerns, developing an actuator which would be portable, 

biocompatible, less expensive and light weight. One of the issues related to the actuator 

can be its level of actuation, how much input signal can be given to it. Once the actuator is 

developed, then testing of the sensor can be done while simulating the brain 

simultaneously. 

 This involves simulation of the medium, developing an appropriate setup and 

obtaining the appropriate IRB approvals. Finally, the whole setup needs to be tested and 

compared to traditional techniques. 
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Appendix B: Gain Measurements 
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Typical Gain measurement of sample: 300 mm2, Cu-Ni and thickness 110μm, weight: 50 grams 
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Typical Gain measurement of sample: 150 mm2, Cu-Ni and thickness 110μm, weight: 50 grams 
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Typical Gain measurement of sample: 300 mm2, Ag and thickness 110μm, weight: 20 grams 
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Typical Gain measurement of sample: 300 mm2, Cu-Ni and thickness 28μm, weight: 20 grams 
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Typical Gain measurement of sample: 300 mm2, Cu-Ni and thickness 110μm, weight: 20 grams 



73 

Frequency (Hz)

10000 20000 30000 40000 50000 60000

G
ai

n 
(d

B
)

-44

-42

-40

-38

-36

-34

-32

-30

-28

-26

-24
Sample 1
Sample 2
Sample 3

 
Typical Gain measurement of sample: 196 mm2, Ag and thickness 110μm, weight: 50 grams 
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Typical Gain measurement of sample: 196 mm2, Cu-Ni and thickness 28μm, weight: 50 grams 
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Typical Gain measurement of sample: 150 mm2, Cu-Ni and thickness 28μm, weight: 20 grams 
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Typical Gain measurement of sample: 225 mm2, Ag and thickness 110μm, weight: 20 grams 
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Typical Gain measurement of sample: 225 mm2, Ag and thickness 110μm, weight: 50 grams 
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Typical Gain measurement of sample: 225 mm2, Cu-Ni and thickness 28μm, weight: 20 grams 
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Appendix C: Repeatability and Reliability Measurements 
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