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Continuous monitoring of blood pressure (BP) from arteries like the brachial artery, carotid 

artery, radial artery, etc., has clinical significance for a multitude of underlying cardiovascular 

issues. There are many different ways for BP measurement. The gold standard of continuous blood 

pressure measurement is cardiac catheterization, which is an invasive method and poses a risk of 

infections to patients. Other traditional methods like tonometry, photoplethysmography,        



 ix 

sphygmomanometer (BP cuff), and an ultrasonic method that measures blood pressure by vessel 

wall tracking provide conventional non-invasive platforms for blood pressure measurement. 

However, a sphygmomanometer cannot provide continuous blood pressure measurements, and 

tonometry, photoplethysmography, and sphygmomanometry are prone to inaccuracies and 

instabilities. The ultrasonic method to capture BP by vessel wall tracking requires a trained 

operator to handle the equipment. Due to the equipment's bulkiness and rigidity, it is difficult to 

achieve stable coupling with the tissue surfaces. A wearable ultrasonic device will help overcome 

this problem and the difficulties posed by other methods mentioned. A patient-friendly device 

suitable for clinical use is fabricated, and a blood pressure waveform is acquired from a 

participant's brachial artery. The fabrication processes of the wearable ultrasonic device are 

discussed, and additionally, a simple setup to estimate the acoustic impedance of a material is 

designed to calculate the critical acoustic properties of Ecoflex-0030, like the speed of sound and 

acoustic impedance. This simple, low-cost experiment will help calculate the acoustic properties 

of phantoms that are being used for ultrasound research purposes.
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Chapter 1 

Introduction 

1.1 Blood Pressure 

 

Blood pressure is the pressure of the circulating blood pushing against the walls of our 

arteries1. When systemic arterial blood pressure is measured, it is recorded as a ratio of two 

numbers (e.g., 120/80), expressed as systolic pressure over diastolic pressure2,3. In the heart, when 

blood flows into the aorta, i.e., when the left ventricle ejects blood into the aorta, the pressure in 

the aorta rises. The maximal aortic pressure following the ejection of blood into the aorta is called 

systolic pressure. When the left ventricle starts relaxing and refilling, there is a drop in the aortic 

pressure. The lowest pressure in the aorta observed just before the ventricle ejects blood into the 

aorta is called the diastolic pressure. So, the systolic pressure is the higher value (usually about 

120 mm Hg) that typically reflects the arterial pressure resulting from the ejection of blood during 

ventricular contraction or systole, and the diastolic pressure is the lower value (usually about 80 

mm Hg). It represents the arterial pressure of blood during ventricular relaxation or diastole4. 

 

Figure 1. Blood pressure waveform 

When pressure on an artery is measured over one cardiac cycle, we get a schematic 

representation of the arterial pressure. The rise in the arterial pressure due to left ventricular 
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contraction maximum value that the pressure rises to (systolic pressure) can be observed1. 

The dicrotic notch is a prominent and distinctive feature of the pressure waveform. It is universally 

used to demarcate the end of systole and the beginning of diastole in the arteries and is observed 

when the aortic valve closure occurs5. Pressure in the artery then gradually decreases and reaches 

the minimal value (diastolic pressure), which can also be seen in the schematic. 

 

1.2 Continuous monitoring of blood pressure 

Blood pressure is one of the critical parameters that is continuously monitored in patients 

admitted to the ICU. The observation of each component of the arterial wave (systolic upstroke, 

peak, systolic decline, small pulse of reflected pressure waves, dicrotic notch) may provide a lot 

of useful hemodynamic information. Vasoconstriction, vasodilatation, shock states (cardiogenic, 

hypovolaemic, distributive, obstructive), valve diseases (aortic stenosis, aortic regurgitation) and 

ventricular dysfunction are associated with particular arterial waveform characteristics that may 

suggest to the physician underlying condition that could be necessary to investigate properly.  

Continuous monitoring of blood pressure yields many readings over a period of time. 

Usually, a single measurement at a particular time is not sufficient to analyze the health status of 

a person, especially when the patient is admitted to the ICU and needs constant monitoring6,7. 

Continuous readings, even those obtained while sleeping, helps a physician understand the trends 

and variation in blood pressure over time. It can help detect abnormal changes in the readings that 

might go unnoticed when it is only measured in the doctor's office. One of the critical applications 

of continuously monitoring blood pressure is measuring and managing high blood pressure 

(hypertension)8. Hypertension is a blood pressure measurement where the systolic blood pressure 

of a subject is at or above 130 mm Hg, and the diastolic blood pressure is or at above 80 mm Hg. 
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It is usually advised to confirm a diagnosis of hypertension by continuously monitoring the blood 

pressure readings. Continuous BP monitoring is also increasingly being used to determine how 

well some antihypertensive drugs control or manage high blood pressure9. Based on the effects of 

the drug used on blood pressure patterns over a period of time, a doctor may need to adjust the 

dosage prescribed. In addition, it can also help predict the likelihood of cardiovascular and 

cerebrovascular disease linked to hypertension and organ damage10. Hence, a wearable device that 

has the capabilities to continuously monitor blood pressure has a very high clinical significance.  

 

1.3 Current methods to measure blood pressure 

The gold standard for recording blood pressure waveforms in the brachial and carotid 

arteries is cardiac catheterization11. In cardiac catheterization (often called arterial cannulation), a 

doctor puts a tiny, flexible, hollow tube (called a catheter), usually a fiber-based pressure sensor, 

into a blood vessel in the arm, groin, or neck. The doctor then threads it through the blood vessel 

into the aorta and the heart. Once the catheter is in place, different kinds of tests may be conducted. 

The doctor can place the tip of the catheter into various parts of the heart to measure the pressures 

within the heart chambers (central blood pressure) or take blood samples to measure oxygen 

levels12. Although this method gives accurate readings, there are many risks associated with this 

process. The entire process is invasive and may cause bleeding, infection, and bruising at the 

catheter insertion site. In some patients, it may elicit an allergic reaction to the medications used 

during the procedure. There is also a risk of blood clots, which may trigger a heart attack, stroke, 

or a host of other serious problems. In addition, there is a risk of damage to the artery where the 

catheter was inserted or damage to the arteries as the catheter travels through the body of a 

patient13. 
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Figure 2. Catheterization: Gold standard for blood pressure measurement 

 

Another method to measure blood pressure is tonometry, a very widely used non-invasive 

technique for blood pressure measurements. It is a technique that involves measuring the speed at 

which pulses travel within the arterial system and the pressure changes they create. A high-fidelity 

strain gauge pressure transducer is placed on designated arterial sites in tonometry, provided there 

is a rigid structure underneath to support the artery. This procedure, however, poses the limitation 

of degradation of accuracy when measuring central vasculatures with no proximal hard structure 

(supporting skeleton). This method is also adversely affected if the patient is obese, as this 

dramatically dampens pulse wave propagation to the skin14-17.  

 
 

Figure 3. Tonometry to measure blood pressure 



 5 

 

Photoplethysmography (PPG) is an optical method to record blood pressure non-

invasively. This technology uses a light source and a photodetector at the skin surface to measure 

the volumetric variations of blood circulation. It is an uncomplicated and inexpensive optical 

measurement method that is often used for blood pressure and heart rate monitoring purposes. This 

measurement technique provides valuable information about the cardiovascular system. However, 

one significant challenge in using PPG-based monitoring is the inaccuracy in tracking the PPG 

signals during daily routine activities and other light physical activities. This is because PPG 

signals are very susceptible to motion artifacts, and other alternative factors like environmental 

noise may also affect the signal acquisition using PPG16,17. 

Another standard method used to measure blood pressure is by using a 

sphygmomanometer. A sphygmomanometer composes of an inflatable rubber cuff, which is 

wrapped around a patient's arm. A measuring device indicates the pressure in the cuff. A bulb 

integrated with the device inflates the cuff, and a valve releases the pressure. A stethoscope, along 

with this setup, is used to listen to arterial blood flow sounds. The sphygmomanometer cuff is 

inflated to well above expected systolic pressure. The valve is then opened. As the valve is opened, 

the cuff pressure slowly decreases. When the cuff's pressure equals the arterial systolic pressure, 

the blood begins to flow past the cuff, and this creates blood flow turbulence and audible sounds 

called the Korotkoff sounds. Using a stethoscope, these sounds are heard, and the pressure in the 

cuff is recorded. The Korotkoff sounds will continue until the cuff's pressure falls below the arterial 

diastolic pressure. The pressure when the blood flow sounds stop indicates the diastolic pressure.  
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Figure 4. Blood pressure cuff 

 

The methods described above are the traditional methods that are used in clinics to obtain 

blood pressure readings. Even though the gold standard method, catheterization, provides accurate 

readings, it is an invasive method. The standard non-invasive methods cannot provide continuous 

measurements or are prone to inaccuracies, as discussed above. Hence, there is a need for a non-

invasive blood pressure measurement technique that overcomes the difficulties posed by these 

methods of measurement. 

 

1.4 Introduction to ultrasound 

Ultrasound is a mechanical longitudinal wave in which the back-and-forth particle motion 

is parallel to the direction of wave travel. It is a high-frequency sound, and it refers to mechanical 

vibrations above 20 kHz. The human ear can usually detect sounds with frequencies between 20 

Hz and 20 kHz. Sound with frequencies above 20 kHz, which are inaudible to humans, is called 

ultrasound. 

Many materials, both natural and human-made materials, including quartz crystals and 

ceramic materials, can generate ultrasounic waves by a mechanism called the piezoelectric effect. 
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The piezoelectric effect converts mechanical energy (squeezing or stretching) due to material 

deformation into electrical energy. Conversely, mechanical deformation can be produced when an 

electric field is applied to materials exhibiting piezoelectric materials, enabling the conversion of 

electrical energy into mechanical energy, which is termed the inverse piezoelectric effect18.  

 
 

Figure 5. Schematic of the piezoelectric effect 

Individual piezoelectric materials produce a small amount of energy. By stacking 

piezoelectric elements into layers in a transducer, the conversion of electrical energy into 

mechanical energy and vice versa can be done more efficiently19-22. 

1.5 Ultrasound to measure blood pressure 

Ultrasound has many applications in medicine, aiding a physician in evaluating, 

diagnosing, and treating various medical conditions23. Ultrasonic waves have the capability to 

effectively penetrate human tissues up to a depth of 4 cm, which gives a platform to sense vital 

signals from tissues embedded deep inside the skin. Commercial ultrasound imaging probes can 

be used to estimate blood pressure using a technique called the ultrasound wall-tracking technique. 

This method uses a high-speed imaging probe to capture the pulsation of blood vessels that are 

embedded deep inside tissues. However, the main disadvantage with the commercial ultrasound 

imaging probes is that they are heavy and bulky, which causes compression to local vasculatures, 
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leading to a change in their distension behavior, eventually leading to inaccurate recordings. 

Additionally, the probes need to be handled by a trained operator because they need to be held 

stable, and it requires training to precisely identify the location of the vasculatures. These probes 

are also highly sensitive to motion artifacts, leading to inaccurate recordings if not held correctly 

or if there is some patient movement that induces the motion artifacts. Hence, this method too is 

prone to inaccuracies24. 

A wearable device with properties akin to skin34 that offers the capability for non-invasive, 

continuous monitoring of blood pressure, eliminating the need of a skilled operator to handle the 

equipment. It would help overcome the limitations posed by the bulky imaging probes since the 

distension behavior is not modified due to the compression of local vasculatures. There is an 

abundance of research on the development of wearable devices to measure various vital signals 

like temperature, glucose content in sweat, blood oxygen saturation level, sleep patterns, and 

respiration rate. These wearable devices have applications limited to monitoring or recording 

signals from the surface of the skin (peripheral sites) and not deep inside the skin25-27.  Hence, this 

novel method allows for monitoring cardiovascular health, diagnosing, and predicting a multitude 

of cardiovascular diseases using a wearable device. The principle, design, and development of the 

wearable ultrasonic patch to continuously acquire blood pressure readings is discussed in this 

thesis. 

 

1.5.1 Principle of measurement of blood pressure using ultrasound 

The working principle behind measuring blood pressure using a wearable ultrasonic device 

is to record a pulsating blood vessel's diameter continuously. When the device consisting of 

ultrasound transducers is mounted on the skin, they can transmit and receive ultrasonic data. When 
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the transducers emit an ultrasonic wave, it passes through the skin into the tissues. When the wave 

reaches interfaces like the anterior and posterior walls of a blood vessel, two critical phenomena 

are observed: reflection and transmission. Due to a portion of the ultrasonic wave getting reflected 

back, the intensity of the transmission wave reduces as the wave encounters multiple interfaces. 

The transmission wave moves with reduced intensity further into the tissues, allowing for 

penetration into deeper layers of tissues. The reflected wave carries essential information about 

the location of the interfaces (anterior and posterior walls). The transducers receive the reflected 

wave, convert it into electrical energy, and we can observe the reflected wave potential and the 

Time of Flight (TOF) of the reflected signal. The time for echoes to return (ToF) is directly 

proportional to the distance of the reflector, yielding this information non-invasively. This method 

is also called pulse-echo ultrasound. In this way, the device can continuously record the diameter 

of a pulsating blood vessel, which can be translated into blood pressure waveforms.  

Blood pressure and the diameter of blood vessels were initially assumed to be linearly 

related 61. However, there have been vital pieces of evidence that demonstrate an exponential 

relationship between pressure and arterial cross section62-64. Analysis of the performance of 

proposed exponential relationships in the literature showed correlation coefficients ranging from 

0.961 to 0.99765. A robust method to derive the pressure waveform from the assessed diameter 

waveform by combining a diameter-derived pulse pressure method and the exponential 

relationship between arterial cross-section and pressure was developed using these exponential 

relationships. Assuming that the end-diastolic pressure and mean arterial pressure (MAP) do not 

change over the arterial tree, the pressure-diameter relationship was derived by iteratively 

changing only a single parameter called the arterial wall rigidity, α.  
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Following derivations, the diameter waveforms collected can be translated into blood 

pressure waveform with the equation derived by iteratively changing α : 

𝑝(𝑡) = 𝑝𝑑 ∗ 𝑒
𝛼(

𝐴(𝑡)
𝐴𝑑

−1)
 

Here, 𝑝𝑑  is the diastolic pressure, 𝐴𝑑 is the diastolic arterial cross-section and 𝛼 is the vessel 

rigidity coefficient. 

In order to calculate the instantaneous cross-sectional area of the blood vessel, an 

assumption that the blood vessel or artery is rotationally symmetrical was made. The area of cross-

section A(t) can then be calculated as 

𝐴(𝑡) =
𝜋𝑑2(𝑡)

4
 

where d(t) is the continuous diameter measurement acquired from the target artery. The diastolic 

pressure 𝑝𝑑 is acquired on the brachial artery using a blood pressure cuff equations.  
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Chapter 2  

Design of the conformal ultrasonic device 

2.1 Components 

The ultrasonic device employs the use of both rigid and soft structural components. The 

rigid components are the piezoelectric transducers, and the soft structural components used are 

described below. 

 

2.1.1 Piezoelectric transducer 

Piezoelectric ultrasound transducers are the functional unit in this device. 1-3 piezoelectric 

composites are used in the design of this device. This type of anisotropic transducer is chosen for 

our device because they provide lower acoustic impedance and better acoustic coupling with soft 

biological tissue than other isotropic piezoelectric transducers. The ultrasonic transducer used in 

this thesis consists of a piezoelectric layer made of 7 MHz lead zirconate titanate (PZT) 

micropillars embedded in epoxy. This working frequency of the transducers provides sufficient 

penetration to the brachial artery28,29, and the axial resolution provided is comparable with that of 

commercially available ultrasound probes for the same applications. A total of 8 transducer 

elements are used and each small transducer element is of the dimension 0.8 mm length*0.6 mm 

width*1 mm thickness. 

 

2.1.2 Electrode 

The conductive material used to fabricate stretchable serpentine interconnects is copper 

foil (Cu) coated with polyimide (PI) on one side. PI are high-performance polymers of imide 

monomers that contain two acyl groups (C=O) bonded to nitrogen (N). They have excellent high-
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temperature performance in the 400-500°C range, thermal stability, mechanical toughness, and 

chemical resistance. Their surface can be activated by exposure to ultraviolet light (UV), which 

improves adhesion to various polymers30-34. Hence, coating the Cu foil with PI helps adhere 

interconnects on soft elastomeric substrates tightly. 

Two electrodes, a top and a bottom electrode are designed.The top electrode consists of 

serpentine interconnects which are used to interconnect the array of 8 piezoelectric transducers, 

and a bottom electrode which acts as the common ground electrode. The bottom electrode is 

connected to the top electrode through a Vertical Interconnect Access (VIA). The serpentine 

interconnects help in achieving stretchbility of the device. 

 

2.1.3 Conductive adhesive 

Silver-filled epoxy adhesives are widely being used to replace solder in many applications. 

They can adhere to surfaces that are not practical for traditional soldering, making it very suitable 

for its application in bonding piezoelectric transducers with the copper electrodes30-38. 

Esolder (Esolder 3022, EIS, USA)  is a conductive adhesive consisting of epoxy silve  

paste and is recommended for applications requiring low electrical resistance and good adhesion 

properties. It is also used for bonding electronic components; the application of heat will accelerate 

the curing time and establish good adhesions.  

 

2.1.4. Soft structural component 

The entire device is encapsulated by a silicone elastomer called Ecoflex (Ecoflex-0030, 

Smooth-On). Ecoflex rubbers are platinum-catalyzed silicones that are very versatile and very easy 

to use. They come in two parts, A and B, usually mixed 1A: 1B by weight or volume and can be 
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cured at room temperatures, and since there is significantly less shrinkage, this phenomenon is 

negligible. Cured Ecoflex is safe on the skin and can be used for a wide variety of applications like 

making prosthetic appliances, cushioning for orthopedic and orthotic devices, among others. This 

silicone elastomer is hydrophobic in nature, thus providing a barrier to moisture and protecting the 

device from sweat corrosion. Encapsulation of the device enhances the durability of the device.  

 

2.1.4.1 Design of the soft structural component 

Since Ecoflex encapsulates the entire device,  it protects the exposure of the transducers to 

the environment and guards it against corrosion. It also acts as the substrate on which piezoelectric 

transducers are placed. 

When the encapsulation layer is taken into consideration, a thicker layer gives higher 

device resilience and durability. Nevertheless, if it is too thick  (a few millimeters), the ultrasound 

will be significantly dampened because of reflections from the silicone encapsulation layer25. 

Hence, it is essential to have a thin encapsulation layer (a few micrometers) to prevent further 

dampening of ultrasound waves and reduce unnecessary reflections from the surface of the Ecoflex 

layer39-41. 

 

2.1.4.2 Acoustic impedance of the Ecoflex layer 

When choosing the encapsulation layer, the acoustic impedance of the material to be used 

as the encapsulation layer should also be considered since ultrasonic reflections occur at 

boundaries between two different media. These reflections at boundaries occur because of 

differences in a characteristic known as acoustic impedance Z of each material. Impedance here is 
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defined as 𝑍 =  𝜌𝑐, where 𝜌 is the density of the medium (in kg/m3) and 𝑐 is the speed of sound 

through the medium (in m/s). Therefore, Z has the units kg/(m2s)42,43.  

The more pronounced the difference in acoustic impedance between two media, the greater 

the reflection and the smaller the transmission. Since the device would be laminated onto the skin, 

it is vital to verify that the acoustic impedance of Ecoflex is close to that of human skin. The 

acoustic impedance of human skin is approximately 1.99 x 106 kg/m2s44-46. To ensure that there 

are no significant reflections due to the difference in acoustic impedance between Ecoflex and the 

skin, an experiment to measure the acoustic impedance of Ecoflex is designed. This experiment 

can also be used to calculate acoustic impedance of other biological phantoms designed for 

ultrasound research. 

 

2.1.4.3 Acoustic impedance measurement: Ecoflex-0030 

In order to measure the acoustic impedance of a material, we need to know the speed of 

sound through the material, 𝑐, and the density of the material, 𝜌. While there are studies that 

evaluate the acoustic impedance of Ecoflex-001047, but there are not many references for Ecoflex-

0030, to the best of our knowledge. In our device, since we have used Ecoflex-0030, we need to 

evaluate the acoustic impedance of Ecoflex-0030 to ensure that its acoustic impedance is close to 

that of human skin . The noteworthy difference between the two kinds of ecoflex is specific gravity, 

tensile strength, and hardness. Ecoflex 00-30 has a greater specific gravity of 1.07 g/cc (Ecoflex 

0010: 1.04 g/cc), greater tensile strength of 200 psi (Ecoflex 0010: 120 psi) and greater shore 

hardness of 00-30 (Ecoflex-0010 has shore hardness of 00-10). The shore hardness scale is 

described in the figure below. 
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Figure 6. Shore hardness scale of rubber-like materials 

So, to verify that Ecoflex 0030 has acoustic impedance very close to the skin, an 

experiment is designed to measure the speed of sound and acoustic impedance based on the 

through-transmission substitution technique. Through-transmission substitution is a technique 

where two transducers are aligned in parallel on opposite sides of the material under consideration 

are used. The RF data received by the transducer after transmission through the desired material 

gives the time of flight (TOF) peak, which can then be used to calculate the speed of sound and 

then the acoustic impedance of the sample. When the experiment is set up in a water tank, the 

unknown properties of the sample under test are obtained from the comparison with the properties 

of water used as reference47.  

 

2.1.4.4 Fabrication process : 

The first step is to fabricate an Ecoflex block of known thickness. The Ecoflex mixture is 

prepared and poured onto a petri dish and spread evenly to obtain an Ecoflex block of controlled 

thickness. The Ecoflex is then cut into a cuboid shape and then the length, width, and thickness of 
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the sample is measured. The density of the sample can be calculated by fabricating the Ecoflex 

block in this manner. 

The next step is to fabricate the ultrasonic transmitters and receivers in order to measure the 

time of flight. A detailed description of the fabrication process of the transmitter and receiver is 

described below: 

1. Two single-element transducers are fabricated for transmission and reception. A 

piezoelectric transducer of working frequency 1 MHz is used in both the transmitter and 

receiver. 

2. A single top electrode is designed on AutoCAD (Autodesk, USA) since only a single 

channel, i.e., only a single transducer, is used to transmit and receive the ultrasound signals. 

3. A copper tape stuck onto a glass slide is used as the substrate for laser dicing (bottom 

electrode). A laser ablation system system with 300 mm s-1 laser cutting speed and 241 ns 

pulse width is then utilized to create the single electrode pattern on the copper tape. 

4. Excess redundant tape is removed, and then the circuit surface is cleaned using flux to 

remove surface oxidation created using the laser ablation process. This process helps in the 

enhancement of the welding process and increases welding strength 

5. The 1 MHz transducer is welded onto the single electrode using Esolder at 80°C for 20 

min. 

6. A bottom electrode made of copper foil (20 𝜇𝑚 thick) is then used to ground the transducer. 

The top and bottom electrodes are welded using the same conductive adhesive, solder paste 

at 80°C for another 20 min. 
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7. Copper wires are soldered onto the electrode and the ground layer to connect with the 

powering and data acquisition system, Verasonics Vantage 256, which acts as the host to 

control the RF signal timing sequence and signal acquisition. 

8. The entire device is encapsulated with ecoflex and cured at room temperature for 2 hours.  

The experimental setup and data acquisition methods are explained in the next chapter. 

 

2.2 Fabrication process of the ultrasonic blood pressure device: 

A step-by-step process of the fabrication of the ultrasonic device is described below: 

The first part of the fabrication is stretchable circuit patterning.  

1. For this part, the electrode patterns (top and bottom electrodes) are first designed on 

AutoCAD. The AutoCAD design is a 2D design consisting of 8 electrodes for an eight-

channel device.  

2. A copper foil (20 𝜇𝑚 thick) is spin-coated with PI. This process is performed at 4000 r.pm 

for 60 s. The foil is then soft baked on a hotplate at 110°C for 4 min and 150°C for 1 min 

and then cured in a nitrogen oven at 300°C for 1 hour. 

3. A glass slide is coated with a layer of polydimethylsiloxane (PDMS) which serves as a 

temporary substrate to laminate the Cu foil with the PI layer in contact with the PDMS on 

the glass slide. The reason for coating the Cu foil with PI is because PI has good adhesion 

with many metals and polymers like PDMS. This will give good bonding between the Cu 

foil and the glass, enabling an even surface to perform laser ablation. 

4. To increase the bonding between the PI and PDMS, UV ozone surface activation is 

performed for 3 min. Exposing PI and PDMS to UV light (PSD series Digital UV Ozone 
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System, Novascan) causes surface activation and helps strengthen the bond between PI and 

PDMS. 

5. The Cu foil laminated onto PDMS on a glass slide is used to perform the patterning of the 

top and bottom electrodes. 

6. An IR laser ablation system with 300 mm s-1 laser cutting speed and 241 ns pulse width is 

then used to create the serpentine circuit patterns on the Cu foil. 

The next part of fabrication is transfer printing. 

7. A glass slide is first spin-coated with PMMA (poly (methyl methacrylate) followed by spin 

coating of an ultrathin layer ( approximately 15 micrometers) of Ecoflex-0030 substrate 

mixed with an organic black dye onto it. The PMMA layer in between Ecoflex and glass 

facilitates the peeling off of Ecoflex from glass slide after completion of the fabrication 

process. The organic black dye helps in covering the device entirely on the bottom, making 

it opaque and patient-friendly for clinical use. 

8. A water-soluble tape (3M) is used to transfer the circuits onto the glass slide consisting of 

PMMA and Ecoflex. 

9. After removing the water-soluble tape, the circuit surface is cleaned using flux to remove 

surface oxidation created during the laser ablation process to increase the welding strength.  

10. The piezoelectric transducers (7 MHz) are welded onto the top electrode using Esolder in 

a linear array pattern and then cured at 80°C for 20 min. 

11. The bottom electrode is then used to achieve common ground. Grounding is achieved using 

a Vertical Interconnect Access (VIA). 

The final step is to encapsulate the entire device using ecoflex 
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12. The ecoflex mixture is made and then dyed with an organic black dye again to ensure that 

the device is fully covered and is patient-friendly for clinical use. 

13. This dyed ecoflex is then used to encapsulate the entire device and then cured at room 

temperature for an hour. The encapsulation layer is only a few micrometers thick to prevent 

reflections from the boundaries of this layer. 

The experimental setup and data acquisition methods are described in the next chapter. 
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Figure 7. AutoCAD design of the top electrode: serpentine interconnects 

 

Figure 8. AutoCAD design of the bottom electrode: common ground electrode 

 

Figure 9. AutoCAD design of the top and bottom electrodes combined: showing common ground routed through 

VIA 

 

 

VIA 
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Figure 9. Copper foil fixated on glass slide spin coated with PDMS 

 

Figure 10. (Left) Bottom electrode: Common ground electrode with VIA, (Right) Top electrode: 8 serpentine 

interconnects and a VIA printed using laser ablation 

 

Figure 11. Top and bottom electrode patterns transferred onto water soluble tape (3M) 
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Figure 12. (Top) Top and bottom electrodes transferred to glass slide with organic blac dyed Ecoflex, (Bottom left) 

Piezoelectric transducer elements bonded onto top electrodes with Esolder, (Bottom right) Bottom electrode 

connected to the top through VIA and device encapsulated with organic black dye 
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Chapter 3 

Data acquisition system and experimental setup 

3.1 Software used for the experiments 

This section describes the software used for the experiments and data acquisition. 

3.1.1 Verasonics ultrasound data acquisition system 

Verasonics designs Vantage ultrasound research systems for academic and commercial 

purposes. These systems are real-time, software-based, and programmable ultrasound systems. 

They help in simplifying the acoustic data collection and analysis process. Verasonics provides 

researchers with tools like: 

- Front End Hardware: This is a state-of-the-art analog and digital signal processing for 

ultrasound transmission and acquisition  

- Software Beamforming: Enables real-time image reconstruction using pixel-oriented 

processing and very high frame rates 

In addition, it also provides leading-edge applications like expertise in high-frequency pre-

clinical imaging, focused ultrasound for intervention and therapy, and many more. 

The ultrasonic patch is interfaced with this data acquisition system. MATLAB program interfaced 

with the Verasonics data acquisition system enables addressing of individual transducers, setting 

the pulse repetition frequency34,  acquiring and saving real-time continuous RF data and analysis. 

 

3.1.2 MATLAB compatibility with Verasonics 

The Verasonics Vantage system is compatible with MATLAB, and the addressing of 

individual transducers are done using MATLAB codes. The transducers can be programmed to 
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transmit, receive or both using MATLAB. BP wavefignal acquisition, signal processing, and blood 

pressure waveform analysis are done using MATLAB.  

 

3.2 Experimental setup to acquire blood pressure waveform 

The ultrasonic patch is connected to the Verasonics system through a microcoaxial cable. 

The patch is placed on the brachial artery of a human participant after identifying its location. 

Before resuming RF data collection, the device is tested to ensure that all the channels are 

connected to the system and electrical conductivity is established in all the eight channels. 

 

Figure 13. Channel connectivity test plot 

 

3.2.1 Device calibration  

Every waveform acquired from a participant needs to be calibrated with a commercial cuff. 

And it needs to be calibrated only once as long as there is no significant physiological change of 

the patient. The main assumption here is that the artery is rotationally symmetrical, elastic with 

negligible viscoelasticity.  
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The rigidity coefficient, 𝛼 described previously, can be calculated by the following 

equation48,49: 

𝛼 =
𝐴𝑑 ln (𝑝𝑠 𝑝𝑑)⁄

𝐴𝑠 − 𝐴𝑑
 

where 𝐴𝑠 is the systolic arterial cross-section, which can be measured using a commercial 

ultrasound probe, 𝑝𝑠 is the systolic pressure which can be measured by a commercial blood 

pressure cuff. Using a brief calibration for 𝛼 and 𝑝𝑑, continuous pressure waveform p(t) can be 

acquired for every participant. The diastolic pressure maintains relatively stable for a patient under 

constant physiological status. Once the device is calibrated and the connectivity of all the channels 

are tested, the ultrasonic transducers are activated, and data acquisition is performed. RF data are 

continuously acquired, indicating the location of the anterior and posterior walls of the brachial 

artery. The RF data acquired are then translated into blood pressure waveforms. 

 

3.2.2 BP data plot 

The blood pressure waveform acquired from a participant's brachial artery after calibration 

is plotted and the average value of systolic and diastolic pressures acquired from the ultrasound 

device is compared with the values obtained from BP cuff. The average systolic pressure for five 

waveforms from ultrasound device is 104.34 mmHg and the average diastolic pressure for the 

same is found to be 58.68 mmHg. The BP cuff measurements indicate the values 101 mmHg/ 61 

mmHg.   
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Figure 14.  Blood pressure waveform obtained from the wearable ultrasound device 

 

3.3 Experiment to measure the acoustic impedance of Ecoflex 

3.3.1 Experimental setup 

The entire setup to measure acoustic impedance of a material is immersed in water. The single-

element transmitter and receiver fabricated are aligned and placed on opposite sides parallel to 

each other. The Ecoflex cuboid is placed midway between the transmitter and receiver. The 

transducers are connected to the Verasonics system, and one is programmed to transmit, while the 

other is programmed to receive on MATLAB.  

 

Figure 15. Schematic diagram of the setup in water to measure acoustic impedance. The transmitter, receiver 

and the sample are all held in place using a PCB clamp stand  
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After the experiment is set up, the following steps are performed: 

1. The distance between the transmitter and the receiver is called the axial distance and is 

measured. 

2. The transducers are activated, and the ultrasound is transmitted and received without the 

substrate in between them. RF data is initially acquired in just water without any substrate. 

This gives the TOF peak with just water. 

3. The ecoflex substrate is then placed in between the transmitter and receiver and the 

transducers are activated again. RF data for the ecoflex in between is then acquired and 

saved. 

4. The RF data for both the conditions (with and without ecoflex) are simultaneously plotted, 

and the difference in the time for their first echoes is calculated. 

5. The speed of sound in ecoflex is then calculated by the equation47,50 
𝑑

𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥
−

𝑑

𝑐𝑤𝑎𝑡𝑒𝑟
= 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑡𝑖𝑚𝑒 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑒𝑐ℎ𝑜𝑒𝑠 

Where d = thickness of ecoflex sample, 𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥= speed of sound through ecoflex, 𝑐𝑤𝑎𝑡𝑒𝑟= 

speed of sound through water 

6. The density of the ecoflex block can be calculated as  

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑐𝑜𝑓𝑙𝑒𝑥

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑐𝑜𝑓𝑙𝑒𝑥
 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑐𝑜𝑓𝑙𝑒𝑥 𝑏𝑙𝑜𝑐𝑘 = 𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑏𝑟𝑒𝑎𝑑𝑡ℎ ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

 

3.3.2 Measurements and Calculations 

Axial length     =  5 cm 

Speed of sound in water     =  1.54 mm/s 

Thickness of ecoflex sample used (d)  =  2.5 mm 
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Length of ecoflex block   =  40.36 mm 

Breadth of ecoflex block    = 54.31 mm 

Mass of ecoflex block    =  5.96 g 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑐𝑜𝑓𝑙𝑒𝑥 𝑏𝑙𝑜𝑐𝑘 = 𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑏𝑟𝑒𝑎𝑑𝑡ℎ ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

            = 54.31*40.36*2.5 

            = 5479.87 mm3 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑒𝑐𝑜𝑓𝑙𝑒𝑥 𝑏𝑙𝑜𝑐𝑘 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑒𝑐𝑜𝑓𝑙𝑒𝑥 𝑏𝑙𝑜𝑐𝑘

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑐𝑜𝑓𝑙𝑒𝑥 𝑏𝑙𝑜𝑐𝑘
 

             = 
5.96 𝑔

5479.87 𝑚𝑚3 

             = 0.00108 g/mm3 

3.3.2.1 TOF plots: 

 

 

  

 

Figure 16. Case 1: Time of Flight plot, sampling frequency used= 25 MHz 
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Figure 17. Case 2: Time of Flight plot, Sampling frequency used = 25 MHz 

 

3.3.2.2 Acoustic impedance calculation: 

Case 1: 

Time of flight difference = 
632−613

25 MHz
 = 0.76 s 

𝑑

𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥
−

𝑑

𝑐𝑤𝑎𝑡𝑒𝑟
= 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑓𝑙𝑖𝑔ℎ𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

2.5 𝑚𝑚

𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥
−

2.5 𝑚𝑚

1.54
mm
ms

= 0.76 𝐦𝐬 

After simplifying and calculating for  𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥 , we get 

      𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥  = 1.077 mm/s  

Calculating the acoustic impedance of ecoflex 00-30, we get 
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𝑍 =  𝜌𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥   

𝒁 =  𝟏. 𝟐 ∗ 𝟏𝟎𝟔 𝒌𝒈 𝒎𝟐𝒔⁄   

Case 2: 

Time of flight difference = 
632−612

25 MHz
 = 0.80 s 

𝑑

𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥
−

𝑑

𝑐𝑤𝑎𝑡𝑒𝑟
= 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑓𝑙𝑖𝑔ℎ𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

2.5 𝑚𝑚

𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥
−

2.5 𝑚𝑚

1.54
mm
ms

= 0.80 𝐦𝐬 

After simplifying and calculating for  𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥 , we get 

      𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥  = 1.033 mm/s  

Calculating the acoustic impedance of ecoflex 00-30, we get 

𝑍 =  𝜌𝑐𝑒𝑐𝑜𝑓𝑙𝑒𝑥   

𝒁 =  𝟏. 𝟏𝟔 ∗ 𝟏𝟎𝟔 𝒌𝒈 𝒎𝟐𝒔⁄   

Average value  =  
1.2∗106𝑘𝑔 𝑚2𝑠⁄ + .16∗106𝑘𝑔 𝑚2𝑠⁄

2
  

    =  1.18 ∗ 106 𝑘𝑔 𝑚2𝑠⁄  

Therefore, the average value of the acoustic impedance of ecoflex 00-30 is obtained as  

𝒁 =  𝟏. 𝟏𝟖 ∗ 𝟏𝟎𝟔 𝒌𝒈 𝒎𝟐𝒔⁄  
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Chapter 4 

Discussions  

The design and fabrication of a wearable ultrasonic blood pressure device is described in 

this thesis. The wearable ultrasonic patch helps in capturing real-time continuous blood pressure 

data by continuously tracking the diameter of the pulsating blood vessels. The ultrasonic echoes 

give information about the location of the anterior and posterior walls of the blood vessel, which 

calculates the diameter of the artery under consideration. The established relationships between 

blood pressure and vessel diameter are used to translate the diameter waveforms into blood 

pressure waveforms. Deriving the blood pressure waveform from the diameter waveform avoids 

the use of generalized conversion factors66, thus eliminating inaccuracies due to generalized 

conversions.  

A patient-friendly device that is suited for clinical use is developed by using an organic 

back dye with ecoflex. The use of black dye makes the device opaque, preventing the exposure of 

the electrical components and providing a waterproof device casing. In order to optimize the 

circuitry design and reduce the electrical bonding difficulties, the VIA structure is designed. This 

routes the bottom common ground to a unified region for the connector bonding. With the VIA, 

which is made of silver epoxy, the ground line can be incorporated into the plane of the top 

electrode. This enhances the robustness of the device and establishes good connectivity. 

The ultrasonic device consists of the following layers: 2 layers of Cu (15 m thickness) 

coated with PI (2 m thickness), 2 layers of Esolder silver epoxy paste (5 m thickness), and the 

1-3 piezocomposite layer (1 mm thickness). The thickness of the device is approximately 1.44 

mm, which is very thin and lightweight when compared to the rigid, bulky ultrasonic probes.  
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Acoustic impedance measurements of Ecoflex-0030 are obtained from the speed of sound 

measurements. Development of new materials and the knowledge of their acoustic properties, such 

as speed of sound and acoustic impedance could improve and speed up the development of 

phantoms that are used for simulations of ultrasound medical procedures. The use of phantoms to 

progress both diagnostics and therapeutic methods based on ultrasound research is constantly 

increasing. Phantoms are being used for many applications including validation of computational 

models, achievement of in vitro, standardized, reproducible experiments to demonstrate scientific 

hypotheses, training of physicians and radiologists, etc. There is a huge interest in the development 

of phantoms that mimic complex anatomical structures with different acoustic properties.  

Speed of sound and the correlated acoustic impedance play an important role among the 

different acoustic properties of materials. Therefore, a precise knowledge of the acoustic properties 

of the phantom materials and the possibility to slightly tune them can be extremely helpful for the 

development of multi-organ phantoms. A simple low-cost experimental setup to acquire these 

measurements could hence prove to be very helpful. In our case, we use this experimental setup to 

estimate the acoustic impedance of the silicone elastomer Ecoflex-0030. The values obtained for 

the acoustic impedance of Ecoflex-0030 are slightly higher than the values obtained for Ecoflex-

0010 but is still very close to that of human skin.  

Future work would involve validation of the blood pressure measurements in clinical 

settings and also calculation of acoustic speed and impedances of different biological phantoms 

that are used for other ultrasound research purposes in the lab. 
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