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ABSTRACT 
Hypertension, a common condition that affects over 25% of the global population, is a significant risk factor for 

various cardiovascular and renal complications. It is also a leading cause of death worldwide. In India, 

hypertension is responsible for a significant number of stroke deaths (57%) and coronary heart disease deaths 

(24%). Accurate measurement of blood pressure is critical for managing hypertension and reducing the risk of 

cardiovascular morbidity and mortality. This thesis presents research on developing new blood pressure 

monitoring technologies that can potentially replace traditional methods that use mercury. The focus is on two 

specific methods: a mercury-free sphygmomanometer called Merkfree and a cuffless method using ultrasound. 

We have developed Merkfree, which is a mercury-free sphygmomanometer that looks, feels and operates just like 

a traditional mercury sphygmomanometer. It uses Galinstan as a substitute for mercury which is a non-toxic alloy 

of Gallium, Indium and Tin. Galinstan is nearly half as dense as mercury and sticks to glass. To work with the 

lower density, an enclosure and scale that is nearly double the length of MS was designed. The issue of stickiness 

with glass was resolved by maintaining a small meniscus of a reducing agent in the measuring tube and tank of 

Merkfree. Clinical trials have been conducted to validate the accuracy of Merkfree against MS and oscillometric 

sphygmomanometer (OS) over 252 patients at DMC&H, Ludhiana. The results show a good correlation of the 

systolic and diastolic BP measurements from Merkfree with respect to MS and the OS. The mean absolute 

percentage error is less than 10% for both systolic blood pressure (SBP) and diastolic blood pressure (DBP). We 

also found that Merkfree has lower rounding-off errors compared to MS. 

Another direction that we have explored is cuffless measurement of BP using ultrasound. In this method, the 

arterial wall is pushed with an acoustic radiation push impulse (ARFI). After the completion of the ARFI pulse, 

the artery undergoes impulsive unloading which stimulates a hoop mode vibration. The author designed two 

machine learning (ML) models which make it possible to estimate the internal pressure of the artery using 

ultrasonically measurable parameters. To generate the training data for the ML models, extensive FEM eigen 

frequency simulations were done for different tubes under pressure by sweeping through a range of values for 

inner lumen diameter (ILD), tube density (TD), elastic modulus, internal pressure (IP), tube length, and Poison’s 

ratio. Through image processing applied on images of different eigen modes supported for each simulated case, 

the hoop mode frequency (HMF) was identified. Two different ML models were designed based on the simulated 

data. One is a four-parameter model (FPM) that takes TT, TD, ILD, and HMF as the inputs and gives out IP as 

output. Second is a three-parameter model (TPM) that takes TT, ILD, HMF as inputs and IP as output. In addition 

to the accuracy of these models on simulated data, their performance was verified experimentally on two arterial 

phantoms at a range of pressures. 

In conclusion, this thesis presents new blood pressure monitoring technologies that can potentially replace 

traditional methods that use mercury. The focus is on two methods: a mercury-free sphygmomanometer called 

Merkfree and a cuffless method using ultrasound. Both methods have been tested and shown to have good 

correlation with traditional methods and have the potential for use in clinical settings. These technologies can aid 

in achieving the goal of eliminating mercury from healthcare while also providing accurate and accessible blood 

pressure measurement for clinicians and patients. 

Keywords: Hypertension, Blood pressure, Merkfree, Acoustic radiation push impulse (ARFI), Ultrasound, 

Galinstan, 3D printing, Superhydrophobic coatings, Physical Vapor Deposition (PVD), Auscl-D, Machine 

learning (ML), Hoop mode frequency (HMF).   
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Chapter-1: Introduction
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1.1 Hypertension and its relation to cardiovascular disease (CVD), and Global disease burden. 

 

More than a quarter of the world’s population suffers from hypertension [1], [2]. It is the most important modifiable 

risk factor for multiple cardiovascular and renal complications as shown in Figure.1.1 [3] and is the single most 

important risk factor for death [4].  Globally, approximately 54% of strokes and 47% of coronary heart diseases 

(CHD) are accountable to high BP [5]. There are 57% of stroke deaths and 24% of CHD deaths in India directly 

attributable to hypertension [6]. The Lancet Commission on hypertension has identified an overall improvement 

in the quality of blood pressure (BP) measurements as the preliminary step towards addressing the worldwide 

burden of high BP [7]. As per the report issued by the National Health Service of UK, they have spent 2.1 bn Euro 

every year on diseases caused by high blood pressure [8] (Figure.1.2).  

 

 

Figure 1.1 Effects of hypertension on human health [2]. 

 

Figure 1.2 Pie chart of spent analysis on diseases caused by high blood pressure born by the UK government every year [7]. 
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1.2 Blood pressure Basics 

 

Blood is pumped from the heart through the arteries to the body's periphery and returned through the veins. As the 

heart pumps, the blood pressure in arteries cycles between a maximum, known as systolic blood pressure, and a 

minimum, known as diastolic blood pressure. Typically, a healthy person has a systolic pressure of 120 mmHg 

and a diastolic pressure of 80 mmHg (1 mmHg is equivalent to approximately 133.3 Pa). Figure.1.3 shows how 

the fluctuation of pressure in the arteries takes a characteristic shape. Pulse pressure is the difference between 

systolic and diastolic pressures. An average of the curves in the figure can be used to calculate the mean arterial 

pressure. 

𝑃𝑚𝑎 =
1

3
𝑃𝑠 +

2

3
𝑃𝑑 

In an approximate back-of-the-envelope calculation, Pma represents the mean arterial pressure, Ps represents 

systolic pressure, and Pd represents diastolic pressure. The blood pressure in the aorta is referred to as the central 

blood pressure. It has been shown that central blood pressure is more closely related to intermediate cardiovascular 

risks than brachial artery blood pressure [9].  

 

1.3 Importance of accurate blood pressure measurement.  

 

The accurate measurement of BP is correlated to better hypertension management and a decrease in cardiovascular 

morbidity and mortality [10]. Overestimates of BP are associated with issues like psychological effects of 

misdiagnosis, side effects of antihypertensive medications, higher treatment costs and increased insurance. Having 

said that, the aftermath of underestimates of BP could not only deprive patients of therapy but could also potentially 

increase the current levels of fatal strokes and myocardial infarctions.  

1.4 Evolution of blood pressure measurement methods. 

 

The Ayurvedic system of Nadi Pariksha has thousands of years of experience with strong literature support, but is 

subjective in nature, and it is vital to study Nadi with a scientific approach. As per classical texts, qualities, or 

properties of pulse such as pulse movement (gati), speed of the pulse (vega), stability of the pulse (sthiratva) and 

hardness of the artery (kathinya) play major role in Nadi Pariksha and these properties were analyzed and compared 

with the modern pulse parameters namely pulse wave velocity, pulse rate variability and arterial stiffness. The 

speed, stability, and gati of the pulse differ with aggravated doshas, and assessing those variations with Nadi 

Pariksha is a science unto itself. In the traditional ayurvedic practice, pulse-based diagnosis was used to diagnose 

diseases effectively by touching the radial artery with fingers. It is quite evident from the texts that gati plays a 

significant role in assessing the dosha predominance and traditional ayurveda doctors were adept in assessing gati 

from nadi [11]. Galen (130-200 AD) classified pulse strength, rate, and rhythm by palpation, but it wasn't until 

1733 when Stephen Hales measured arterial pressure directly in an unanesthetized horse. Nevertheless, it wasn't 

until 1828 that the mercury U-tube manometer was developed by Poiseuille that we were able to measure blood 

pressure (mm Hg). In 1864, Fick employed a Bourdon tube and a stylus to inscribe a record on a smoked-drum 

kymograph in order to accurately measure systolic and diastolic pressures [12]. 
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1.5 Different methods of blood pressure measurement. 

  

There are two most accepted methods of blood pressure invasive and non-invasive, the most known example of 

invasive based is arterial catheter, and non-invasive blood pressure measurement method are subdivided into cuff 

and cuffless based.  

1.5.1 Arterial Catheter 

 

Invasive arterial catheters are inserted most commonly near the wrist to measure blood pressure directly [13]. A 

catheter can be inserted into most patients; however, it cannot be inserted into patients with Raynaud's 

phenomenon, thromboangiitis obliterans, infection at the insertion site, or traumatic injuries at the insertion site 

[14]. Invasive procedures carry risks, including a (0.09) percent chance of permanent ischaemic damage, a (19.8%) 

chance of temporary occlusion, an infection (0.3%), a pseudoaneurysm (0.9%), haematoma (14.4%), and bleeding 

(0.53%) [13].  Other risks include abscess, cellulitis, median nerve paralysis, suppurative thrombarteritis, air 

embolism, compartment syndrome, and carpal tunnel syndrome. However, its invasive nature makes it impractical 

outside of hospitals, despite the low-risk percentages. Further, when a catheter is used in the radial artery, it can 

only measure peripheral blood pressure, which is different from central blood pressure in the aorta. 

 

1.5.2 Cuff based methods 

 

In the cuff-based BP measurement, a cuff is wrapped around the upper arm and takes about 10 minutes to measure 

systolic and diastolic measurement points. In cuffless as name suggests without cuff, it is a point of time continuous 

BP measurement method. Three most widely accepted cuff-based devices for the measurement of BP are the 

mercury sphygmomanometer, the aneroid sphygmomanometer, and the oscillometric digital BP monitor. 

Location of blood pressure 

 

The brachial artery is the standard location for measuring blood pressure. A growing number of wrist and finger 

pressure monitors are available, but it is important to keep in mind that the systolic and diastolic pressures vary 

significantly along the arterial tree, with the systolic pressure increasing as you get further away from the heart, 

and the diastolic pressure decreasing. 

 The auscultatory method 

  

Mercury sphygmomanometers are considered as the gold standard in BP measurement. They are based on 

Bernoulli’s principle and the auscultatory method. The pressure gauge indicator itself is basically a column of 

mercury. The pressure indicated is simply a function of density and height of the mercury column. Density being 

a physical property of mercury ensures that the readings are reliable even under low maintenance conditions. 

Korotkoff sounds have well-established markers for identifying systolic and diastolic BP points and all clinicians 

are trained to identify them [15]. New devices known as "hybrid" sphygmomanometers have been developed as 

replacements for mercury devices. Essentially, these devices combine the features of both electronic and 

auscultatory devices by replacing the mercury column with an electronic pressure gauge, like oscillometric 
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devices. However, blood pressure is taken by an observer using a stethoscope and listening for Korotkoff sounds, 

just as with mercury or aneroid devices [16]. 

The aneroid method 

 

The aneroid type of sphygmomanometer uses mechanical springs and dashpot systems. These use the same 

auscultatory method of measurement as that of mercury sphygmomanometer. It is made worse by the fact that 

aneroid manometers, which use this technique, are less accurate and often require frequent calibration [17]. 

The oscillometric method 

 

The digital BP monitors are the most popular as home use self-monitoring devices. They use the oscillometric 

method of BP measurement which measures the mean pressure accurately, but Systolic and diastolic pressures 

are derived based on different empirical methods which varies from company to company and mostly maintained 

as trade secrets [18], [19].  

 

Figure1.3. During deflation, changes occur distal to the sphygmomanometer cuff. The upper trace represents 

Korotkoff sounds. The second trace shows the pressure in the cuff. The third trace shows oscillations in the cuff 

pressure. The maximal oscillation occurs at a mean arterial pressure of 108 mm Hg. The bottom trace shows the 

radial pulse (permission taken from [20]) 
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1.5.3 Cuffless based methods 

 

Cuffless blood pressure monitoring technologies are based on directly measuring physiological parameters 

without occluding the artery. 

Tonometry 

 

Tonometry, also called applanation tonometry, is a technique designed for taking blood pressure at the wrist. The 

method involves placing a pressure transducer next to an artery supported by a bone and assuming that the 

transducer readings relate to blood pressure within the artery [21]. Tonometric measurement means 'measure a 

pressure', whereas applanation means 'flatten' [22] . The central blood pressure can be estimated using tonometry 

by using system models (e.g. transfer functions) [23]. Tonometry has the advantage of capturing the entire pressure 

waveform; however, it does require calibration with an external device, such as a cuff. It is also important to place 

the device correctly in tonometry [24]. 

 

Photoplethysmography method 

 

A plethysmograph is an instrument used to estimate an organ's volume or volume change. A pulse oximeter is 

normally used in photoplethysmography (PPG) to measure the artery's volume. When blood pulses through the 

finger, light is reflected and transmitted differently. As a result of pulse oximetry, light transmission or reflection 

is measured, which is related to blood volume in an artery. In a PPG graph, the amplitude of the signal is plotted 

against the time. There are many ways to estimate absolute blood pressure using PPG, both with and without 

calibration; the literature does not seem to be primarily focused on estimating relative blood pressure changes 

using PPG. A description of each PPG-based technique and its calibration details is given in the following 

subsections. 

Pulse transit time 

 

Pulse transit time has been linked to blood pressure inside arteries. Pulse wave velocity, V, for elastic arteries is 

defined as follows [25]: 

𝑉 = √
𝐸𝑡

2𝑅𝜌
    (1.2) 

Where E is the elastic modulus of the artery, t is the artery thickness, R is the inner artery radius, and 𝜌 is the 

density of the blood.  

There are numerous physiological parameters, but only a few are helpful for the BP measurement. There are two 

main variables used to measure BP: the estimation of time required for a pressure wave to travel between two 

points and the amplitude of the arterial waveform. After measuring one or more of these variables, cuffless BP 

devices use several approaches to estimate BP. The most common approaches include pulse transit time (PTT), 

pulse arrival time (PAT), pulse wave analysis (PWA), and tonometry [26]. PTT is the time required for the arterial 

pressure wave to travel from the proximal to the distal site.  PTT is contrary to blood pressure and is dependent on 

the arterial radius, arterial compliance, blood density, and arterial wall thickness [27]. PWV relates to BP by 

applying the Moens-Kortewegz [28] and Huges [29] equations. 
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The general equation of PWV is defines as follows: 

𝑃𝑊𝑉 =
𝐿

𝑃𝑇𝑇
     (1.3)           

  

 Some of the cuffless technologies use these approaches or a combination of them to estimate, such as 

photoplethysmography (PPG), electrocardiogram (ECG), mobile phone sensors [30] microelectromechanical [31], 

magneto-plethysmography [32] , ballistocardiography (BCG) [33], bioimpedance [34], ultrasound image 

processing [35]. 

Finger Cuff 

 

In another PPG-based blood pressure measurement technique, a finger cuff is used to record the PPG signal. This 

method is also known as vascular unloading. In order to maintain a constant blood volume in the finger, the cuff 

automatically inflates or deflates as the PPG is recorded. Keeping blood volume constant requires a constant blood 

pressure within the vessel [21], [36]. In 1973, Penaz introduced a finger cuff device called Finapres that used this 

method [37]. This method has been shown to provide accurate estimates of pressure changes; however, one author 

suggests that it is not clinically used due to its cost, inconvenience, and high degree of variability when measuring 

absolute pressures [38]. 

Other Techniques 

 

Researchers are developing other methods for estimating arterial blood pressure non-invasively through ultrasound 

contrast agents in the bloodstream [39]–[41]. Blood pressure can be estimated by examining cavitation frequency, 

radial oscillations, and general microbubble behaviour [39]. Injection of microbubbles might not be optimal in 

every instance based on some reports [39], and accuracy has been reported to be low with some variations of this 

method. A method similar to ours uses ultrasound and image processing methods to measure noninvasively central 

venous pressure [42]. Ultrasound is typically used for non-invasive imaging of tissues. In normal imaging mode 

operations, plane and focused waves of a few microseconds pulse duration are used. Ultrasound in its imaging 

modality has been used with limited success to measure BP. For instance, Beulen et. al. developed an innovative 

approach to measuring internal pressure by monitoring the changes in the ratio of flow and cross-sectional area 

using ultrasound probes but requires a flow sensor to be directly inserted into the system [43]. Zakrzewski et. al. 

have used ultrasound imaging to monitor internal pressure by recording changes in the diameter of the tube under 

the application of external force from the ultrasound probe [44]. However, this method requires the continuous 

application of external loading, which may be uncomfortable and may dislodge plaque in atherosclerotic arteries. 

Weber et. al. proposed a system for measurement of blood pressure at the wrist using a balloon inflation system 

pushing against the radial artery that works like a cuff [45]. A single element ultrasound probe is aimed at the 

artery that measures the diameter change of the radial artery and identifies when it is completely blocked by 

pressure from the inflating balloon. The system is quite bulky and cumbersome for regular use. Apart from that, 

radial arterial pressure is not used in most clinical measurements. The summary of all measurement methods of 

BP is shown in Table.1.1  

1.6 Advantages/limitations of different BP measurement techniques. 
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Mercury sphygmomanometer has been considered as the gold standard of BP measurement for more than 100 

years. Its advantages are its accuracy, minimal calibration requirement and infrequent breakdown. In comparison, 

the aneroid type of sphygmomanometer uses mechanical springs and dashpot systems. These use the same 

auscultatory method of measurement as that of mercury sphygmomanometer but are prone to run out of calibration 

within six months to a year due to loosening of springs, especially in heavy use environments of hospitals [17], 

[46], [47]. Once spring becomes loose, these are nearly impossible to recalibrate. The digital BP monitors are the 

most popular as home use self-monitoring devices. The advantage of these devices is that white coat hypertension 

is not associated with them, self-monitoring devices, no rounding off errors, and portable. Automatic BP monitors 

are considered to be of the lowest accuracy among the three methods. 

Over the last 10 years or so a lot of interest has come in cuffless blood pressure monitoring devices. The advantage 

of these devices is that they do the point in time measurement of blood pressure without occluding the arteries. 

The disadvantage of these devices is that they have low accuracy with respect to gold standard BP measurements 

performed with mercury type. 

1.7 Toxic effects of mercury and Minamata convention.   

 

          Unfortunately, mercury is found to be detrimental to human and environmental health. Exposure to mercury – even 

in small amounts – may cause serious health problems. There were past episodes like kodaikanal in Tamil Nadu, 

Minamata Tragedy in Japan which showed Mercury toxic effect on the environment as well as on humans [48], 

[49]. To limit the use of mercury, in year 2013, governments across the world agreed to the Minamata Convention 

on Mercury to limit production, export and use of mercury [50]. Minamata convention is aimed to protect human 

health and environment from anthropogenic emissions and releases of mercury and mercury compounds. The 

major focus of the treaty is to control and regulate mercury supply and trade along with ban on manufacturing of 

mercury containing products. As discussed earlier, the aneroid and oscillometric types are still inadequate 

compared to the accuracy or reliability of the mercury sphygmomanometer [51]. Mercury devices are being banned 

not because of the invention of any new technology of BP measurement but because of the harmful effects of 

mercury. 

1.8  Regulations and guidelines of various governments worldwide and Indian prospective towards 

        Mercury Sphygmomanometer.   

    

Around 128 countries are signatories to the Minamata convention as per the 2014 reports [52]. Following its 

commitment at the Minamata Convention, the Indian government has taken steps towards elimination of mercury 

sphygmomanometers from the Indian healthcare systems. Advisory has been issued as far back as 2010 to avoid 

usage and procurement of the mercury sphygmomanometer [19] and India is required to ban mercury 

sphygmomanometer by end of year 2020 [53]. However, mercury sphygmomanometers are still widely used in 

India. The recent India Heart Study conducted by Kaul et al. [54] indicates that nearly 69.3% of clinicians in 

India still use the mercury sphygmomanometer in their practice. We hypothesized that there is an unmet need 

for a more reliable replacement of Mercury sphygmomanometer which is not being fulfilled by aneroid and 

oscillometric types and is the cause behind resilience of clinicians to still stick to the mercury 

sphygmomanometer.  
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1.9 Clinical need 

 

To measure blood pressure, doctors use three non-ideal techniques: an invasive arterial catheter, an oscillometric 

blood pressure cuff, or an auscultatory cuff. Although catheters provide continuous and accurate data but inserting 

them is an invasive procedure. As oscillometric cuffs occlude arteries, they cannot provide continuous pressure 

measurements and have been shown to significantly underestimate mean arterial pressure in patients with 

atherosclerosis [21]. To validate our hypothesis, we have conducted an anonymous survey among Indian clinicians 

across all specialities. We found that the majority of clinicians are in favour of the mercury sphygmomanometer 

in terms of accuracy. Moreover, if an alternative to a mercury sphygmomanometer is given to them with the same 

principle and accuracy, they will buy it and use it.  

1.10  Aims and objectives. 

 

The motivation of the presented work is derived from the necessity to provide an effective, efficient, and accurate 

blood pressure monitoring technology. Due to changed government policy of phasing out mercury-based 

sphygmomanometers and preference of clinicians for a reliable auscultatory pressure monitor there is an open and 

unmet need for reliable and accurate replacement of mercury sphygmomanometer. There were past episodes like 

Kodaikanal in Tamil Nadu, Minamata Tragedy in Japan which showed Mercury's toxic effect on the environment 

as well as on humans prompted us to explore new avenues in the direction of cuff based and cuffless BP monitoring 

technologies. 

The main objective of the present research work is to develop alternatives to the mercury sphygmomanometer that 

are comparable in terms of accuracy, and robustness. The research objectives of the thesis are summarized as 

follows.  

1. First, to understand the need of an alternative devices among Indian clinicians, we conducted an online survey 

among Indian clinicians irrespective of their specialties. The answers show that there is a large market for such a 

device in India and worldwide, owing to phasing out of mercury and clinician preference of a reliable auscultatory 

pressure monitor.  

2. We aim to develop a Merkfree device which aims at being very close to the mercury sphygmomanometer while 

getting rid of the mercury. The innovation is in the use of Galinstan and the specially designed tubing and enclosure 

to hold it. Although there are Galinstan based thermometers available in the market, there has been no attempt to 

develop a Galinstan based sphygmomanometer. 

 3. We aim to explore a novel method to measure BP through ultrasound. In this method, the arterial wall would 

be pushed with an acoustic radiation push impulse (ARFI). After the completion of the ARFI pulse the artery 

undergoes impulsive unloading which stimulates a hoop mode vibration. We designed a machine learning model 

which makes it possible to estimate the internal pressure of the artery using ultrasonically measurable parameters.  

4. We aim to develop Auscl-D, which displays BP reading digitally, like oscillometric devices, but measurements       

are performed using auscultation method employing traditional stethoscope and manual pumping system as in an 

aneroid device. 
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1.11    Structure of the thesis  

 

The thesis comprises nine chapters as briefly discussed below. 

• Chapter 1: This chapter includes the introduction of the thesis work. It defines the background of the 

problem associated with blood pressure monitoring technologies and including a literature survey, 

motivation, objectives, and thesis outline. 

 

• Chapter 2: This chapter underlines about a survey to gauge confidence of Indian clinicians on three 

primary devices for blood pressure measurement. 

 

• Chapter 3: This chapter explains about the replacement of mercury in sphygmomanometer with 

galinstan and its properties, challenges, and issues. 

 

• Chapter 4: This chapter explains about the paradigm of Merkfree. It also explains about the aesthetics 

and additive manufacturing technology used in the manufacture of the Merkfree. 

 

• Chapter 5: This chapter demonstrates about the clinical trial results of Merkfree device on 260 subjects 

at DMC&H Ludhiana. 

 

• Chapter 6: This chapter underlines about exploration of new AI driven methods of cuff less blood 

pressure measurement using acoustic radiation force impulse (ARFI). 

 

• Chapter 7: This chapters explains about the design a digital sphygmomanometer named ‘Auscl-D’ 

which is based on auscultatory method and its clinical trial results. 

 

• Chapter 8: This chapter explains about the other different notable work in medical devices and its 

application of use.  

 

• Chapter 9: The chapter concludes the findings of the thesis work. It summarizes the work presented in 

each of the chapters and also provides the future direction of the present thesis work. 

 

 

1.12  Main intellectual contributions of the thesis and its impact on the field. 

 

1) Development of Merkfree: The dissertation work developed a cuff-based blood pressure monitoring 

device called Merkfree as a replacement for the traditional mercury sphygmomanometer. The device uses 

Galinstan, a non-toxic alloy of Gallium, Indium, and Tin, as a substitute for mercury. Clinical trials 

validated the accuracy of Merkfree, and it was found to be a viable alternative to the mercury 

sphygmomanometer. 

2) Development of Auscl-D: Another cuff-based device called Auscl-D, a handheld and compact digital 

version of BP measurement based on the auscultation method of measurement, was also developed. 
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3) Cuffless BP Measurement: The dissertation work explored the development of a cuffless 

measurement of blood pressure using ultrasound. Two machine learning models were designed to 

estimate the internal pressure of the artery using ultrasonically measurable parameters. Extensive 

simulations and experimental validation on arterial phantoms were done to verify the accuracy of 

these models. 

4) Impact on the Field: The development of Merkfree and Auscl-D provides clinicians with a viable 

alternative to the mercury sphygmomanometer for accurate blood pressure measurement. The 

exploration of cuffless blood pressure measurement using ultrasound and machine learning models 

opens up the possibility of continuous, real-time, and non-invasive blood pressure measurement, 

which can have significant implications in hypertension management and reducing cardiovascular 

morbidity and mortality. 
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Table1.1 Summary of all BP measurement methods 

Cuff based methods 

Method  Description Advantages Disadvantages 

Auscultatory method  

(Hybrid method) 

 

Based on the method of 

auscultation where the doctor 

listens to Korotkoff sounds 

[21]. 

 

- Comparable to gold 

standard mercury 

sphygmomanometer 

[55].  

 

• Rounding of error [21]. 

• Inter-observer error [55]. 

• White coat hypertension [56]. 

• Errors occur due to improper 

rate of deflation [57][58]. 

• Optimal cuff size and 

placement required [55]. 

 

 

 Proposed method (Merkfree) 

 

A doctor listens to Korotkoff 

sounds  

 

- Accuracy compared with 

the mercury 

sphygmomanometer. 

- No calibration is needed  

- Minimal rounding of 

errors 

 

• A small meniscus of NaOH is 

maintained. 

• White coat hypertension 

• Errors occur due to improper 

rate of deflation 

 

 

Oscillometric method 

Based on oscillometric 

method of BP measurement 

which measures mean 

pressure accurately, but 

systolic and diastolic pressures 

are derived based on different 

empirical formulas [59]. 

 

- Less susceptible to 

external noise [21] 

- No rounding of errors 

[60] 

- Portable and easy to use 

[61]. 

- No transducer needed 

[21]. 

 

• Low accuracy among three 

cuff-based methods [61]. 

• Most algorithms are 

proprietary [21] 

• Many devices have not been 

validated with published 

standards [61] 

• Readings are varying from 

devices to devices [21], [61]. 

 

Proposed method (Auscl-D)  

 

Based on the method of 

auscultation.  

 

- Portable 

- No rounding of errors 

- Accuracy comparable to 

mercury 

sphygmomanometer.  

- OLED display 

 

 

• Timely calibration is required. 

• Errors occur due to improper 

rate of inflation and deflation. 

• Timely replacement of lipo 

battery. 

• Optimal cuff size and 

placement required. 

Cuffless based methods 

 

 

Microbubbles 

 

Response under ultrasound 

[39] 

 

- Non-invasive [62] 

- Potentially use for all 

chambers of heart [62] 

 

• Requires ultrasound [62] 

• Requires an injection of 

microbubbles into blood 

stream [62]. 

• Low reliability and resolution 

[39]. 

 

Tonometry 

 

Gauge measures force 

variation on skin surface [63]  

 

 

- It better estimates 

central arterial pressure 

when used at radial 

artery than finger cuffs 

[64]  

- Less sensitive than 

finger cuffs to 

vasoconstriction and 

vascular disease [64]. 

 

 

• Requires calibration for each 

patient [21]. 

• Not applicable for routine 

clinical use [21]. 

• Position and handling specific 

[21], [64]. 

• Not reliable on elderly and 

large change in blood pressure 

[64]. 

 

Ultrasound  

 

Use ultrasound image 

modality [43] 

 

- Non-invasive [43] 

- Real time monitoring 

[43] 

 

 

• Requires flow sensor 

invasively [43]. 

• Continuous external loading 

may cause dislodge plague in 

atherosclerotic arteries [44]. 

• Using balloon inflation 

system pushing against the 

radial artery [45].  

 

Proposed method 

 

Acoustic radiation force 

impulse is used to push the 

wall of the artery. 

 

 

- Non-invasive 

- An empirically derived 

machine learning (ML) 

model to measure blood 

pressure using ARFI. 

- Real-time BP 

monitoring 

- Accuracy is within the 

clinical limits. 

 

• Frequency down shift owing 

to damping. 

• Accuracy of hoop mode 

frequency reduces in damping 

medium. 
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Chapter-2: A survey to gauge confidence of Indian 

clinicians on three primary devices for blood 

pressure measurement 
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2.1 Purpose: As per its commitment at Minamata convention, and in line with other developed economies, the 

Indian government is set to ban the use of mercury sphygmomanometers by end of the year 2020. However, the 

Mercury sphygmomanometer is still widely used by clinicians in India. We conducted a survey to gauge the 

confidence of Indian clinicians on three primary devices of blood pressure (BP) measurement – mercury 

sphygmomanometer, aneroid sphygmomanometer and automatic digital BP monitor. 

2.2 Materials and methods 

 

To validate our hypothesis, we conducted an online survey among multiple clinician groups in India. We asked 

the following four questions. 

(1) What is your clinical specialization?  

(2) Which of these is the most accurate BP measuring device? (Only one option to be chosen)  

 (a) Mercury sphygmomanometer 

 (b) Aneroid sphygmomanometer 

 (c) Digital automatic BP monitor 

(3) Which type of manometer in your experience is most robust with least breakdown and calibration require- 

ment? (only one option to be chosen) 

 (a) Mercury sphygmomanometer 

 (b) Aneroid sphygmomanometer 

 (c) Automatic digital BP monitor 

(4) If you are given an alternative to mercury manometer with same principle of operation and same accuracy 

(but mercury-free), will you buy it? (only one option to be chosen) 

 (a) Yes 

 (b) No  

(c) May be 

(5) Which is important to you in a BP monitoring device? (multiple options may be chosen) 

(a) Portability 

(b) Accuracy  

(c) Convenience of use. 

The survey was kept anonymous to avoid desirability bias [65]. The data were collected using Google forms that 

were sent to hundreds of clinicians across India through email and closed-messaging groups. We received 139 

responses across specialties. The responders were not associated with any single program or any single center. 

The distribution of the specializations of the participating clinicians is shown in Table.2.1. 
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Table.2.1 Broad categorization of clinicians who participated in the survey 

Clinicians filed of specialization Number of clinicians participated 

Graduate (MBBS) 3 

Medicine and allied branch specialists (MD) 59 

Super specialists 32 

Other specialists MD’s from non-medical specialists 

(basics, surgical, etc.) 

45 

Medicine and allied branch specialists (MD): anesthetist and intensivist, chest and TB, general physician and 

medicine. Super specialists: cardiology, clinical immunology and rheumatology, endocrinology, 

gastroenterology, nephrology, neurology, oncology and urology. Other specialists MD’s from non-medical 

specialists (basics, surgical, etc.): ENT, Health Management, Microbiology, MS (Surgery), Obstetrics and 

Gynaecology, Ophthalmology, Orthopedics, Pathology, Pediatrics, Pharmacology, Psychiatrist and Radiology. 

 

2.3 Results 

 

A summary of responses to the questions is shown in Figure.2.1. From Figure. 2.1(a), we can see that more than 

80% of clinicians consider the mercury sphygmomanometer as the most accurate BP measuring device. Mercury 

sphygmomanometer is also the preferred choice of nearly half of the clinicians in terms of its reliability and 

minimal calibration requirement compared to the other two (Figure.2.1(b)). Aneroid comes second in both 

accuracy and reliability perception while automatic digital oscillometric device fares poorly on both, with only 6% 

clinicians grading it as most accurate and 14% as most reliable. Mercury sphygmomanometer is the preferred 

choice on both accuracy and reliability parameters by most clinicians. Also, 88% of respondents are willing to buy 

a mercury-free sphygmomanometer with the same principle of operation and the same accuracy as that of the 

mercury type (Figure.2.1(c)). This also indicates that the current resilience to stick to mercury type is because of 

the perceived superiority of the mercury type over others. From the perspective of the overall accuracy, reliability, 

calibration and maintenance, the study brings out an unmet need for a more effective alternative to mercury 

sphygmomanometer which is not currently being fulfilled by the aneroid and the oscillometric types. If such a 

device is offered, there will be a quick market acceptance for it. Answers to the fifth question indicate the perceived 

desirable characteristics of such a device. Accuracy is the most important parameter for in-clinic BP measuring 

device. Even if such a device requires more skill for use or less port- able, still it shall be readily accepted by the 

clinicians especially for in-clinic use. Although the oscillometric devices offer a high degree of portability and 

convenience of use, they are not a preferred choice with the clinicians due to lower perceived accuracy and 

reliability. This may be partially due to the lack of validated oscillometric BP measurement devices in India. The 

lack of uniformity and inconsistent accuracy as compared to the mercury sphygmomanometers is one of the major 

drivers for this perception. Reliable and validated oscillometric devices should become available in the country. 

Following that, physician’s information, and education regarding the dependability of these devices will help in 

switching over to these devices in the office. Simply banning mercury devices will not be a solution. Either similar 

non-mercury devices become available or validated oscillometric devices have to be made available as in the rest 

of the world. 
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Figure.2.1 A summary of responses to the questions 

 

2.4 Conclusion 

 

Mercury sphygmomanometers are already banned in many countries and are set to be banned in India by end of 

2020. The survey conducted by us proves that there is higher perceived accuracy and reliability of the mercury 

sphygmomanometer compared to other competing devices in the market. Banning of this device may create an 

unmet need that is still not fulfilled adequately by the aneroid or oscillometric types. We believe that validated 

oscillometric devices should be promoted to bring about change in perspectives of Indian clinicians towards 

adopting non-mercury alternatives of BP measurement. 
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Chapter-3: Galinstan and its properties, 

challenges, and issues. 
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Gallium-based low melting point metals are an exciting new material that could have widespread success in many 

emerging applications. Their good conductivities, large working temperature range, and fluid properties at room 

temperature make them appealing to many applications. However, their oxidation behavior must be either 

mitigated or embraced depending on the application. Here in our case, we require an oxide-free Galinstan surface 

to maintain its fluidity property up to 1 part per million (ppm), or 0.0001%, of oxygen. Gallium which is a key 

component in Galinstan would show a more viscous behaviour that is caused by the thin oxide layer. Generally, 

gallium forms two oxide phases that are mentioned in the equations (1) and (2). The most stable state of the 

Gallium oxide when it interacts with atmospheric oxygen is mentioned in equation 

4𝐺𝑎 (𝑠) + 3𝑂2 (𝑔) → 2𝐺𝑎2 𝑂3 (𝑠) ……………………… (1)  

4𝐺𝑎 + 𝑂2 (𝑔) → 𝐺𝑎2 𝑂…………………………………. (2) 

 In an ambient environment, a droplet of Galinstan is oxidized instantaneously and adheres to the surface it is being 

dispensed on. 

3.1 Various solutions to overcome wettability. 

 

The problem of forming oxide by gallium is very severe and would impact the flow of Galinstan. Various methods 

have been proposed in literature to negate this issue. Following are the categories of methods to make Galinstan 

non-sticky to glass as per the available literature: 

 

1. Surface modification methods for the substrate (glass) where the Galinstan is always in close contact. 

2. Chemical treatment and surface modification on the Galinstan surface to remove or protect the thin oxide 

layer. 

3. By varying the doping concentration of gallium and incorporation of other metals into Galinstan. 

 

3.1.1 Surface modification techniques. 

 

i) Superhydrophobic coatings  

 

Superhydrophobic coatings repel water and, in some cases, other liquids as well. The non-adhesiveness is 

actuated by topographically elements at the nano-/micro scale and low surface energy. There are various 

applications which use superhydrophobic coatings such as biomedical, marine, auto- motive and energy 

sectors etc. Only a few superhydrophobic coatings are suitable for the biomedical applications because of 

the synthesis compounds’ toxic behaviour [66]. 

     (ii) Molecular beam epitaxy 

 

It has been found in the literature that thin film of gallium oxide coated on a substrate show non-wettability 

with gallium containing alloys. Kazuo Aok and his group have done an experiment where they have 

successfully grown a thin transparent, colourless, and mirrorlike film of β-Ga2O3 on to β-Ga2O3 substrate 

using molecular beam epitaxy [67] . 

    (iii) Atomic layer deposition 

 

Another method to deposit gallium oxide can be atomic layer deposition technique that is based on the 

successive use of a gas-phase chemical process. It is a type of chemical vapor deposition. Richard et. al. 
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successfully developed a thin layer of Gallium oxide on Si (100) substrate. This process yielded second-

highest growth rates (1.5 A0 per cycle) gallium oxide thin film at a low temperature range (60-160 0C). The 

deposited layers were homogenous, amorphous, nearly stoichiometric, and free of any major (carbon and 

nitrogen) impurities [68]. 

 

       (iv) Physical Vapour deposition 

 

 

PVD is a deposition method that involves vaporizing atoms of a material from either solid or liquid phase 

into a vapor phase, under the conditions of high vacuum or low vacuum gaseous atmosphere. This technique 

is employed to deposit thin films for various applications, such as optical, chemical, mechanical, and 

electronic applications. The thickness of the deposited thin films usually ranges from 10-100 μm. There are 

several types of PVD processes available, which are as follows: [69] 

 

a) Sputter deposition 

 

 

The deposition of thin films onto a substrate can be achieved through a process known as sputtering. 

This process involves the generation of plasma and the subsequent forceful collision of ions onto the 

source material, causing erosion of the material in the form of individual atoms or molecules. 

Sputtering is categorized into two types: high-pressure and low-pressure sputter deposition.The 

process schematic is shown in Figure.3.1 (c) 

 

b) Vacuum evaporation: 

Vacuum evaporation is a process in which the gas molecules present between the source and substrate 

are heated until they undergo thermal evaporation without colliding with each other. This results in 

the deposition of thin films onto the substrate. The process schematic is shown in Figure 3.1 (a) 

 
c) Arc vapour deposition 

Arc vapor deposition is a deposition technique that involves the use of a high-current electric arc and 

a low-voltage arc to erode the cathode electrode. The arc is moved to melt the anode electrode, and 

the resulting plasma is then used to deposit a thin film onto the substrate. The process schematic is 

shown in fig 3(d) 

 

d) Ion plating 

Ion plating is a deposition method that involves bombarding atomic-sized particles to deposit a thin 

film and alter the properties of the deposited film. In this technique, either arc vaporization or vacuum 

evaporation is used as a source for depositing the thin film onto the substrate. The process schematic 

is shown in Figure 3.1 (e) 
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Figure. 3.1. (a) Vacuum evaporation (b,c) Sputter deposition (d,e) Ion plating (f)IBAD 

 

(v) Chemical vapour deposition 

 
Chemical vapor deposition (CVD) is a versatile process suitable for the manufacturing of coatings, powders, 

fibers, and monolithic components.  With CVD, it is possible to produce most metals, many non-metallic 

elements such as carbon and silicon as well as a large number of compounds including carbides, nitrides, 

oxides, intermetallic, and many others. This technology is now an essential tool in the manufacturing of 

semiconductors and other electronic components, in the coating of tools, bearings, and other wear resistant 

parts and in many optical, optoelectronic and corrosion applications. In CVD, a solid on a heated surface 

from a chemical reaction in the vapor phase. It belongs to the class of vapor-transfer processes which are 

atomistic in nature, that is the deposition species are either atoms or molecules or a combination of these.  

Advantages of the CVD process: 

1. CVD or Chemical Vapor Deposition is a deposition process that offers advantages over other PVD 

processes like sputtering and evaporation. One such advantage is that CVD is not limited to line-of-

sight deposition, which means it has high throwing power. This feature enables it to coat deep 

recesses, holes, and other difficult three-dimensional configurations with ease. For example, CVD 

tungsten can be used to completely fill integrated circuits via holes with an aspect ratio of 10:1. 
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2. CVD can achieve a high deposition rate, allowing for the production of thick coatings, which can be 

several centimeters thick in some cases. The process is also generally competitive and, in some cases, 

more economical than PVD processes. 

3. CVD equipment typically does not require ultrahigh vacuum and can be adapted to many process 

variations. Its flexibility allows for changes in composition during deposition, and the co-deposition 

of elements or compounds can be achieved easily. This feature enables the production of complex 

multi-layered coatings with a high degree of control over the composition and properties of each 

layer. 

P.R. Jubu et.al demonstrated that the polycrystalline Ga2O3 can be obtained at low substrate temperature 

by the vapour-solid (VS) mechanism in CVD. This was achieved by the reduction of gallium (III) oxide 

powder in a hydrogen environment at high temperature and subsequent deposition of -Ga2O3 NSs onto a Si 

substrate at low temperature ∼260 °C [70].  As part of this proposal, we plan to explore PVD process in 

detail to achieve non-wetting coatings inside cylindrical glass surface. 

 

(vi) Surface micromachining by using laser 

 
Surface micromachining is the process in which a surface has been textured by using laser, texturing of the surface 

creates a more surface roughness and due to which there is less interaction between surface and matter. Nano and 

micromachining provide a particularly feasible and highly reproducible means for surface texturing. Laser 

ablation, utilizing an ultrashort (picosecond or femtosecond) pulsed laser source, can be used for high precision 

machining in almost any material [71]. 

   

 

3.2 Role of superhydrophobic coatings in biomedical applications.  

 

We have already explored various surface modification methods in our previous section and now in this subsection 

we have explained more about superhydrophobic coatings in detail, and their application in biomedical field. Here 

we explored these coatings to address the issue of Galinstan wettability but to achieve a transparent nano coating 

inside the cylindrical tube having an inner diameter of 2.5 mm was a challenging or touch task. 

 

3.2.1 Introduction 

 

The first superhydrophobic behavior was seen in lotus leaves [72], [73]. later, scientist discovered sub- merged 

superoleophobicity in ‘‘fish scales and the slipperiness of pitcher plants, shark skin and insect wings, gecko foot, 

mosquito compound eye, water strider leg, Salvinia leaf, stenocara beetle” [74], [75]. Typically, 

superhydrophobicity is observed as water acquires a contact angle (CA) more than 150°and a sliding angle (SA) 

less than 10°. A superhydrophobic surface can be created by using a rough surface on a low surface energy material 

(CA > 90°) or by manipulation of a rough surface using low surface energy materials [76]. There are a few 

techniques which are being used to obtain such surfaces such as phase separation [77], sol–gel and chemical 

processing [78], [79], electrospinning [80], laser or plasma treatment [81]–[83], layer- by-layer deposition, 

template-based techniques, colloidal self-assembly, physical vapour deposition (PVD) and chemical vapour 
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deposition (CVD) [84]. Nano architecture is the promising geometries for creating nanoscale roughness on the 

solid surfaces. This can be done in two ways, either by a top-down approach or bottom-up approach. Nanomaterials 

exhibit dimensions in the range of 1– 100 nm due to which these nanostructures show unique physical and chemical 

properties, mainly due to their high surface area to volume ratio [85]. Biofouling is a significant challenge in 

biomedical devices, and proper rectification must be required in biomedical applications. Biofouling is the 

continuous deposition and growth of unwanted cells, biomolecules, and microorganisms such as fungi, bacteria, 

protozoa, algae and invertebrates on the surface. Bacteria is one of the most active microorganisms that shows a 

frequent biofouling effect in biomedical applications such as biosensors, biomedical implants, and other equipment 

of microbiology labs or pathology labs. Biofouling caused by bacteria on medical devices like implants of knee 

and hip, cardiovascular stents, artificial organs, voice, and vascular prosthesis, contact lenses, and catheters poses 

a high risk of infection. Sometimes the infection rate goes very high which leads to reduce the proper functioning 

of medical devices and the extra cost imposed on removing and reinserting of implants into the body, similarly, 

increasing the medical cost on antibiotic treatment [86]. The high rate of biofouling infection causes an increase 

in the mortality rate [87]. Superhydrophobic materials have played a magnificent role in addressing various 

problems, including many biological, industrial, and medical devices. The primary vital features of these materials 

are self- cleaning of windshields and antennas, de-icing of glass surfaces, outdoor textiles, antibacterial and 

antifouling surfaces for biomedical and marine industries [76]. Superhydrophobic coatings are also used in 

personal protective equipment (PPE) kits, face shield, face- masks to fight the COVID-19 pandemic [88][89].There 

are lots of materials available to synthesize superhydrophobic material, some of them are organic-based, and few 

are inorganic-based. However, for biomedical application, suitable biocompatible material has to be chosen. 

Synthetically developed most suitable biomaterials are PMMA (polymethylmethacrylate), cellulose acetate, 

Dacron, polyester-urethanes, PEG (polyethylene glycol), silica- based nanoparticles. Mainly, fluorine and 

chlorine-based superhydrophobic materials do not exhibit biocompatibility due to their cytotoxicity properties 

[90]. In this brief review, we focused on the fundamentals of wettability and its applications in the field of medical 

diagnosis, medical devices, and hospital hygiene management. 

3.2.2 Fundamentals of wettability 

 

If the contact angle is above 150°and a roll-off angle less than below 5° it is known as superhydrophobic surface. 

Whereas sur- face with the contact angle below 90° is known as hydrophilic sur- face. The relationship of contact 

angle with the states of the surface is shown in Figure. 3.2. The contact angle is usually measured when a drop of 

water resides on a surface. It performed both statically and dynamically [91]. The contact angle value is 

fundamentally constrained by the free surface energy of the strong material. The link between the surface tension 

and the contact angle of the inter- face between liquid, solid and gas can be explained by Young’s equation (1). 

𝐶𝑜𝑠𝜃 =
𝛾𝑠𝑣 −  𝛾𝑠𝑙

𝛾𝐿𝑉

… … … … … … … … (1) 

 

Where θ is the contact angle.  𝛾𝑆𝑉   corresponds to surface tension at the solid- vapour interface. Similarly, 𝛾𝑆𝐿  is 

the surface tension at solid liquid interface and  𝛾𝐿𝑉 is the surface tensions at liquid– vapour interface. This equation 

only holds for the plain and refined surfaces. The Wenzel model and Cassie-Baxter model define the behavior of 

water droplets on rough surfaces. The above- mentioned models were first and foremost proposed in 1936 and 

1944, individually. The Wenzel model states that when the droplets of liquid fall on to the rough surface, it fills 
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the gaps of rough surface as illustrated in Figure. 3.3. Furthermore, such Wenzel states have low contact angle and 

cannot easily roll-off. The Wenzel state is only stable for homogenous material surfaces. However, the modified 

Young’s equation by Wenzel as follows; 

𝐶𝑜𝑠𝜃𝑟 = 𝑟𝐶𝑜𝑠𝜃 … … … … … … … … … … (2) 

Where θ corresponds to Young’s angle, r corresponds to roughness factor, and 𝜃𝑟  equal to measured contact angle 

on the rough surface. The Cassie-Baxter phenomena is observed in heterogeneous surfaces. Phased area fraction 

is the ratio of percentage of uneven surface each phase contact angle vs percentage of total contact area. The 

Cassie- Baxter equation is defined as: 

𝐶𝑜𝑠𝜃𝐶𝐵 = 𝑓𝑆𝐿(1 + 𝐶𝑜𝑠𝜃𝑅) … … … … … … (3) 

where, 𝑓𝑠𝑙 is the phase area fraction and 𝜃𝐶𝐵 is the apparent contact angle. However, there are ‘‘Gecko” states and 

‘‘Lotus” leaf states that are the mimic of gecko feet and lotus leaf. Gecko states give the high adhesion, and lotus 

leaf states give the auto clean surface property [76]. 

 

 

        (a)     (b)     (c) 

Figure.3.2. Relationship of contact angle with the states of the surface. 
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Figure.3.3 Water droplets on different states of superhydrophobic surfaces. (a) Wenzel sate (b) Cassie-Baxter state (C) Lotus leaf state (d) 

Transitional state of Wenzel and Cassie-Baxter states [92]. 

 

 

3.2.3 Medical diagnosis 

  

(a) Biosensors 

 

Biomarkers are well-known signaling parameters for cancer and tumor diagnosis. The accurate and precise 

detection of these biomarkers will help in early diagnosis of cancer. Superhydrophobic based biosensors are a new 

generation approach compared to conventional ones in terms of accuracy, stability, less analyte is required and 

high surface area to volume ratio. Oxidase type of enzymatic biosensors requires oxygen on to their surfaces for 

their complete enzymatic reaction. So, the superhydrophobic coatings contain trapped air pockets those are 

significant for supplying the oxygen molecules. These novel superhydrophobic coatings have solved the problem 

of oxygen diffusion constraint that can help in controlling the biosensing reaction’s kinetics. In this con- text, Lei 

et al [93]. designed a biosensor incorporated with super- hydrophobic material by using platinum modified fibrous 

carbon mesh and glucose oxidase immobilized on it. Here glucose oxidase acts as a catalyst and platinum modified 

fibrous carbon mesh acts as a superhydrophobic surface which performs a significant act in inhibiting the detection, 

precision and accuracy of the biosensor. De Ninno et al [94]. fabricated a novel plasmonic biosensor which can 

detect the specific protein biomarkers of Alzheimer’s disease. Here, they can detect ferritin protein in small blood 

samples by using plasmonic effects and superhydrophobic surface together [95]. Xu et al. described the detection 

mechanism of biomarkers of prostate cancer by using a superhydrophobic based biosensor. These sensors have 

excellent capabilities to detect microRNA (miRNA) in small samples [96].  

3.2.4 Medical devices 

 

(a) Medical implants 

 

Superhydrophobic surfaces are anticorrosive, antibacterial and biocompatible, (Figure.3.4) and these properties 

make it best suitable for the application for biomedical implants. These coatings prevent the rejection of biomedical 

implant in the human body. Liu et al. reported the method of making magnesium alloy-based implants 

superhydrophobic by first treating the alloy with anodic oxidation method and further treated with stearic acid for 

an hour. Treatment of steric acid makes the surface of implant superhydrophobic. However, they achieved a water 

contact angle of 163°. Here, magnesium alloy is made anticorrosive by anodic oxidation method. Stearic acid is 

nontoxic and is used to enhance surface roughness. The annealing process is used for refining the 

nano/microstructures on the surface. Thus, this will give different water contact angles [97]. Supriadi et al. 
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developed a superhydrophobic dental implant by using commercial stainless steel 17-4PH, stearic acid and 

chemical etching compounds (CuCl2 and HCl). These implants have the property of low adhesivity for food and 

bacteria. They reported a contact angle of 150° with this implant [98]. Patil et al. reported a composition of Ti-

6Al-4 V alloy surface as one of the most prominent medical anti-septic materials. These implants have the property 

of anti-biofouling  [99]. Nowadays, metallic sub- stances based vascular stents and valves are being used which 

are always in direct contact with blood. The prominent choices are Titanium and stainless steel. The anodic 

oxidation process is used to make Titanium superhydrophobic. Various titanium structures have been used with 

fluorinated coatings to reduce the platelet adhesion and thrombosis in valves and stents [100]. Superhydrophobic 

films also have been used in a plasma separator device [101]. Titanium dioxide nanoparticles are crosslinked with 

a poly dimethyl siloxane (PDMS) matrix used in blood repellent dressings and bandages [102]. 

(b) Superhydrophobic coating use in COVID-19 and in other medical instruments 

 

COVID-19 is an airborne transmission disease, and aerosol can carry SARS-COV-2 virus in it. To check its 

transmission rate, researchers have developed a superhydrophobic coating for the face mask and personnel 

protective equipment. There are many materials which have low surface energy, but silica and graphene are 

biocompatible materials. Silver, copper, titanium nanoparticles are allocated on these surfaces because of their 

antibacterial and antiviral properties [89][88]. Transparent superhydrophobic titanium oxide-based coatings can 

be used for self-cleaning and antifogging, and such coatings might be very quiet useful for laparoscopic and 

endoscopic equipment. These coatings exhibit high optical transparency and nontoxic for the human body [84]. 

 

3.2.5 Hospital hygiene  

 

Superhydrophobic nano septic coatings are explored and used in various surgical applications where the infection 

rate is so high. This coating acts as a barrier against the infection caused microorganisms and provides extra safety 

to doctors while doing surgical operations. Nano septic coatings are also explored in areas where the chance of 

getting an infection is high, such as in hospitals’ examination rooms, frequently used devices like thermometers, 

stethoscopes, those generally come in contact with different patients. Few companies like Pureti and NanoLabs 

Corp use silver and titanium nanoparticles mixed in hydrophobic material provide coatings for surgical rooms, 

bathroom surfaces, doctor’s boots, surgical gloves and walking aids [103]. 

3.2.6 Proposed and Supported Novel Materials and Fabrication of Superhydrophobic Nanocoating for 

biomedical applications. 

 

Superhydrophobic materials have an interface of air between the solid and liquid phases when they are in contact 

with water. As a result, they exhibit a high-water contact angle, i.e., exceeding 150°. Superhydrophobicity is also 

attributed to a low roll off or sliding angle. The material which was used for fabrication of superhydrophobic 

surfaces has an intrinsically low surface energy and stable closely packed atomic structures which lead in high 

contact angles [104]. This is done without increasing the roughness of the material. Either the rough materials are 

coated with low energy materials which is known as the bottom-up method. Or else, these low energy materials 

are treated to induce roughness. Examples of this method are layer-by-layer methods, chemical deposition, electro 

spraying, electrospinning, and self- assembly. There is another method known as the top- down approach. An 

example of this method is lithography and ball milling [97]. The interpretation of various states of liquid contact 
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with the surface is shown in Figure.3.2. For a surface to be hydrophobic, it must possess high surface roughness. 

However, when surface roughness is increased, it leads to opacity of the surface due to increase in light scattering. 

As it is evident from this, due to surface rough- ness, transparency and surface roughness are two opposing 

properties. It is very important to strike a balance between the two in order to achieve appropriate properties. It 

can be done by carefully calibrating roughness size and selection of coating material [105]. Self-cleaning properties 

allow super- hydrophobic material to have antifouling, antibacterial, fog proof properties which makes it a suitable 

coating material over surfaces like glass and metals [106]. Also, owing to its blood-compatible nature, restricted 

protein binding, sup- pressed platelet adhesion, and cell phobic properties make superhydrophobic material a 

potential candidate for coating over laparoscopic surgical instruments [95]. Many strategies for fabrication of 

artificial superhydrophobic surfaces have been reported in literature for biomedical applications. FTIR-based 

chemical composition analysis of naturally present superhydrophobic coating over plant leaves revealed presence 

of organic film containing C, H, and O element [107]. Analysis also showed that low surface energy and high 

surface roughness are vital for achieving super hydrophobicity [108]. Inspired by nature, heterogeneity of material 

for artificial superhydrophobic transparent coating can be seen in literature. Use of both inorganic and organic 

materials along with their hybrids is reported [106]. Various promising materials such as silica-based 

nanoparticles, metallic oxide like zinc and titanium oxide nanoparticles, polymers having poly (methyl 

methacrylate) (PMMA) and polydimethylsiloxane (PDMS), hybrid materials having mixture of 

polydimethylsiloxane (PDMS) and hydrophobic silicon dioxide (SiO2), and micromachining by nanosecond laser 

are some of the available materials as a future potential solution for self-cleaning of lenses. Some of the materials 

and their fabrication methods were listed in Table 3.1.  

 

3.2.7 Conclusion  

 

This short review comprehensively summarizes the fundamentals of superhydrophobic coatings and their recent 

progress in medical diagnosis, medical devices, and hospital hygiene. Bio-inspired transparent and 

superhydrophobic coatings are gaining popularity in the research field as there is a growing demand for these 

materials in the medical industry. Explicit physiochemical and structural properties of superhydrophobic coatings 

make it suitable for many biological and biomedical system characteristics like fast response, sensitivity, accuracy 

and antifouling. The trapped air inside the roughness of these surfaces not only disrupt the growth of bacteria but 

also improve the consequences for enzyme-based sensors. These miraculous coatings are used in various 

applications like bandages to stop hemolysis, stents to prevent thrombosis and cell adhesion, plasma separator, and 

many more. To date, these coatings have been extensively used in a face mask, protective personal protective kits 

and face shields to protect and limit the transmission of coronavirus. Numerous materials and procedures are now 

accessible for the manufacture of these surfaces. The only constraint is with the large-scale production cost, 

biocompatibility and sustainability of the superhydrophobic coatings. Therefore, more focus must be laid on 

discovering suitable biomaterials for invasive procedures which are the most suitable methodologies for 

manufacture. 
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Table: 3.1 Superhydrophobic nano coatings methods for various biomedical applications 

  

Superhydrophobic nano coatings    

Silica-based nanoparticles    

References Method Remarks Transmittance Contact angle (C.A)/ 

sliding angle (S.A) 

[109] Layer by layer deposition Compatible for acidic and basic medium 89% C.A = 160°, S.A < 1° 

[110] Sol–gel Large-scale coating can be achieved 88% C.A = 158°, S.A < 2° 

[111] Chemical vapor deposition (CVD) High transmittance 90% C.A = 152°, S.A < 8° 

[112] Surface functionalized by using perylene  
diimide (PDI) on silica nanoparticle surface 

Useful for substrates that are heat sensitive N.A C.A = 150°, S.A < 10° 

[113] Solvothermal, dip coating Biocompatibility might be an issue 90% C.A = 150°, S.A = 4° 

[114] Sol–gel Biocompatible and optical efficient 90% C.A = 171.8° 

[115] Sol–gel and Spray coating Eco-friendly 84.6% C.A = 155.6° 

[116] Sol–gel Biocompatible and highly transparent 90.22% C.A = 172°, S.A = 2° 

Metallic oxide 

[117] Thin-film deposition Biocompatible 85% C.A = 175° 
Polymers 

[118] Photolithography High optical transmittance 90% 
C.A = 161.33°, 

133.33° 

[119] CVD Fluorine free 83% C.A = 165°, S.A < 3° 

[120] Multilayer deposition Biocompatibility might be an issue 98% N.A 

[121] Spin coating Biocompatibility might be an issue 88% C.A = 159° 

[122] Plasma etching technique Polystyrene is used NA C.A = 162° 

[123] Two-step process (synthesis and oxygen 

plasma treatment) 

Biocompatible NA NA 

[124] CVD NA 90% C.A = 150° 

Hybrid materials 

[125] Solvothermal Biocompatible 90% C.A = 152°, S.A = 6° 

[126] Solvothermal Biocompatibility might be an issue 90% C.A > 150° 

[127] Flame soot deposition Biocompatible 80% C.A = 168°, S.A < 1° 

[128] Spin coating Biocompatibility might be an issue 70% C.A = 166°, S.A = 6.6° 

Micromachining 

[126] Nano-second laser Biocompatible NA NA 
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 3.2.3 A surface modification approach to overcome wetting behaviour of gallium based liquid metal droplets. 

 

Here in this work, we report gallium oxide coating as a simple approach to convert mercury manometer glass tube, 

which has glass as a substrate to a nonwetting surface against surface-oxidized gallium-based liquid metal alloys. 

These alloys form an oxidized layer in ambient air (O2 >1ppm) and show stickiness to almost all surfaces that 

impact the residue-free movement of the liquid metal droplets. Herein, the physical vapor deposition technique 

was used for gallium oxide coating on substrates such as silicon wafer and glass slide. Moreover, various 

characterizations were carried out to support our outcomes. This method does not require any micro/nano 

machining or specific nanoscale surface topology.  
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Figure.3.4 A PVD process used for coating gallium oxide on glass slide under ultra-high vacuum conditions. 

3.2.3.1 Introduction 

 

Mercury has traditionally been used as a measuring fluid in sphygmomanometers and thermometers. Mercury 

metal is toxic and harmful to the ecosystem. To mitigate this problem, Galinstan is utilized in thermometers as a 

suitable material to replace mercury; as per its commitment at the Minamata convention, the world health 

organization and various government agencies have issued guidelines regarding the ban of mercury 

sphygmomanometers in healthcare sectors. There is a pressing need for an alternative fluid with the same 

appearance and functionality to cater to this vacated space. The alternatives for mercury manometer are aneroid 

and the oscillometric type of blood pressure monitors. Both of these technologies suffer from inaccuracies, 

unreliability and higher maintenance issues. Clinician communities do not place the same faith in these methods 

as the mercury sphygmomanometer due to established standard procedures, the inertia of change, and accuracy 

issues [19]. Gallium based liquid metals are eutectic alloys that exist in a liquid phase at room temperature. The 

most prominent example is Galinstan (Gallium 68.5 %, Indium 21.5 %, and Tin 10 %), which is biocompatible, 

non-toxic, and the best alternative to mercury [129]. These alloys exhibit significant research interests in recent 

years due to their excellent thermal, electrical, and infinite deformability properties [130]. Gallium containing 

liquid metals have been explored for various applications, including energy harvesting [131], wireless power 

transfer [132], synthesis of 2D graphitic materials at room temperature [133], using as an interface for selective 

migration of dopants in 2d materials [134], mechanical energy induced CO2 conversion [135], reconfigurable 

radiofrequency devices and biomedical devices [136], [137]. Recently, Galinstan has been replacing mercury in 
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thermometers while preserving the method and ergonomics of the measurement [138]. The only drawback of 

gallium-based alloys is that they are readily oxidized in an environment with oxygen content as low as 1 part per 

million (ppm), forming a thin oxide layer Ga2O, Ga2O3 of several nanometers forms on the surface of liquid metal 

droplets [139]. This viscoelastic oxide skin hinders the flow of liquid and changes the behaviour of liquid more 

like a gel. However, this oxide skin behaviour has been utilized in 3D printing of liquid micro components, 

reconfigurable electronics, and deformability applications [140]. This oxide layer is often considered detrimental 

because it sticks to almost any surface and leaves spot marks when trying to remove it. Such drawback has limited 

gallium- based liquid metal droplets in those applications where liquid metal movement is required, especially in 

microfluidic, energy harvesting, temperature monitoring, and blood pressure monitoring devices. Although 

Galinstan is a promising material to use in blood pressure monitoring devices, there is an issue of wettability with 

this material. However, various methods have been proposed in recent years to curtail this issue. Among them, 

chemical etching with acid (for e.g HCl) or treatment with base (NaOH) is a widely accepted effective method to 

eliminate the oxide skin [141], [142]. In contrast, the electrochemical process is also used to eliminate the surface 

oxide layer. Other methods are also being reported without removing the oxide layer, such as 

polytetrafluoroethylene (PTFE) solutions or submerging the naturally surface-oxidized liquid metal in water. 

These liquid materials work as a slippery layer on the oxide layer’s surface, limiting the direct contact between the 

oxide layer and glass capillary use in measuring temperature, blood pressure, or microfluidics. Other surface 

modification techniques can lower the impact of adhesion, like coating the liquid metal droplets with PTFE powder 

[143], iron [144], and graphene [145]. Currently, super lyophobic surfaces are also gaining attention to reduce 

adhesion by surface oxidized liquid metal. This has included enhancing the surface roughness by using 

micro/nanostructured surfaces or using low surface energy materials, such as vertically aligned carbon nanotubes 

surfaces [146], sandblasted aluminum, and commercially available never wet spray coating [147]. All other 

methods have included foreign materials; in the present work, we are using a simple physical evaporation method 

to coat the surface of the glass with a gallium oxide layer. The step-by- step process of coating is shown in 

Figure.3.4. A gallium oxide coating mechanism is commercially used in thermometers by using a chemical vapour 

deposition (CVD) process [148], which includes many chemicals and gases. This process has lots of safety and 

handling issues. 

 

 

 

3.2.3.2 Experimental Section 

 

A. Materials and Methods 

 

Borosilicate glass slide, silicon wafer, aqua regia (3:1 ratio of HCL and HNO3) solution was made and all above 

mentioned chemicals were purchased from SRL chemicals and used without any further purification. Gallium 

oxide powder was purchased from Sigma Aldrich with 99.99 % purity. Deionized (DI) water was used for washing 

and cleaning (18 MΩ resistivity). Firstly, the glass slide was properly cleaned with acetone and aqua-regia solution 

to remove all contamination of the glass slide. The glass slide was further ultrasonicated in the presence of DI 

water. The whole cleaning process was done inside the fume hood. The cleaned glass slide was further attached to 
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the rotating plate of the Physical Vapour Deposition (PVD) device with the help of insulated tapes, as shown in 

Figure.3.5. Gallium oxide (Ga2O3) powder was used as a precursor material, and a few milligrams of gallium 

oxide powder was placed inside the ceramic boat. PVD has an advantage over other coating methods such as CVD, 

dip coating, and Langmuir-Blodgett technique. The techniques mentioned above use various gases, chemicals, and 

layer-by-layer deposition, which encompasses toxic gases and residues. These techniques were not viable for 

industrial use, are cumbersome and time taking. Thus, we have used the thermal evaporation method amongst 

various PVD methods available because of its simplicity, and large quantity of material that can be evaporated on 

a variety of materials. In this method, material deposition was achieved in a vapour phase by heating source 

material in vacuum (pressure 5 x 10-6 mbar) with resistive heater and flow rate 0.1 A0/sec. The vapor atoms were 

transported through a low-pressure zone in straight line path and deposited on the substrate. The step-by- step 

process of coating is shown in the above section in Figure.3.4. 

 

 

Figure.3.5 (a) Glass slide attachment on rotating plate of PVD device, (b) Chamber inside view where the rotating plate was placed. 

B. Surface Characterization 

 

The surface morphology of gallium oxide coating was characterized using a field-emission scanning electron 

microscopy (FESEM) (NOVA NanoSEM 450) at an accelerating voltage of 10 kV. The surface profile and the 

film thickness were measured by using a Bruker scanning probe microscope (SPM) in tapping mode with a tip 

radius of 5-8 nm (Bruker USA). The surface chemical composition of the gallium oxide coating was obtained 

using X-ray photoelectron spectroscopy (XPS). The pattern was recorded on a VG (ESCALAB250) electron photo 

spectrometer with a monochromatic AlKα (1486.6 ev) at 15 kV, and 10 mA and all the binding energies were 

referenced to the C1s peak (284.8 eV). To study the functional groups on the surface of the thin film, the fourier 

transform infrared spectroscopy (FTIR) was used. An Agilent Technology, model no Cary 660 FTIR 

spectrophotometer (Model No. K8002AA Cary 660, USA) operates at 4 cm-1 resolution. A diamond ATR plate 

was used for efficient data collection. FTIR analysis was performed using powder or film specimen samples, and 

scanning was done from the frequency range of 400 to 4000 cm-1. FTIR spectra were recorded using the resolutions 

pro FTIR software by subtracting the background signal with the reference spectra. To study the optical properties 

of the film, the film was deposited on a transparent glass slide. Ultraviolet- visible (UV–vis) transmission spectrum 

was taken using a PerkinElmer spectrophotometer (wavelength range 190-800 nm). 
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Figure.3.6 Dynamic flow test of liquid metal droplet marked in the red circle on a coated glass substrate. 

C. Contact angle measurement 

 

The contact angle measurement was performed by a contact angle analyzer (First Ten Angstroms, USA). The 

reported static contact angle was conducted at five different locations of the slide, and at the time of dispensing of 

Galinstan a still picture was captured, and with the help of the software, we calculated the contact angle. We have 

also conducted the dynamic flow test of the liquid metal over the coated surface. Figure.3.6 clearly illustrated that 

liquid metal droplets rolled down perfectly over the coated glass surface without residue. The sliding angle of the 

liquid droplet was approximately 5 to 8 degrees. All the contact angle measurements were conducted at ambient 

temperature (21–25 °C) and relative humidity (19–41%). 

3.2.3.4 Results and Discussion 

 

A. Surface Chemistry 

 

XPS is performed to determine the elemental composition and the surface chemistry of the gallium coated glass 

substrate. The binding energy (B.E) range 0 to 1400 eV has been used in the full survey analysis, and it is shown 

in Fig.4 (a). Peaks C1s, O1s, Ga2p3 were identified in XPS full scan. The two prominent peaks Ga 2p1/2 and Ga 

2p3/2 are coming at B.E (1144.9 eV) and B.E (1118.1 eV), respectively. The separation between the two peaks is 

26.8 eV, and this value is agreed with the binding energy of Ga2p. Figure. 4(c) corresponds to the presence of C1s 

peak at 286 eV, Fig. 4(d) shows the O1s peak at 531.2eV, and this peak corresponds to the major contribution of 

Ga-O bonding. [149]. The FTIR analysis also brings forth the presence of gallium and oxygen and their bonding 

nature. The spectrum shows a band at 451.5 cm-1, and 613 cm-1, relating to the vibration mode of Ga-O as shown 

in Fig.5(a) [150]. The UV-Vis results revealed that a strong absorption peak observed at 270 nm [150], which is 

in direct correlation to UV- C radiation, and for the other region it is showing a good transmission rate of (96 %), 

our main area of interest is in visible region so, GaOx thin film exhibit a good transmission rate in the visible range 

as shown in Fig.5(b). 
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(a)                                                                                           (b) 

 

                                           (c)                                                                                      (d) 

Figure.3.7. XPS spectra of GaOx-coated glass slide: (a) Full XPS survey, (b) High-resolution spectra of Ga2P, (c) Deconvolution of C1s 

high-resolution spectrum, (d) Deconvolution of O1s high-resolution spectra. 

 

 

(a)                                                                                                   (b) 

 

Figure.3.8 FTIR spectra of gallium oxide coated glass, (b) UV Spectra of gallium oxide coated glass. 
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B. Surface Characterization 

 

The surface morphology of the fabricated coating film profile is observed through scanning electron microscopy 

(SEM). The thin layer of gallium oxide is coated on top of silicon, as shown in Figure.3.9 (a). Moreover, the 

gallium oxide layer consists of nanoparticles with varying sizes and has been uniformly distributed on the whole 

surface. Figure.3.9 (b) is taken from the edge, and it clearly shows the difference in surface areas of coating and 

the substrate material. In addition to this, atomic force microscopy is used to analyze gallium oxide coated Si 

surface’s, surface topography in tapping mode is shown in Figure.3.10 (a), (b). The 3D topography confirmed the 

presence of gallium nanoparticles with various sizes, as visualized and is confirmed in SEM. The uneven spikes 

show the random size distribution of gallium nanoparticles, indicating a rough surface profile having a mean 

surface (Sa) 0.97 nm with coating on silicon substrate and 0.160 nm root mean square of bare silicon substrate. 

The mean surface profile is calculated on a coated glass substrate, and it came out to be 56.98 nm and bare glass 

47.86 nm, respectively. As per the previously reported literature, studies have shown that very small amounts of 

roughness are sufficient to prevent adhesion [151], [152]. The 3D profile of gallium coated glass substrate and 

bare glass substrate is shown in Figure.3.10 (c) and (d), respectively. Moreover, the average thickness of gallium 

oxide coating is analyzed by using shadow masking of the substrate before coating with the help of insulated tape 

which gives the clear idea of coated and non-coated surfaces, the average thickness of the film is calculated and 

found out to be 80.12 nm. 

C. Contact angle measurement  

 

Contact angle measurement is conducted to check the lyphobicity of gallium oxide coated surfaces against surface 

oxidized Galinstan liquid metal droplets, as visualized in Figure.3.11. The Galinstan droplet is not spherical but 

has some irregular shapes. This demonstrates that Galinstan formed an oxide layer, which prohibits the droplet 

from forming a spherical shape. We have achieved a contact angle of 137.69°. Therefore, as a result, it has been 

observed that at this contact angle, Galinstan could not stick to the gallium oxide coated surface. 

 

 

(a) (b) 

Figure.3.9. FESEM images of the gallium oxide-coated silicon wafer (a) Topographical view of the coated film, (b) Coated film view at the 

edge of the substrate. 
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Figure.3.10 AFM images of the (a) 3D profile of silicon substrate coated with gallium oxide. (b) 2D view of gallium oxide coated thin film 

on silicon substrate. (c) 3D profile of gallium oxide coated glass substrate. (d) Bare glass surface 3D profile. 

 

 

 

(a)                                                                       (b) 

Figure.3.11. (a) Galinstan drop on the coated surface, (b) Galinstan drop on a bare glass surface    

3.2.3.5 Conclusion 

 

The thin native oxide layer of gallium metal is responsible for wetting almost all surfaces and spot with some 

residue onto the surface. We have used a simple and convenient method of coating physical vapour deposition to 

coat the gallium oxide coating in this work. The coating is capable enough to make any flat surfaces to non-wetting 

surfaces against surface oxidized gallium-based liquid. We have conducted various characterization to support that 

lyophobicity comes from the surface roughness innate to the gallium deposition technique. Finally, the gallium 

coating is capable enough and provides a non-wetting path on which surface oxidised liquid metal does move 
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freely. This homogenous material surface treatment for gallium-containing liquid metal may remove all barriers 

where wetting is an issue. On the other side, it can be the best substitute for exploring gallium-based alloys in 

various healthcare products like thermometers and blood pressure measurements. This technique is feasible for 

flat and for non-planar surfaces. 
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Chapter-4: Merkfree design and development 

and Manufacturing of the prototype using 3D 

printing. 
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4.1 Additive manufacturing use in biomedical engineering. 

 

Additive manufacturing, also known as 3D printing, has the potential to revolutionize the production of medical 

devices. By building up successive layers of material based on a digital model, additive manufacturing allows for 

the creation of complex shapes and structures that would be difficult or impossible to manufacture using traditional 

techniques. One major advantage of using additive manufacturing for medical devices is the ability to customize 

products to meet the specific needs of individual patients. For example, 3D printing can be used to create 

customized prosthetics and orthotics that are perfectly tailored to the patient's body. In addition to customization, 

additive manufacturing also offers the potential for reduced production costs and lead times. By eliminating the 

need for costly molds and tooling, and by allowing for the production of small quantities of customized products, 

additive manufacturing can significantly reduce the cost of producing medical devices. There are several different 

technologies that can be used for additive manufacturing in the medical field, including stereolithography, selective 

laser sintering, and fused deposition modeling. Each of these technologies has its own unique capabilities and 

limitations, and the choice of technology will depend on the specific requirements of the medical device being 

produced. Despite the many potential benefits of using additive manufacturing for medical devices, there are also 

some challenges that need to be addressed. These include ensuring the quality and safety of 3D printed products, 

as well as addressing regulatory issues related to the use of these products in the medical field. Overall, additive 

manufacturing has the potential to transform the way medical devices are designed, manufactured, and used. As 

technology continues to mature and become more widely adopted, it is likely to have a significant impact on the 

medical industry.  

4.1.1 Evolution of 3D printing 

 

3DP was first introduced by Hull and Freed in 1986 in the United States and further was patented as the first rapid 

prototyping device. The first commercial 3DP SLA-250 came in 1988. Following the invention of SLA came other 

rapid prototyping technologies. As per the time, the 3DP technology is growing day by day with the rapid maturing 

of various techniques, such as inkjet printing, various extrusion techniques for live cell printing, direct laser 

printing, and many more. Process architecture of the 3DP is shown in Figure. 4.1. 

 

 

Figure.4.1 3D printing process. 
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4.1.2 Biomaterials 

 

Biomaterials are materials that are compatible with the living species as well as with the environment. The origin 

of the biomaterial is from natural sources (such as collagen, chitin/chitosan, gelatin, and silk) or synthetic sources 

such as (metals, ceramics, polymers). The term biomaterial first came into existence in the 1970s, and with the 

flow, the society of biomaterials was formed in 1974. The functionality of biomaterials is analyzed by their 

performance characteristics, its specific usage, and ability to resist harmful effects on the environment during its 

usage. For example, various biomaterials have been developed, and employed in various medical devices used in 

implants, transplants, prostheses, and regenerative medicine. Therefore, biomaterials must follow the explicit 

criteria for 3D printing, as shown in Figure. 4.2. 

 

Figure 4.2 Selection criteria of biomaterials for 3D printing. 

4.1.3 Overview of 3D printing technologies 

 

The printing technique strictly decides the execution of printability of a biomaterial. Although it is possible to print 

the same material by using multiple printing techniques, selecting the accurate technique depends upon the 

application where it will be used. Similarly, the other factors like differences in cost, building time, accuracy, and 

characteristics will also define the pertinent printing approach. This chapter will focus mainly on four types of 3D 

printing technologies for biomedical applications: extrusion-based methods, optical-based (photopolymerization) 

methods, particle fusion-based methods, and inkjet printing, as shown in Figure.4.3 and provides insight about 

various biomaterial types in accordance with its applications and printability. 
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Figure. 4.3. Schematics depicting 3D printing techniques extrusion-based methods such as fused deposition modelling (FDM) and 

direct ink writing (DIW) inkjet printing, particle fusion-based method such as selective laser sintering (SLS), and light-based method 

stereolithography (SLA) [153] . 

(a) Extrusion-based methods 

 

Extrusion-based technology is something in which a material will be extruded using some extruder (mechanical 

actuator or DIW) pneumatically using a piston, and screw. It is one of the frequently used prototyping techniques 

for various biomedical applications such as making the body of medical devices, scaffolds, prosthetics, and tissue 

engineering. Hence, depending upon the extrusion type, it is further mainly classified into two types: FDM and 

DIW which are distinguished by non-identical extrusion mechanisms, as shown in Figure. 4.4. The idea behind 

FDM is that a filament is forced through a nozzle with the help of a gear motor; the first filament is in contact with 

an integrated heater nozzle (typical range 0–250°C), and then it melts to form individual lines that solidify onto a 

build plate (printer bed).The temperature of the nozzle is first set following the filament used, and when it starts 

extruding, the nozzle follows a predefined path as per the model defined in the G-code. G-code is a machine-level 

language for 3D printers, and it is converted by the various available software such as Voxelizer and Ultimaker 

Cura (open licensed). The typical diameter of the FDM nozzle ranges from 0.2 mm to 1.75 mm. The FDM-based 

technique is best suited for those biocompatible polymers whose melting point is somewhere around 200–250°C. 

The other type of extrusion-based printing is DIW; as the name indicates, it uses a viscous paste ink as a precursor; 

these inks are either polymer solutions in a preferably water-miscible or a buffer solution, low boiling point solvent 

(such as dimethyl sulfoxide (DMSO), dichloromethane (DCM), and tetrahydrofuran (THF). Moreover, these 

solvents evaporate just after the extrusion and leave a solid polymer matrix behind or hydrogels that maintain the 

architecture of the geometry following extrusion. This type of 3DP is Extrusion-based technology is something in 

which a material will be extruded using some extruder (mechanical actuator or DIW) pneumatically using a piston, 

and screw. It is one of the frequently used prototyping techniques for various biomedical applications such as 

making the body of medical devices, scaffolds, prosthetics, and tissue engineering. The idea behind FDM is that a 

filament is forced through a nozzle with the help of a gear motor; the first filament is in contact with an integrated 

heater nozzle (typical range 0–250°C), and then it melts to form individual lines that solidify onto a build plate 

(printer bed).The temperature of the nozzle is first set following the filament used, and when it starts extruding, 

the nozzle follows a predefined path as per the model defined in the G-code. G-code is a machine-level language 

for 3D printers, and it is converted by the various available software such as Voxelizer and Ultimaker Cura (open 

licensed). The typical diameter of the FDM nozzle ranges from 0.2 mm to 1.75 mm. The FDM-based technique is 

best suited for those biocompatible polymers whose melting point is somewhere around 200–250°C. The other 

type of extrusion-based printing is DIW; as the name indicates, it uses a viscous paste ink as a precursor; these 

inks are either polymer solutions in a preferably water-miscible or a buffer solution, low boiling point solvent 

(such as dimethyl sulfoxide (DMSO), dichloromethane (DCM), and tetrahydrofuran (THF). Moreover, these 

solvents evaporate just after the extrusion and left a solid polymer matrix behind or hydrogels that maintain the 

architecture of the geometry following extrusion. This type of 3DP is used for live cell and tissue printing because 

less stress is applied to hydrogels when they pass through the nozzle. In both the techniques, the extruder moves 

in x and z directions, and the bed moves in the y-direction, respectively. 3D-bioplotter is one of the extrusion-

based printers used in medical applications such as tissue engineering and bio pattering. Further applications of 

the 3D bio plotter include bone regeneration, cartilage regeneration, soft tissue bio fabrication, drug release, organ 

printing, etc. It has an unsurpassed large choice of materials like ceramic/metal pastes, thermoplastic, hydrogels. 
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These types of bioprinters have multiple printheads which can be used to deposit different cell types (muscle cells, 

organ-specific, blood vessel), which is an important feature for fabricating whole heterocellular tissues and organs. 

Recently, Novogen MMX Bioprinter is another extrusion-based device using the suction and ejection technique 

enabling automatic reloading of material instead of manual loading. The printer works in a contactless environment 

reducing the chances of disinfection and cytotoxicity [154]. 

 

 

Figure. 4.4. Schematic representation of extrusion-based techniques (A) FDM method, (B) DIW method [155]. 

(b) Optical based (photopolymerization) methods 

 

Optical guided 3D printing, also known as stereolithography (SLA), was first developed, and commercialized by 

Charles Hull and his team. SLA uses the UV, and laser for projecting the model over a bath of resin 

(photopolymerizable). The resin consists of a monomer unit, photo initiator, and binders. The whole process of 

printing is done layer by layer, first, a UV or laser is projected over the resin and then the resin gets polymerized 

and hardened, this whole process is controlled by the movement of the bed and the same process is repeated until 

the final model builds up. The final step is post-processing where all support structures are removed and cleaned. 

The best thing about this technique is that only projected light polymerizes the resin, which is focused, and the rest 

remains in the storage tank. Optical-based technique takes the least amount of time compared to the FDM 

technique and it reaches up to a few micrometers of resolution. There are a variety of resins available according to 

the colour and material type. The features available in the software are settings related to exposure time and curing 

time which is prior to input before printing. The biocompatible resin is used for various applications such as 

manufacturing medication-laden tablets [156], dental implants, and tissue engineering.  

Process steps involved in SLA printing are as follows:  

1. First, the design is either imported from CT or MRI or designed in CAD software.  

2. The CAD model is converted into. stl format.  

3. The. stl format is then imported into a 3D formatting software, where necessary operations related to printing 

are implemented such as quality, infill, build plate adhesion, and support generation.  

4. To give a better understanding of the processing of CAD files in 3DP chitubox (open-source software). 
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(c)  Particle fusion-based 3D printing methods 

 

The best-known examples of particle fusion-based techniques are selective laser sintering (SLS) and particle 

binding (PB) (Figure.4.3). Both SLS and PB have found a variety of applications in industrial prototyping because 

they are able to produce complex geometries using metals, polymers, and ceramics. SLS works by using a directed 

laser beam to heat materials, such as polymers, metals, and ceramics, just above their melting point. The laser is 

then used to draw a pattern on the exposed surface, causing the area underneath to heat up and melt. The melted 

material is then fused to form a layer. This process is repeated, with powder being spread over the previous layer 

and flattened with rollers, until the final model is complete. However, it should be noted that for SLS to be 

effective, the material should be able to be processed into fine powder form (ranging from 10 to 100 micrometers). 

In comparison to other 3D printing techniques, SLS machines are typically slower, bulkier, more expensive, and 

require a large amount of materials. It can also be challenging to remove materials in certain shapes. The PB 

technique is similar to SLS but utilizes a binding solution to fuse particles layer by layer, followed by a high 

temperature sintering step to solidify the powder into a final 3D object. Both SLS and PB have a resolution range 

of 700-1000 micrometers on the horizontal axis and 100 micrometers on the vertical axis. The resolution depends 

on the particle size of the powder, which typically ranges from 10-100 micrometers. Both techniques have been 

researched for use in hard tissue engineering applications, such as orthopedics and oral surgeries. 

 

(d) Inkjet printing. 

      

Inkjet printing is a technique that involves the precise placement of small droplets of ink onto a surface to create 

structures. This is achieved by using a nozzle to dispense droplets, which are then solidified. To speed up the 

printing process, multi-nozzle print heads are often used. There are two main types of inkjet printers available: 

continuous inkjet (CIJ) and drop-on-demand (DOD) printers. The main difference between the two is in the way 

ink is delivered - CIJ printers have a continuous output of droplets, while DOD printers produce droplets on 

demand as shown in Figure 4.5.   Any unused ink in CIJ printers is typically recycled and used again. Drop size in 

CIJ printers is around 100 micrometers in diameter, while drop size in DOD printers can range from 25 to 50 

micrometers. The flow of droplets depends on the viscosity of the ink and is typically less than 10 centipoises. The 

overall shape of the droplets is affected by surface tension, which typically falls between 28 and 350 millinewtons 

per meter. Inks used in inkjet printing can include photocurable solutions, colloidal solutions of high-weight 

polymers, or ceramics with low viscosity. This technique is used in applications such as tissue engineering, scaffold 

production and living cell printing. However, it is important to consider factors such as shear forces and 

temperature during the process. 
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Figure.4.5. Diagram of the working principle of 3D printing and schematic of drop on demand. 

 

4.1.4 Material selection and its advantages 

 

The choice of materials in biomedical engineering plays a crucial role in the success of the resulting product. 

Biocompatibility and toxicity are important considerations, as well as other mechanical properties that may be 

necessary for the intended application. Table 4.1 provides information on various materials used in different 3D 

printing technologies, along with their advantages and disadvantages. While organ bioprinting and tissue 

engineering are still in the early stages of development, there have been some promising advances, including the 

successful 3D printing of knee menisci, heart valves, spinal disks, various types of cartilage and bone, and artificial 

ears. Researchers have also used 3D bioprinting to repair human articular cartilage and create artificial livers by 

depositing cells within biocompatible hydrogels. In a notable case study published in the New England Journal of 

Medicine, a 3D printer and CT images were used to create a bioresorbable tracheal splint, which was successfully 

implanted in a baby with a rare disorder. It is expected that the splint will fully dissolve within three years of the 

surgery. 
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Table 4.1 Provides information on various materials used in different 3D printing technologies 

AM 

Proce

ss 

Material Biomedical 

Application

s 

Advantages Disadvantage

s 

References 

FDM Polymers, 

Carbon fibers, 

Polylactic acid 

(PLA), 

Acrylonitrile 

Butadiene 

Styrene 

(ABS), 

Polycarbonate 

(PC), Nylon, 

Medical grade 

titanium, 

Polyether-

ketone-ketone, 

Polyether-

ether-ketone 

(PEEK), 

Chiotin (CI), 

Chitosan (CS), 

Collagen 

(Col), Active 

pharmaceutica

l ingredients, 

Polyvinyl 

alcohol (PVA) 

containing 

paracetamol or 

caffeine 

Scaffolds for 

cell culture, 

Tissue 

engineering, 

Prosthetic 

hand, Lower 

limb 

prosthetic, 

Trabecular 

bone, For 

the broken 

knee, 

Biomedical 

implant, For 

fabrication 

of calvarial 

bone, 

Cartilage 

and skeletal 

muscle, for 

drugs 

Low cost, 

High 

strength, 

Composite 

materials, 

not using 

toxic 

solvents 

Nozzle 

clogging, 

Anisotropy, 

Lower 

resolution, 

Thermal 

degradation of 

the polymer 

[157][158][159][160][161][162][

163]–[165] 

DIW Alginate 

(ALG), 

Chitosan 

(CHI), 

Collagen, 

Gelatin, Silk 

Tissue 

regeneration, 

Wound 

healing, 

Drug 

delivery, 

Structures 

with 

different 

geometries, 

Sizes and 

materials, 

Formulation 

of Inks 

  
[155] 

SLA Photocurable 

resin (epoxy 

or acrylate-

based resin), 

Polycaprolact

one (PCL), 

PLA, ABS, 

PLLA, 

Acrylonitrile 

butadiene 

styrene and 

TangoPlus 

Full Cure 930, 

Gelatin based 

matrix and 

Scaffolds for 

cell culture, 

Tissue and 

organ, 

Prosthetic 

hand, For 

support and 

medical, For 

bone 

engineering 

applications, 

For 

osteonecrosi

s, 

osteoporosis, 

and bone 

High 

Resolution, 

Fast, good 

cell 

viability, 

Nozzle free 

Cytotoxicity, 

High cost, 

Material 

limitation, 

Possible harm 

to 

deoxyribonucl

eic acid 

(DNA) by UV 

[164], [157], [166], [167], 

[168],[169],[170] 
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extruded drug 

paste 

defects, For 

training, 

Tissue 

Engineering 

SLS Polycaprolact

one (PCL), 

Polyamide 

(PA) power, 

PLA, ABS, 

PC-ABS, 

Laser-

machined 

carbon fiber 

composite 

(CFC), 

Biocompatible 

ceramic 

HA/TCP, 

Nylon Powder 

and MB 

Temporary 

and 

degradable 

rigid 

implants, 

Implant 

prostheses, 

Robotic 

sensing, For 

bone 

engineering 

applications, 

For soft 

materials 

in biological 

and 

pharmaceuti

cal 

applications, 

Tissue 

Engineering 

materials 

in biological 

and 

pharmaceuti

cal 

applications, 

Tissue 

Engineering  

High cost 

Medium 

resolution 

post-

processing 

required 

 

[164], [155], [166],[167], [168] 

[171], [170] 

 

  4.1.5 Conclusion 

 

Additive manufacturing (AM) has revolutionized the manufacturing industry by introducing a variety of printing 

techniques that can quickly and easily create complex geometries. Research in AM has also unlocked new 

possibilities in the biomedical field, allowing for the creation of complex, custom-made products that would have 

been difficult or impossible to produce using traditional methods. This progress has given hope to individuals with 

disabilities, as it offers the potential for them to receive artificial organs and improve their quality of life. 

4.2 Merkfree design  

 

The Sphygmomanometer was first designed in solid works (CAD designing software). All attributes such as 

density of measuring fluid, volume requirement of fluid in tank and scale were taken into consideration. The 

enclosure and the tank were manufactured by 3D printing. The enclosure has been printed by fused deposition 

modelling (FDM) in which poly lactic acid (PLA) filament was used. The initial design of the tank in CAD are 

shown in Figure.4.8. The tank and the upper tube holder were printed with stereo lithography assembly (SLA) as 

shown in Figure.4.9. The device components are explained below. The filter unit contains filter paper which 

allows air to pass through but does not allow the measuring fluid to get out from it. It also holds the upper side of 

the glass tube in place. The tank is where Galinstan is stored when device is not in use. This needs to be air-tight 

to hold air pressure Figure.4.6. One end of the tank is connected with the rubber tube from the bulb and the other 

end is connected with the lower end of the glass tube. The scale was 3D printed by using dual colour filament 

using FDM technique. To display the measurement in mmHg the scale needs to be recalibrated using the formula 

shown in Eq. (1). 

∆𝐻𝑡𝑢  =  133.3/( 𝜌𝑚𝑔 (
𝜋𝑟𝑡𝑢

2

𝐴𝑡𝑛

+  1) … … … … … … … … … … . (1) 
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The ∆𝐻𝑡𝑢 is the change in height of the fluid inside glass tube for every mmHg pressure, 𝐴𝑡𝑢 is the area of cross-

section of the tank, 𝑟𝑡𝑢 is the inner radius of the glass tube, ρm is the density of the material. The display scale is 

calibrated to show the measurement in mmHg since this is the standard measure in all BP sphygmomanometers. 

Galinstan has a density of 6.44 g/cc which is almost half that of mercury (13.6 g/cc), the column height is nearly 

doubled. We use a tank with cross-sectional area of 695.6 mm2 and a measuring tube with an inner diameter of 3 

mm. Thus, by using Eq. (1), the scale is calibrated to 1 mmHg per 2.1 mm. The outer enclosure box has two 

components—the flap on which the tank, and the scale have been attached, and the base box, where all the 

accessories such as the cuff and the bulb are kept. The flap is connected with the base-box through 3D printed 

hinges to provide 0-to-120-degree freedom of movement. Magnetic locks were provided in the device between the 

flap and box as shown in Figure.4.7. 

4.2.1 Chemical Treatment  

 

Galinstan has Gallium in it, which forms a thin oxide layer when it is exposed to the environment. The thin oxide 

layer creates a low surface tension and makes it stick with the glass tube, disturbing the visibility of the fluid. To 

remove the stickiness behaviour of the fluid we have used reducing agents such as HCL and NaOH. 5 Molar NaOH 

solution was found to give best results. The NaOH solution only etches the oxide layer and does not hamper the 

Galinstan or the glass tube. We put a few milliliters of NaOH on the top of Galinstan in the tank. Because of its 

low density, a small meniscus of NaOH is always maintained above the Galinstan column. The weight of this 

meniscus is negligible, and it is transparent and hence nearly invisible. 

 

 

Figure.4.6. Merkfree 3D Design, 1) Magnetic lock, 2) Glass tube, 3) Scale, 4) Tank, 5) lower flap, 6) Bulb, 7) Cuff, 8) Connecting tube.  
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Figure.4.7. 3D manufactured full device end to end, enclosure box was manufactured by FDM method. 

 

 

  

 

 

 

 

 

 

 

 

 

 

(a)                                                       (b)                                                                                (c) 

 

Figure. 4.8 Various transitions in tank design (a), (b) Initial CAD designs, (c) Final CAD design. 
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Figure.4.9 Final 3D manufactured part through SLA method.  
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Chapter-5: Clinical trial of Merkfree 
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5.1 Device operation.  

 

The look, structure, and feel of the device remain the same as the conventional MS. Auscultatory method is used 

to measure BP using this device as with the MS. The prototype of the device is shown in Figure.5.1 (a). 

Galinstan has the same silvery color as mercury. Thus, there is no significant change in visualizing the fluid 

across the tube [172] . 

5.2 Ethics approval.  

 

This study was conducted in accordance with relevant guidelines, regulations and approved by the Institutional 

Ethics Committee (IEC:2021-654) of Dayanand Medical College Ludhiana, India. Written informed consent was 

obtained from all the participants of the study. 

5.3 Clinical trial 

 

To compare the performance of the proposed Merkfree sphygmomanometer against commonly used sphyg- 

momanometers in hospitals, we performed clinical trials after ethical clearance from the Institute ethical commit- 

tee (IEC) of Dayanand Medical College and Hospital, Ludhiana. All methods were performed in accordance with 

the relevant guidelines and regulations. This clinical trial included all age groups except those who had recently 

undergone cardiovascular surgery and very old people who had vasomotor problems. All the measurements were 

performed by trained clinicians Figure. 5.1 (c). A total of 252 participants, across various age groups (12–80 years, 

mean ± standard deviation = 41.23 ± 15.56 years) and sex (143 male, 109 female), were tested for systolic blood 

pressure (SBP) and the diastolic blood pressure (DBP) measurements. Informed consent was obtained from all 

subjects and/or their legal guardians. We took comparative measurements with the Merkfree and compared these 

with the commonly used MS (BPMR-120 Mercurial BP Delux from Diamond company) and a validated digital 

oscillometric device (WatchBP Office, Microlife). 

  

Figure. 5.1: (a) Complete alpha-prototype of Merkfree, (b) Technical comparison of Merkfree asainst MS through a T-connector joint. (c) 

Merkfree undergoing clinical trial at DMC&H Ludhiana. 

 

(A) Technical validation study protocol 

 

To check the technical accuracy of pressure readings of Merkfree, we compared Merkfree pressure readings 

against pressure readings of MS by connecting them to each other. For this, the air tube from cuff was split into 
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two using a T-connector, one tube goes to MS and the other to Merkfree, ensuring equal pressure build up in both 

devices as shown in Figure. 5.1 (b).  

(B) Clinical study protocol  

 

There were two teams appointed to measure BP. Each team had three members assigned to take readings. A 10-

minute time interval was given for every successive measurement from the same subject. Separate sheets were 

provided to each medical staff to avoid any correlation or bias due to the previously taken readings. The 

measurement order was first by MS followed by Merkfree and digital oscillometric device 

5.4 Results 

 

(A) Results from technical validations 

 

In this Merkfree & MS, were compared with each other directly through a T-connector joint. We took the data 

spanning wide pressures ranging from 50 mmHg to 150 mmHg. Results are presented in Figure.5.2 (a). The 

pressure readings from two sphygmomanometers are almost equal, with a correlation value of 0.9999. The Bland–

Altman plot, reports the bias value of 0 mmHg with standard deviation (SD) of mere 0.67 mmHg, among the two 

values. All the pressure readings are well inside the upper (1.3067) and lower (-1.3067) limit-of-agreement (LOA) 

(bias ± 1.96xSD), as clear from Figure.5.2 (b). Moreover, the maximum difference between the readings of the 

two sphygmomanometers is a mere 1mmHg, which may be attributed to parallax or human errors associated with 

BP measurements. Both sphygmomanometers have least count of 1mmHg, rendering the differences depicted here 

negligible. 

 

 

Figure.5.2. Comparison of pressure readings of Merkfree and Mercury sphygmomanometer. (a) The corresponding correlation values, (b) 

Bland Altman’s plot. 

 

 

(B) Clinical comparison of Merkfree & MS. 
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We have compared Merkfree with MS because Mercury type is the gold standard of BP measurement. For 

demonstrating accuracy of any new proposed BP measurement device, it is preferrable to compare it against the 

MS. The BP measurements done using Merkfree and MS have a coefficient of determination (R2) of 0.6399 for 

SBP and 0.4264 for DBP measurements; shown in Figure. 5.3 (a) and 5.3 (b), respectively. The corresponding p-

values of the correlation factor for SBP is 0.0216 and 0.115 for DBP. Bland–Altman’s analysis comparing 

Merkfree, and MS reveals that BP measurements have a bias of 1.528 mmHg with SD value of 10.49 mmHg for 

SBP Figure.5.3 (c), and 0.916 mmHg with SD of 9.112 mmHg for DBP measurements Figure.5.3 (d). The upper 

and lower limits of agreement (LOA) were calculated to be 22.09 mmHg and -19.03 mmHg for SBP, and 18.78 

mmHg and -16.94 mmHg for DBP, respectively. Additionally, the mean absolute percentage error between the 

measurements from two sphygmomanometers is computed to be 6.22% for SBP and 8.6433% for DBP 

measurements. 

 

(C) Clinical comparison of OS & MS. 

 

We have compared OS with MS because there are many studies that already exist comparing MS and OS. The 

accuracy study is relatively redundant but has been provided for the sake of completeness. However, this study 

established the baseline accuracy of MS with respect to OS and while comparing OS and Merkfree we show that 

 

 

(a)                                                                                (b) 

 

                                       (c)                                                                                (d)     

Figure.5.3 Comparison of blood pressure readings: (a) DBP readings of Mercury vs Merkfree, (b) SBP readings of Mercury vs 

Merkfree, Bland Altman’s plot (c) DBP readings of Merkfree vs Mercury, (d) SBP readings of Merkfree vs Mercury. 
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Merkfree has higher accuracy with respect to MS as compared to OS. To understand the level of agreement 

between MS and OS, a comparison analysis was done. The BP measurements correlate with a R2 value of 0.6083 

for SBP and 0.3473 for DBP measurements, as shown in Figure.5.4 (a, b), respectively. Bland–Altman’s analysis 

shows that bias between the readings taken using these two sphygmomanometers is -1.563 mmHg with SD value 

of 10.85 mmHg for SBP Figure.5.4 (c) and 2.401 mmHg with SD of 9.753 mmHg for DBP measurements 

Figure.5.4 (d). The upper and lower LOA were computed to be 19.69 mmHg and -22.82 mmHg for SBP and 21.52 

mmHg and -16.71mmHg for DBP, respectively. In addition, the mean absolute percentage error between the 

measurements from two sphygmomanometers is computed to be 6.72% for SBP and 9.84% for DBP 

measurements.  

 

(D) Clinical comparison of Merkfree & OS. 

 

 

 

(a)                                                                          (b) 

 

          (c)                                                                            (d) 

Figure.5.4 Comparison of blood pressure readings: (a) DBP readings of Mercury vs Oscillometric (b) SBP readings of Mercury vs 

Oscillometric, Bland Altman’s plot (c) DBP readings of Oscillometric vs Mercury, (d) SBP readings of Oscillometric vs Mercury. 
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We have compared the Merkfree with OS towards characterization of rounding off errors which has very little 

quantitative studies in literature. OS is the most widely used device for BP measurement in homes. It has lower 

accuracy than MS but has no rounding error due to lack of human intervention. Hence, comparative study with it 

helped us to characterize the rounding errors in MS as well as Merkfree. Finally, a comparison of readings from 

Merkfree and OS was performed. The R2 for SBP and DBP were 0.62 and 0.41 as shown in Figure.5.5 (a, b), 

respectively. Bland–Altman’s analysis shows that bias between the readings taken using these two 

sphygmomanometers is -3.091 mmHg with SD value of 10.68 mmHg for SBP Figure.5.5 (d) and 1.484 mmHg 

with SD of 9.034 mmHg for DBP measurements Figure.5.5 (c). The upper and lower LOA were computed to be 

17.85 mmHg and -24.03 mmHg for SBP and 19.19 mmHg and -16.22 mmHg for DBP, respectively.  The mean 

absolute percentage error between measurements from two sphygmomanometers is 7.015% for SBP and 8.94% 

for DBP measurements.  

 

 

 

 

 

(a)                                                                       (b) 

 

                                            (c)                                                                      (d) 

Figure.5.5 Comparison of blood pressure readings: (a) DBP readings of Oscillometric vs Merkfree, (b) SBP readings of Oscillometric 

vs Merkfree, Bland Altman’s plot (c) DBP readings of Merkfree vs Oscillometric, (d) SBP readings of Merkfree vs Oscillometric. 
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Table 5.1. Kl divergence between ideal and actual distribution of readings for sbp and dbp of all three devices 

 

 

 

 

 

(a)                                                                                              (b) 

 

 

(c) 

 Figure.5.6 (a) Histogram plot of three devices for SBP, (b) Histogram plot of three devices for DBP, (c) A plot 

showing normalized ideal expected gaussian distribution plotted over frequency distribution obtained clinical 

study for the particular case of MS SBP. These two series are used to obtain the KL divergence for MS SBP. 

Similar series is obtained for all other measurements and to ultimately obtain the values in Table 5.1. 

 

 

Column Name KL-Divergence Value 

MS SBP 0.4088 

MS DBP 0.4756 

Merkfree SBP 0.1991 

Merkfree DBP 0.2581 

OS SBP 0.0848 

OS DBP 0.0423 
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5.5 Discussion 

 

BP measurements using the proposed Merkfree sphygmomanometer has good agreement with commonly used 

MS and OS. Assuming that MS readings are the true readings of BP, in terms of percentage error, Merkfree 

readings have lower error compared to OS readings for both SBP and DBP. Merkfree readings also have a higher 

correlation with MS as compared to correlation obtained between OS and MS. Merkree SBP has lower agreement 

with OS SBP than MS SBP. Interestingly, this reverses in case of DBP, and Merkfree DBP has higher an agreement 

with OS SBP than MS SBP.  

Merkfree shows comparable performance with respect to the gold standard MS during direct one-to-one 

comparison of pressure readings in technical validation using a T-connector joint. The Merkfree has a 0.9999 

correlation factor with MS in one-to-one direct comparison in technical validation. The bland Altman’s analysis 

also reveals that bias is zero, which corresponds to the zero-measurement error, all data points lie within the limit 

of agreements and shows the good agreement between pressure readings of two devices. However, the same results 

were not reproduced during clinical trials, which can also be associated with the accumulation of various errors, 

such as hearing and concentration variation among individuals while measuring BP, white coat hypertension, and 

patient anxiety [56]. 

Bar graphs for SBP and DBP for both all three devices were plotted by taking a frequency interval of 5 Figure.5.6 

(a, b). A bar at x represents the number of readings lying between x-2.5 to x+2.5, where x is the multiple of five. 

Three bars are bunched together at every multiple of 5 for a side-by-side comparison of distribution of readings 

from all three devices. All three devices show a broad normal distribution which is expected for a random 

population study like this. It is well known that MS suffers from rounding-off errors due to operator bias towards 

rounding the readings to the nearest multiple of 10 [173]. This specifically happens as the mercury 

sphygmomanometers scale has major calibration tick marks at multiples of 10. This can be clearly visualized by 

comparing at the histogram bar heights at multiples of 10 and multiples of 5 in Figure.5.6 (a) and Figure.5.6 (b). 

We can see that frequency of readings are in general higher at multiples of 10 than at multiples of 5. In case of 

Merkfree, we have a longer scale and calibration marks at multiples of 5. Hence, we see that the bias towards 

rounding off to nearest multiple of 10 is reduced and we have comparable heights of frequency bars even at 

multiples of 5. OS type doesn’t have rounding-off error at all because human in the loop is eliminated. Distribution 

of the yellow bars in Figure.5.6 (a) and Figure.5.6 (b) demonstrate this quite clearly. To quantify the extent of the 

mismatch in the distribution with respect to the expected normal distribution, we created the theoretically expected 

distribution and calculated its KL divergence with respect to the expected distribution. We have SBP and DBP 

data for all three devices which are 6 variables in total. For each variable X, we found the mean and standard 

deviation. An ideal gaussian distribution was calculated for MS SBP Fig. 7(c) using just the mean and the standard 

deviation. This distribution was then sampled at multiples of 5 starting from 85 mmHg to 195 mmHg for SBP; and 

from 45 mmHg to 125 mmHg for DBP. These ranges cover all readings starting from lowest to the highest in all 

columns. KL Divergence was then calculated between this distribution and the actual distribution for all 6 

variables. The results are listed in Table 5.1. Here we can see that MS has the highest KL divergence while OS 

has lowest indicated that MS have highest deviation from Normal distribution, primarily owing to rounding-off 

errors while OS has no rounding-off errors. Merkfree while maintaining better accuracy than OS, is also having 

lower rounding-off error compared to MS. This is apparent from the intermediate KL divergence values.  
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Most developed countries have already banned the MS, and most developing countries are in the process of doing 

so [53]. Merkfree is likely to be widely applicable and acceptable in these changed circumstances where MSs are 

discouraged. Digital BP measuring devices are independent of the operator, but their accuracy and repeatability 

have been questionable due to variability in proprietary software algorithms from company to company. As per 

the study conducted by us recently among Indian Clinicians [19], it was found that digital BP measuring devices 

are considered inferior in accuracy and robustness compared to auscultatory BP monitors by most respondents. 

Owing to auscultatory method and longer measurement scale, Merkfree is expected to have limited use in home 

monitoring of BP. However, it is expected to have wide acceptance for clinical measurement of BP.  

5.6 Conclusion  

 

We have designed a mercury-free sphygmomanometer – Merkfree, with the same structure and principle of 

operation as a MS. Merkfree aims at being very close to the MS while getting rid of the mercury. Merkfree will 

help in achieving the goal of the Minamata convention of WHO by promoting elimination of Mercury based 

sphygmomanometers. Merkfree measures BP using same principle of auscultation as that of MS and was 

demonstrated to have less than 10% error with respect to MS for both SBP and DBP. Key innovation in Merkfree 

is the use of Galinstan instead of Mercury. Galinstan has a lower density compared to Mercury hence, Merkfree 

has a longer scale height. However, this improves visibility and reduces rounding-off errors. The stickiness of 

Galinstan with glass had been a major impediment in the development of a BP monitor using it. This has been 

eliminated by developing an innovative technique of maintaining a small meniscus of a reducing agent in the 

measurement column. In this paper, we elucidated the different components of Merkfree device and conducted its 

clinical trials on 252 patients with respect to MS and OS. 
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Chapter-6: Exploration of a new method of 

cuffless blood pressure measurement using 

acoustic radiation force impulse (ARFI) 
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6.1 Introduction 

 

Blood Pressure (BP) is one of the vital parameters that is often measured during hospital visits. Heart disease is a 

leading cause of death worldwide, and hypertension, or high blood pressure, is a leading risk factor for heart 

disease [19]. The four primary vital signs of the human body are pulse rate, respiration rate, temperature, and BP. 

While there are many wearable devices that can track pulse rate, respiration rate, and temperature discreetly and 

continuously without disturbing the patient, this is not yet possible for BP measurement [174]. Currently, BP 

measurements require cuff-based devices that can only take one-time measurements of systolic and diastolic 

pressure. This measurement is typically performed at the brachial artery and takes about 10 minutes to complete 

[175]. Several groups are working on the development of non-invasive, cuffless blood pressure monitoring 

technologies for fast and accurate BP measurements. These technologies are based on directly measuring 

physiological parameters without blocking the artery. There are many physiological parameters, but only a few 

are useful for BP measurement. Two main analysis methods used to measure BP are Pulse Transit Time (PTT) 

and Pulse Wave Analysis (PWA) [26]. PTT is the time it takes for the arterial pressure wave to travel from the 

proximal to the distal site. PTT is inversely proportional to blood pressure and depends on inner lumen diameter 

(ILD), tube diameter (TD), blood density, and tube thickness (TT) [27].  Pulse wave velocity can be calculated 

from PTT and PWA analysis and is related to BP through the Moens-Kortewegz [28] and Huges [29] equations. 

Signals from various modalities can be used for these methods, such as photoplethysmography (PPG), 

electrocardiogram (ECG) [30], microelectromechanical sensing [31], magneto-plethysmography [32], 

ballistocardiography (BCG) [33], bioimpedance [34], and ultrasound image processing [35]. However, these 

methods have limited success. Most of these techniques have low accuracy compared to gold standard BP 

measurements performed with mercury types. Cuffless BP measurement is still an active area of research. Many 

cuffless BP methods using PTT have shown great promise and relatively good accuracy in the short term [176] . 

Unfortunately, while these methods are quite accurate in measuring the pulse pressure, the absolute BP drifts due 

to low frequency drift in BP due to vasomotor tone variation makes can lead to inaccurate systolic [177]. 

Ultrasound is commonly utilized for non-invasive imaging of tissues. In normal imaging mode operations, plane 

and focused waves of a few microseconds pulse duration are employed. However, the use of ultrasound in its 

imaging modality for measuring blood pressure (BP) has had limited success. For instance, Beulen et al. developed 

an innovative approach to measuring internal pressure by monitoring changes in the ratio of flow and cross-

sectional area using ultrasound probes, but it requires a flow sensor to be directly inserted into the system [43]. 

Zakrzewski et al. used ultrasound imaging to monitor internal pressure by recording changes in the diameter of 

the tube under the application of external force from the ultrasound probe [44]. However, this method necessitates 

the continuous application of external loading, which may be uncomfortable and may dislodge plaque in 

atherosclerotic arteries. Weber et al. proposed a system for measuring blood pressure at the wrist using a balloon 

inflation system pushing against the radial artery that works like a cuff [45]. A single element ultrasound probe is 

aimed at the artery, measuring the diameter change of the radial artery and identifying when it is completely 

blocked by pressure from the inflating balloon. The system is quite bulky and cumbersome for regular use, and 

radial arterial pressure is not used in most clinical measurements. 

Ultrasound in its imaging mode of operation does not have any significant mechanical effects on tissues. However, 

newer applications of ultrasound technology use focused beams of a few hundred milliseconds duration to cause 

mechanical force on tissues, known as Acoustic Radiation Force Impulse (ARFI). Applications of ARFI include 
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creating tissue stiffness maps [178], nerve imaging [179], and monitoring thermal ablation procedures [180]. 

Typically, stiffness imaging through ARFI involves first sending one imaging pulse to image the original location 

of the tissue, followed by an ARFI pulse to push the location. Immediately after this, another imaging pulse is sent 

to locate the tissue shift due to ARFI. By repeating this process over a volume of tissue, a stiffness map can be 

created [181]. Based on this concept, it is hypothesized that it is possible to push the arterial wall through an ARFI 

pulse and monitor its impulsive unloading using high-frequency ultrasound imaging immediately following the 

ARFI pulse. The arterial wall is expected to undergo an unloading process followed by a hoop mode vibration, 

with the frequency of this vibration being related to its geometric dimensions, mechanical properties, and internal 

pressure. The difficulty in determining the exact relationship between internal pressure, hoop frequency, and other 

physical parameters due to the simultaneous dependence of hoop frequency on multiple parameters (IP, ILD, TT, 

TD, etc.), has led us to attempt to create an empirically derived machine learning (ML) model to measure blood 

pressure using Acoustic Radiation Force Impulse (ARFI). The model is designed to measure the internal pressure 

(IP) of any thin-walled pressure vessel by measuring its inner lumen diameter (ILD), tube thickness (TT), density 

of the material of the tube (TD), and hoop mode frequency (HMF). The proposed BP measurement system, as 

shown in Figure 6.1, involves sending a planar imaging pulse from an ultrasonic linear array probe. The same 

transducer will then receive reflected pulses and create an image of the artery in cross-sectional view through 

standard beam-forming methods [182]. The wall of the artery will be identified using image processing methods, 

and a focused ARFI pulse of a length of hundreds of microseconds will be aimed at this wall. As the arterial wall 

is elastic and under pressure, as soon as the ARFI is stopped, the wall will rebound towards its original shape 

undergoing damped hoop mode oscillations. The artery can be imaged at high frequency during this impulsive 

unloading process using plane wave imaging at KHz frame rates [183]. By using correlation-based image feature 

tracking, the hoop mode frequency can be measured. With this model at the core, it will be possible to develop 

ultrasound-based handheld systems for continuous cuffless BP measurement. To develop such an ML model, a 

large amount of data is needed from various tubes with different diameters, thickness, elasticity, and density of 

material held at different internal pressures. However, it is nearly impossible to collect such experimental data, 

therefore, we used FEM simulation-based eigenfrequency analysis of tubes. We have chosen a parameter range 

similar to the mechanical and geometrical parameters of the blood vessels. With proper parameter control, our 

analysis can be extended to analyze all kinds of thin-walled pressure vessels. Eigenfrequency analysis generates 

many different vibration modes, and we are only interested in hoop mode analysis. To automate the process of 

hoop mode identification to make data analysis tractable, we developed an image processing pipeline that could 

identify and segregate hoop mode images from the FEM simulations, automatically pull the physical parameters 

and hoop mode frequencies from them and store them in a tabular file. This table was then used to develop deep 

neural networks that are able to predict the internal pressure of the tube with an error of less than 6.5%. 
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Figure. 6.1. (a) Schematic depicting high frequency ultrasound impingement causing artery deformation. Artery undergoes damped oscillation 

to attain its original shape, which is monitored via receiving tracking waves. (b) Shape of artery at each stage of cycle 

 

 

 

Figure.6. 2. Systematic workflow of model development: Modelling, automated data extraction, data recognition and data fitting. 

6.2 Materials and Methods 

 

A. Simulation and Model Development Workflow 

 

We developed a model to measure blood pressure (BP) using ultrasonically measurable parameters by performing 

eigenfrequency analysis. We simulated the various eigenmodes excited by an ultrasound probe in a thin-walled 

pressure tube using the COMSOL Multiphysics package, which is based on finite element analysis. We varied the 

radius and thickness of a hollow tube of 100 mm length (as shown in Table 6.1) and also the material properties, 

such as elastic modulus and density, to account for blood vessels of different ages, genders, and health conditions. 

We used free tetrahedral meshing, resulting in an average of 13,284 domain elements, 8,928 boundary elements, 

and 872 edge elements. For boundary conditions, we held the free end of the tube fixed and applied internal 

pressure on the internal faces of the hollow tube, while leaving the outer faces free to allow for free deformation 

of the tube. We performed FEA over the parametric range in two steps: first, we used a stationary solver to 

determine the deformation of the tube under variable loading, which allowed us to determine the change in 

diameter due to internal pressure. Secondly, we performed eigenfrequency analysis to determine the various 

resonant modes of the blood vessel subjected to variable internal pressures. We performed the numerical analysis 

under default solver settings using the MUMPS solver with a pivot threshold value of 0.1. In total, we performed 
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58,313 simulations, each containing 80 eigenmode images. Analyzing such a large dataset was only practical using 

automated algorithms, therefore, we extracted all the data to MATLAB using COMSOL Livelink. The overall 

workflow from simulation to ML model development is shown in Figure.6. 2. 

 

Table.6.1 Geometric and Mechanical Parameters of Tube for Numerical Analysis 

Parameter Values 

Inner Lumen Diameter [184]* (4, 4.4, 4.8, 5.2, 5.6 and 6) mm 

Tube Thickness [185]* (0.2, 0.22, 0.24, 0.26, 0.28 and 

0.3) mm 

Internal Pressure (60, 70, 80, 90, 100, 110, 120, 

130, 140, 150) mmHg 

Tube Density [186]* (1110, 1130, 1150, 1170, 

1190, 1210) kgm-3 

Elastic Modulus [187]* (1000, 1100, 1150, 1250, 

1300, 1400) kPa 

Tube Length 100 mm 

Poisson’s Ratio 0.49 

 

 

B. Finding of hoop mode frequency 

 

The COMSOL simulation generates various eigenmodes on the tube and presents the results in the form 

of images with embedded text headers. The text and image sections are then separated, and the image is 

processed using the structural similarity index (SSIM) to identify the hoop mode among all the 

eigenmodes (Figure.6.3). This process is explained in more detail in our recent conference paper [188]. 

The text section is then processed using OCR with the pytesseract package to extract the frequency value 

of the hoop mode with high accuracy (>99%). However, there may be some inaccuracies in the dataset 

due to incorrect detection of text in the hoop mode image by pytesseract. These inaccuracies can be easily 

identified and removed through a threshold-based outlier detection process. 
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             (b) 

Figure.6 3. (a) A typical eigen mode image along with text containing the. Eigen frequency embedded in the image. This text was 

run through OCR to read the frequency values. (b) The hoop mode reference image is compared with all eigen modes obtained in 

simulation to identify the image corresponding to hoop mode (Only a subset of the 80 eigen modes are shown). 

 

C. Machine learning model 

 

We utilized deep neural networks to find an optimal model that can predict internal pressure (IP) when 

given the tube thickness (TT), density of the material of the tube, inner lumen diameter (ILD), and hoop 

mode frequencies (HMF). To do this, we organized the simulation-generated dataset into five columns. 

The first four columns were the inputs (ILD, TT, TD, and HMF) and the fifth column was the target 

variable (IP) to be predicted. The dataset consisted of 54966 rows which were randomly shuffled and 

split into 80% for training and 20% for testing. 

1. Normalization 

 

After that the data in the input columns were normalized by subtracting the mean and dividing by the 

standard deviation of the corresponding column. 
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2. ML model development  

 

We created two different machine learning models to estimate internal pressure using simulated input 

parameters. The first model utilized all four input parameters as listed in Table 6.2. While the tube 

thickness (TT), inner lumen diameter (ILD), and hoop mode frequencies (HMF) can be measured using 

ultrasound methodology, the density of the material is not measurable. We believe that the density of 

human tissue falls within a relatively narrow range (1100-1200 Kg/m3) [186] and is unlikely to impact 

the accuracy of the model. However, this is a limitation of the first model, so we developed a second 

model without the density parameter and the performance of the model did not significantly decrease as 

expected. 

Table. 6.2. Mean and Standard Deviations of Different Parameters in the Dataset 

 Parameters Mean Standard 

Deviation 

Tube Thickness (mm) 0.4546 0.135 

Diameter (mm) 5.3 0.748 

Hoop Mode 

 Frequency (Hz) 

548.37 100.5 

Density (Kg/m^3) 1159.84 33.76 

Internal Pressure (Pa) 14096.72 3370.2 

 

3. Hyperparameter Tuning 

 

Both models are deep neural networks that were developed by searching through a range of parameters 

using the following general approach. We attempted to find a model with 2 to 4 hidden layers, where the 

number of units in each layer could be one of four values: 5, 10, 20, or 25. The activation functions for 

the hidden layers could be either 'relu' or 'tanh'. Batch normalization and dropout regularization were 

applied between these layers, with the dropout percentage varying randomly between 0 and 50%. Since 

we were only building a regression model to predict internal pressure, the output layer was always set to 

a single unit with a 'relu' activation. We used two optimizers, 'adam' and 'adagrad', and optimized the 

model to achieve the minimum mean absolute percentage error. The parameter space was searched using 

the Keras Tuner package [189]. Each parameter combination was tried for a minimum of five epochs. If 

the loss failed to reduce within these epochs, the current combination was abandoned, and the Tuner 

moved on to try the next set of parameters. 

4. Optimized four input model. 
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An optimized model was obtained using the same hyperparameter optimization process as described in 

the previous section, which utilizes four input parameters: TT, ILD, HMF, and TD. The architecture of 

this model includes one input layer, two hidden layers and one output layer. The first hidden layer has 25 

units, and the second hidden layer has 10 units. The activation function used for all layers is 'relu'. 

5. Optimized three input model 

 

To verify our hypothesis that the density of the wall has little impact on the model, we conducted a shapely 

feature analysis using SHAP (Shapley Additive Explanations). SHAP is a tool that allows for the 

visualization of the output of a machine learning model by computing the contribution of each feature. 

The results of the SHAP analysis are discussed in the results sub-section D. From the results, it was clear 

that the density plays a minimal role in the accuracy of the model. Therefore, we explored a three-

parameter model by eliminating the density parameter. The architecture of this model is described in 

Table 6.3. 

   Table.6.3. DNN Architecture of Three Input Parameters for Internal Pressure Measurement. 

Layer type Layer shape 

(Rows, 

columns) 

Parameters Activations 

Input Vector (4,1) * - - 

First hidden 

layer  

(5,1) 25 Relu 

Second 

hidden layer 

(25,1) 150 Relu 

Third hidden 

layer 

(10,1) 260 Relu 

Output (1, 1) 11 Relu 

*Input vector is 4x1 for 3 input parameters as first parameter is a constant in neural 

networks. 

 

D. Verification of concept 

 

We have tested this workflow using a phantom of a latex tube suspended in a muscle mimicking gelatin 

[190]. The ARFI and imaging sequences were generated using a Verasonics Vantage 128 Research 

Ultrasound System. A complete control software package was created in MATLAB, which allows for 

imaging the phantom, aiming the ARFI at the tube wall, obtaining the fast ultrasound image sequences 

of hoop mode vibration and tracking the opposite walls of the tube. The Fourier analysis of the hoop 

mode vibration was performed to obtain the dominant frequencies. The hoop mode frequency is also 
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easily distinguishable from other frequencies for thin-walled tubes. For thin-walled pressure tubes (r>>t), 

hoop stress is considerably larger than radial stress, causing a sharp rise in the vibration amplitude at a 

particular hoop frequency. Higher vibration modes are also present, but their intensity is exponentially 

attenuated in comparison to the hoop modes. Therefore, higher modes were ignored for our analysis. 

Hoop stress is strongly dependent on the internal pressure of thin-walled pressure vessels. Thus, hoop 

frequency is also strongly influenced by the internal pressure of the tube along with other material 

parameters. By directly correlating material parameters such as tube radius, thickness, and density of the 

material with the hoop frequency, internal pressure inside the tube can be accurately determined. A similar 

workflow can also be implemented for any other use case of non-intrusive pressure measurement in thin-

walled vessels. 

E. Experimental verification of model performance 

 

To test the model's performance in experiments that closely mimic an artery in muscle tissue, we created 

arterial phantoms and insonated them using focused ARFI beams generated by a Verasonics Vantage 128 

Research Ultrasound System. The hoop mode frequencies were captured using high-frequency ultrasound 

imaging, and the arterial walls were analyzed to determine the hoop mode frequencies. 

1. Phantom preparation 

 

The phantoms were created by using long tubes made of different types of materials with elastic modulus 

similar to that of human arteries. These tubes were suspended in two different substrates, water and 2% 

gelatin, within rectangular containers. The tubes were equipped with input and output ports connected to 

three-way luer locks, allowing for the pumping of water in and out of the tubes. An A-line pressure 

catheter (from Millar Corporation, Texas, USA) was placed at the center of the tube through one of the 

input ports. A plastic eye dropper was also connected through another channel of the input stopcocks with 

luer lock connectors. Water was filled within the tube, and the output port was locked. The pressure inside 

the tube could be varied by pressing and releasing the dropper alternatively. 

2. Ultrasound investigation 

 

We used the Verasonics Vantage 128 Research Ultrasound System to create imaging and ARFI sequences 

using the Philips L7-4 probe. To both push the wall of the phantom and capture its vibrations after the 

release of the push, a complete software package was created in MATLAB®. This software allows the 

operator to specify different ARFI parameters such as the position of the focal point, duration of the push 

pulse, and voltage of the push pulses (Figure.6.4). The operator can also specify the time points at which 

imaging pulses should be delivered. The typical sequence of events is as follows: 

1. The phantom is placed in position. 

2. Tube is visualized in transverse mode. 

3. The focal point is set at the proximal wall of the tube.  

4. The baseline image is recorded through a planar imaging pulse. 

5. A one millisecond ARFI pulse is delivered at the focal point. 
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6.  Immediately afterwards, a sequence of 40 image pulses were fired with a time gap of about 150 us 

each. 

7. The diameter and thickness were measured from the baseline image.  

8. The proximal and distal walls were tracked on the 40 images, and their distention waveform during 

vibration was plotted. 

9. The hoop mode frequency was calculated by using Fourier analysis of the distention waveform.  

 

 

10. The pressure within the tube was changed by pressing the eye dropper, and steps were repeated 

starting from step number 4. 

             

(a)                                                                         (b)                                                           (c) 

   

 

(d)                                                                               (e) 

 

(f)                           

     (g) 

Fig. 6.4. Experimental setup demonstrating the hypothesis that hoop mode frequency is dependent on internal pressure of a tube and it is possible to obtain the 

vibrations in tube diameter after an ARFI push pulse. (a) A gelatin phantom was made with a latex tube embedded in it.  A linear array ultrasound probe is used 

to create both the ARFI pulse sequence and the subsequent imaging sequence. (b) An image of the tube in the transverse mode plotted in heat a map colour 

scheme (c) Plot of  a single line of data (in log scale) as marked with a dotted line in Fig.4 (b). ILD is approximately equal to the distance of two peaks. The 

special units in both Fig.4 (b) and (c) are in multiple of half-wavelengths. (d) 10 ARFI pulses are created every second while simultaneously pressure within 

the tube is taken through a range. After each push pulse the walls are tracked, and diameter waveform is plotted. The hoop mode vibrations are apparent on the 

measurements and a monotonically increasing relationship between frequency and internal pressure can be visualized, (e) Absolute measured pressure vs push 

number,(f) Shows a spectrogram of the diameter vibration curve shown in Fig 5 (d) with a window size of 40 and overlap of 0, (g) Shows the peaks of the 

frequency as identified in each window of the spectrogram. From this it can be observed clearly that changes in IP leads to corresponding changes in the HMF.   
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3. Fourier analysis 

 

Two rectangular kernels placed at the proximal and distal apex of the tube were tracked using a 

correlation-based method, and a diameter distention waveform was obtained after every push. This 40-

point distention sequence captured the hoop mode vibrations of the tube. This sequence was interpolated 

100 times and an FFT was obtained. The peak of this FFT sequence corresponds to the dominant hoop 

mode frequency. 

The diameter was calculated by measuring the distance of the two apex points through peak detection 

applied on the data line passing through the center of the tube. The thickness of the tube can be obtained 

using similar image analysis. However, for the purpose of simplifying this experiment, we assumed that 

the thickness does not change with pressure, and we measured it using a vernier caliper before starting 

the experiment. 

The diameter variations for one experiment are shown in Figure. 6.4 (f). 20 push pulses were given within 

2 seconds. A spectrogram of the whole sequence was obtained with a window size of 40 and overlap of 

0 points. From the spectrogram, the dominant frequency variation with respect to pressure changes in the 

tube can be clearly visualized. 

6.3 Results and discussion 

 

A. COMSOL simulation results 

 

An elastic model of the tube was designed in COMSOL using various parameters as shown in Table 1. 

The dependence of hoop frequency on different mechanical and geometrical parameters was studied by 

plotting HMF against one parameter at a time while keeping all other parameters fixed. In the simulation 

of eigen frequencies, various frequency modes are obtained, but the one of interest is the hoop mode, as 

shown in Figure.6.5(a). In Figure.6.5(b), we swept the IP within the tube between 60 and 150 mmHg 

while keeping other parameters such as tube TD, Young’s modulus (E), TT, ILD, and Poisson’s ratio 

fixed. There is a non-linear relationship between HMF and IP, but both are positively proportional to each 

other. The equation of the relationship between HMF and IP is shown in Figure.6.5 (b) an almost linear 

fit shows the strong correlation of hoop mode frequency with the internal pressure of the tube. Figure.6 

5 (c) and 6.5 (d) shows that HMF has an inverse non-linear relationship with TT and ID respectively. 

Figure.6.5 (g) shows that HMF has a positive linear relationship with E. It is intuitive to think that E 

should play a linking role between pressure and diameter, hence a method like ours that tries to determine 

the IP from dynamic variations in ID of the artery should need E. However, we hypothesize that as E and 

HMF have a direct linear relationship, the information regarding E is contained in the HMF, and hence 

the ML model for IP determination developed by us will be able to model this information. Figure.6. 5 

(e) shows that HM has a small negative linear relationship with TD. Later in Section III (C), we show 

that tissue density does not contribute significantly to our model and can be eliminated.  

Figure.6.5 (f) and 5 (h) show that there is nearly no effect of Poisson’s ratio and tube length on HMF and 

hence we did not consider them in any of our ML model design. 
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B. Accuracy of the four-parameter model 

 

A sequential DNN model was trained using Table 6.4 to predict the internal pressure (IP) of a material 

based on four input parameters: HMF, TT, ILD, and TD. The trained model had a mean absolute error of 

5.45% on the training data and 5.63% on the testing data. The Bland-Altman analysis revealed a bias of 

-0.29 mmHg, an SD of 11.42 mmHg, and upper and lower limits of agreement of 22.09 mmHg and -

22.67 mmHg, as shown in Figure. 6.6 (a). The regression plot in Figure. 6.6 (b) indicated that readings 

with actual values below 100 mmHg tend to be overestimated and readings above 100 mmHg tend to be 

underestimated, which resulted in the rhombus-like structure seen in the Bland-Altman plot. To estimate 

 

Figure. 6.5. Dependence of hoop frequency on various parameters. 
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the number of readings needed to achieve a precision of margin of error less than 10 mmHg, standard 

deviations of the differences between actual and predicted values were calculated for all readings with 

actual values between 95 and 100 mmHg, as this range had the highest SD in the Bland-Altman plot. For 

the FPM, the SD in this range was found to be 7.423, and the number of readings required to achieve a 

precision of margin error less than 10 was calculated to be 6. The coefficient of determination (R2) 

between predicted and actual IP measurements of the test data was found to be 0.822, as shown in 

Figure.6.6 (b). The p-value of the paired t-test between the actual and predicted values of the test data 

was 0.0001, indicating that the model can accurately predict internal pressure for most IP values within 

the human physiological range. 

Table. 6.4 DNN Architecture of Four Input Parameter for Internal Pressure Measurement. 

Layer type Layer shape 

(Rows, columns) 

Parameters Activations 

Input Vector (5,1) * - - 

First hidden layer  (5,1) 25 Relu 

Second hidden layer (25,1) 150 Relu 

Third hidden layer (10,1) 260 Relu 

Output (1, 1) 11 Relu 

*Input vector is 5x1 for 4 input parameters as first parameter is a constant in neural networks. 
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C. Shape value interpretation 

 

The SHAP (Shapley Additive Explanations) values were calculated for a four-parameter model, as 

depicted in Figure. 6.7. The results showed that HMF and ID were the primary contributors to the model's 

output, with SHAP values of 18.83% and 14%, respectively. TD, on the other hand, had a much lower 

SHAP value of 1.66%. As TD cannot be measured ultrasonically, it was removed from the model without 

causing a significant loss in accuracy. Therefore, the researchers developed a three-parameter model 

based on this observation. 

 

D. Accuracy of the three-parameter model 

 

A new DNN model was developed using HMF, ID, and TT as the governing parameters. The model 

achieved a mean absolute percentage error of 6.6% on the training data and 6.5% on the testing data. 

Despite neglecting density as a governing parameter, the small drop in prediction accuracy can be 

attributed to the relatively small dependence of density on hoop frequency compared to the other 

parameters. The Bland-Altman analysis comparing the predicted and actual internal pressure 

measurements revealed a bias of 0.17 mmHg and a standard deviation of 10.80 mmHg. The upper and 

lower limits of agreement (LOA) were calculated to be 21.35 mmHg and -21 mmHg, as shown in Figure. 

6.8 (a). The coefficient of determination (R2) between predicted and actual internal pressure 

 

(a)                                                                                                (b) 

Figure.6.6 (a) Bland Altman plot of actual and predicted pressure with density parameter, (b) Comparison of pressure readings, actual vs predicted with 

density parameter.  
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Figure. 6.7. SHAP values for the parameters of the FPM 
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measurements was found to be 0.845, as shown in Figure.6.8 (b). The p-value of the paired t-test between 

the actual and the predicted values of test data was less than 0.0001. For TPM, the standard deviation in 

the range of 95 to 100 mmHg was 8.086, thus the number of readings required to achieve less than 10% 

precision of margin of error was calculated to be 6. 

 

 

E. Experimental verification of the models. 

 

The model's accuracy was verified by comparing it to the results of experiments conducted on tubes 

suspended in water. The experiments were performed on latex and rubber tubes with thicknesses of 0.46 

mm and 0.33 mm, respectively. The coefficient of determination (R2) for the three-parameter model was 

0.4218 with a p-value of 0.042, while the coefficient of determination (R2) for the four-parameter model 

was 0.8426 with a p-value of 0.0002, as shown in Figure 9. The mean absolute percentage error for the 

three-parameter model was 8.73% and 3.68% for the four-parameter model, which are within clinically 

acceptable limits for blood pressure monitors [47]. This demonstrates the usability of the models in actual 

practice. However, one source of error in the experiment may be attributed to frequency downshift caused 

by damping [191]. All simulations were done with tubes without any intervening medium, while 

experiments were conducted with tubes in water. When applying the model to actual human arteries 

embedded within fat and muscles, the damping factor will be even higher, which may lead to further 

downshift in HMF peaks. The model's output may be further processed with damping factor estimates to 

improve measurements in real human arteries. Additionally, the model may be improved by conducting 

further simulations of arteries suspended in denser and more viscous mediums, or by using transfer 

learning by collecting data experimentally from multiple tubes with varying TT, ILD, and TD, and 

retraining the final layers of the models. Another problem with denser mediums is the fast dying-off of 

oscillations after impulsive unloading, making it more difficult to carry out short-time spectrograph 

analysis and reducing the accuracy of HMF determination. To overcome this, the speed of rebound of the 

wall after unloading may be analyzed to develop another model where HMF is replaced with rebound 

velocity. 

 

 

(a)                                                                                            (b) 

Figure.6.8 (a) Bland Altman plot of actual and predicted pressure using the TPM, (b) Comparison of pressure readings, actual vs predicted using the TPM. 
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6.4 Conclusion 

 

In this study, we demonstrated the possibility of cuffless blood pressure measurement using ultrasound. 

We showed that it is possible to create an impulsive unloading of an artery under pressure using ARFI to 

make it oscillate in the hoop mode. Immediately after the ARFI pulse, the hoop mode vibration frequency 

can be determined through fast ultrasound imaging sequence followed by image processing and 

spectrographic analysis. We designed two different machine learning models that can measure internal 

pressure of the artery through parameters such as HMF, TT, ILD, and TD. These ML models were 

designed through extensive FEM eigen frequency simulations. The models were verified through actual 

experiments on arterial phantoms using custom-made software for the Verasonics research ultrasound 

system. The model could predict the IP with a mean absolute percentage error of 5.63% in the simulated 

data, and 3.68% in the experiments. We believe this would be a landmark work that would open further 

research for ultrasonic measurement of pressure in medical and other fields. 

 

 

 

Figure.6.9. Validation of experimental results with both ML models applied on two different tubes taken through 
various IP. 
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Chapter-7: Design a digital sphygmomanometer 

(Auscl-D) which is based on auscultatory 

method. 
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In this work, we propose a low-cost, highly portable, light-weight, easily manufacturable, battery operated, 

mercury free, auscultation based digital sphygmomanometer – Auscl-D, for easy and accurate BP measurements. 

The proposed device can be made from easily available components with cheap manufacturing processes available 

throughout globe, even in remote areas. The device demonstrated to have accuracy comparable to mercury 

sphygmomanometer, which is the gold-standard for BP measurements. The preliminary clinical trials were 

conducted at Dayanand Medical College & Hospital (DMCH) Ludhiana, to compare the performance of proposed 

device with commonly used aneroid sphygmomanometers employing the auscultatory method and validated 

oscillometric sphygmomanometers from Microlife. The test results show good agreement for systolic and diastolic 

BP measurements taken using Auscl-D device compared to the aneroid and oscillometric types. This shows the 

potential of the proposed design to serve as a low-cost, highly portable replacement for conventionally used 

sphygmomanometers, without the toxicity and reliability issues. 

7.1 Introduction  

 

Hypertension is the most prominent factor responsible for multiple cardiovascular and renal complications, 

engulfing more than quarter of world’s population [192][193]. The diagnosis and management of hypertension is 

dependent on accurate measurement of blood pressure (BP) [7]. Overestimation of blood pressure is associated 

with various psychological effects, side effects from antihypertensive medications and high treatment costs, 

whereas underestimation of blood pressure can likely make patients deprived of necessary therapy, leading to high 

mortality rates from hypertension [4]. The direct measurement of BP is not practical, as it requires intra-arterial 

assessment. Therefore, BP determination is done via non-invasive ways which majorly includes measurements on 

arm over the brachial artery, providing useful information for hypertension monitoring and diagnosis [194].  

However, even after decades of efforts to train clinicians on various techniques for proper BP measurements, 

routine clinical practices still suffer from inaccurate BP measurement problem [195]. Patient anxiety during 

hospital visit also contributes to this now well understood as white-coat hypertension [196]. These are hard to 

minimize, as humans are prone to accumulating various errors. Along with, the equipment used for BP monitoring 

can itself act as a source of inaccurate BP measurements, leading to misdiagnosis of hypertension [197]. Moreover, 

even if the device is operating accurately, the collective accumulation of various errors such as parallax error, 

prejudice for normal readings, inaccurate unit calibration etc. can lead to inaccurate systolic (SBP) and diastolic 

blood pressure (DBP) measurements [198].  These errors can be greatly minimized or completely eradicated by 

using efficient devices for BP measurements. Like by using digital readers for measurements, one can eliminate 

parallax error and prejudices to a great extent. Similarly, by using efficient algorithms that can automatically 

calibrate devices, one can avoid errors arising from unit calibration to a great extent. 

Majorly, there are two pathways for BP monitoring: auscultatory and oscillometric BP measurements. 

Oscillometric BP measurements can be easily automated. A lesser degree of specialization or training is required 

to operate these devices even in high noise situations. But they suffer from poor sensitivity and specificity [199]. 

On the other hand, devices based on auscultatory measurements are more reliable but suffer from various 

operational and environmental health issues. For instance, aneroid based sphygmomanometers are more reliable 

than oscillometric devices but, can drift owing to mechanical jarring or accumulation of errors due to usage of 

mechanical springs in these devices [17]. Mercury-based sphygmomanometers are considered the gold standard 

for BP measurements but use environmentally toxic mercury as the chief ingredient. Also, they have to be 

continuously monitored for various factors such as leakage rate, calibration accuracy, physical assessment [200]. 
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As, mercury has been established toxic to humans as well as environment, world’s governments need to get rid of 

mercury-based sphygmomanometers in agreement to Minamata convention [50]. Additionally, both mercury and 

aneroid sphygmomanometers are bulky devices making them difficult to carry. But still clinicians prefer to use 

these mercury-based sphygmomanometers, due to reliable BP monitoring and training attained throughout years 

of their careers [19], [54].  

After numerous efforts spanning decades, the leading bodies involved in device validation, have come up with a 

universal protocol to determine accuracy of BP measuring devices [201]. Various new oscillometric BP 

measurement devices have been developed to meet these requirements but results still remains unsatisfactory. For 

instance, easily portable wrist oscillometric offer highly portable BP measurements, but it suffers from poor 

medical efficacy as it gives unreliable data for very high or low BP measurements [202]. Even when comparing 

performance of two widely used oscillometric BP measurement devices, huge discrepancies in measurements were 

found, showing inefficacy of these devices [203]. Other modifications include utilizing finger 

photoplethysmography (PPG) signal or electronically recording Korotkoff-sounds  [204], integrating deep learning 

algorithms to increase BP measurements accuracy [205], [206]. But these methods need to undergo rigorous 

clinical trials to prove their efficacy in real-life conditions. Non-invasive beat-to-beat BP measuring devices, such 

as Finapres [207], chest-based BP monitoring have also been developed [208], but these require bulky, non-

portable and expensive equipment, reducing their viability for low-cost BP measurements. Additionally, these 

suffer from poor BP measurement reliability, as it requires calibration on daily basis [209].  

Taking into notice all the limitations stated above, we have designed a digital auscultatory BP measurement device 

– Auscl-D, which displays BP reading digitally, like oscillometric devices, but measurements are performed using 

auscultation method employing traditional stethoscope and manual pumping system as in an aneroid device. The 

device is made from easily available components and economical manufacturing processes, making it viable to be 

purchased or assembled even in remote areas with limited resources. Its digital display provides direct line of sight 

for clinicians, to accurately visualize BP measurement readings while hearing kortkoff sounds in parallel. 

Providing advantage over conventional mercury or aneroid based sphygmomanometers, where clinicians have to 

carefully monitor SBP and DBP readings during rapidly changing device reading under high workload conditions. 

The device performance was on par against mercury sphygmomanometer in lab conditions and with aneroid and 

oscillometric sphygmomanometer in clinical setting. Preliminary clinical trials comprising of 30 participants were 

conducted at DMCH Ludhiana, aimed to compare the performance of Auscl-D with commonly used aneroid and 

oscillometric sphygmomanometer was conducted. The Aneroid sphygmomanometer is an auscultatory based BP 

monitoring device, where readings are taken manually by trained clinician from a mechanical dial. On other hand, 

Microlife is an oscillometric BP monitoring device, in which the average of three BP measurements, taken 

automatically, is displayed digitally. The correlation and Bland-Altman analysis reveals that the performance of 

Auscl-D for both SBP and DBP measurements is comparable to commonly used sphygmomanometers in hospitals. 

7.2 Materials & Methods 

 

7.2.1 Device design and operation 

 

The proposed BP measurement device is made very compact and light-weight, for easy portability. It uses eco-

friendly parts and is also installed with digital display for easy and accurate BP measurement readings, as shown 

in Figure.7.1. Moreover, it uses cost-effective, easily available components, making it easy to assemble without 
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requiring any expensive manufacturing processing. The design schematic, device operation and algorithms used 

for easy operation of the device has been detailed in this section. 

A. Components used 

 

All the components used are easily available off-the-shelf and can be assembled without requiring any specialized 

manufacturing equipment. The device design, showing various components, has been shown in Figure.7.1. The 

main characteristics of various components used in Auscl-D sphygmomanometer are 

• PCB: for compact and efficient connectivity among various components, the device has been built-up on 

a PCB, whose design has been depicted in fig. 1. Various components such as Arduino pro-mini, display 

screen, pressure sensor, LEDs, battery and charging circuit have been mounted on this single PCB, 

leading to small size and weight of the proposed device.  

• Arduino pro mini: rather than using conventional Arduino boards, Arduino pro-mini was used for 

miniaturizing final device configurations. It contains ATMEGA328 programmable microcontroller 

which controls the basic operations of the device, taking pressure readings from pressure sensor, which 

are then fed to OLED display for easy BP measurements. The power LED have been withdrawn from 

this controller board and rewired to the top of the enclosure panel to display power on state of the device 

to the user. This micro-controller acts as the brain of the device. 

• Pressure sensor: for accurate pressure measurement readings, we used Honeywell 

SSCDAND005PGAA5 board mounted pressure sensor with pressure sensing range of 0-5 psi (purchased 

commercially). This sensor meets various industrial standards, offering robust and accurate operation 

under wide temperature range (-20°C to 85°C), while drawing minimal power (< 10nW). 

• OLED Display: to display pressure reading taken by pressure sensor, 0.96-inch I2C/IIC 128x64 organic-

light emitting diode (OLED) display with 4 pins has been installed in the device (commercially 

purchased). This provides high contrast, brightness, wide viewing angle, while consuming very low 

power (< 0.08W).  

• Stethoscope and cuff: for auscultatory BP measurements, cuff is placed over brachial artery and when 

high pressure is created in cuff, a stethoscope is placed to monitor blood flow (as blood flow moves from 

turbulent to transition flow and finally to laminar flow) for reliable BP measurements (both stethoscope 

and cuff purchased commercially). It is connected directly to pressure sensor without any bends or 

additional air ducts, for eliminating any pressure build-ups or leakages leading to wrong BP 

measurements. A hook and loop arrangement are made on the surface of the cuff to attach the device on 

the cuff itself. 

• Lithium-ion battery: to operate device remotely we provided 3.7 V, 240 mAH Li-Po battery (purchased 

commercially) enabling device to work for more than 6 hours on single charge. We used TP-4056 

charging cum boost converter module (purchased commercially). This module in addition to enabling the 

charging of the LiPo battery boosts the output voltage to 5 V.  This charging module can be operated 

using 5V, 1A DC power adapter or USB from PC. The battery is fully charged within 15 minutes. The 

charging circuit and battery are very small in size, which are placed directly under PCB board, increasing 

the portability of proposed device. The charging module allows for simultaneous operation while 

charging. 
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• LEDs: two energy efficient LEDs (red and green, purchased commercially) are used to depict device 

operation, providing visual aid for users. The device in this state has been depicted using red LED and 

device charging using green LED.  

• Holding box: all the components (except for stethoscope and cuff) are arranged in compact but effective 

way in a 3D printed box (made of PLA), leading to small BP measuring device design (6×6×2.3 cm). The 

box was designed using SolidWorks software. Inlets for pressure sensor and charging are left in the box. 

Slot is made to fix the OLED display on top of box for easy BP measurements, as shown in Figure.7.1. 

  

Figure.7.1. Auscl-D sphygmomanometer device architecture and corresponding components used in device. 

 

7.2.2 Device Operation 

 

The device should ideally be mounted on to the cuff that will provide a clear view path to the clinicians. After the 

person sits comfortably on the chair and the cuff is fastened around to the brachial artery. The clinician places the 

stethoscope over the brachial artery near the elbow. The small handheld air pump (bulb) having air release valve 

attached to the cuff is used to apply the pressure above the expected SBP level. No pulsations are heard through 

the stethoscope at this point. After this, the clinician carefully looks for the Korotkoff sounds through the 

stethoscope while the pressure in the cuff is slowly released. The very first Korotkoff sound heard i.e. K1marks 

the systolic pressure and the last sound K5 marks the diastolic pressure [172]. 

The schematic describing the whole device operation has been depicted in Figure.7.2. When air is pumped into 

the cuffs, the pressure starts to build up, which is sensed using the pressure sensor.  The cuff is connected with the 

handheld air pump, termed as bulb.  An appropriate T-connector has been used enabling proper air flow from cuff 

to pressure sensor without any additional pressure build-up or losses. The pressure sensor is powered by the 
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onboard 5 V power supply from the boost converter. The analog output voltage Vout is proportional to the pressure 

(P) at its input port and is calibrated using equation (1)  

 P = (
Vout−0.5

0.8
) ∗ 51.71 mmHg                                                                                                (1) 

The Arduino pro mini consisting of ATMEGA328 programmable microcontroller, acts as the brain of the device. 

It converts the pressure readings into readable form. Mean of five successive pressure readings is taken from the 

pressure sensor with a couple of milliseconds gap between to minimize the errors associated with electronic BP 

measurements. Then this pressure reading in mmHg is displayed on the OLED display. 

 

Figure.7.2 Schematic depicting device operation. 

 

7.3 Results  

 

To validate the technical accuracy of Auscl-D, we compared the pressure measurements taken by our device with 

mercury sphygmomanometer. For obtaining the clinical accuracy, trials were conducted at DMCH, Ludhiana, after 

due ethical clearance from its IEC. Here we compared the performance of Auscl-D with two commonly used 

sphygmomanometers namely Aneroid (auscultatory) and Micro-life (Oscillometeric) sphygmomanometers. The 

results obtained have been discussed in this section. 
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Figure.7.3 Comparison of pressure reading from Auscl-D and Mercury sphygmomanometer and their corresponding (a) correlation values 

and (b) bland-Altman plot. 

7.3.1 Comparison of Auscl-D and Mercury sphygmomanometer 

 

To check the technical accuracy of pressure readings of our proposed device design, we compared Auscl-D 

pressure readings against mercury sphygmomanometer which is considered as the gold standard for BP 

measurements. The air valve from cuff was split in two using a T-connector, one valve goes to mercury 

sphygmomanometer and other to Auscl-D, ensuring equal pressure build-up in both valves. We took data spanning 

wide pressures ranging from 60 mmHg to 200 mmHg, covering possible SBP and DBP measurements in humans. 

Results have been presented in Figure.7.3. The pressure readings from two sphygmomanometers are almost equal, 

as clear by correlation value of 0.9999 (Figure.7.3 (a)). Moreover, the Bland-Altman plot reports the bias value of 

0.0714 mmHg with standard deviation (SD) of mere 0.73 mmHg, among the two values. All the pressure readings 

are well inside the upper and lower limit-of-agreement (LOA) (mean ± 1.96 x SD), as clear from Figure.7.3 (b). 

Moreover, the maximum difference between the pressure reading taken from two sphygmomanometers is a mere 

1 mmHg, which can also be attributed to human or parallax errors associated with BP measurements using mercury 

sphygmomanometer. Also, both sphygmomanometers have the least count of 1 mmHg, rendering the differences 

depicted here negligible. 

7.3.2 Clinical Trials  

 

To compare the performance of proposed Auscl-D sphygmomanometer against commonly used 

sphygmomanometers in hospitals, we performed preliminary clinical trials at DMCH Ludhiana. All the 

measurements were performed by trained clinicians (Figure.7.4). A total of 30 participants, across various age 

groups (26-70 years, mean±standard deviation: 50.9±11.78 years) and sex (19 male, 11 female), were tested for 

SBP and DBP measurements, using commonly used aneroid sphygmomanometer against Auscl-D 

sphygmomanometer. Additionally, a total of 20 participants, across various age groups (27-70 years, mean 

48.7±13.45 years) and sex (11 male, 9 female), were tested using validated oscillometric device from MicroLife 

against Auscl-D. The BP measurements done using Auscl-D and aneroid sphygmomanometer correlates to high 

degree, with correlation factor of 0.9418 for SBP and 0.8739 for DBP measurements, as shown in Figure.7.5 (a) 

and 7.5 (b) respectively. Bland-Altman analysis reveals that BP measurements done using Auscl-D 

sphygmomanometer has bias of 0.73 mmHg with SD value of 5.86 mmHg for SBP and -1.97 mmHg with SD of 

5.37 mmHg for DBP measurements, as compared to aneroid sphygmomanometer. The upper and lower limits of 
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agreement (LOA) were calculated to be 12.22 mmHg and -10.75 mmHg for SBP along with 8.56 mmHg and -

12.49 mmHg for DBP, respectively. Figure.7.5 (c) and 7.5 (d), shows that all the measurements are well inside 

upper and lower LOA for both SBP and DBP measurements, showing the efficacy of proposed design against 

commonly used aneroid sphygmomanometer.  Additionally, the mean absolute error percentage between the 

measurements from two sphygmomanometers is computed to be 4.12% for SBP and 5.96% for DBP 

measurements. Likewise, comparison between BP measurements using Auscl-D and MicroLife has been done, by 

taking SBP and DBP measurements over 20 individuals. The BP measurements correlate to a high degree, with 

correlation factor of 0.9348 for SBP and 0.9252 for DBP measurements, as shown in Figure.7.6 (a) and 7.6 (b) 

respectively. Bland-Altman analysis shows that bias between the readings taken using these two 

sphygmomanometers is 2.05 mmHg with SD value of 5.23 mmHg for SBP and -0.55 mmHg with SD of 3.76 

mmHg for DBP measurements. The upper and lower LOA were computed to be 12.29 mmHg and -8.19 mmHg 

for SBP along with 6.82 mmHg and -7.92 mmHg for DBP respectively. Figure.7.6 (c) and 7.6 (d) shows that all 

the measurements of SBP and DBP are well inside upper and lower LOA. This shows the efficacy of the proposed 

design against the commonly used Microlife sphygmomanometer. In addition, the mean absolute error percentage 

between the measurements from two sphygmomanometers is computed to be 3.67% for SBP and 3.86% for DBP 

measurements. 

 

 

 

 

 

 

 

 

 

Figure 7.4 Real-time BP measurements using Auscl-D sphygmomanometer 
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Figure.7.5 Clinical trials for comparison of BP measurements using Auscl-D and Aneroid sphygmomanometer, their corresponding correlation 

graphs for (a) SBP and (b) DBP pressures along with bland-altman plot for (c) SBP and (d) DBP measurements. 

 

 

Figure.7.6 Clinical trials for comparison of BP measurements using Auscl-D and MicroLife sphygmomanometer, their corresponding 

correlation graphs for (a) SBP and (b) DBP along with bland-altman plot for (c) SBP and (d) DBP measurements. 
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7.4 Discussion 

 

The mean absolute error for BP measurements using proposed Auscl-D sphygmomanometer is well within the 

accepted limits as compared to commonly used aneroid and oscillometric sphygmomanometers.  Moreover, 

proposed design shows comparable performance as compared to gold-standard mercury-based 

sphygmomanometer for direct one-to-one comparison of pressure readings (Fig. 3). But same results were not 

reproduced during clinical trials, which can also be attributed to accumulation of various error, such as clinician 

errors or prejudices, patient anxiety etc. Additionally, the aneroid and Microlife sphygmomanometers, which are 

used as reference BP monitoring devices here, are also prone to various errors and limitations [210][211].  

7.5 Conclusion 

 

In conclusion, we have designed a low-cost, easy to use, battery operated, mercury free hybrid 

sphygmomanometer, Auscl-D, that can serve as a viable replacement for commonly used mercury 

sphygmomanometer. Moreover, its compact and light-wight design enables its usage during transportation or high-

stress conditions (as in hospitals). The electronic display enables easy BP measurements without any parallax 

errors associated with commonly used auscultatory devices. Moreover, the accuracy of this device is found to be 

matching to mercury sphygmomanometer, as confirmed by individual pressure readings. Also, preliminary clinical 

trials show that the performance of Auscl-D is on par with commonly used aneroid and validated oscillometric 

devices, making it a viable, cost-effective, and easily manufacturable replacement for conventional 

sphygmomanometer. 

 

7.6 Ethical Declaration 

 

The clinical study reported in this paper was conducted at DMCH Ludhiana in conformity with the Declaration of 

Helsinki. Informed consent was taken from all participants after explaining the operation of the Auscl-D device 

and experimental procedure. The study was approved by the Institutional ethics committee of DMCH. 
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Chapter-8: Other different notable work in 

medical devices. 
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8.1 A Device to Reduce Vasovagal Syncope in Blood Donors 

 

Syncope is a temporary loss of consciousness caused by a decrease in blood flow to the brain. It is classified into 

three main categories: reflex syncope, syncope due to orthostatic hypotension, and cardiac syncope. One type of 

reflex syncope is Vasovagal syncope (VVS), which is triggered by emotional or physical stress and is characterized 

by symptoms such as sweating, pallor, and nausea. Donating blood is generally safe, but some donors may 

experience adverse reactions such as VVS. Studies have reported that VVS occurs in 1-2% of blood donations. To 

prevent VVS, physical maneuvers such as leg crossing and muscle tensing have been proposed, but these methods 

require training and may not be suitable for all donors. To address this issue, in this work, we propose a low-cost, 

low-power, compact, and portable electronic massager unit that can be used in blood donation chairs to reduce the 

rate of VVS in donors. The massager is designed to reduce anxiety before blood donation and improve peripheral 

blood circulation, thus reducing the risk of VVS. The design and usability of the massager prototype are described 

in this work [212].  

 Device Operation   

 

This device should ideally be mounted on the blood donation chair itself. After the patient lies down on the 

reclining chair, the two cuffs are applied to the calf muscles on both legs (Fig. 5). To operate this device first a 

low pressure set-point is set by the operator and then the device is powered on. The cuffs start to inflate and deflate 

as per the pressure ceiling set by the knob. The setpoint is increased slows until can feel a relaxing massaging 

effect on the calf muscle. If the pressure set-point is set too high, the patient may feel uncomfortable and, in this 

case, the setpoint should be brought down by appropriate control signal through the knob. After this the blood 

donation process is started. Once the donation is complete, the device is turned off and the cuffs are gently removed 

before the patients deboards the donation chair. The final look of the device is shown in Figure.8.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.8.1 (a) Electronic components used in device, (b) Placement of device in Blood donor chair, (c) Device demonstration, (d) Final look 

of the device. 
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8.2 Development of low cost ambu bag attachment for rapid mass emergency deployment as a ventilator 

 

The novel Coronavirus disease-2019 (COVID-19) has affected the entire world, causing severe impacts on both 

developed and developing countries and resulting in the deaths of millions. The disease primarily affects the 

respiratory system and can lead to severe conditions such as acute respiratory distress syndrome (ARDS) or 

hypoxemia due to widespread lung inflammation. Traditional ventilator devices can be expensive and require 

trained personnel for proper operation. In developing countries, these types of ventilators are often limited and 

only found in specialized hospitals. To address the urgent need for ventilators, we propose a low-cost, easy-to-

assemble, portable automated AMBU resuscitator system that can be scaled up to combat the ongoing pandemic. 

During the COVID-19 pandemic, various low-cost mechanical ventilators have been proposed to address the 

shortage of ventilators. These designs have their own advantages and disadvantages when compared in terms of 

design, performance, cost, and actuation mechanism. These ventilators require specialized parts that are not readily 

available in the market, but they are intended to provide ventilation not only inside hospitals but also outside of 

them, where hospital-grade ventilators are not feasible due to their portability. The proposed ventilators are unable 

to provide all the modes available in hospital-grade ventilators such as pressure mode, volume mode, and assist 

mode. Our AARMED ventilator is designed to be rapidly manufactured and requires custom-designed parts such 

as an arm, belt driver, inlet and outlet connector, and AMBU bag holder, which were first designed in Solidworks 

and fabricated using an extrusion-based 3D printer. The electrical system development is classified into hardware 

and software development and include components like Arduino uno, pressure sensor, flow sensor, stepper motor, 

Jetson Nano, Touch screen, IR sensor. The device also features a user-friendly GUI created using open-source Qt 

creator software, where a user can control the breathing rate, I:E ratio, peak pressure, tidal volume. Initial testing 

was performed on the IMT analysis test lung. The various parameters can be controlled by the help of touch screen 

base GUI and the clinician can also monitor the health condition of the patient on the same GUI. We had also 

improved the motor capability by using the micro stepping of the stepper motor and we also improved our design 

and fixed all the previous hardware bugs. The final prototype of the device is shown in Figure.8.2 [213] . 

Device operation 

 

This device is having a capability to operate in two different modes along with assist mode. The developed device 

can be controlled by touch screen-based GUI system by adjusting the BPM slider, pressure slider, volume slider 

and I:E ratio push buttons. Modes can be easily selected by the toggle switch that can switch between pressure 

mode and volume mode along with assist or normal mode as shown in the Figure.8.3(c). Pressure, flow rate and 

volume curves of the patient can be monitored on the plot tab as shown in the Figure. 8.3(b). 
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Figure.8.2 Prototype (a) Prototype of ventilator, (b) Control Board, (c) Control Schematic (d) Instrumentation at end of ventilator circuit near 

patient's mouth. 

 

 

Figure.8.3 Touch Screen based GUI (a) Splash screen of GUI (b) Display Console (c) Setting Console. 
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8.3 AMLEX- A Smart Patient Driven Oxygen Rationing Device 

 

Oxygen is one of the second most abundant gas followed by nitrogen in the atmosphere. Still, its availability in 

hospitals of many developing countries is a significant concern. The COVID-19 virus has severely affected the 

world in many ways. Especially for poor and developing countries where the medical research, technology 

development, and facilities are at an infant stage, this pandemic has hit hard and had a profound impact on people 

living in those countries. COVID-19 is a respiratory disease that affects an individual's lungs, leading to suffocation 

or oxygen deprivation. One needs external assistance, which is provided via an external oxygen supply. In 

conventional systems, a constant flow of oxygen is maintained during both the inhalation and exhalation phase of 

the user, which leads to the wastage of oxygen supplied during the exhalation phase. A novel device has been 

developed to tackle this problem that halts the flow of oxygen from the reservoir when the user exhales, which is 

detected by a humidity sensor installed in the mask worn by the user. An adaptive algorithm allows the system to 

adapt to the different users and environmental conditions. The prototype has been tested in the lab on multiple 

individuals, and the system showed satisfactory results by average saving of 1.72 Liters of oxygen in 1 min of 

breathing cycle. The final prototype of the device is shown in Figure.8.4 

Device operation 

In the present work, we present Amlex, a low cost, intelligent oxygen rationing system controlled by patient’s 

breathing cycles. Specially machined couplings with threads on both ends allow the device to be connected directly 

onto the opening end of any commercially available oxygen cylinder. The device restricts the flow of oxygen from 

the cylinder during exhalation, which is detected by a sensor installed in the mask worn by the user in close vicinity 

to mouth and nose. Amlex utilizes a humidity sensor to detect the humidity concentration variation during the 

operation, which makes the device usable with any commercial mask with holes in it. The proposed device is 

operational even with dislocation and leakage in the mask as the algorithm used changes the window size of the 

threshold values and enables the device to work with accuracy. Here, the window size refers to the difference 

between upper threshold value and lower threshold value in vertical axis. During the inhalation period, the electro- 

mechanical actuator (Solenoid valve) opens and allows the oxygen flow from the reservoir (oxygen cylinder). The 

oxygen is further channeled to the mask via a flexible polymer tube. The electromechanical actuator continuously 

opens and closes in synchronization with the inhalation and exhalation of the user during the operation. For reliable 

operation and to prevent any false detection of the breathing phase, an optimal sized window between the threshold 

values to detect exhalation and inhalation needs to be maintained. Here, window size refers to the difference 

between upper and lower threshold values in vertical axis. The device’s smart algorithm adapts to varying 

environmental conditions and maintains an optimal window size by continuously updating the threshold values. 

The device can operate on a battery and line power supply (220V 50Hz AC). An additional flow sensor to measure 

the flow has also been installed in the device for characterization of oxygen consumption and saving. (This flow 

sensor is part of the assembly for data analysis and will not be a part of the final product for clinical use) . 
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Figure.8.4. (a) This shows the solenoid valve connected to the oxygen cylinder with the help of couplings. The commercially available flow 

meter can be seen which tells the flow in Liters per minute along with the humidifier whose outlet is connected to the flexible tubing which is 

further connected to the main device. (b) This shows the setup of the device with the control unit, relays, boost converter, and sensors. (c) This 

shows the humidity sensor installed in a commercially available mask. (d) This shows a subject using the device while the data is being recorded 

on the PC 
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Chapter-9: Conclusion and Future scopes 
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9.1 Summary of contributions 

 

This thesis presents a novel approach and device capable of non-invasively measuring a patient's blood pressure. 

The thesis is more pointing towards cuff and cuffless based blood pressure monitoring technologies. The main 

Key findings of the thesis are as follows. 

The thesis discusses about various developments in the medical industry related to measurement devices and 

equipment, specially focusing on the blood pressure measurement devices. Here we mention that mercury 

sphygmomanometers are already banned in many countries and are set to be banned in India by the end of 2020. 

However, a survey conducted by us found that there is a higher perceived accuracy and reliability of mercury 

sphygmomanometers compared to other devices in the market. To address this issue, the authors propose 

promoting validated oscillometric devices to change Indian clinicians' perspectives towards non-mercury 

alternatives for blood pressure measurement. 

 

• In this thesis, we propose the use of the eutectic alloy Galinstan as a substitute for mercury. This material 

is non-toxic and eco-friendly, but it contains a percentage of gallium which can form oxide when in 

contact with oxygen. This can cause stickiness and hinders visibility when poured into a conventional 

manometer. To overcome this issue, we have explored various solutions such as doping the material with 

other metals, creating a core-shell formation, and coating solutions. However, these methods are not 

robust or transparent in nature. After extensive literature research, we have proposed a solution of coating 

the glass tube surface with a thin layer of gallium oxide as a proof of concept. This coating solution shows 

98% transparency, stability and does not affect line of sight communication. In this work, we used a 

method of physical vapour deposition to coat a thin layer of gallium oxide on various surfaces. This 

coating was found to make surfaces non-wetting when exposed to surface oxidized gallium-based liquid. 

We conducted various characterizations to support that this lyophobicity is caused by the surface 

roughness inherent to the gallium deposition technique. The coating is effective in providing a non-

wetting path for surface oxidized liquid metal to move freely on. This homogenous material surface 

treatment for gallium-based liquid metal can remove barriers where wetting is an issue and has potential 

applications in healthcare products such as thermometers and blood pressure measurements. This 

technique can be applied to both flat and non-planar surfaces. 

 

• Additive manufacturing (AM), also known as 3D printing, has greatly impacted the manufacturing 

industry by introducing a range of techniques that can quickly and easily produce complex geometries. 

This technology also holds great potential in the biomedical field, enabling the creation of intricate, 

customized products that would have been challenging or impossible to manufacture using traditional 

methods. The advancement in AM is particularly promising for people with disabilities, as it offers the 

possibility of receiving custom-made artificial organs, which can significantly improve their quality of 

life. Here we used this technology to manufacture our device named “Merkfree”. All parts of the device 

were made through the process of 3D printing. 

 

• We have created Merkfree, a mercury-free sphygmomanometer that operates on the same principle as a 

traditional mercury sphygmomanometer (MS). Merkfree aims to be similar to an MS while eliminating 
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the use of mercury, in line with the Minamata Convention of WHO. It uses the same auscultation method 

to measure blood pressure and has been shown to have less than 10% error compared to an MS. The key 

innovation of Merkfree is the use of Galinstan instead of mercury, which has a lower density and a longer 

scale height, improving visibility and reducing errors. A new technique was also developed to eliminate 

the stickiness of Galinstan with glass. In this paper, we describe the components of Merkfree and report 

the results of clinical trials on 252 patients comparing it to both MS and other sphygmomanometers (OS). 

 

• We demonstrated the feasibility of measuring blood pressure without the use of a cuff by using ultrasound. 

We used Acoustic Radiation Force Impulse (ARFI) to create an impulsive unloading of an artery under 

pressure, causing it to oscillate in the "hoop mode." The frequency of this hoop mode vibration can be 

determined using a fast ultrasound imaging sequence and image processing and spectrographic analysis. 

We developed two machine learning models that can estimate internal pressure of the artery using 

parameters such as Hoop Mode Frequency (HMF), Transit Time (TT), Integrated Luminosity Distribution 

(ILD), and Time Delay (TD). These models were designed using Finite Element Method (FEM) eigen 

frequency simulations and were verified through experiments on arterial phantoms using custom-made 

software for the Verasonics research ultrasound system. The model was able to predict internal pressure 

with a mean absolute percentage error of 5.63% in simulated data and 3.68% in experimental data. This 

research paves the way for further studies on ultrasonic measurement of pressure in medical and other 

fields. 

 

• Overall, the study emphasizes the importance of finding new and improved methods of measuring blood 

pressure, specifically non-invasive and non-mercury alternatives, and the potential for new technologies 

like superhydrophobic coatings and additive manufacturing to aid in this goal. 

9.2 Future scope 

 

After the phase-out of mercury sphygmomanometers in healthcare, a significant gap was created. To fill this gap, 

the Merkfree device was introduced as an affordable alternative that offers the same accuracy and feel as a mercury 

sphygmomanometer. The main drawback of these devices is that they are point-in-time measurements, taking 

approximately 10 minutes to complete. However, cuffless measurement methods address this by providing 

continuous monitoring. To improve this device, incorporating AI-driven technology and designing it as a handheld 

system would make it more user-friendly and convenient to use. 
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