
A Real-Time Monitoring of Fluids Properties in Tubular Architectures 

 

 

Dissertation by 

Maha Nour 

 

 

 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

Doctor of Philosophy 

 

 

 

King Abdullah University of Science and Technology, Thuwal, 

Kingdom of Saudi Arabia 

 

 

 

 

 



2 

 

EXAMINATION COMMITTEE PAGE 
 

 

 

The dissertation of Maha Nour is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Prof. Muhammad Mustafa Hussain 

Committee Members: Prof. Mohamed-Slim Alouini, Prof. Udo Schwingenschlögl, and 

Prof. Santosh Kurinec  

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© September, 2020 

Maha Nour 

All Rights Reserved 



4 

 

ABSTRACT 
 

A Real-Time Monitoring of Fluids Properties in Tubular Architectures 

 

Maha Nour 

 

Real-time monitoring of fluid properties in tubular systems, such as viscosity, flow 

rate, and pressure, is essential for industries utilizing the liquid medium. Today such 

fluid characteristics are studied off-line using laboratory facilities that can provide 

accurate results. Nonetheless, it is inadequate to match the pace demanded by the 

industries. Therefore, off-line measurements are slow and ineffective. On the other 

hand, commercially available real-time monitoring sensors for fluid properties are 

generally large and bulky, generating considerable pressure reduction and energy loss 

in tubular systems. Furthermore, they produce significant and persistent damage to 

the tubular systems during the installation process because of their bulkiness. To 

address these challenges, industries have realigned their attention on non-destructive 

testing and noninvasive methodologies installed on the outer tubular surface to avoid 

flow disturbance and shutting systems for installations. Although, such monitoring 

sensors showed greater performance in monitoring and inspecting pipe health 

conditions, they are not effective for monitoring the properties of the fluids. It is 

limited to flowmeter applications and does not include fluid characteristics such as 

viscometers. Therefore, developing a convenient real-time integrated sensory system 

for monitoring different fluid properties in a tubular system is critical.  
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In this dissertation, a fully compliant compact sensory system is designed, developed, 

examined and optimized for monitoring fluid properties in tubular architectures. The 

proposed sensor system consists of a physically flexible platform connected to the 

inner surface of tubes to adopt the different diameters and curvature shapes with 

unnoticeable flow disruption. Also, it utilizes the microchannel bridge to serve in the 

macro application inside pipe systems. It has an array of pressure sensors located 

bellow the microchannel as the primary measurement unit for the device. The 

dissertation is supported by simulation and modeling for a deeper understanding of 

the system behavior. In the last stage, the sensory module is integrated with 

electronics for a fully compliant stand-alone system. 
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1 Chapter 1: Introduction  

1.1 Motivation and literature review  

Fluid manufacturing industries, such as paints, petrochemicals, oil and gas, beverages, 

and medicines, need safe and efficient operation with optimized resource 

management. One of the critical factors for fluid industries is the monitoring of fluid 

properties at several manufacturing stages using real-time monitoring sensors for 

tubular systems [1]. Off-line and delayed measurements are undesirable for the fast-

paced industrial economy for several reasons. First, delayed measurements cause 

high maintenance costs for improper performance and disturbance to fluid supply 

[2]–[4]. It is time-consuming to send samples to a laboratory for an examination that 

might take several days due to fluids sample preparations as well as possible required 

safety and health precaution procedures [5]. Additionally, delayed measurements 

might provide poor results compared to real-time analysis of fresh samples. The fluid 

characteristics of stored samples might alter, influenced by the surrounding 

environment of the storage conditions, such as exposure to elevated temperature, 

humidity, or light until the analysis time [6]. As a result, continuous and real-time 

monitoring of fluid properties is fundamental for fluid industries to allow precise 

production control, informed decision making, and cut maintenance expenses.  

 

It is essential to understand the fluidic environment and its impact on the associated 

industrial resources [7]. However, most of the available fluid sensors are off-line and 

used for laboratory setup analysis that is inefficient and time-consuming. 
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Furthermore, the used technologies for fluidic monitoring applications in the industry 

are not synchronized with up-to-date technologies nor meeting the ever-increasing 

demands. While having an integrated sensory system that can monitor the intended 

stimuli is needed, it is equally challenging to achieve multi-functionality in a single 

platform system, especially since all the known electronic components functioning in 

the fluid environment are rigid, bulky [8] and not compatible with tubular curvature 

architecture. Thus, a compliant version that is physically flexible is needed more than 

ever to be deployed conveniently in locations with different tubular diameters and 

dimensions, without disturbing the fluid flow, nor generating pressure drop or energy 

loss. However, the main challenge is that most of the electronics, and particularly 

integrated electronic systems, are made with rigid and brittle materials (mainly 

silicon). Therefore, it is vital to develop integration strategies to achieve a fully 

compliant integrated electronic system. Moreover, it is urged for price affordability to 

use low-cost materials and fabrication processes. 

 

The objective of this review is to provide a summary of up-to-date available 

technologies for real-time monitoring sensors of fluid properties in tubular systems, 

such as pipes, especially of mechanically flexible platform sensors. Focuses on real-

time monitoring sensors for fluid properties or pipe health conditions, which can 

provide continuous or periodically instant results versus time. In the worst-case 

scenarios, it considers up to a few minutes to allow a fast response, where it does not 

require samplings or in situ testing. The literature review covers the available 

technologies for pipe monitoring sensors, flowmeters, and viscometers. The pros and 
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cons and main challenges of the available technologies are discussed. The study is 

directed towards incompressible Newtonian fluids. 

1.1.1 Pipe Monitoring Sensors 

Real-time monitoring and periodic assessments for pipe systems are an essential 

routine for industries and countries' infrastructures to protect their properties and 

prevent the hazardous risk that might cause as life-threatening to humans and the 

surrounded environment. Leaking of radioactive waste from nuclear plants or a pipe 

explosion from highly pressured pipes are examples of the danger for inappropriate 

diagnostics of pipelines [9]. Exposing pipes to harsh environments, such as elevated 

temperature for power plants or high pressure in the oil and gas industry or corrosive 

chemicals, increase the aging and failures of the system leading to more frequent and 

strict evaluation and integrity management practice for safe operation [10], [11]. 

 

The most common types of pipe inspection technology are non-invasive testing and 

non-destructive testing (NDT) methods. The NDT monitors pipelines without 

generating permanent damage to pipes, such as the pigging technology. The non-

invasive methods monitor the pipe conditions without disturbing the fluid's flow 

inside the pipes, such as attaching the acoustic sensors probes to the tubes' outer 

surface. For that reason, NDTs and non-invasive methods are the most convenient 

inspection technologies. Their excellent and reliable performance has been proven 

for several years by fluidic industries.  
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Nowadays, there are real-time and non-destructive testing (NDT) monitoring sensors 

for pipe applications, specifically for pipe health inspection of conditions from 

corrosions [12] and cracks [13]. Pigging instruments is a primary internal pipe cleaning 

and inspection technology. It is a plug gauge referred to as a pig that drives through 

the pipes and performers several maintenance activities, including mechanical 

cleaning with brushes, detecting corrosions, measures internal pipe diameters, and 

identifies defects locations [14]. It started in the late 1800s as a pipe cleaning process 

[15]. Then it has been developed to a smart pig tool as it has integrated with sensors, 

cameras, and brushes for improving inspection technologies and enhancing the 

cleaning process [16]. Figure 1.1 shows an intelligent pig gauge for internal pipe 

inspection from the open-source image library of Nord Stream AG. The technique 

requires launcher stations for loading the pigs into the pipes and receiver stations to 

unload them from the pipes. It travels with the product flow through the pipes for 

real-time measurements without suspending the pipes' fluid flow [15]. Although 

pigging technology is an essential process for pipes maintenance, it is still not an easy 

choice. Introducing such a bulky and large tool into the industrial pipeline is a risky 

procedure [17]. Technical problems and system failure have not been eliminated, 

including a stuck or lodged pig gauge from clogged pipes with wax [18]. Such a 

problem has a significant negative impact, including blocking product flows, rising 

expenses from a complete shutdown system, and instrument retrieving [19].  

 

Monitoring tubular health conditions using non-invasive and NDT testing limits 

unnecessary shutdowns, such as comes from device installation and frequent 
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maintenance when destructive test methods are used. Using these methods prevents 

unrequired pressure drop formation or fluid flow disturbance inside the tubular 

systems as installation of bulky measurement instruments within the tube is not 

required. A network of acoustic sensors is an example of a non-invasive and NDT 

technology used to monitor tube reliability for industrial applications. Using 

distributed acoustic sensors along the pipe at discrete distances acoustic emissions 

can be used to detect cracks and leaks [20], [21]. Similarly, other types of sensors can 

be used, such as ultrasonic sensors [22], [23], radiography monitoring [24], [25] and 

eddy current [26]. 

 

 

Figure 1.1. Intelligent pig gauge for internal pipe inspection from the open-source 
image library of Nord Stream AG. 

In the study of [27], reviewed the different pipe monitoring and leaking detection 

technologies. It has classified the developed techniques into three categories: the 

exterior methods, the visual or biological approaches, and the internal methods. The 

interior method detects system leakage depending on computational analysis of the 

internal fluid monitoring instruments such as pressure, flow, density, temperature. 

For example, leak detection can be noticed from a sudden change in the pressure 
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value or a change in mass or fluid volume. The visual and biological detection 

methods use cameras on pigging systems, drones, helicopters, or even trained dogs 

or personnel. Exterior detections are the NDT and non-invasive ways that can achieve 

their task externally of the pipe systems. Acoustic sensors, accelerometers, fiber 

optics [28], [29], infrared thermography [29], [30], fluorescent and electromechanical 

impedance are some examples of leak detection discussed exterior technologies. In 

the case of pipe leaking, the acoustic sensor generates elastic waves up to 1 MHz [30] 

due to the significant pressure drop from fluid releases to the ambient. The infrared 

thermography is a thermal camera supported by image processing to analyze the 

leaking remotely through a sudden temperature change. The fluorescent leaking spills 

detection is limited to fluorescence fluids such as hydrocarbons. They detected the 

discharged fluorescence signal after exposing it to a specific light wavelength 

compatible with the detected fluid.  

 

Another pipe monitoring technique is the Transient Test-Based Technique (TTBT) for 

leak detection and fault alarms. It based on analyzing the measured pressure sensor 

signal in either the time or frequency domain, which referred to as the pressure signal 

[31], [32].  It is suitable for the transmission mains (TM), where a sudden change in 

the pressure signal might be a direct indicator of the system failure, unlike the case 

for the distribution network [32]. TTBT is an inexpensive measurement technique that 

requires only a few minutes for the test [9].  Another advantage is that the leaking 

size, location, and the initial pressure can be determined by analyzing the pressure 

signal only [33]. A network of distributed pressure sensors and thermometers on the 
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external pipe walls can detect pipe failures. The study [34] presents a relative 

temperature difference between the pipe wall and the soil at each node from the 

distributed sensors, where it indicates the unexpected change in the fluid flow rate 

leading to leaking detection. In addition, each node includes a pressure gauge to 

detect abnormal pressure drop to support the detection results. 

 

Studying the vibrational response of the pipe characteristics is an approach for 

damage detection. The change in the vibrational response of pipe acceleration can be 

an indicator of a change in the physical pipe condition [34]. Monitoring surface 

acceleration of pipe under ambient enclosed flow detects the leakages and estimate 

the severity of the failure status. The paper [35] addresses cross-correlation of 

surface acceleration for leak detection along the pipe at discrete locations. It provides 

continuous monitoring by studying the cross-spectral density of the external pipe 

surface. 

 

Currently, with the growth of flexible electronics, non-invasive and NDT sensors have 

also been improved and implemented as mechanically flexible probes, such as the 

flexible eddy current [26], [36], ultrasonic [37], [38], and acoustic emission probes 

[39]. Even though these sensors do not interfere with the fluid inside the tubes the 

development towards mechanically flexible probes provide beneficial features, such 

as adaptability to the curved surfaces of pipes and elimination of bulky, large sensors. 

For example, eddy current probes are used on the outer surface of tubes to monitor 

the inner surface wall for defects and cracks in the pipe systems. The flexible eddy 
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current sensors showed enhanced properties compared to conventional probes since 

it is inexpensive, disposable, and uncomplicated to produce. Moreover, energy 

harvesting based on piezoelectric materials monitoring sensors captures attention 

due to their self-powered or significantly low-power consumption advantages. 

piezoelectric phenomena allow the sensing of pipe stresses from the external surface, 

as non-invasive and NDT, by generates charges in the material represented as an 

increment in the voltage signals under physical deformation or stress. [40] presented 

a flexible sensor for monitoring leakages in a water pipe system using PVDF 

piezoelectric material that allows flexibility for matching the curved pipe nature. 

Another example of NDT and non-invasive testing is the magnetostrictive monitoring 

transducer. It depends on the magnetostrictive principle, which describes the 

mechanical change in ferromagnetic materials as a change in the generated magnetic 

field on the pipe [40]. One of the main advantages of magnetostrictive sensors 

applicable for wiring free transducers making it suitable for elevated pipes 

temperatures applications [41]. The work [42] demonstrates a promising flexible 

magnetostrictive transducer patch for a real-time monitoring pipe system. 

 

Some pipe monitoring sensors developed to withstand harsh fluids environments 

such as corrosive mediums, elevated temperature, and pressure. High-temperature 

ultrasonic probes improved to withstand elevated pipe temperatures up to 490 oC 

[43], [44]. In addition, the Fibre Bragg Grating (FBG) sensors are used as pressure or 

temperature sensor for corrosive mediums as it is insensitive to corrosion [45]. 

Remote detection methods used for hot fluids and harsh environments such as 
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infrared thermography [29], [30]. The harsh environment effected on pipes' health is 

not limited to the fluid status but also from the surrounded state. For example, 

subsea pipelines exposed to high pressure from the water depths, corrosive seawater, 

and sometimes a significant temperature difference between transferred fluid and 

surrounded water temperature generating stress on pipes walls increase the risk of 

failures and monitoring challenges. The review paper [46] discusses the challenges for 

subsea pipelines and addressed technologies for monitoring applications, including 

magnetic flux leakages (MFL), eddy current, vibrational sensors, guided wave testing 

(GWT), fiber optics and radiography.  However, most of the efforts have been made 

for monitoring pipe conditions and not the fluid characteristics within the pipes. 

Therefore, there is still an essential need to develop mechanically flexible real-time 

sensors to replace the bulky and huge monitoring sensors of fluid properties. 

 

On the other hand, it is evident that invasive and destructive testing methods are not 

recommended for tubular monitoring applications because of their significant 

drawbacks. Specifically, generating permanent damage to industrial tubes by 

methods such as drilling out a piece of the pipe,  inserting bulky inspection tools, or 

branching the tubular pathway [11], [47]–[49]. Another main disadvantage is 

disturbing the transferred fluid inside the tubular system by causing permeant 

pressure drop, energy loss, and budget rise. That might explain the reason for lots of 

focus on non-invasive and NDT methodologies for pipe monitoring applications and 

the limited available technologies for real-time monitoring of fluidics in tubular 



24 

 

systems. After all, fluidic monitoring sensors have greater need to be in contact with 

the fluid for accurate results as compared to pipe inspection sensors.  

1.1.2 Flow sensors 

Real-time monitoring of real-time flow rate in tubular systems, such as pipes, is vital 

for fluidic industries, including agriculture, petroleum [50], medicines  and chemicals 

[51], fluids transportation, and water desalination [52]–[54]. It assists in determining 

the performance of applications for industries, such as an indicator for a product 

quality control [55], process analysis [56], efficient power control [57], material 

utilization including the waste management [58], and estimating the consumption of 

fluidic products. 

Table 1.1.Comparison among different flowmeters for tubular systems 

 Differential 
Pressure 

Turbine Electromagnetic Ultrasonic Vortex Coriolis 

Real-Time Yes Yes Yes Yes Yes Yes 
Pressure drop High High No No High High 

Size Large Bulky Large Large Bulky Bulky 
Flexible 

electronics 
Potential N/A Reported Reported No N/A 

Invasive  Yes Yes No No Yes Yes 

 

Numerous varieties of real-time flowmeters have been developed amidst the 

expansion of fluidic industries. Some of the developed technologies include 

differential pressure [59], thermal [60], [61], turbine [62], [63], electromagnetic [64], 

[65], vortex [66], [67], ultrasonic sensors [68], [69], and Coriolis [70], [71]. Volumetric 

and mass are the two types of flowmeters. The turbine flow sensor is a volumetric 

mechanical flow rate measurement [72].  Figure 1.2 shows a cross-section area for a 

turbine flowmeter installed inside a pipe. It works by rotating the turbine's blades 
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with a rotor speed directly proportional to the flow rate of the pipe fluid [73]. The 

curved and smooth design of rotor blades has a positive effect on reducing fluid 

disturbance. However, maintenance problems might arise due to mechanical failures 

such as damaged blades or stopped rotors [74]. 

 

 

Figure 1.2. Turbine flowmeter and n is the rotative speed of the turbine [73]. 

Different type of flow sensors is a mass flowmeter. An example of this flow sensor 

type is a Coriolis flowmeter. It involves a vibrational tube due to the flow force of the 

fluid acting on the tube's wall, referred to as Coriolis force [75]. The Coriolis force is 

forming an anti-symmetric tube shape [76]. Then the mass flow rate can be detected 

as a change in the resonance frequency from the vibrational tube [77]. Coriolis 

provides accurate measurements since it is independent of pressure, temperature, 

viscosity, and density. The main drawback of this technology is the pressure drop 

generated from the fluid flow into the sensing tube section from the original pipe. 

Another example of a mass flowmeter is the Vortex sensor. It is likewise independent 

of the fluid physical properties [78]. The vortex flowmeter is a simple instrument with 

economical cost and low maintenance. It involves a bluff body, like a cylinder, to 

disturb the fluid flow and forming a Karman vortex street phenomenon, which is a 

periodic creation of swirling vortices [66], [72], as shown in Figure 1.3. The 

wavelength is consistent among generated vertices at a steady flow rate. The number 
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of vortices formation and their strength are proportional to the fluid flow rate that 

can be detected with varieties of sensors, including MEMS [79], pressures change 

[80], and piezoelectric sensors [81]. Yet, these flowmeters remain firm, large, and 

incompatible with the curved nature of the tubes architecture, where their bulkiness 

disturbs and produces turbulence within the initial flow rate.  As a result, they form 

undesired permanent and significant pressure drop in the tubular systems that results 

in increased power consumption to re-establish the required pressure for fluid 

transfer. Therefore, non-invasive flowmeters are capturing the industry’s attention 

since they can overcome the main challenge of bulky flowmeters by being fitted onto 

the outside wall of a pipe. Furthermore, NDTs and non-invasive are especially of 

interest after their successful progress in the application of tubular integrity 

inspections.   

 

Figure 1.3.Vortex flowmeter operating principle using a bluff body to generate a 
repetitive periodic of vortices measured using an external sensor. 

Electromagnetic and ultrasonic flowmeters are common examples of NDT and non-

invasive flowmeters. The electromagnetic flow sensor is based on measuring a change 

in voltage that is directly proportional to the fluid velocity under an applied magnetic 

field [65]. However, such technology is restricted to electrically conductive fluids and 

pipes with electrical insulating surface. Ultrasonic flow sensors use acoustic vibrations 
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to measure flow rate. They come in two different types, transit time or Doppler shift 

[82]. The transit time-based ultrasonic flowmeter uses the variation in transit time of 

an ultrasonic signal between the transmitter and receiver transducers located and 

aligned on opposite sides of the pipe to determine the fluid flow rate, as shown in 

Figure 1.4a. The transient time between the transducers is shorter in the direction of 

the flow and longer on the direction opposite to the flow. The differential transient 

time between the upward and downward, ∆𝑡, is directly proportional to the flow 

velocity, 𝑣, in the pipe, as shown in Equation 1.1 [50]. Where L is separated distance 

between transducers, 𝜃 is the angle between the transducer and pipe wall and c is 

the wave speed in the flow medium. The configuration of the transducers will depend 

on several factors such as pipe diameter, space availability or fluid characteristics.  In 

fact, this method does not work for fluids with lots of bubbles or solid particles nor 

does it work for partially filled tubes. Accurate positioning of the transducers is critical 

for accuracy of measurements from a transit time  ultrasonic flowmeter [55].  

∆𝑡 =  
2 𝑣 𝐿 𝑐𝑜𝑠𝜃

𝑐2−𝑣 𝑐𝑜𝑠2𝜃
  (1.1) 
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Figure 1.4. Different ultrasonic flowmeters types. (a) Transit time ultrasonic 
flowmeter. The fluid flow velocity depends on the tube diameter, the transmitter time 
for ultrasonic wave travels from transducer A to B, the receiver time, and the angle 
between the transducer and pipe 𝜃. (b) Doppler ultrasonic flowmeter serves fluids with 
suspended bubbles or particles to reflect the transmitted ultrasonic wave.   

In contrast, Doppler ultrasonic flow meters are easy to install, since no alignments are 

required as the transmitter and receiver transducers are located on the same device, 

as shown in Figure 1.4b. It operates by emitting an ultrasonic wave through a tubular 

system, the wave reflects off bubbles or particles in the fluid medium and shifts the 

frequency of the wave, which is measured at the receiving transducer [83]. Doppler 

effect flow meters are limited for fluids containing solid particles or bubbles with a 

flow rate high enough to keep them suspended, and only work on partially filled tubes 

when the transducers are installed below the liquid level.  

 

Although several different types of pipe flowmeters are available, they are not yet 

fully optimized and convenient due to the limitations discussed. There is still a 
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demand for development and improvement of NDT and non-invasive flow sensor 

technologies for monitoring tubular systems in industrial applications. During the last 

decade, there has been significant progress and improvements of flow meters used 

for real-time monitoring of microchannels that might be applied for use in macro 

dimensional tubular systems of industrial applications. 

1.1.2.1 Microfluidic flow sensors 

Microfluidic flow sensors have been developed robustly in the last years for 

measuring the flow rate in small volumes, such as in biomedical applications [83], [84] 

and analytical chemistry applications [85]. MEMS [86], optical [87], [88] thermal [89]–

[91] or pressure-based measurement flow sensing technology [92], [93] are some 

examples of robust developed microfluidic flow sensors.  

 

The common structures for MEMS flowmeters in microchannels are a cantilever [94], 

membrane [95] and the Coriolis flowmeters, which is a suspension and vibrational 

microchannel [96]. The membrane or the cantilever deflection in microchannels is 

interpreted directly into the channel flow rate, where the applied pressure from the 

flowrate is directly proportional to the cantilever surface area [97]. The cantilever 

deflection is detected using various methods, such as using the support of optical 

techniques [98]–[100] or electrical methods, including the capacitive cantilever [101], 

[102], piezoelectric [103], the piezoresistive effect [104], [105] and magnetic 

materials [106].  The MEMS Coriolis structures determine the mass flow rate based 

on the change in Coriolis forces in a  vibrating channel or tube [107], [108]. The mass 

flow rate Q is inversely proportional to the resonating frequency of the tube ω as 
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expressed in Equation 1.2 [96]. Ks is the spring constant of the channel,  is the 

twisting angle, L is the channel length, and r is the channel bending radius. The sensor 

is independent of fluid temperature and pressure, which is one of the device's main 

advantages [107]. 

Q = Ks/(4ωLr)   (1.2) 

The thermal flow sensor operates by the heat transfer principle. It consists of a 

combination of thermosensitive sensors and heaters located on thermally isolated 

material. The hot-film, calorimetric, and time-of-flight are three common types of 

thermal flow sensors [109]. The hot-film flowmeter consists of a thin-film resistive 

heater that dissipates heat to the surrounded fluid. The fluid flow rate is directly 

proportional to the sensor heat loss that can be detected by the change in the film 

resistance [110] or voltage change [111] or the required power to keep the heater 

constant at a specific temperature [112], [113]. The calorimetric flow sensor involves 

a thin film heater located between a minimum of two thermal sensors. The fluid flow 

rate is determined by studying the heat distribution profile between the thermal 

sensors before and after the heater [114]–[117].  The temperature difference 

between the upstream and downstream sensors is directly proportional to the flow 

rate [118]. At flow rate equal to zero, the heat is distributed uniformly to form zero 

difference between the thermal sensors. The time-of-flight sensor consists of a heater 

to generate thermal pulses and a temperature sensor located after the heater to 

detect the generated heat pulses [119]. The time between generating and detecting 

the heat pulse is inversely proportional to the flow rate. It is also a function of the 

separated distance between the heater and thermal sensor and the fluid thermal 
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characteristics, such as the thermal conductivity and diffusivity of the fluid. Figure 1.5 

shows the operating principle for the three discussed types of thermal flowmeters 

[109]. The thermal flow sensors provide high-resolution results with a simple 

fabrication process. One of the main challenges in the thermal flow sensors is 

providing an excellent thermal isolation substrate for accurate results and low power 

consumption. The used silicon wafers as the primary substrate for semiconductor 

manufacturing processes is a thermally conductive material. That leads to MEMS-

thermal flowmeters development as a solution for better thermal isolation, such as 

locating the thermal sensor on a membrane to improve the thermal isolation [120], 

[121].  Moreover, all the mentioned thermal flow sensors contain at least a heater as 

an essential element in their design, leading to the high power consumption of the 

device, in tens mW , which can affect the fluid's initial temperature [112], [122].  

 

Figure 1.5. The three types of thermal flow sensors based on their operating 
mechanisms [109]. (a) the Calorimetric flow sensor (b) the time-of-flight thermal 
flowmeter and (c) is the hot-film sensor based on heat dissipation.  
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A pressure-based flowmeter was developed for the first time for microfluidics in the 

mid of 90s [123]. It involves micro-pressure sensors array distributed along the 

microfluidic channel such as MEMS, capacitive, and piezoresistive pressure sensors. 

Then the flowrate is detected from the absolute pressure change or by studying the 

pressure distribution along the micro-channel or by measuring the pressure 

difference between two pressure sensors [55], [124], [125]. Pressure-based 

flowmeters for microfluidic channels have low power consumption compared to 

other technologies, where it consumes power less than 30 𝜇W [121].   

 

Optical techniques have been used in a variety of flowmeters applications. It 

employed in MEMS sensors for detecting the deflected micromachined structures 

such as a cantilever or a membrane [124], [126]. Other optical flowmeters are based 

on studying the shined light into, out of, and reflected from a transparent planer 

microfluidic channel. Moreover, optical microfibers have been developed in the last 

decade in microfluidics flowmeters, by integrating the microfiber into microchannel 

for light-fluid coupling and interactions [127]. The hot wire or the heat transfer effect 

using the microfiber optics to generate heat into the microfluidic channel, where the 

heat loss is directly proportional to the fluid flow rates that can be translated into a 

spectrum shift [128], [129]. Also, fiber optics has been utilized in a confined 

microparticle flowmeter. The microparticle is trapped between the flow force and the 

optical force, where the manipulation length between the microparticle and the fiber 

optics edge is inversely proportional to the channel flow rate [130], [131]. Optical 
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sensors provide high resolutions even in low flow rates such as nL/min. However, 

optical instruments are sophisticated and consist of expensive instruments [132].  

 

MEMS, thermal, and pressure-based flowmeters are some examples of the 

microchannel fluidic flowmeter technologies might be the solution for macro tubular 

applications in hopes of overcoming the main challenges of the existing flow sensors. 

The micro-channel flowmeter technologies provide several advantages over 

conventional sensors, such as progressing reliability, performance, functionality, and 

lowering the cost by decreasing the device dimensions to microscale [86]. 

Table 1.2. Comparison among several microfluidic flowmeters 

 Pressure 

difference 
Optical Thermal MEMS 

Real-Time measurements Yes Yes Yes Yes 

Tubular application potential Yes No Yes Yes 

Flexible electronics potential Yes No Yes No 

Power consumption  Low High High High 

 

1.1.3 Viscosity sensors  

Viscosity is the ratio of the shearing stress to the velocity gradient in a fluid. It is a 

physicochemical measurement for fluid analysis that is a critical indicator for most 

industries. It plays an important role wherever fluid exists such as in food industries 

[88], [89], oil and gas [90], chemical [92], [93], and medical industries [133]. Viscosity 

measurements are a quality control factor for fluids [134], where it used to ensure 

the fluid consistency of products. Moreover, in the fluid transportation sectors of 

industries, measuring the fluid viscosity helps in designing the production and 
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transportation processes, such as the required types of pumps, pumping power, 

energy consumption, and the wall thickness of a pipe system [135], [136]. 

Furthermore, it is essential for the machinery maintenance sector [137]. The viscosity 

measurement of lubricant oils provides degradation information about machinery oils 

to determine the health condition of the oil and machine [138]. Specifically, when the 

lubricant oil is no longer achieving its function and needs replaced. Therefore, 

viscosity sensors help engines to run at optimal efficiency, increase their lifetime, and 

reduce maintenance costs by affording early alarms, avoiding unnecessary frequent 

oil replacement or minimizing machine shutdowns [139]. Hence, the real-time 

viscosity sensors provide support for low maintenance costs, high-quality control, and 

efficient management. 

 

Viscosity is usually measured using an off-line laboratory setup [140], such as capillary 

viscometer [141] and mechanical based measuring principles. One of the most 

reliable methods for viscosity measurements is the laboratory capillary viscometer 

and it is the standard used methodology due to extreme accuracy [141]. Capillary 

viscometers work by measuring the fluid flowrate or the time it takes for a known 

volume of fluid to flow through a capillary with a fixed length and diameter, or by 

comparing the measured pressures required to keep a fluid moving with a constant 

flow rate through capillaries with same diameter and varied lengths [142]–[144]. 

Some examples of mechanical viscometer techniques are rotational movements 

[145], [146], falling objects viscometer [147]–[149], and vibrational sensors [150]–

[152]. Another laboratory setup is the rotational based viscometer that determines 
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the viscosity from the measured torque change of a body with known mass and 

dimensions rotating at a constant speed in the test fluid [153], [154]. The falling 

object-based technique determines the viscosity by correlating the time it takes for 

an object, such as sphere or cylinder, with known mass and volume to fall a fixed 

distance through the fluid medium. Finally, vibrational viscometers determine the 

viscosity by measuring the damping of an oscillating resonator within the test fluid. 

Although the above-mentioned off-line laboratory measurements provide accurate 

results, these methods require a large volume of a fluid sample, are time-consuming, 

and are designed for laboratory setup with costly and delicate equipment.  

Table 1.3. Off-line laboratory viscometers comparison 

 Capillary Falling objects Rotational Vibrational 

Sample size L-ml L-ml L-ml ml- 𝜇L 
Accuracy  Very high High High High 

Real-time potential   Yes No Yes Yes 
Flexible electronics  Yes No No Yes 

 

Based on traditional off-line laboratory measurements, there are several measuring 

approaches for in-line or on-site viscometers in tubular systems, such as rotational, 

vibrational [155], and tube velocity profile methods [156]–[158]. The rotational in-line 

viscometer operates by measuring the change in torque for a rotational body, as 

explained in the previous paragraph, only now directly immersed in fluid stream. The 

vibrational in-line sensor determines the viscosity by monitoring the variation in the 

damping factor for the resonating probe immersed in the fluid. The main advantage 

of the vibrational method is the lack of moving parts and operates even under high 

pressures [158]. However, these methods are bulky and rigid that might disturb the 

fluid flow and generate a significant pressure drop. In addition, they are destructive 
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and invasive methods, which means they cause permeant damage to the tubular 

systems during the installation process. Attempts have been made to overcome these 

challenges by using a combination of flow and pressure sensors known as the tube 

velocity profile method. It measures viscosity of laminar flows in known dimensions of 

a tube by determining the fluid velocity and the pressure drop at a specified length. It 

can be a non-invasive method when using non-destructive flow sensors, such as 

ultrasonic flowmeters, for measuring in-line viscosities [159]–[161]. This technique is 

inexpensive and easy to implement, but the main drawback is that it is restricted to 

laminar flows only [158].  Although it is evident that viscosity testing plays an essential 

purpose in industries, there are limited methods available for in-line measurements 

[160]. 

Table 1.4. Review of in-line monitoring viscometers 

 Rotational Vibrational Tube velocity 

Real-Time  Yes Yes Yes 

Pressure drop  Yes Yes No 

Size Bulky Large Small 

Invasive installation Yes Yes No 

Accuracy  High High Low 

Flexible electronics potential No Yes Yes 

Flow Type  All All Laminar 

 

There is still a demand for developing reliable in-line viscometers [162], however, 

real-time viscometers have been established and developed robustly for 

microchannels. Therefore, using micro sensing technology for fluid monitoring 

applications in the macro tubular system might be the solution for a real-time 

viscometer. The following sections will discuss each of these microchannel 

technologies and their potential for use in macro tubular systems.  
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1.1.3.1 Microfluidic viscometers  

Real-time viscometers have been established and developed robustly for 

microchannels. Nowadays, with the development of microfluidics technology, 

remarkable works have been implemented to support a variety of microchannels 

applications, such as in chemical, biological [163], [164], medical [165] and micro-

reactors [166]. The viscometer sensing technologies for microchannels are based on 

MEMS [167], [168] and micro-resonators [169], [170], micro-capillary viscometer 

[163], [171], [172], optical sensors [173], [174], acoustics [175], [176] and ultrasonic 

based sensors [177].  

 

 Microchannels frequency-based viscometers are commonly used for on-site 

measurements in macro tubular applications or in-line for real-time measurements in 

microfluidic applications, include the surface acoustic wave sensor (SAW), thickness-

shear mode (TSM) resonators and MEMS. The surface acoustic wave sensor (SAW)  

device consists of two interdigitated electrodes (IDTs), located on a piezoelectric 

material, separated by an active area for fluid testing [178]. One IDT is an acoustic 

wave transmitter, and the other IDT is a receiver. The fluid absorbs the acoustic signal 

based on the dissipation of the fluid viscous energy and thermal conductivity. In other 

words, the sound mechanical energy is converted into frictional losses during wave 

motion in the fluid sample. Shear horizontal surface acoustic waves (SH-SAW) 

viscosity sensor is similar to the SAW sensor except for the displacement direction of 

the wave's components [179], [180]. Both sensors, SAW and SH-SAW, are suitable for 

biomedical applications with samples having small volume of fluid and low viscosity 
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range. They are not useful for high viscous liquid or large fluid volume due to acoustic 

signal absorptions before the transmitted wave can reach the IDT receiver of the 

device. TSM viscometer is notable for its simplicity without moving parts since it 

consists of piezoelectric crystal disk, such as AT-cut quartz, with electrodes on both 

faces. At applying an alternative voltage to the electrodes, the crystal disk vibrates at 

MHz frequency range [181]. The resonator characteristics for the crystal vary 

depending on the fluid viscosity range, such as impedance change and frequency shift 

[181]–[183]. The thickness shear mode (TSM) viscometers are successful for real-time 

measurements since they operate at a high-frequency resonating range, in MHz 

[183]. However, this is also the major drawback as the high-frequency operation 

range requires a complicated readout electronics circuitry [169]. MEMS viscometers 

for microchannels, such as the resonating cantilever, bridge, or beam, are also not 

applicable for tubular applications. The damping factor for MEMS structures 

decreases with fluid viscosity making them challenging for viscous fluids [169], [184]. 

Additionally, MEMS are not preferable for flexible electronics due to low reliability 

under mechanical deformation, such as bending and flexing conditions, which might 

generate sensor deformation or permanent stiction problems. Therefore, frequency-

based viscometers used in microchannels are not feasible for upscaling for macro 

tubular systems.   

 

The operating principle for the microchannel capillary viscometer is the same as the 

conventional laboratory capillary [185]. However, a pumping system is required in a 

microcapillary viscometer to pump fluids into the channel, unlike a laboratory tubular 
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capillary that depends on gravity to withdraw fluids to the sensing tube. The 

microfluidic capillary is determining the fluid viscosity by measuring the fluid velocity 

or the pressure drop in a microchannel based on the Hagen–Poiseuille equation that 

describes the fluid dynamics for Newtonian laminar flow, as expressed in Equation 1.3 

[186]. Where μ  is the dynamic viscosity, ν is the fluid velocity, ∆P  is the pressure 

drop between two points in the channel, L is the separated distance between them, K 

is channel geometry constant,  dh is the hydraulic diameter of the channel. For 

rectangular cross-section channel, the dh = 2hw/(h + w), where w is the channel width 

and h is the channel height and the K = 32 [154], [163], [187].  

𝜇  =
∆𝑃 𝑑ℎ

2 

𝐾 𝜈 𝐿 
   (1.3) 

A fluid's velocity in a microchannel is found by measuring the time required for the 

liquid to pass the channel, with known dimensions, using the help of a video recorder 

and microscope. An alternative method is to measure the pressure difference 

required to keep fluid moving at a constant velocity through a channel of known 

length, which is related to viscosity as defined in Hagen-Poiseuille's law [188], [189]. 

Such a method provides accurate results for real-time measurements in 

microchannels applications. Viscosity-rheometer-on-chip (VROC) is a commercial 

handheld product for on-site testing developed on a microcapillary operational 

method [190]. It consists of an array of MEMS pressure sensors located bellow a 

microchannel. The device contains a syringe pump to allow precise control of fluid 

flow rates into the microchannel for accurate viscosity determinations. It supplies 

precise results in near real-time readings for withdrawn fluids from the tubular 
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systems using the microchannel technology. Microchannel capillary viscometers 

require manual fluid withdraw, followed by fluid pumping using an external pump to 

the microchannel, and different sets of microchannels for diverse viscosity ranges. It 

uses costly fabrication processes such as lithography fabrication process on silicon 

wafers. 

 

Optical viscometers are frequently used for real-time measurements in 

microchannels. Some examples of commonly used optical viscometers are optical-

capillary [191], fluid fluorescent analysis [192]–[194], and the combination optical-

mechanical sensor [173]. Optical sensors provide highly accurate results for real-time 

viscosity measurements, and for this reason, are used mostly for research and 

studying phase. The optical-capillary is based on measuring the fluid velocity using 

optical methods for determining the viscosity [195]. They are mainly using the 

support of optics, such as microscopes [154], digital cameras [196], lasers and 

photodiodes [197] to determine the required time for the fluid to pass between two 

points separated by a known distance. For example, a digital camera placed above a 

transparent microchannel, video recording the fluid flow, and calculating the 

displacement time between two chosen points [163]. The viscosity fluorescent 

sensing methodology is based on analyzing the fluorescent signal from a fluid sample 

after exposing the sample to an energy source, such as a laser. A fluid fluorescent 

lifetime change depends on fluid viscosity [198], [199]. This method functions 

successfully on fluorescing fluids only. The optical-mechanical sensor is a combination 

of MEMS sensors with optical measuring techniques to detect the mechanical change 
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of the MEMS devices instead of depending on the MEMS resonating damping factor 

[173], [200]. In summary, all the optical viscometers require a clear, transparent, flat 

surface container or microchannel for accurate readings to allow the transmitting and 

receiving of optical waves. Unfortunately, this is not the case for conventional tubular 

systems, which are curved and mostly made from opaque materials such as steel or 

polymer.  

Table 1.5. Summary of real-time microfluidic viscometers 

 MEMS TSM SAW Optical Capillary 

Real-time Yes Yes Near Yes Yes 

Potential for Tubular application No Yes No No Yes 
Flexible electronics No Yes Yes No Yes 
Power consumption High Low Low High Low 
Electronics complexity Simple Complex Complex Very complex Very simple 

 

There have been significant achievements in microfluidic applications. Some have 

developed for mechanically flexible electronics and others used for on-site monitoring 

as an application for microfluidics for macro tubular systems for near real-time 

measurements. The development of a real-time viscometer is still challenging, 

especially for an integrated sensory system on a flexible platform to provide surface 

adaptation with different tubular dimensions and curved structures. 

1.1.4 Pressure sensor  

There are several sensing mechanisms for pressure measurements available 

nowadays, such as piezoresistive [201], [202], piezoelectric [203]–[205], Micro-electro 

mechanical system (MEMS) [206][207], and capacitive based pressure sensors [208]–

[210]. Piezoresistive pressure sensors are among the most used pressure sensors due 

to the advantage of the simple and inexpensive fabrication process using low-cost 
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materials. It based on piezoresistive elements in which the resistivity of it changes 

with applied force, such as pressure or a strain. The resistive dependent pressure 

sensor is robust mechanically and compatible with flexible electronics since it has no 

mechanical moving parts. The main drawback of such technology is the high-power 

consumption depending on the high resistivity, thus not suitable for battery 

applications. Also, it is not stable thermally and highly influenced by the ambient 

temperature, as it based on resistivity sensing mechanism [205].  

 

In contrast, the piezoelectric pressure sensor depends on the piezoelectric effect for 

its sensing mechanism. The piezoelectric effect is the capability of certain materials to 

generate electric charge (voltage) due to mechanical deformation or stress such 

applied pressure. Quartz crystals, Lead Zirconate Titanate (PZT) ceramic, and Zinc 

oxide are some examples of piezoelectric materials. Piezoelectric pressure sensors are 

suitable for mechanically flexible electronics due to high mechanical stability [205]. 

However, they suffer from low sensitivity to the static force, high internal resistance, 

and significantly influenced by the temperature change [211]. 

 

Moreover, the Micro-electro mechanical system (MEMS) pressure sensor depends on 

a mechanical change in the position of a membrane, beam, or cantilever. MEMS is 

known for its simplicity to integrate with semiconductor electronics, small size, and 

low power consumption [212]. In some pressure sensors, there is a combination of 

capacitive and MEMS mechanisms to form the MEMS-Capacitive pressure sensor. 

However, for flexible electronics, MEMS is considered less reliable due to mechanical 
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engagements, deformation, and stiction issues, especially on a highly flexible 

substrate that is experiencing a small bending radius. 

 

The capacitive pressure sensor involves two conductive parallel layers separated by a 

dielectric material. The capacitor value is proportional to the pressure due to a 

decrease in the dielectric thickness with the applied force. The capacitor pressure 

sensor has a high resolution, low power consumption, and robust structure. It 

depends on the overlapping surface area and the variation of the dielectric. Thus, it 

overcomes the hysteresis electrical resistivity issues to provide high sensitivity, 

reliability, and temperature stability [213][214]. It is suitable for flexible electronics 

due to its high stability and reliability, even under mechanical deformations. It can be 

tailored easily with different sizes for different sensing pressure range or sensitivity 

[215]–[217]. For the stated purposes, the capacitive pressure sensor selected 

between other technologies for the flexible sensory platform as the main component.  

1.1.5 Conclusion  

Real-time monitoring of fluid properties in tubular systems is rapidly growing and 

capturing the interest of industry. This work discussed the basic requirements for 

real-time monitoring sensors for tubular systems. The available fluid monitoring 

mechanisms are still not meeting the industrial standards of low fluid disturbance, 

avoid significant damage to assets, and provide reliable real-time measurements. 

Various achievements have been presented and some show promise, such as the 
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non-invasive and NDTs, utilization of microchannel sensors, and flexible electronics 

for real-time fluid monitoring. 

 

This literature review has been published as: 

• M. A. Nour and M. M. Hussain, “A review of the real-time monitoring of fluid-

properties in tubular architectures for industrial applications,” Sensors, vol. 20, 

no. 14, pp. 1–22, 2020, doi: 10.3390/s20143907. 

1.2 Objective and scope 

This research aims to design, implement, and test a sensory system for fluidic 

monitoring applications with a mechanically flexible platform. The integrated sensory 

provide real-time monitoring for fluids properties, such as flow rate and viscosity in 

pipe systems for efficient management and lower the production cost.  It involves a 

microfluidic channel bridge on a mechanically flexible platform attaching to the 

internal pipe walls. The microchannel bridge provides a novel design for measuring 

fluid properties using the advantage of microfluidics in the tubes system without the 

need for pump supports nor taking fluid samples. The physically flexible platform 

adapts different tubes geometries with curvature architectures and minimizes the 

development of pressure drop that decrease the energy losses. Also, implement an 

affordable sensory system for industries with low-cost material and fabrication 

processes. Also, it targets to integrate the sensor module to an embedded electronics 

system for wireless data transmission in the fluidic medium, as a non-destructive 

measurement method. 
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The research also intends to simulate and model the sensor module for a better and 

in-depth understanding of fluid sensory system behavior in different fluid conditions. 

The commercial COMSOL MultiphysicsTM software is selected for the simulation and 

modulation to help in solving complex mathematical equations, such as the Naiver-

Stock equation in three-dimensional space. This paper focuses on incompressible 

Newtonian fluids. Therefore, fluids in this study referred to as liquids. Also, it is 

directed toward laminar flow as it is the typical flow type in microchannels regardless 

of the flow type in the tubular system. 

 

The dissertation begins with a literature review and background studies for the first 

chapter. The second chapter focuses on implementing, developing, and testing 

microfluidic sensors for real-time monitoring applications, such as pressure, viscosity, 

and flow sensors. It is followed by developing the device to a mechanically flexible 

integrated microfluidic sensor module. The third chapter is designated for monitoring 

flow rates of macro tubular systems using microchannels with a mechanically flexible 

platform. The fourth chapter focuses on the in-line viscosity sensor for pipe systems 

using the developed microchannel with a flexible substrate for shapes and curved 

adoption. Finally, the fifth chapter summarizes and concludes the doctoral research 

with the promising application and future outlook. 
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1.3 Dissertation Background  

1.3.1 Liquid properties 

1.3.1.1 Density (𝜌) 

Density is known by the Greek symbol (𝜌) and defined as the mass per unit volume. 

Density influenced by temperature; when the temperature rises, the volume of liquid 

increases slightly while the mass is persisting the same with no change resulting in 

decreasing the density value [218].  

1.3.1.2 Viscosity  

Viscosity is expressed as the internal resistance of a fluid to flow, and it is a function 

of temperature [219]. Viscosity can be defined in two measurement forms, which are 

dynamic viscosity ( 𝝁 ) and kinematic viscosity ( 𝛈 ).   

 

Figure 1.6. Shear rate is the slope of change in the velocity.  

The dynamic viscosity, which is known as an absolute viscosity, is defined as the fluid 

resistance to a lateral force to slide two parallel plates, one over the other, separated 

by a constant distance with liquid in between [220]. From Newton’s law of viscosity, 

the dynamic viscosity ( 𝜇 ) expressed as the shear stress ( 𝝉 ) over the dynamic shear 

rate ( �̇�𝒅 ) [221].  
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𝝁  =  
𝝉

�̇�𝒅
  (1.4) 

𝝁  = 𝝉 
𝒅𝒉

𝒅𝒗
  (1.5) 

 

The definition of the dynamic shear rate is the velocity slope measured across the 

fluid channel. In other words, it is the change in velocity, as shown in Figure 1.6. The 

liquid layer that is flowing close to the channel has a slower speed compared to the 

upper layers.  The shear rate for two parallel plates is the flow velocity (𝒗) over the 

separation distance between the two parallel plates (𝒉), as shown in Equation 1.6. 

The differential form of the equation defines the general expression for the liquid 

flow, as stated in Equation 1.7.  

�̇�𝒅 =
𝒗

𝒉
   (1.6) 

�̇�𝒅 =
𝒅𝒗

𝒅𝒉
   (1.7) 

The shear stress (𝝉) is defined as the applied shear force (F) per unit area (Ap) of the 

sliding plate. 

𝝉 =  
𝑭

𝑨𝒑
   (1.8) 

The kinematic viscosity (𝛈) is defined as the ratio between the dynamic viscosity of a 

fluid to its density. Also, it described as the shear stress (𝝉) over the kinematic shear 

rate (𝜸�̇�), as expressed in Equation 1.9 and 1.10.  

𝜼 =
�̇�𝒅

𝝆
    (1.9) 

𝜼  =
𝝉

𝜸�̇� 
   (1.10) 
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The kinematic shear rate (𝜸�̇�) for a pipe is expressed as Equation 1.11 [8].   

𝜸�̇� =
𝟏

𝟑
 𝜸𝒅 ̇ [𝟐 +  

𝒉 𝒍𝒏( 𝜸𝒅)̇

𝒉 𝒍𝒏(𝝉𝑲)
] (1.11) 

1.3.1.3 Newtonian or Non-Newtonian fluids 

Newtonian fluids are the fluids that follow the Newtonian law, which states that the 

shear stress is directly proportional to the shear rate to produce a linear relational 

with a constant slope (viscosity) that is independent of the applied stress. In other 

words, the viscosity for a given Newtonian fluid remains fixed at a steady 

temperature, and it is independent of the shear rate [222]. Water and lubricant oils 

are examples of Newtonian fluids. 

 

In contrast, non-Newtonian fluids are the fluids that do not follow the Newtonian law, 

where the relation is non-linear between shear stress and shear rate. Furthermore, 

the viscosity of a non-Newtonian fluid is not consistent, where it’s a function of shear 

rate or shear stress or time. Figure 1.7 shows the behavior of Newtonian fluids versus 

different types of non-Newtonian fluids. Some of the non-Newtonian fluids are time-

independent fluids that can be either shear-thinning or shear-thickening with 

different applied stress. Shear-thinning fluids described as the viscosity of a fluid 

decreases with an increase of shear rate. An example of shear-thinning fluids is wall 

paint. A drop of it is more viscous than a spread wall paint using a brush where the 

viscosity decreases with the sharing rate. In contradiction, shear-thickening of a fluid 

is the fluid that its viscosity increases with an increase of the shear rate. For example, 

the starch mixture viscosity rises with a higher shear rate [223]. 
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Furthermore, the Bingham plastic behavior is a material that considered in a solid 

phase under a static condition with finite shear stress and found fluid once it 

exceeded its threshold shear stress value, then it starts to flow. For example, 

mayonnaise, toothpaste, and ketchup.  Other types of non-Newtonian fluids are the 

time-dependent fluids, such as blood, where their shear rate and shear stress depend 

on kinematic history and time. 

 

Figure 1.7 Newtonian fluids versus different types of non-Newtonian fluids [223] 

1.3.1.4 Compressibility 

The compressible fluid is a type of fluids which can change its density depends on the 

applied pressure, due to the volume change in a given mass.  In contrast, the 

incompressible fluids have a steady density value regardless of the experienced 

applied pressure. Thus, they have constant volume for a given mass [218] —most 

liquids considered as incompressible fluids and gasses considered as compressible 

fluids.   



50 

 

1.3.1.5 Flow types  

Flowing fluid in pipes can be classified as laminar, turbulence, or transitional flow 

based on the calculated Reynolds number (Re) value for the flowing fluid. Classifying 

the flow type of the fluid systems is essential to understanding the behavior of the 

system, and it helps in calculating the frictional factor and the pressure drop. 

 

Laminar flow is prescribed as the fluid flow with small Reynolds number, particularly 

less than 3200. In laminar flow, the fluid flows transparently, clearly and smoothly in 

straight lines without turbulence or bubbles. It is usually the case when the fluid flow 

rate is slow or having high viscous fluids. In this type of flow, the resistance of fluids to 

flow in a pipe due to the internal pipe roughness is negligible. Mathematically, the 

friction factor (f) for laminar flow depends only on the Reynold number (Re) value, 

and it is independent of the internal condition of the pipe walls, as shown in Equation 

1.12. In other words, in laminar flow, there is no effect of the pipe wall roughness 

(smooth or rough) or the selected material type on the pressure drop value [224]. 

𝒇 =  
𝟔𝟒

𝑹𝒆
   (1.12) 

Turbulence flow is defined as the Reynolds number of a fluid flow exceeds 4000. In 

low viscous fluids and a high flow rate are the main characteristic properties to 

generate eddies streams and disturbance current to form the turbulence flow regime. 

In turbulence flow, the pipe roughness has a significant effect on the generation of 

eddy currents and pressure drop. Therefore, it is necessary to study the frictional 

factor of the pipe in turbulence flows. Several efforts have been made to define the 
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mathematical equations for the turbulence friction factor. The Colebrook-White 

equation is one of the most commonly used equations to describe the friction factor 

of the turbulence flows. However, the friction factor in turbulence flows is 

proportional to the internal wall roughness [218], unlike laminar flows..  

 

Transitional or critical flow is when the Reynold number is between 2300 and 4000. 

Thus, it is not considered entirely laminar flow nor turbulence flow, but in between 

the two types. 

1.3.1.6 Reynolds number (Re) 

The Reynolds number is the number that defines the flow type regime to classify the 

flow to laminar, turbulence, or transitional. It is a function of the internal pipe 

diameter (D), average velocity (𝒗), and kinematic viscosity (𝛈), as expressed in 

Equation 1.13 [224]. Note that the kinematic viscosity is equal to the dynamic 

viscosity over the density.  

𝑹𝒆 =
𝒗𝑫

𝜼
=

𝒗𝑫𝝆

𝝁
 ( 1.13) 

1.3.2 The pressure-drop 

A pressure drop in a pipe system is the drag force for the fluid to flow between two 

points. There are several reasons for founding pressure drops in tubular systems. It 

might be generated in tubular systems from elevation variance or height difference 

that drive the fluid to flow from high pressure to the low pressure due to the natural 

gravity effect. The pressure difference can be formed with an external source such as 
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an external pump to transfer the fluids from point A to point B. However, there is 

another unfavorable pressure drop occurs due to the friction effect of the interaction 

between fluids molecules and the internal pipe walls, which results in partial energy 

loss. This type of pressure drop is referred to as the head loss. The Head loss can 

affect the calculated force to transfer fluids from point A to point B. Therefore, it is 

essential to consider the head loss in tubular systems to realize the required pumping 

power for moving a fluid from point A to B successfully. 

 

The unfavorable generated pressure drop from the pipe frictions depends on several 

factors, such as the flow type, flow rate, pipe diameter, pipe material, wall roughness, 

and fluid’s viscosity. Equation 1.14 presents the Darcy-Weisbach equation, which is 

the most used equation to calculate the pressure drop (∆𝑷) due to the friction effect 

[224].  

∆𝑷 = 𝒇 
𝑳 𝒗𝟐

𝟐𝑫𝒈
   (1.14) 

Where f is the Darcy friction factor, and it is calculated based on the flow type. L is the 

length separating two points that required to calculate the pressure drop in between 

them. 𝒗 is the average fluid velocity, D is the pipe diameter, and g is the acceleration 

of the gravity.  

 

As discussed previously, in the laminar flow sector, the friction factor for laminar 

flows depends only on the Reynolds number, which is determined by the pipe 

diameter, fluid’s average velocity, viscosity, and fluid density as expressed in the 
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Reynolds number equation in Equation 1.13. Therefore, the pressure drop in the 

laminar flow is influenced mostly by the average velocity. Since it is proportional to 

the average velocity square, as shown in Equation 1.14 of the Darcy-Weisbach 

equation. However, this is not the case for turbulence flows. The friction factor for 

turbulence flow depends on other aspects in addition to the Reynolds number. For 

example, the internal roughness of the pipe walls is one of the major factors to 

calculate the turbulence friction factor and the pressure drop. There are several 

mathematical equations used to express the head loss for the turbulence and its 

friction factors such as Colebrook-White Equation, Hazen-Williams Equation for water 

transfer in pipes, Miller equation and Shell-MIT Equation for heavy crude oil [218]. 

 

Moreover, there are other reasons for generating pressure drop in pipe systems from 

valves and fittings referred to as minor losses. It called minor losses pressure drop 

because of its insignificant effect on the total pressure drop in the pipe structure. 

However, it might have a noticeable impact on short pipeline systems. The valves and 

fittings might change the original flow velocity and its direction due to some 

expansions, contractions, and bends, which leads to energy loss that represented as a 

head loss. 

1.3.3 Mathematical modeling 

1.3.3.1 Navier-Stock equation 

The Navier-Stokes equation is the mathematical model to describe the behaviour of 

the fluid during dynamic and/or thermal interactions.  It is the main used equation for 
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COMSOLTM, the commercial computational modelling software for laminar flows in 

three-dimensional space (3D), that I used for simulating of the proposed sensory 

system.  Equation 1.15 expresses the general form for the Navier-Stokes equation. 

Where 𝜌 is the fluid’s density, �⃗⃗�  is the fluid’s velocity, 𝑔  is the constant gravity 

acceleration, 𝜇 is the fluid’s viscosity, ∇ is the gradient operator, t is the time, and P is 

the pressure.  

𝜌 (
𝜕�⃗⃗� 

𝜕𝑡
 + (�⃗⃗� . 𝛻�⃗⃗� )) = 𝜌 𝑔  - 𝛻𝑃 + 𝜇𝛻2  �⃗⃗�   (1.15) 

However, the mathematical expression for each dimension in x, y, z coordinates is 

stated in Equation 1.16, 1.17, and 1.18 sequentially [225]. Where 𝑢, 𝑣 and 𝑤 are the 

fluid’s velocities in x, y, z directions, respectively. 

𝜌 𝑔  - 
𝜕𝑃

𝜕𝑥
 + 𝜇 (

𝜕2𝑢

𝜕𝑥2 +
𝜕2𝑢

𝜕𝑦2 +
𝜕2𝑢

𝜕𝑧2) =  
𝜕𝑢

𝜕𝑡
 +

𝜕𝑢

𝜕𝑥
𝑢 +

𝜕𝑢

𝜕𝑦
𝑣 +

𝜕𝑢

𝜕𝑧
𝑤 (1.16) 

𝜌 𝑔  - 
𝜕𝑃

𝜕𝑦
 + 𝜇 (

𝜕2𝑣

𝜕𝑥2 +
𝜕2𝑣

𝜕𝑦2 +
𝜕2𝑣

𝜕𝑧2) =  
𝜕𝑣

𝜕𝑡
 +

𝜕𝑣

𝜕𝑥
𝑢 +

𝜕𝑣

𝜕𝑦
𝑣 +

𝜕𝑣

𝜕𝑧
𝑤 (1.17) 

𝜌 𝑔   - 
𝜕𝑃

𝜕𝑧
 + 𝜇 (

𝜕2𝑤

𝜕𝑥2 +
𝜕2𝑤

𝜕𝑦2 +
𝜕2𝑤

𝜕𝑧2) =  
𝜕𝑤

𝜕𝑡
 +

𝜕𝑤

𝜕𝑥
𝑢 +

𝜕𝑤

𝜕𝑦
𝑣 +

𝜕𝑤

𝜕𝑧
𝑤 (1.18) 

Navier-Stokes equation is based on three main principles of physics, which are the 

conservation of mass, momentum, and energy [226][227]. The conservation of mass 

is defined using the continuity equation. The conservation of momentum is 

determined using the momentum equation of Newton’s second law. The 

conservation of energy is described using the first law of thermodynamics or energy 

equation. In the following section, each mentioned principle is studied individually to 

understand the complex Navier-Stokes equation and divided it into parts. 
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1.3.3.2 Conservation of mass 

The first principle for the Navier-Stokes equation is the conservation of mass, which 

states that the mass in a control volume can be neither created nor destroyed. It can 

be expressed mathematically using the continuity equation, which states that no 

mass flow difference between the fluid inlet and the fluid outlet. In other words, 

constant fluid mass flows through all the tube sections regardless of the change in the 

tube dimension. Therefore, in incompressible fluids, when the density is steady for a 

fluid and independent of space and time, then the continuity equation is defined as 

stated in equation 1.19 or 1.20, where  �⃗⃗�  is fluid velocity and ∇ is the gradient 

operator that can be expressed in Equation 1.21. Where 𝑢, 𝑣, and 𝑤 are the fluid’s 

velocities in x, y, z directions, respectively [228]. 

𝛻. �⃗⃗�  = 0  (1.19) 

𝜕 𝑢

𝜕𝑥
+  

𝜕 𝑣

𝜕𝑦
 + 

𝜕𝑤

𝜕𝑧
=  0 (1.20) 

𝛻 =
𝜕

𝜕𝑥
+  

𝜕

𝜕𝑦
 + 

𝜕

𝜕𝑧
 (1.21) 

1.3.3.3 Conservation of momentum 

The second principle for the Navier-Stokes equation is the conservation of 

momentum that is based on Newton’s second law of motion, as expressed in 

Equation 1.22. It states that the momentum in a control volume is reserved constant. 

Where 𝐹  is the net force applied to a particle,  𝑎   is the acceleration, and 𝑚 is the 

mass of a fluid [229]. 

∑𝐹 = 𝑚 .  𝑎  (1.22) 
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Equation 1.23 and 1.24 show the results of dividing Equation 1.22 over the unit 

volume (V) to study the behavior of a fluid volume in motion, instead of studying a 

single particle of a fluid in motion. Where 𝑓 is the volumetric force, or it can be 

defined as the force acting on a volume of a fluid. 

∑
𝐹 

𝑉
 =

𝑚

𝑉
. 𝑎  (1.23) 

∑𝑓 = 𝜌 . 𝑎  (1.24) 

Equation 1.24 can be re-written for each dimension x, y, and z as expressed 

sequentially in equations 1.25, 1.26, and 1.27. 

∑𝑓 𝑥 = 𝜌 𝑎 𝑥 (1.25) 

∑𝑓 𝑦 = 𝜌 𝑎 𝑦 (1.26) 

∑𝑓 𝑧 = 𝜌 𝑎 𝑧  (1.27) 

From the basic physics, the acceleration is defined as the rate of change in the 

velocity (�⃗⃗� ) as a respect to the time (t) as expressed in Equation 1.28 and 1.29. The 

velocity �⃗⃗� (x, y, z, t) is a function of time and x, y, z coordinates to locate positions in 

three-dimensional space.  Where 𝑢, 𝑣, and 𝑤 are the fluid’s velocities in x, y, z 

directions, respectively. 

𝑎 =  
𝑑�⃗⃗� 

𝑑𝑡
=  

𝜕�⃗⃗� 

𝜕𝑡
 +

𝜕�⃗⃗� 

𝜕𝑥
𝑢 +

𝜕�⃗⃗� 

𝜕𝑦
𝑣 +

𝜕�⃗⃗� 

𝜕𝑧
𝑤 (1.28) 

𝑎 =  
𝜕�⃗⃗� 

𝜕𝑡
 + (�⃗⃗� . 𝛻�⃗⃗� )  (1.29) 
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In the fluid, there are two types of acceleration, the temporal (
𝜕�⃗⃗� 

𝜕𝑡
) and the convective 

acceleration (�⃗⃗� . 𝛻�⃗⃗� ). The convective acceleration is what gives the Navier-stock 

equations complexity for solving it due to it’s a multiplication of a function with its 

derivatives.  In three-dimensional space, the acceleration in each coordinate x, y, and 

z are defined as in equation 1.30, 1.31, and 1.32 to procedure the right side of the 

Navier-Stokes equation [229] as shown previously in Equation 1.16, 1.17 and 1.18. 

𝑎 𝑥 =  
𝑑𝑢

𝑑𝑡
=  

𝜕𝑢

𝜕𝑡
 +

𝜕𝑢

𝜕𝑥
𝑢 +

𝜕𝑢

𝜕𝑦
𝑣 +

𝜕𝑢

𝜕𝑧
𝑤 (1.30) 

𝑎 𝑦 =  
𝑑𝑣

𝑑𝑡
=  

𝜕𝑣

𝜕𝑡
 +

𝜕𝑣

𝜕𝑥
𝑢 +

𝜕𝑣

𝜕𝑦
𝑣 +

𝜕𝑣

𝜕𝑧
𝑤 (1.31) 

𝑎 𝑧 =  
𝑑𝑤

𝑑𝑡
=  

𝜕𝑤

𝜕𝑡
 +

𝜕𝑤

𝜕𝑥
𝑢 +

𝜕𝑤

𝜕𝑦
𝑣 +

𝜕𝑤

𝜕𝑧
𝑤 (1.32) 

The net force (∑𝑓) on a liquid unit volume is the summation of forces applying on it. 

The net force per unit volume consists of the gravity force, the applied pressure force, 

and the viscosity force, as described in Equation 1.33. More forces can be defined in 

the formula depends on the nature of the problem, such as surface tension force, 

electromagnetic force, etc. In this research, the net force consists of the three forces, 

which are the gravity force, the pressure force, and the viscosity force, as described in 

equation 1.34, 1.35, 136.  

∑𝑓 = 𝑓𝑔𝑟𝑎𝑣𝑖𝑡𝑦+ 𝑓𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  + 𝑓𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  (1.33) 

𝑓𝑔𝑟𝑎𝑣𝑖𝑡𝑦= 
𝑚�⃗� 

𝑉
= 𝜌 𝑔   (1.34) 

𝑓𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒=  - 𝛻𝑃  (1.35) 

𝑓𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦= 𝜇𝛻2  �⃗⃗�   (1.36) 



58 

 

Equation 1.37 is the result of substituting each defined force per unit volume, which is 

equation 1.34, 1.35, and 1.36, in equation 1.33. 

∑𝑓 = 𝜌 𝑔  - 𝛻𝑃 + 𝜇𝛻2  �⃗⃗�  (1.37) 

Equation 1.37 can be re-written for the three-dimensional space. The force per unit 

volume in each x, y, z coordinates can be stated as in Equation 1.38, 1.39 and 1.40 to 

form the left side of the Navier-Stokes equation [225], as shown previously in 

Equation 1.16, 1.17and 1.18.  

∑𝑓 𝑥 = 𝜌 𝑔  - 
𝜕𝑃

𝜕𝑥
 + 𝜇 (

𝜕2𝑢

𝜕𝑥2 +
𝜕2𝑢

𝜕𝑦2 +
𝜕2𝑢

𝜕𝑧2) (1.38) 

∑𝑓 𝑦 = 𝜌 𝑔  - 
𝜕𝑃

𝜕𝑦
 + 𝜇 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) (1.39) 

∑𝑓 𝑧 = 𝜌 𝑔  - 
𝜕𝑃

𝜕𝑧
 + 𝜇 (

𝜕2𝑤

𝜕𝑥2 +
𝜕2𝑤

𝜕𝑦2 +
𝜕2𝑤

𝜕𝑧2) (1.40) 

1.3.3.4 Conservation of energy 

The third principle is the conservation of energy that is based on the first law of 

thermodynamics or energy equation. It is defined as the total energy remains 

constant for an isolated system. In other words, energy cannot be created nor 

destroyed. Thus, the total work and heat added to the system will result in an 

increase in the energy of the system [227], [229].  
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2 Chapter 2: Real-time monitoring of microfluidics applications  

This chapter demonstrates the sensor module development frames, including the 

challenges of the fabrication and the characterization, until reaching the aim of 

showing a flexible sensors system for real-time monitoring fluids properties ready for 

pipe system attachment. The device has been passed through three main 

development phases. The first trail was a proof of concept for the operating principle 

for monitoring microfluidic applications and as a hands-on experience for fabricating 

and characterizing a classical microchannel with a mechanically rigid device. The 

second stage was a transformation stage form a mechanically firm microfluidic sensor 

to a physically flexible microfluidic sensor. Up to this stage, we have developed a real-

time sensor for monitoring microchannel applications, including the pressure, density, 

viscosity, and flow rate for microfluidics. Yet, it is not compatible with pipe monitoring 

applications.  This chapter focuses on microfluidics sensors, including the first two 

development phases. Later chapters discuss the third phase of sensor development, 

as a novel design of real-time monitoring of pipe systems. 

2.1 First development stage of monitoring microfluidic applications using a 

mechanically firm device 

2.1.1 Design and fabrication  

The first design of the microfluidic monitoring sensor consists of a microchannel 

contains an array of capacitive pressure sensors. The pressure sensors are the main 

sensing unit for the monitoring operating principle. The device was designed using 
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Poly-methylmethacrylate (PMMA) material as a commonly used material for 

microfluidic fabrication due to its advantages. It has high optic transparency, low cost, 

low weight, easy to fabricate, excellent chemical and physical properties [1]. It was 

fabricated using a lithography-free process, involving three layers of PMMA sheets. 

 

Figure 2.1. The first device development of monitoring microfluidic sensor. (a) Three 
PMMA layers forming the sensor (b) the actual fabricated device (c) cross-sectional 
length of the microchannel with the pressure sensor array (d) the cross-sectional width 
of the microchannel passing through a capacitive pressure sensor. 

Figure 2.1 shows the design and dimensions of the first implemented microfluidic 

monitoring sensor. The first layer contains a 250 m microfluid channel trench with 3 

mm wide and 60 mm long on a 2 mm PMMA sheet thickness. The microchannel 

trench was patterned using a CO2 laser. The microfluidic inlet and outlet were formed 

by patterning two holes at the beginning and the end of the patterned microfluidic 

trench. The second layer insolates the microfluidic channel by covers the channel 

trench with a 50 mm PMMA sheet thickness as a flexible layer to allow a change in 

the dielectric depth of the capacitance pressure sensors. The backside of this layer 

was sputtered with 200 nm of copper as common capacitor top contact for the 

capacitive array pressure sensors. The layer was shaped using a regular office scissor 

to form a rectangular shape with the same dimensions of the first layer. It was 
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attached to the first layer to form an insulated microfluidic channel using thermal 

bonding at 180 lbs applied pressure and 150 oC for 30 minutes. The third layer has 

500 m trenches in 2 mm PMMA sheet thickness to form the cavity gaps as the 

dielectric material for the capacitors. The gaps were patterned using the CO2 laser 

then the bases of the trenches were sputtered with 200 nm of copper as lower 

capacitors' contacts. The fabricated microchannel and substrate were bonded 

together using a few drops of a chloroform solvent to avoid adhesion between the 

flexible middle layer and the trenches since proper isolation is not required. Finally, 

two liquid dispenser needles with 0.92 mm in diameter were placed in the channel 

inlet and outlet holes and secured with quick epoxy adhesive. The two needles were 

connected to 0.76 mm inside diameter of a microbore tubing to generate a fluid flow 

starting from a syringe pump passing to the channel then to a waste beaker.  Figure 

2.2 shows the fabrication steps for the microfluidic monitoring sensor.  
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Figure 2.2. Fabrication process flow for PMMA fluidic sensory system 

2.1.2 Operating principle  

2.1.2.1 Capacitive pressure sensor  

The capacitive sensing mechanism was chosen for the pressure sensors as a simple 

structure with high resolution, sensitivity, reliability, and temperature stability, 

depending on the active area and the dielectric dimensions [213], [214]. Also, it 

provides a low power consumption and a mechanically robust structure for later 

electronics system integration or developing it for a mechanically flexible device. It 

was fabricated with two conductive parallel plates separated by a cavity for high 

compressibility. Copper was selected as conductive plates as an inexpensive metal 
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with good conductivity (5.96 × 107 S/m) and compatible with PMMA fabrication. The 

capacitor value changes proportionally with pressure due to a change in the dielectric 

thickness, where the vertical movement causes stress on the dielectric material. 

Equation 2.1 express the capacitor value mathematically with the dielectric thickness 

(d), where (𝜀𝑟 ) is the dielectric relative permittivity of the material, (𝜺𝟎 ) is the 

permittivity of free space, which is equal to 8.854 × 1012 F/m [230]. (𝑨) is the active 

area of the conductive parallel plates.  

𝑪 =  
𝜺𝟎𝜺𝒓 𝑨

𝒅
  (2.1) 

Hooke’s Law [214] shows that the change of thickness in the dielectric layer is 

proportional to the pressure, as shown in equation 2.2 and 2.3. Where 𝛥d is the 

thickness change of dielectric layer, 𝑑𝑜 is the original thickness of the dielectric 

material before applying a pressure. The 𝛥P is the pressure change, E is Young’s 

modulus of dielectric material, 𝛥𝐶 is the capacitive change when the pressure is 

applied, and 𝐶𝑜 is the original capacitance before the pressure change. 

𝛥𝑑 =  𝑑𝑜
𝛥𝑃

𝐸
  (2.2) 

𝛥𝐶 =  𝐶𝑜
𝛥𝑃

𝐸−𝛥𝑃
  (2.3) 

2.1.2.2 Flow sensor 

The designed flow sensor is based on determining the total pressure of a fluid on the 

channel’s wall using a capacitive pressure sensor at a known dimension of a channel 

and fluid density. The total pressure (𝑷𝑻𝒐𝒕𝒂𝒍 ) is the combination of static and dynamic 

pressure [223]. The static pressure (𝑷𝑺𝒕𝒂𝒕𝒊𝒄 )  is the pressure of the fluid at a steady 



64 

 

state. On the other side, the dynamic pressure (𝑷𝑫𝒚𝒏𝒂𝒎𝒊𝒄) is the kinetic energy of 

flowing fluid. 

𝑷𝑻𝒐𝒕𝒂𝒍  = 𝑷𝑺𝒕𝒂𝒕𝒊𝒄 +   𝑷𝑫𝒚𝒏𝒂𝒎𝒊𝒄  (2.4) 

Static pressure measures the force when the fluid is at rest, where the force is 

uniformly distributed along the surface. Therefore, the static pressure is defined as 

the fluid applied force (F) on a unit surface area (A). 

𝑷𝑺𝒕𝒂𝒕𝒊𝒄 = 
𝑭

𝑨 
   (2.5) 

Newton's second law of motion defines the net force on an object as the mass (m) of 

that object multiplied by the object's acceleration (a). 

𝑭 = 𝒎 𝒂   (2.6)     

From the basics of physics, the mass of an object is defined as a volume (𝑽) multiplied 

by the density (𝝆). The volume is expressed as the unit area multiplied by the object 

height (𝒉). 

𝒎 = 𝑽 𝝆  (2.7) 

𝒎 = 𝒉 𝑨 𝝆   (2.8) 

Therefore, the static pressure equation can be redefined by applying equation 2.6 and 

2.8 in equation 2.5. 

𝑷𝑺𝒕𝒂𝒕𝒊𝒄 = 𝒉 𝝆 𝒂   (2.9) 

The dynamic pressure is a function of velocity (𝒗) because it measures the pressure 

when the fluid is in motion. Mathematically it is expressed as shown in equation 2.10 

[223].  
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 𝑷𝑫𝒚𝒏𝒂𝒎𝒊𝒄 =  
𝟏

𝟐
 𝝆 𝒗𝟐   (2.10) 

The fluid velocity can be defined as the flow rate (𝑸) over the pipe cross-section area 

(𝑨𝑪𝑺). 

𝒗 =  
𝑸

𝑨𝑪𝑺
    (2.11) 

The dynamic pressure equation is redefining by substituting equation 2.11 in equation 

2.10. 

 𝑷𝑫𝒚𝒏𝒂𝒎𝒊𝒄 =   
𝟏

𝟐
 𝝆

𝑸 𝟐

𝑨𝑪𝑺
𝟐   (2.12) 

The total pressure is expressed in equation 2.13 as a combination of the dynamic 

pressure equations 2.12, and the static pressure equation 2.9. 

𝑷𝑻𝒐𝒕𝒂𝒍  = 𝒉 𝝆 𝒂 +  
𝟏

𝟐
 𝝆

𝑸 𝟐

𝑨𝑪𝑺
𝟐   (2.13) 

The selected flow sensor technology depends on measuring the total pressure of the 

fluid in the microchannel at a selected point. The total pressure is proportional to the 

flow rate at known density of the flowing fluid. The other parameters in the equation 

are constant. Where, the height and the cross-section area were recognized form the 

designed channel. Moreover, the acceleration is constant at a fixed sensor position, 

where it is a function of gravity acceleration and geometry. The designed flow sensor 

is based on determining the total pressure of a fluid on the channel’s wall using a 

capacitive pressure sensor at known dimension of a channel and fluid density.  

 

 



66 

 

2.1.2.3 Density sensor 

At a known flow rate, the device can be used as a density sensor, where the total 

pressure is directly proportional to fluid density, as expressed in equation 2.14. The 

density sensor depends on measuring the pressure using the capacitive pressure 

sensors located bellow on the microchannel to detect the applied pressure on the 

microchannel walls. 

𝑷𝑻𝒐𝒕𝒂𝒍  =  𝝆 ( 𝒉 𝒂  +   
𝟏

𝟐

𝑸 𝟐

𝑨𝑪𝑺
𝟐  )  (2.14) 

2.1.2.4 Viscosity Sensor  

The pressure drop in laminar flow is defined using the Weisbach equation [224] of the 

head loss, as expressed in equation 2.15. P is the pressure drop between two points 

in the pipe separated by L distance. Where 𝜈 is the fluid velocity, 𝜌 is the density, 𝐷ℎ 

is the hydraulic diameter and f is friction factor. The hydraulic diameter depends on 

the pipe/channel cross-section area [231], and the friction factor depends on the flow 

type.  

∆𝑷 =
𝒇 𝑳 𝝆 𝒗𝟐

𝟐  𝑫𝒉
    (2.15) 

The laminar flow friction factor is based on the Reynold number of the flow.  

𝒇 =  
𝟔𝟒

𝑹𝒆
 = 

𝟔𝟒 𝝁

𝝆𝝂𝑫
    (2.16) 

Equation 2.17 is the Hagen-Poiseuille equation expresses the dynamic viscosity (𝜇) 

mathematically for the rectangular cross-section area using the rectangular hydraulic 

diameter, and the defined frictional factor in the Weisbach equation for head loss. 
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𝝁  =
∆𝑷 𝒘𝟐 𝒉𝟑

𝟏𝟐 𝑸 𝑳 (𝒘+𝒉)
  (2.17) 

The dynamic viscosity is linearly proportional to the pressure difference (∆𝑷) between 

two points separated by a known distance (L), flow rate (Q), channel’s width (w), and 

height (h). The dynamic viscosity sensor is based on the Hagen-Poiseuille equation for 

a rectangular cross-section channel at a recognized flow rate (Q). The pressure 

difference (∆𝑷) between two points is measured using two capacitive pressure 

sensors located in the microchannel of the fluid and separated by a known distance. 

Figure 2.3 shows the schematic diagram for the viscometer operating principle for the 

sensor. 

 

Figure 2.3. The schematic diagram for the microchannel viscometer based on the 
pressure drop. Is involves a minimum of two pressure sensors, P1 and P2, separated by 
L distance located in the microchannel.   

2.1.3 Characterization and results  

Figure 2.4 shows the characterization setup for the microfluidic monitoring sensor. 

The microchannel inlet was connected to an external syringe pump (Harvard 

Apparatus PHD ULTRA) for controlled fluid flow. The outlet of the microchannel was 

connected to a beaker for reusing the fluids of the experiment. The three capacitive 

pressure sensors were attached to Keithley 4200 for capacitive measurement. The 
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low-frequency cable from Keithley was connected to the top common capacitors’ 

contact located on the back of the fluid channel. The high-frequency cable from 

Keithley was connected to a switch to allow the manual selection of the required 

capacitor to measure between the three capacitors located on the fluid channel. 

 

Figure 2.4. Characterization setup for flow, density and viscosity sensors 

2.1.3.1 Flow sensor 

Each capacitive pressure sensor individually can be used as a flow sensor based on its 

operating principle explained previously. A 30-ml syringe was filled with DI water and 

placed in the pump. The pump was controlled to generate a flow rate from 0 to 3.5 

ml/min with a 0.5 ml/min incremental step. The capacitor values were recorded and 

averaged at each flow rate.  Figure 2.5a shows the result of the flow sensor from 0 to 

3.5 ml/min. The syringe was re-filled with DI water, and the experiment was repeated 

for a higher flow rate. The flow rate run at 3 ml/min and incremented with 0.5 ml/min 

until the vacant of the syringe. Figure 2.5b shows the operating performance up to 

6.5ml/min, where the capacitor value was recorded versus time. The experiment was 

repeated for a flow rate above 6.5 ml/min, but the capacitor readings fluctuated 
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highly due to PMMA flexibility limitations at a higher-pressure range. PMMA material 

is one of the drawbacks of the flow sensor, where it limits the capacitive pressure 

sensors and the flow rate sensor. The device shows sensitivity from 0 to 6.5 ml/min. 

 

Figure 2.5. Flow sensor characterization results (a) from 0 to 3.5 m/min and (b) from 3 
to 6.5 ml/min. 

2.1.3.2 Density sensor 

The density sensor is based on the same principle of the flow sensor based on 

measuring the applied pressure on the microchannel walls, as was explained 

previously.  The total pressure is directly proportional to the density of a fluid at a 

steady or known flow rate. It was characterized at 1.5 ml/min as a constant flow rate 

using the syringe pump. Solutions with different densities were pumped into the 

microchannel for characterization. Volume diluted glycerol solutions were used as 

fluids with different densities samples with pre-recognized densities values [83]. 

Figure 2.6 shows the density sensor's behavior with a linear fitted curve on the 

experimental results, with several diluted glycerol solutions from 25% to 45% that can 

be projected to a density range from 1070 to 1127 kg/m3.  However, the error in the 
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experiment might be from several factors. First, the unoptimized selected value of the 

frequency in Keithley affected the capacitance readings. Also, the change in the wire's 

wiring length or position affected the capacitance measurements due to the change 

in the device impedance. Note that the wires are not secured, and crocodile clips 

were used, and the experiment requires refilling the syringe and the channel with a 

fluid new sample each sample test. 

 

Figure 2.6. Density sensor characterization results at 1.5 ml/min for diluted glycerol 
solutions from 25% to 45%. 

2.1.3.3 Viscosity sensor 

The characterization of the microchannel viscometer depends on measuring the 

pressure drop between two capacitive pressure sensors that can be expressed as a 

capacitor difference between two measured capacitors at a steady flow rate. The 

syringe was filled at each run with a volume diluted glycerol solution for different 

viscosity with pre-known values from the literature [232].  The syringe pump 

generated a steady and controlled flow rate for all fluid samples at 0.25 ml/min and 

1.5 ml/min, and the capacitors' values were recorded.  A switch was used for a 
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manual swapping between the three capacitors as Keithley's limited for measuring a 

single capacitor at a time. The capacitors were measured simultaneously at each flow 

solution. The difference between the two capacitors was calculated for all measured 

solutions.  

 

Figure 2.7 shows the characterization results for the viscometers at two different flow 

rates. The flow rate influences the viscometer performance, where the sensor has 

better performance at a higher flow rate. At each running flow rate, the results of the 

capacitor difference between two pressure sensors can be fitted in a linear 

relationship with fluid viscosity. In addition to the discussed possible errors for the 

density sensor, the viscosity sensor is affected by the measured Co value.  

 

Figure 2.7. Viscometer characterization results using volume diluted glycerol solutions 
at 1.5 ml/min and 0.25 ml/min 
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2.1.4 Conclusion  

A prototype was demonstrated as a proof of concept for different sensing 

mechanisms for microfluidic monitoring applications. Also, it helps in building a 

hands-on experience in microfluidics fabrications and sensors characterizations. After 

a successful performance of viscosity and flow sensors, the research will focus on 

implementing and testing a mechanically flexible sensors module and packaging it 

with a fluidic compatible environment.  

2.2 Second development stage of monitoring microfluidic application using a 

mechanically flexible device  

This section presents the second development stage among the three main discussed 

phases. It is the transforming step from a mechanically firm microfluidic sensor to a 

physically flexible microfluidic sensor, using the validated operating principles for the 

previous stage. The objective is to develop a real-time microfluidic monitoring sensor, 

including pressure, density, viscosity, and flow rate. The next chapters discuss the last 

phase development for real-time monitoring of pipe applications reaching the final 

goal of this research as a compatible sensory system for pipe monitoring systems. 

2.2.1 Design and fabrication 

The design is similar to the previous section. It consists of an array of capacitive 

pressure sensors and the microfluidic channel using low-cost materials and 

manufacturing processes for affordable systems. However, it was modulated to 

match the need for being mechanically flexible. Thus, polydimethylsiloxane (PDMS) 



73 

 

was selected as an elastic material by nature with 250 kPa Young’s modulus, which is 

tenths thousand times less than PMMA’s Young’s modulus (3 GPa) [232], [233]. Also, 

PDMS has attractive characteristics for fluidic applications, such as low chemical 

reactivity, physical and thermal stability, high transparency, non-toxic, low-cost 

material, and more importantly the high flexibility [234], [235]. 

 

Figure 2.8. The schematic diagram for designing layers of a physically flexible 
microfluidic sensory system using PDMS. 

The device was designed using four layers of cured PDMS, as shown in Figure 2.8. The 

first layer contains the microchannel trench on a 2 mm PDMS thickness layer. It 

fabricated by casting the PDMS mixture on a PMMA channel mold for curing. The 

second layer consists of a 0.5 mm thickness of a PDMS as an isolation cover for the 

microchannel trench. The thin thickness of it allows high compressibility and 

deformation for the dielectric gap of the pressure sensors. On the backside of this 

layer, a 200 nm of copper was sputtered as a top capacitor contact for the pressure 

sensor. The third layer was patterned with squares trenches going through all the 1 
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mm PDMS using the CO2 laser tool. It was patterned to form a cavity as a dielectric for 

the capacitive pressure sensors. The fourth layer is the substrate layer that involves 

the lower capacitive contacts using 200 nm of sputtered copper. 

 

Figure 2.9. The fabrication process for assembling the PDMS layers to form a flexible 
microfluidic sensory system. 

The four layers were assembled using the oxygen plasma bonding technique by 

exposing the surface of the layers to oxygen plasma for a minute, followed by a direct 

contact. In the beginning, the first and the second PDMS layer were assembled to 

form an isolated microfluidic channel. The bonded layers were enhanced by placing it 

on a hot plate for a minute at 100 oC. On the backside of the bonded microchannel, 

the second layer was sputtered with 200 nm of copper using a shadow mask to form 

the upper contact of the capacitors. Then the third PDMS layer was aligned and 

attached on top of the fourth layer using 50 𝜇m adhesive research double-sided tape. 

The created microchannel layer (layer 1 and 2) was aligned and attached to the top of 

the third layer. The layers were joined using the adhesive research double-sided tape 
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to form a flexible PDMS channel with an array of three capacitive pressure sensors 

located below the microfluidic channel, as shown in Figure 2.9. At the channel inlet 

and outlet, two liquid dispenser needles with 0.92 mm diameter were placed and 

secured with few drops of PDMS mixture then cured at 80 oC for 30 minutes. The two 

needles were connected to 0.76 mm inner microbore tube diameter to generate a 

fluid flow starting from a syringe pump passing to the PDMS channel and end to a 

waste beaker.   

2.2.2 Characterization and results  

 

Figure 2.10. Characterization setup for the second version of the sensory system. 

The characterization setup is shown in Figure 2.10. The characterization for the 

second developed device stage, as a flexible real-time monitoring for microfluidic 

applications, was performed using a similar setup for the previous phase. It involves a 

syringe pump for flow control connected to the microchannel input port with a tube. 

The three capacitive pressure sensors along the microchannel are connected to 

Keithley through a switch for manually selecting the required capacitor element to 



76 

 

measure. Figure 2.11 shows the fabricated device on a flat and concave surface with a 

5.75 cm bending radius. 

 

Figure 2.11. Offline flexible fluids sensors system using PDMS material (a) on flat surface 
(b) on curved glass surface 

2.2.2.1 Flow sensor  

The flow sensor was tested similar to the first device characterization by generating 

different flow rates with water using the syringe pump. Keithley was used to 

measures the values of the capacitors. The capacitor measurements were repeated at 

each flow rate, then calculated the average after calibrating the capacitance values to 

∆𝐶/𝐶𝑜. Figure 2.12 shows the flow sensor results under the flexing posture from 0 to 

10 ml/min with a 0.5 ml/min incremental step rate on a curved glass substrate in a 

concave posture. It was challenging to test higher flow rates, where the syringe pump 

was running out of fluid in a short time, which is not giving a sufficient chance for 

capacitive measurements. The results were curve fitted with the second-degree 

polynomial equation with the best R2 value and minimum errors. The ∆C/Co was 

calculated for the sensor to reduce measurement errors, where the experiment was 

divided into three ranges. The first experiment recorded the capacitance values for 
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flow rates from 0 to 3.5 ml/min. Then the syringe was re-filled with water and 

characterized the device from 3.5 to 6.5 ml/min. Finally, the syringe was re-filled with 

water and tested the flow rate range from 6.5 to 10 ml/min. For each measured 

range, the initial capacitance value (Co) at 0 flow rate varied due to the surrounded 

noise. therefore, calculating ∆C/Co allows all the capacitance measurements to have 

the same initial value located at the graph origin. 

 

Figure 2.12. Flow sensor characterization results for the PDMS flexible device from 0 to 
10 ml/min on a concave glass substrate with a 5.75 bending radius. 

2.2.2.2 Density and viscosity sensor  

The density sensor was characterized similarly to the previous version, where the flow 

rate was fixed at 0.5 ml/min to form a steady flow rate.  Diluted glycerol solutions 

with different densities were pumped into the device channel for characterization. 

Figure 2.13 shows the density sensor behaviour on a concaved glass substrate at 

different glycerol solutions that can be projected as a density range from 997 to 1207 

kg/m3.  The densities and capacitive measurements unexpectedly fitted with curved 

second-order equations better than a linear relationship. The results might be 
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affected by the concave posture, the flexible PDMS material that absorbs some of the 

fluid pressure, or low selected flow rate to provide a noticeable change in the 

capacitance value with large errors. 

 

Figure 2.13. Density sensor results at 0.5 ml/min in concave position. 

The viscosity sensor was characterized using the same methodology of the density 

sensor. The flow rate was stabilized at 0.5 ml/min, and different glycerol solutions 

were run in the channel to present different viscosities. The main difference is that in 

the viscometer, the capacitance difference was calculated instead of using individual 

or averaged capacitance value. Figure 2.14 shows the viscometer results at 0.5 

ml/min using the measured capacitance difference with diluted glycerol solution from 

30 to 80% projected into a viscosity range from 2.7 to 75.4 mPa.s. However, the result 

didn't show a good viscosity sensor. This might be either the device failure and 

unnoticed early leakages during the characterization or because a low flow rate was 

selected, making to detect the pressure difference hard to detect especially using 

flexible material and concave posture. Unfortunately, the device was failed during the 
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last tested sample. The first microchannel layer was dis-attached from the second 

layer due to high viscosity after trying above 80 % glycerol solution. Instead of 

developing the same method to repeat the experiment at different flow rates, a new 

version was developed as a flexible in-line device for pipe monitoring application, 

taking in confederation the faced challenges and error. For that reason, the 

experiment has not been repeated for better characterization results since it is a 

connection stage to provide hand-on experience and to validate the operating 

principle of the device and not the main aim of the project.   

 

Figure 2.14. Mechanically flexible microfluidic viscometer based on the pressure drop 
mechanism. 

2.3 Simulation of the pressure sensor  

In this section, the mechanical response of the pressure sensor to applied pressure 

and how to analyze the effects of packing induced stresses on the sensor 

performance was studied using COMSOL MultiphysicsTM. The simulation was done 
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using structure mechanics modules for a quarter of the pressure sensor for simplicity 

and then mirroring it using YZ and XZ symmetry for both inner planes.  

2.3.1 Parameters and Materials Definitions 

A pressure change was defined as a global parameter for the parametric sweep set up 

to study the mechanical performance of the sensor at specified pressures range with 

constant incremental pressure step. Also, the deflection membrane and the exposed 

part of the sensor to the applied pressure was defined as the average boundary 

condition. The maximum deflecting point was described as an integration point in the 

middle of the deflecting surface. All the device structure was determined as a PDMS 

elastic material, except the pressure cavity was defined as a free deformation gap 

with air material. The PDMS material parameters were set, as shown in Table 2.1. 

Table 2.1. The PDMS material parameters 

Name Value Unit 

Relative permittivity 11.7 - 

Density 965 kg/m³ 

Young's modulus 0.98 MPa 

Poisson's ratio 0.495 - 

2.3.2 Geometry  

Two geometries modulation designed were studied, including the unpackaged and 

packaged pressure sensor. Both have the same material base and cavity diminutions. 

The main difference between the two designs is the PDMS membrane thickness on 

the top capacitive structure. The packaged sensor has a thicker PDMS layer on top of 

the cavity compared to the unpackaged sensor, as shown in Figure 2.15.  
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Figure 2.15. The geometry and the dimensions in mm for the design (a) unpackaged 
capacitive pressure sensor (b) packaged pressure sensor. 

2.3.3  Boundary Conditions 

A boundary load was defined as an applied pressure using a predefined parameter 

(po) on the top of all the pressure sensor surface. Another boundary condition 

described is the pressure sensor body shape's elastic material, except for the cavity 

was defined as a free boundary condition. All the substrate surfaces of the sensor 

were described as prescribed displacement to act as solid surfaces bellow the 

pressure sensor to form a fixed constrain in the Z-direction. Also, two symmetries 

boundary conditions were added in XZ and YZ directions to create a complete 

capacitive pressure sensor since only a quarter of the sensor was structured.  

2.3.4 Mesh 

The mesh for both designed sensors was defined with a maximum element size of 50 

µm for the active area in the substrate. Then it was mapped over all the substrate, 
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and a mesh was swept over all the structure to form a small mesh size in the core of 

the sensor and large mesh in less interesting areas, as shown in Figure 2.16.    

  

(a) (b) 

Figure 2.16.The mesh distribution in (a) unpackaged capacitive pressure sensor (b) 
packaged pressure sensor. 

2.3.5  Simulation results for the designed pressure sensor 

The pressure sensor's modulation results show the stress distortion of the membrane 

at different applied pressures, as shown in Figure 2.17 and 2.18 for unpackaged and 

packaged pressure sensors. The red color in the mentioned Figures expresses the 

maxim stress, and the blue color shoes the minimum stress. The results show that the 

maximum stress occurred in the middle point of the PDMS membrane. Figure 2.19 

shows the simulation analysis results of the average and maximum displacement for 

the top diaphragm at different applied pressure, where for unpackaged sensor (with 

500 µm PDMS diaphragm) and the packaged sensor (with 1000 µm PDMS 

diaphragm). 
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Figure 2.17. 3D diaphragm displacement of the unpackaged pressure sensor with 500 
µm PDMS diaphragm at different applied pressures (a) 0 Pa (b) 5000 Pa and (c) 10 000 
Pa. 

Figure 2.18. 3D diaphragm displacement of the packaged pressure sensor with 1000 µm 
PDMS diaphragm at different applied pressures (a) 0 Pa (b) 10000 Pa and (c) 20000 Pa. 

From the simulation results, the maximum pressure for the sensors was studied by 

looking when the maximum stress point in the middle of the membrane is in contact 

with the substrate to form a short circuit. It was noticed from the PDMS's elastic 

material that the lower layer is slightly displaced with increasing the applied pressure. 

The unpackaged pressure sensor showed maximum sensing pressure at 35 kPa, and 

for the packaged pressure sensor at 80 kPa, as shown in Figure 2.20.  

   

(a) (b) (c) 

 
  

(a)  (b)  (c)  
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Figure 2.19. Average and maximum diaphragm displacement at different applied 
pressure for (a) Unpackaged sensor with 500 µm PDMS diaphragm (b) Packaged sensor 
with 1000 µm PDMS diaphragm. 

 

Figure 2.20. Maximum Pressure Point for (a) Unpackaged sensor with 500 µm PDMS 
diaphragm (b) Packaged sensor with 1000 µm PDMS diaphragm.  

2.4 Conclusion  

This section presents the story of the device development stages until reaching the 

shaped model design of the research objective for monitoring pipe systems, as 

expressed in the coming chapters. We validated the operating principle and gained 

hands-on experience in the fabrication of microfluidics, established characterization 

setup, and testing method for each sensor. This chapter directed on implemented a 
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microfluidic sensory system and validated the operating principle for several sensors: 

the viscosity, flow rate, density sensor, and the pressure sensor. Then the sensor 

module has been developed and characterized as a mechanically flexible system. The 

next chapter will focus on implementing a flow sensor for macro tubes applications 

using the microchannel advantages as a novel sensor design.   

 

 



86 

 

3 Chapter 3: Physically Flexible Liquid Flow Sensor for Macro-Tubular Architectures 

Flow sensors are essential for a verity of applications in fluidic industries. A liquid flow 

sensor is introduced using a microfluidic channel for macro-tubular architectures, 

such as pipes. The sensor consists of a firm Poly(methyl-methacrylate) (PMMA) 

microfluidic channel bridge on a physically and mechanically flexible 

Polydimethylsiloxane (PDMS) platform installed on the inner wall of tubular systems. 

The flexible platform provides device compatibility with different tubular 

architectures and curvatures adoptions. The micro-scale fluidic channel overcomes 

the main disadvantages of the common bulky and rigid flowmeters, which cause flow 

streams disturbance and significant pressure drops in tube systems. The 

microchannel flow sensor is based on detecting the dominated dynamic pressure 

generated from the fluid velocity inside the microchannel since the tube flow rate is 

proportional to the flow velocity inside the channel. The pressure sensors for the 

microchannel flowmeter are fabricated inside the PDMS platform, with sensitivity 

equal to 10 pF/kPa. The pressure measurement is based on a capacitive pressure 

sensor because it is compatible with flexible electronics and it provides low power 

consumption. The flow sensor behavior is studied for the overall tubular system and 

validated using a simulation model for volume flow rate ranging from 500 ml/min to 

2000 ml/min.  
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3.1 Introduction 

Flow rate measurements in macro-tubes such as pipes are important in determining 

the performance of applications for many industries including agriculture industry, oil 

and gas [50], [236], chemicals [51], water transportations and desalination [52], [54]. 

Measuring the flow rates are an essential requirement in product quality control 

[237], process analysis, efficient energy management and material utilization such as 

waste reduction, accounting of yield and consumption for fluidic industries products 

[57], [58].  

 

With the growth of fluidic industries, many different types of flow rate sensing 

techniques have been established for tubular systems. Some of the prominent 

technologies are pressure-difference based flowmeter [55], [161] thermal [60], [61], 

turbine flowmeter [62], [63], electromagnetic [64], [65], vortex [66], [67], ultrasonic 

sensors [68], [84], [238] and Coriolis flowmeter [70], [71], [76]. However, these types 

of flow sensors are bulky, rigid and not compatible with curvature tubular 

architectures. Therefore, they disturb the fluid velocity significantly, causing 

permanent and notable pressure drops [68], except those non-invasive flowmeters 

such as ultrasonic and electromagnetic sensors that are climbed onto the outside wall 

of a pipe. However, magnetism based flowmeters are not suitable for the majority of 

fluids because of their limitations to electrically conductible fluids only. Ultrasonic 

flowmeters are large, and it is hard to detect measurements accurately [55]. Unlike 

Coriolis flowmeters that provide precise measurements, but it is relatively expensive 
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and generates huge pressure drops in fluid steams [59]. Although several different 

types of pipe flowmeters are available, there is still a demand for development and 

improvement of flow sensors since each type has certain limitations.  

 

One of the methods to resolve the above-mentioned issues could be the utilization of 

microsensors in tubular systems. Microfluidic flow sensors have been developed 

robustly in the last decade for measuring the flow rate in small volumes such as 

biomedical and analytical chemistry applications [107], [239]. Some of these micro-

flow sensors are based on MEMS [94], [240], [241], optical [87], [128], [131], thermal 

[91], [109], [114], [115] or pressure-based measurement flow sensing technology 

[123], [126], [242], [243]. The use of microfabrication sensors provides several 

advantages such as increasing reliability, performance, functionality and lowering the 

cost with decreasing the device dimensions [86]. Therefore, using the advantages of 

the microfluidic sensor in tubular systems can overcome the main challenges of the 

existing flow sensors. 

 

In this paper, we introduce a novel liquid volumetric flowmeter for macro-tubular 

systems. The reported microfluidic flow sensor has a channel installed on the inner 

wall of a tubular system. The designed flow sensor consists of a mechanically flexible 

platform that is compatible with different curvature’s architectures and tubes 

diameters. The microscale device height provides low flow disturbance and pressure 

drop in the tubular system, due to minor volume occupation. The results showed that 

the simulation analysis matched the experimental work. Whereas the tubular flow 
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rate is proportional to the microchannel flow rate, as a result, the tubular flow rate is 

proportional to the pressure generated on the channel’s walls. The pressure change 

was detected with modeling in selected points on the channel’s walls and 

experimentally using capacitive pressure sensors located below the channel.  

3.2 Materials and structure design  

Figure 3.1 reveals the schematic of the designed micro-flow sensor. Figure 3.1a 

displays the cross-section area of a tube with the microchannel flow sensor attached 

to its inner wall. The proposed flow sensor design does not require an external flow 

path or tube contractions to prevent fluid flow interruption, pressure drop, and 

energy loss. Instead, the sensor uses the volumetric flow rate generated inside the 

tubular system to drive small fluidic volume inside the microsensor for volumetric 

flow rate measurement under the laminar flow condition using the microfabrication 

advantages.  

 

Figure 3.1. Design of flow rate sensor using a mechanically flexible platform. a) Cross-
sectional view of the tube with a flow sensor installed on the inner wall. b) Flow sensor 
containing the flexible PDMS substrate, rigid PMMA microchannel and capacitive 
pressure sensor below the microchannel. 
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Figure 3.1b presents the designed structure and the chosen materials for the sensor, 

where the device consists of a physically flexible platform to adopt different tubes 

diameters and curved architectures. The designed sensor’s platform consists of PDMS 

for its excellent physical and chemical properties since it is compatible with the 

microfabrication process, provides high flexibility, thermal stability, and is a low-cost 

material [234], [235]. The PDMS platform contains pressure sensors based on a 

capacitive mechanism for the micro-flow sensor. The capacitive pressure sensor was 

selected among other pressure sensing technologies because of the high stability and 

reliability even under mechanical deformations and it can be tailored easily with 

different sizes for different sensing pressure range. Therefore, it can provide good 

sensitivity of the flow sensor for different pipe diameters and bending radius. The 

PDMS platform contains encapsulated air as a dielectric material sandwiched 

between sputtered PDMS layers with copper as conductive parallel plates for the 

capacitive structure, as explained later in this section. 

 

A rigid microchannel bridge was installed on top of the capacitive pressure sensor on 

the PDMS substrate to form a fluidic microchannel, as demonstrated in Figure 3.1b. It 

is not possible in large scale cross-section areas, i.e., for pipes, to measure the flow 

rate directly using the pressure change. Because the static pressure generated from 

the fluid weight will be much higher than the generated dynamic pressure as 

expressed in equations shown in the later section. Note that the static pressure is 

multiplied by the channel height, and the dynamic pressure is divided over the cross-

section area square. Therefore, the bridge will provide a small cross-section area 
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regardless of the macro tube dimensions to allow the dynamic pressure to dominate 

over the static pressure. The channel consists of a PMMA as a firm material to avoid 

channel deformation under different applied pressures from the surrounding fluidic 

environment. Also, the PMMA material is compatible with PDMS and the microfluidic 

fabrication processes. The design of the channel with micro-sized height and a 

rectangular cross-section area offers negligible flow distribution in the tube system, 

compared to existing technologies that generate enormous pressure drops and 

energy losses due to the large size occupation. Another advantage of the 

microchannel is to form a constant cross-section area regardless of the tube 

dimensions. Therefore, no special correction is needed for different pipes diameters. 

Moreover, the Reynold number is small for microfluidic channels since it is 

proportional to their heights [244]. Therefore, it provides laminar flow irrespective of 

the flow type in the tubular system. The laminar flow simplifies the overall system 

physics and mathematical equations.  

3.3  Operating Principle  

The capacitive pressure sensor inside the microchannel measures the absolute 

pressure generated from the fluid’s weight and the fluid flow velocity inside the 

channel. The measured pressure using the capacitive pressure sensor is the total 

pressure (𝑃𝑇𝑜𝑡𝑎𝑙), which is a combination of static pressure (𝑃𝑆𝑡𝑎𝑡𝑖𝑐) and dynamic 

pressure (𝑃𝐷𝑦𝑛𝑎𝑚𝑖𝑐) as expressed in Equation 3.1 [223]. The dynamic pressure is 

proportional to the square of the volumetric flow rate (Q) of a fluid, as expressed in 
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Equation 3.2. Where  is the liquid density, h is the channel depth, and g is the gravity 

acceleration?  

𝑃𝑇𝑜𝑡𝑎𝑙  = 𝑃𝑆𝑡𝑎𝑡𝑖𝑐+  𝑃𝐷𝑦𝑛𝑎𝑚𝑖𝑐   (3.1) 

𝑃𝑇𝑜𝑡𝑎𝑙  =  ℎ 𝑔  +  
1

2


𝑄 2

𝐴2     (3.2) 

The total pressure is measured using a capacitive pressure sensor where its 

capacitance value is proportional to the applied pressure, as shown in Equation 3.3. 

When the pressure increases, the dielectric layer height (d) decreases, thus the 

capacitance (C) value increases [245]. Where 𝜀𝑟 is the dielectric relative permittivity of 

the material, 𝜀0 is the permittivity of free space (8.854 × 1012 F/m) [230], 𝐴 is the 

area of the conductive parallel plates (that is 3 mm × 3 mm).  

𝐶 =  
𝜀0𝜀𝑟 𝐴

𝑑
  (3.3) 

3.4  Simulation and modulation   

The operating principle of the flexible platform flow sensor was studied using a 

simulation in a commercially available tool COMSOL. The model analysis was 

performed to understand the relationship between the channel flow rate and the 

tubular flow rate and to assure fully developed flow conditions inside the channel. It 

replicates the fluid flow dynamics inside a 3-dimensional (3D) sensory system that 

was based on the Navier-Stock equation. The finite element analysis was set with 

default discretization for laminar flow as a linear interpolation between velocity and 

pressure to simplify the computational process and reduce the solving time. The 

channel dimensions were set as 250 𝜇m high, 3 mm wide and 60 mm long. The 
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designed channel was attached to an internal wall of a tube with a 3.8 cm inner 

diameter. Figure 3.2a shows the 3D design for the tube with the microchannel 

attached to their inner wall. To simplify the calculations, three points were selected 

inside the inner wall of the microchannel, and the pressure measurements were 

recorded at the selected points. 

 

Figure 3.2. Results of 3D simulation modelling. a) 3D flowmeter design for the 
simulation study using a microfluidic channel bridge installed inside a 3.8 cm diameter 
tube's wall. b) Results of the simulation modelling showing the change in pressure as a 
function of flow rate in the microchannel and the flow rate in the pipe. 

Figure 3.2b shows the results of simulation for the flow sensor. We use the model 

analysis to find the correlation between the tubular flowrate and the microchannel 

flowrate, followed by finding the pressure range at the selected points inside the 

channel.   As expected from network piping physics [246],  the flow rate in the tube 

system is proportional to the flow rate in the microfluidic channel because the total 

flow rate is equal to the summation of flow rates in individual branches. The result 

shows the tube flow rate is linearly proportional to the total pressure at the selected 

points, although it is not the reality, where linear interpolation between velocity and 

pressure was set in the simulation for approximate results with the less complex 
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computational process and save time. The dynamic pressure varies as a function of 

fluid velocity or flow rate. As a result, the tubular flow rate is related to the 

microchannel flow rate as well as the dynamic pressure generated on the channel’s 

walls. 

3.5 Fabrication process  

After the simulation study, the flow sensor was fabricated and characterized 

experimentally.  We fabricated the flow sensor with a lithography-free process 

making it a low cost, simple and affordable device. The flow sensor consists of two 

main parts, which are the rigid PMMA microchannel bridge and the PDMS 

mechanically flexible platform with a capacitive pressure sensor as discussed 

previously. The physically flexible platform was fabricated as shown in Figure 3.3a and 

b using three PDMS layers; each consists of 500 𝜇m thickness, respectively. Kapton 

tape was used as a shadow mask on the first and third layers. The Kapton tape was 

patterned using a CO2 laser to form 3 mm squares wide and they were peeled off 

from the required areas to form an active area for the capacitance pressure sensors. 

The PDMS surface was treated with oxygen plasma to modify the surface from 

hydrophobic to hydrophilic by increasing the surface roughness to provide better 

metal adhesion on its surface. Then, these two PDMS layers were sputtered with 200 

nm thickness of copper as a conductive plate for the capacitance sensors. The Kapton 

tape was removed completely from the PDMS layers leaving the active areas with a 

thin coated layer of copper. The last PDMS layer was patterned directly through all 

the PDMS layer thickness using the CO2 laser to form trenches, to perform as air 
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dielectric material for the capacitance sensors. The three prepared PDMS layers were 

sorted in orders as shown in Figure 3.3a. The layers were then assembled and bonded 

together using an oxygen plasma technique by exposing the surfaces to oxygen 

plasma for 60 seconds followed by bringing the surfaces together. The bonds were 

enhanced by baking the bonded layers for 60 seconds at 80 oC. Copper electrodes 

were bonded to flexible wires using a silver paste. After curing the silver paste, it was 

packaged using a PDMS layer to protect it and protect the copper electrodes plus to 

affix the positions of the layers to prevent air leaking.  

3.6 Characterizations and results  

The flow sensor characterization consists of two main stages. First, the 

characterization of the capacitive pressure sensors, that were fabricated on the 

physically flexible PDMS platform before attaching the microchannel bridge to it. 

Second, the characterization of the flow sensor attached to the inner wall of a tubular 

system after completing the fabrication process for the device and bonding the 

microchannel to the fabricated platform. Although the capacitance values can be 

correlated directly to the tube flowrate without finding the exact pressure inside the 

channel, finding the pressure gives us a better understanding of the system. It allows 

us to compare the results with the model analysis, and most importantly, to validate 

the operating condition of the capacitive pressure sensor before characterizing the 

tubular flow rates. In the first stage, the capacitive pressure sensor on the flexible 

PDMS platform was characterized before completing the fabrication process as 

shown in Figure 3.3. The pressure sensor was characterized at different water depths 
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from 0 to 65 cm with a 5 cm incremental depth step. The different water depths were 

projected into different pressure ranges using Equation 3.1 and 3.2. The total 

pressure is equal to the static pressure (𝑃𝑆𝑡𝑎𝑡𝑖𝑐 = 𝜌 ℎ 𝑔) since the dynamic pressure is 

equal to zero. For this characterization stage, the values for the three capacitance 

pressure sensors were recorded at different water depths using Keithley at 10 kHz as 

an optimized selected frequency for best signal to noise ratio. Then calculated the 

averaged capacitance readings at each depth. The pressure sensors were 

characterized on a flat surface and concave surface position using 3.8 cm bending 

diameter. 

 

The pressure sensor results in the flexible platform show that the capacitance is 

linearly proportional to the applied pressure and depth, as shown in Figure 3.3c. Both 

characterization results for different surface conditions, i.e., concave and flat 

surfaces, displayed almost the same pressure sensitivity that is equal to 10 pF/kPa. 

The device showed almost identical behavior under flat and concave surface positions 

expect that the initial capacitance value is slightly higher for the device experiencing 

the concave position due to the stress generated from the mechanical deformation of 

the flexible sensory platform. For both positions, the initial point at 0 kPa has the 

maximum errors because it is not only changing the depth value as the other points in 

the experiment, but it was located outside the water tank, where the density is also 

changing. 
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Figure 3.3. Fabrication process and characterization of the flow sensor. a) Prepare and 
sort in order the PDMS layers. b) Assemble and bond the three PDMS layers to form a 
physically flexible platform with pressure sensors. c) The characterization result of the 
capacitive pressure sensor on flat and concave surfaces for different pressure values 
generated at different water depths. d) Fabricate the PMMA microchannel bridge. e) 
Attach and bond the microchannel bridge to the physically flexible substrate. f) Results 
of the Flow sensor characterized inside a tubular system. It shows the effect of flow rate 
on pressure and the capacitance measurement that is presented as ∆C/Co.  

After the pressure sensor characterization, the microchannel bridge was fabricated, 

as shown in Figure 3.3d, to complete the flexible platform flow sensor fabrication. The 
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microchannel was fabricated using a 1 mm thickness of the PMMA sheet. The sheet 

was patterned using the CO2 laser to form a 250 𝜇m trench depth in a rectangular 

shape with 3 mm wide and 60 mm length. After that, the microchannel was cut 

through all the PMMA sheet thickness to dispatch it from the sheet and form the 

channel bridge. Then, the channel bridge was attached to the prepared, flexible 

sensory platform using the oxygen plasma bonding method as demonstrates in Figure 

3.3e. To ensure the good bonding between the channel and the platform, the device 

was repackaged with a thin PDMS coat. 

 

In the second characterization stage, the flow sensor was characterized after the 

microfluidic channel was attached to the flexible sensory platform, as explained 

previously. A laboratory transparent polyvinyl chloride (PVC) pipe system was built 

with a 3.8 cm inner diameter and a 60 cm total system’s length. The device was 

installed on the inner tube wall located after the hydrodynamic entrance length, 

which was calculated for 15 cm from the entrance expansion using a length-to-step 

height ratio. Then the pipe system was properly encapsulated with caps and secured 

with epoxy glue. The volumetric flow sensor was characterized using a pump 

controller (Catalyst FH100DX Pump) to generate a precise flow rate. The pump was 

connected to the pipe system and fluids reservoir. The flow sensor was tested with 

water at different flow rates from 0 to 2000 ml/min. Each flow rate was run for 1 

minute to stabilize the selected flow rate before collecting data. At each flow rate, the 

capacitance was recorded from the three pressure sensors using Keithley. Then ΔC/Co 

was calculated for each capacitance, where C and Co are the capacitance value with 
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and without applied pressure. Finally, the three ΔC/Co calculated values were 

averaged for each flow rate. Determining the average for the capacitance reading 

between the three selected points helps for smoothing the graph and creating a 

single graph to correlate the recorded capacitance values to the tubular flow rate 

since all the three pressure sensors are increasing proportionally. Finally, the setup 

was disassembled after the experiment, and the device was diagnosed to ensure that 

there is no liquid leak in the device.   

 

Figure 3.3f shows the results of the flow sensor operating under different flow rate 

conditions. The results show the relation between the measured capacitance 

pressure sensor with the flow rate in the microchannel and the tubular system. The 

tubular flow rate is proportional to the channel flow rate because the flow streams in 

the tubular system are generating the driving force for the fluids to flow inside the 

microchannel as it was explained and proven previously in the simulation and 

modeling validation section. The pipe flow rate and the calculated ΔC/Co has 

incremental curved behavior. The results show that the device is sensitive from 750 

ml/min to 2000 ml/min. This can be explained by the fact that at flow rates lower 

than 750 ml/min, there is a small force that is not likely to drive the fluid inside the 

microchannel, for the given channel dimensions. In other words, the change in the 

pressure is lower than the pressure sensitivity range. Additionally, the flow rate was 

not tested above 2000 ml/min due to the pump limitations. 
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3.7 Comparative analysis 

There are several reported microfluidic flow sensors based on detecting the pressure 

change in the microfluidic channels. However, the implemented flowmeter is not 

similar to the published articles, as shown in table 3.1. It addresses macro tubular 

systems (such as pipes) flow rate using the reported benefits of using a microfluidic 

channel to overcome the challenges for the current bulky flowmeters. It is not 

possible in large-scale cross-section areas (like pipes) to measure the flow rate 

directly using the pressure change. The static pressure (fluid weight) will be much 

higher than the dynamic pressure, as discussed previously for Equation 3.1 and 3.2. 

Note that the static pressure is multiplied by the channel/pipe height, and the 

dynamic pressure is divided over the cross-section area square. 

Table 3.1. Comparison of the implemented flowmeter with similar sensors   

No. Paper Title Device Image Application 

1 

Noncontact and Nonintrusive 
Microwave-Microfluidic Flow 
Sensor for Energy and 
Biomedical Engineering  [247] 

 

 

Microfluidic 
Flow sensor 

(Micro 
application) 

2 

Sensitive, Real-time and Non-
Intrusive Detection of 
Concentration and Growth of 
Pathogenic Bacteria using 
Microfluidic-Microwave Ring 
Resonator Biosensor [248] 

 

Microfluidic 
flow sensor 

(Micro 
application) 
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3 
Physically Flexible Volumetric 
Liquid Flow Sensor for Tubular 
Architectures 

 

 

Pipes/tubes 
flexible Flow 

sensor 
(Macro 

application) 

 

3.8 Conclusion  

In summary, we have reported a novel liquid volumetric flow sensor and analyzed it 

using simulation and modeling. We also fabricated it using a lithography-free 

technique and showed its performance. The experimental and model analysis results 

were found to be matched. The demonstrated sensor is based on a microfluidic 

sensing mechanism uses the privilege of microsensors to measure macro systems, as 

a new application of microfluidic sensors. The sensor consists of a rigid microchannel 

PMMA bridge on a physically and mechanically flexible PDMS substrate to provide 

flexibility on different tubular dimensions on their inner walls with minimum flow 

perturbations. Therefore, it reduces the pressure drop and energy loss. The micro-

flow sensor measurement was based on detecting the absolute pressure using 

capacitive pressure sensors located under the microchannel. The pressure sensor was 

fabricated inside the mechanically flexible PDMS platform with sensitivity equal to 10 

pF/kPa. The fluid flow sensor behavior and operating principle was replicated 

throughout the simulation and verified experimentally in the flow rate ranging from 
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500 ml/min to 2000 ml/min. The next chapter is demonstrating a novel viscosity 

sensory for macro tubes applications using the developed microchannel sensor. 
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4 Chapter 4: Mechanically Flexible Viscosity Sensor for Real-Time Monitoring of 

Tubular Architectures for Industrial Applications  

Real-time monitoring of fluid viscosities in tubular systems is essential for industries 

transporting fluid media. The available real-time viscometers for tubular systems have 

major drawbacks, such as using invasive methods with large pressure drops due to 

flow disturbances, destructive installation processes with permanent tube damage, 

and limited operability with laminar flows inside the pipe. Therefore, developing a 

viscometer to address the above-mentioned concerns is required for industrial 

applications. In this study, a new application of a velocity-dependent viscometer using 

a novel design for real-time measurements with insignificant flow disruption is 

proposed. It involves a Poly (methyl-methacrylate) (PMMA) microchannel bridge with 

a microfluidic flowmeter attached to a mechanically flexible Polydimethylsiloxane 

(PDMS) platform connected to the inner surface of the pipe, which can adapt to 

different pipe diameters and curvatures. It is seen that utilizing the microchannel 

ensures a laminar flow regardless of the flow type in the pipe system. Moreover, the 

proposed viscometer uses the pipe flow driving force to flow fluids into the 

microchannel for measurement without requiring a pumping system or any sample 

withdrawals. The results of the simulation analysis match the experimental results of 

the sensor performance. The sensor can measure different viscosities in the range of 

4–334 mPa.s with a resolution higher than 2.7 mPa.s. Finally, a stand-alone system is 

integrated with the sensor for wireless data transmission. 
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4.1 Introduction 

Monitoring of fluids’ viscosities is essential for industries engaged in transporting 

fluids in tubular systems such as pipes. It is crucial to plan the pumping systems and 

select the required initial pressure to transfer fluids from one location to another 

[135], [249]. Moreover, viscosity analysis is employed to ensure product consistency 

as a quality indicator within the industrial production process, such as in 

petrochemical [136], [250], [251], polymers [252]–[254], and food industries [157], 

[255], [256]. Capillary methods [143], [144], [257], falling-object methods [147]–

[149], and torque detection [258], [259] and torque detection are various known and 

reliable techniques for measuring the viscosity using an off-line workstation setup. 

The conventional approach for the viscosity measurement procedures in industries 

starts with on-site sample collection, followed by laboratory analysis, and, sometimes, 

requiring sample preparation before examination; it ends with sending the results' 

report to the site for decision-making [260]. However, this is a time-consuming and 

inefficient process for the rapid industrial growth with their increasing demands. 

Therefore, reliable real-time viscosity sensors for tubular systems are desirable for 

industries to allow adequate production controls and reduce costs through accurate 

decisions, decreasing production errors, and lower fluid wastes [261]. 

  

Numerous viscometers have been developed for real-time monitoring in tubular 

systems. The available viscosity sensors for this purpose are classified into three 

categories according to their operating principles, vibrational [155], [156], rotational 
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[262], [263], and change in fluid velocity-based measurement sensors [264]–[266]. 

The vibrational and rotational viscometers are large and rigid instruments that 

interfere with the liquids in the tubular systems and disturb the fluid flow creating a 

pressure drop and subsequent energy loss. In addition, some of them are destructive 

techniques that require access to the fluid through the pipe, causing a permanent 

damage to the pipe. The viscometer based on the change in fluid velocity or pressure 

drop is a simple and inexpensive measurement apparatus based on the Hagen–

Poiseuille law [267], [268]. It can be based on a non-invasive and non-destructive 

method by selecting the appropriate flowmeters to measure the change in the 

velocity profile, such as using probes (for e.g., ultrasonic [31,32] and electromagnetic 

sensors [270]). attached to the outer surface of the pipe. However, the main 

drawback of this technology is that its operation is restricted to the laminar flow 

condition [158], [271]. Hence, there is still a demand for developing reliable in-line 

viscometers to meet the industrial needs. 

 

On the other hand, real-time viscometers have been robustly established and well 

developed for microfluidic monitoring applications. MEMS [94], [98], [167], [272], 

[273] , micro-resonators [274], [275], and fluid velocity-based measurements are 

common types of real-time microfluidic viscometers [38], [163]. These sensors are 

particularly optimized for microfluidic applications, where the MEMS and micro-

resonators are suitable when low volumes of fluid are used. Optical measurements 

require transparent materials. The fluid velocity-based viscometers, known as micro-

capillary viscometers, are limited to laminar flows, where such conditions are assured 
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in microfluidic applications due to the small cross-sectional area of the microchannels 

[276]. In micro-capillary viscometers, the fluid velocity is determined using the time 

recorded for the fluid to pass from point to another in identified channel dimensions 

with the help of microscopic video recording devices or optical sensors [163], [277], 

[197]. The fluid flow rate is obtained based on the pressure drop approach using 

either micro-pressure sensors as MEMS or capacitive sensors distributed along the 

channel [123], [124], [278]. Near real-time viscosity results have been provided by 

such micro-viscometers utilized for industrial on-site analyses supported by a 

pumping system, such as the commercial handheld product viscosity-rheometer-on-

chip (VROC), to test manually withdrawn fluid samples [190].  

 

In this paper, we present a new utilization method of the microfluidic viscometer for 

real-time monitoring of fluids in tube systems. A fluid velocity-based viscometer 

supported with capacitive pressure sensors distributed along the microchannel is 

used here. We demonstrate a novel sensor design to overcome the main discussed 

challenges regarding the real-time monitoring of fluid viscosities in the tube systems. 

The design involves constructing a microchannel bridge on a mechanically flexible 

platform attached to the internal tube wall. The physically flexible platform adopts 

the inner tube surface to match the variations of the pipes’ diameters and the 

different structures’ curvatures as well as to provide low flow disturbance and 

pressure drop using a small depth value of the device. The proposed viscometer is 

developed with low-cost materials and fabrication processes to make it affordable. 

The microchannel bridge uses the fluid flow of the tube to drive a small fluid volume 
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into the microfluidic channel, as a continuous flow, for viscosity measurements 

without requiring any external pump or withdrawn samples from the system. The 

flow rate inside the microchannel depends on the pipe fluid viscosity. We focused our 

study assuming incompressible Newtonian fluids. Results showed that the numerical 

analysis agreed with the experimental work, and moreover, the fluid viscosity is 

inversely proportional to the microchannel flow rate that can be translated into a 

change in the pressure or measured capacitance.  

4.2 Materials and structure design  

The viscometer consists of a microchannel attached to the internal tube wall to 

monitor the viscosity of the fluid using a microfluidic flow sensor installed in the 

microchannel. The viscometer design is developed using a Poly (methyl-methacrylate) 

(PMMA) bridge that is positioned on a physically flexible platform to form the 

microchannel. PMMA was selected as it is a mechanically solid material that ensures 

constant channel dimensions by resisting channel deformations even under various 

applied pressures resulting from the surrounding liquid environment. The design of 

the microchannel ensures the laminar flow of fluid inside it, regardless of the flow 

type in the tube system 

 

The laminar flow is a mandatory condition for operating the viscometer that depends 

on the fluid velocity. Polydimethylsiloxane (PDMS) was chosen here as a flexible 

platform material because it provides a high flexibility and has earlier proven to be 

successful in microfluidic applications due to its excellent chemical and physical 
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properties.[234] The PDMS platform uses the capacitive pressure sensors located 

below the microchannel as microfluidic flowmeters for the channel. The high 

flexibility of PDMS allows the platform to adopt different diameters of tubes and 

curved architectures when it is attached to the inner tube wall for viscosity 

measurements without the need for adjusting or re-calibrating the device. The sensor 

design has a moving-free structure built with long-lasting and low-cost materials 

including PMMA, PDMS, and copper for ensuring the device durability and 

affordability. 

4.3 Operating principle 

The operating principle of the proposed viscosity sensor depends on the monitoring 

of the variation in flow rate according to the change in the fluid viscosity. Particularly, 

the fluid viscosity (µ) in the tubular system is inversely proportional to the microfluid 

flow rate (Q) in the microchannel. Equation 2 expresses the relationship between the 

viscosity and flow rate using the Hagen-Poiseuille law for laminar flow. The equation 

is defined for channels with a rectangular cross-section, where w is the channel 

width, h is the channel depth, and ∆𝑷 is the pressure difference between two points 

separated by a distance L.   

𝑄  =  
∆𝑃 𝑤2 ℎ3

12 𝜇 𝐿 (𝑤+ℎ)
 (4.1) 

The fluid flow rate is the main detecting method for the fluid viscosity of the 

proposed sensor. At a constant flow rate of the pipe system, viscous fluids have lower 

flow rates inside the microfluidic channel than thin liquids, where it requires a higher 
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pushing force or larger pressure difference to drag the liquid inside the microchannel. 

The change in the microfluidic flow rate is measured by the capacitive pressure 

sensors in the microchannel, where the total pressure (𝑷𝑻𝒐𝒕𝒂𝒍) comprises the dynamic 

(𝑷𝑫𝒚𝒏𝒂𝒎𝒊𝒄) and the static (𝑷𝑺𝒕𝒂𝒕𝒊𝒄) pressures, as shown in Equation 3. The dynamic 

pressure is proportional to the square of the flow rate, as shown in Equation 4. In 

contrast, the static pressure depends on the fluid depth and density; thus, it has a 

smaller value as only a micro-depth of the channel is utilized. In Equation 4,  is the 

fluid density, h is the channel depth, 𝒈 is the gravity acceleration, and A is the cross-

sectional area of the channel. The measured capacitance and the absolute pressure 

are proportionally related as recognized from the capacitive pressure sensors [245]. 

Therefore, a change in the fluid viscosity is inversely proportional to the capacitance 

measurements due to the variation in the fluid flow rate. 

𝑃𝑇𝑜𝑡𝑎𝑙  =𝑃𝑆𝑡𝑎𝑡𝑖𝑐 +  𝑃𝐷𝑦𝑛𝑎𝑚𝑖𝑐  (4.2) 

𝑃𝑇𝑜𝑡𝑎𝑙  = 𝜌 ℎ 𝑔  +  
1

2
𝜌

𝑄 2

𝐴2    (4.3) 

4.4 Simulation and modeling  

The operating principle and the effect of the microchannel depth were studied for the 

designed viscometer using a numerical simulation performed on a commercially 

available tool COMSOLTM. The analytical simulation was performed to understand the 

importance of the microchannel, to consider the effect of its depth on the device 

performance, to ensure fully developed flow conditions inside the microchannel, and, 

most importantly to understand the relationship between the fluid viscosity in the 
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tubular system and flow rate in the microchannel. In the analysis, the fluid flow 

dynamics inside the 3-dimensional (3D) sensor system was replicated based on the 

Navier-Stokes equation of laminar flow.       

 

Figure 4.1. Study the depth effect on the viscometer performance. (a) Without using a 
microchannel, the pressure behaviour and its range are highly influenced by tube 
depths. (b) The microchannel provides a uniform response and smooth pressure 
transitions in the viscosity sensor. 

We analyzed the pressure behavior in case of tubes 30 cm long but having different 

diameters and for a variety of fluid viscosities at a fixed flow rate equal to 2000 

ml/min in the absence of a microchannel. The pressure measurements were recorded 

at a fixed individual point located at the base and in the middle of the tube length. 

Figure 4.1a shows the variation of the pipe diameter with different viscosity ranges 

and its effect on the pressure at the selected position. Each tube diameter has a 

different trend of performance with viscosity and diverse pressure ranges because 

the static pressure increases with pipe depth. Therefore, using a microchannel in a 

tube provides a uniform pressure range and behavior with viscosities depending on 

the microchannel flow rate and its constant depth. 
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In contrast, Figure 4.1b demonstrates the effect of the microchannel depth on the 

viscosity sensor performance at a measured point located at the center of the 

microchannel base. In the simulation, the microchannel was connected to the internal 

wall of a 4 cm diameter pipe with a fixed flow rate inside the pipe. The results show a 

consistent viscometer sensor performance for different microchannel depths with a 

decrease in the measured pressure when fluids with different viscosities are used. At 

higher fluid viscosities, the driven fluid in the microchannel as well as the absolute 

pressure decreases with dynamic pressure dominating the static pressure. At high 

viscosities, the flow rate and the dynamic pressure become too low, which allows the 

static pressure to develop particularly for the deeper channels, as shown for the 450 

µm depth. Figure 4.2 proves the previous interpretation to be true by describing the 

absolute pressure at the same conditions using a 250 µm deep channel. The total 

pressure is almost equal to the dynamic pressure; hence, the static measurements 

are negligible compared to the dynamic measurements. Moreover, the dynamic 

pressure behavior follows the trend of the microchannel flowrate. 
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Figure 4.2. Analyse the pressure components at a point centred on a base of 250 µm 
channel depth attached to the 4 cm pipe diameter. The pipe has a steady flow rate 
equivalent to 2000 ml/min and the microchannel has a fluid viscosity dependent flow 
rate.  

4.5 Fabrication process 

The viscometer was fabricated using a lithography-free process to make it 

inexpensive. The flow sensor consists of two main parts: the PMMA microchannel 

bridge and the mechanically flexible PDMS platform installed with embedded 

capacitive pressure sensors. The flexible platform was fabricated utilizing three 

treated PDMS layers; each layer is 500 µm thick. The first and last layers were 

sputtered with 200 nm of copper to form the lower and upper conductive plates of 

the capacitance sensors, respectively. Kapton tape patterned with a CO2 laser to 

create 3 mm wide squares was used as a shadow mask as the capacitance active area. 

The PDMS surface was treated with oxygen plasma to convert the hydrophobic 
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surface to hydrophilic by increasing the surface roughness and improving the metal 

adhesion on the surface before sputtering with copper. The second and the middle 

layer was patterned with the CO2 laser crossing through the entire depth of the PDMS 

layer to form 3 mm wide square trenches as a cavity for the dielectric of the 

capacitance sensors. Then, the three developed PDMS layers were arranged in order 

and combined to form the platform by the oxygen plasma bonding technique. The 

surfaces of the layers were exposed to oxygen plasma for 60 s, followed by direct 

contact between the surfaces, and subsequently 60 s of platform baking at 80 °C as a 

bond enhancement procedure. The copper electrodes were bonded to flexible wires 

using a silver paste. After that, the platform was packed with a PDMS layer to protect 

the connections and the copper electrodes as well as to affix the positions of the 

layers and prevent air leaking. Figure 4.3a illustrates the final form of the fabricated 

PDMS platform with the embedded capacitive sensors. 

 

The microchannel bridge was fabricated using a 1 mm thick PMMA sheet, which was 

patterned using the CO2 laser to form a microchannel bridge with a 3 mm wide and 

60 mm long rectangular trench having a 250 µm depth. Then, the microchannel 

bridge was attached to the prepared flexible platform using the oxygen plasma 

bonding technique, as shown in Figure 4.3b. The device was repackaged with a thin 

PDMS coat to ensure proper bonding and secure the microchannel position on the 

platform while preventing the clogging of the channel inlet and outlet. 
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Figure 4.3. The fabrication process for the viscometer. (a) The mechanically flexible 
PDMS platform with the embedded capacitive sensors. (b) Attaching the PMMA 
microchannel bridge on the PDMS platform. (C) Attached viscometer to internal PVC 
pipe walls. 

A laboratory pipe setup was constructed using a transparent polyvinyl chloride (PVC) 

pipe having a 3.8 cm inner diameter and a 60 cm total length of the system. The pipe 

system was well encapsulated with caps and fastened with epoxy glue. The pipe inlet 

and outlet were connected to the pump tubing having a 6.4 mm internal diameter. 

The viscometer was installed on the interior wall of the tube using Kapton tape with 

Silicone adhesive before building the setup. The sensor was placed at a distance of 15 

cm as the calculated hydrodynamic entrance depends on the length-to-step height 

ratio of the inlet of the liquid. Figure 4.3c shows the viscometer attached to the 

internal walls of the PVC pipe system. A pipe having a 4 cm outer diameter was 

selected for the laboratory characterization suitable for small pipe diameters for 

demonstrating the mechanical flexibility of the device and using it to minimize the 

fluid volume for the testing samples. However, it is also compatible with larger pipe 
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diameters as the mechanically flexible platform flattens when a larger bending radius 

is used. 

4.6 Characterization and results   

 

Figure 4.4. Viscometer characterization setup for real-time monitoring of fluid in a pipe 
system. 

Figure 4.4 displays the characterization setup for the real-time monitoring of fluid 

viscosity in the pipe system. A pump controller (Catalyst FH100DX Pump) was used to 

drive the fluid from the fluid reservoir to the pipe system at a steady flow of 2000 

ml/min. The sensor was tested with diverse fluid viscosities. Volume-diluted glycerol 

solutions and lubricant oils with international standards organization viscosity grade 

(ISO VG) were used to characterize the sensor at different viscosities with pre-known 

values. Two liters of the liquid samples were used for each viscosity test, which could 

fill the pipe and pumping tubes and leave some liquid in the reservoir for pumping. 
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Each fluid's characterization was done separately to prevent liquid waste by filling the 

pipe with a fluid sample to run the test. The pipe system was then drained from the 

liquid, refilled with a new fluid sample, and stored the previously used fluid for later 

usage. The capacitance was measured with Keithley for each running fluid, and a 

switch was used to allow altering between different capacitor sensors. The ΔC/Co 

value was calculated for the measured capacitance to investigate the change in 

capacitance in response to the difference in the microfluidic flow rate due to the 

change in the fluid viscosity. Here, C and Co are the capacitance values with and 

without the applied pressure, respectively. 

 

Figure 4.5. Viscometer characterization results (a) using several diluted glycerol 
solutions (b) using different ISO VG lubricant oils. 

Figure 4.5 presents the viscometer characterization results for a capacitor sensor 

located at the center of the microchannel base. A resolution higher than 2.7 mPa.s for 

a wide of viscosity range from 4 to 334 mPa.s is seen. The results for the diluted 

glycerol solutions and the lubricant oils show similar and repeatable behaviors. The 

capacitance pressure sensor represents the microchannel flow rate that is inversely 

related to the fluid viscosity, as the numerical simulation claims. The change in the 
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capacitance value is related to the dynamic viscosity as expressed in Equation 4.4. It is 

based on the power fitting curve function of the plotted data, where C is the 

capacitance value in pF, and μ is the dynamic viscosity in mPa.s. 

𝐶 =  6.828 
1

𝜇0.099 (4.4) 

Highly viscous fluids exhibit lower forces to drive the fluids into the microchannel at a 

steady pipe flow, thereby causing a decrease in the microfluidic flowrate that is 

translated into a reduction in the capacitive measurements. The results show a 

sensitivity of up to 4.18 pF/pF, which is equivalent to 88 Pa for each 1 Pa.s change in 

the fluid viscosity ranging from 0 to 50 mPa.s. The calibration method of the 

capacitive sensor with pressure is shown in Figure 4.6. The capacitive pressure 

sensors were characterized using Keithley at different water depths. The first points 

at 0 kPa have the highest errors because they were measured outside the water tank, 

so it is at 0 depth and in much less density medium. 

 

Figure 4.6. Capacitive pressure sensor calibration. The three capacitance pressure 
sensors were measured at different water depths using Keithley at 10 kHz. The water 
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depths were converted into pressure values using the static pressure equation 
depending on the depth level and fluid density (P=ρ h g), where g is the constant gravity 
acceleration. 

The sensor was further integrated with commercially purchased electronic devices to 

create a standalone functional system installed inside the pipe, as illustrated in Figure 

4.7a and b. Bluetooth low energy (BLE) enabled programmable system on chip (PSoC) 

was chosen as the central electronic interface procured from Cypress™. It contains an 

internal capacitance to digital convertor (CDC) to connect the three capacitive sensors 

to the electronic interface without the need for additional integrated circuits (ICs) or 

passive components, as shown in the Figure 4.8a. The raw CDC values can be 

converted into a capacitance unit using the calibration plot shown in the Figure 4.8b.  

The calibration graph was generated using different commercial capacitors and 

measured using the chip. 

 

Figure 4.7. Standalone system for real-time measurements using a wireless data 
transfer. (a) Illustration of the system application for continuous tracking of the 
viscosities transformation of the fluids. (b) The electronic interface includes a BLE that 
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enabled the PSoC chip and a coin battery power supply. (c) The output response against 
time for the pressure sensor at the top, (d) middle, and (e) bottom. The y-axis shows the 
output response from BLE PSoC in a raw capacitive to digital convertor values. 

Furthermore, the PSoC has the built-in BLE functionality to enable wireless data 

transmission through the pipe. The system was powered using a coin cell battery due 

to the advantage of the low power consumption of the chip. The complete electronic 

interface was connected to the sensors and packaged via PDMS for insulation. For the 

plastic pipe having 4 cm diameter and filled with fluid, the BLE can easily 

communicate with any device in a 10 m range, where a 50 m field is unobstructed. A 

test was performed with the sensor connected to the electronic interface, and the 

sensor was submerged in water up to depth of 50 cm. The real-time data measured 

by the three sensors were sent to the smartphone. The plots of the experimental data 

obtained from the three sensors are shown in Figure 4.7c to e.  However, an 

alternative wireless data transmission technology is needed for metal tube systems or 

pipes with diameters larger than the tested range. 

 

Figure 4.8. Calibrate the electronics system with the sensor. (a) Data for calibration plot 
to check raw output value from the capacitance to digital converter (CDC) in the BLE 
PSC for capacitance value. (b) Calibration plot for raw CDC output against capacitance.  
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4.7 Comparative analysis 

There are several reported and commercialized viscometers with different techniques 

and for various applications. The developed viscometer is comparable with 

microfluidics sensors in the design, functionality, and structure. Table 4.1 summarize 

and presents a comparison of the developed viscometer with other microfluidic 

viscometers. However, from the application perspective, it is relative to pipe sensors. 

Table 4.2 shows a comparison of the reported and commercial viscometer with 

similar pipe sensors.  It is a novel sensor with NDT and a non-invasive methodology 

with a compact and mechanically flexible structure. 

Table 4.1. Comparison of the developed viscometer with similar microfluidics sensors 

Paper Title Device Pictures 
Fluid 

Volume 

Real-

Time 

Viscosity 

Range 
Application 

Flow 

Rate 

Sensing 

Mechanism 

MEMS Based Blood Plasma 

Viscosity Sensor Without 

Electrical Connections [200] 
 

<50 µL yes 
0.8 to 14.1 

cp 
Microfluidics --- 

MEMS 

cantilever 

Viscosity sensors for engine 

oil condition monitoring - 

Application and 

interpretation of results 

[140] 
 

--- No 
14 to 180 

mm2/s 

Engine oil 

samples 
--- 

Thickness 

shear mode 

(TSM) 

microacousti

c resonator 

MEMS sensors for density-

viscosity sensing in a low-

flow microfluidic 

environment [272] 
 

<1 µL Yes 
0.22 to 110 

cP 

Dynamic 

microfluidics 

< 800  

µL/m

in 

MEMS reson

ating beams 

A suspended plate viscosity 

sensor featuring in-plane 

vibration and piezoresistive 

readout [168] 

 

1ml No 

1.06 to 

10.97 

mPa.s 

Static 

microfluidic 

samples 

N/A 

plate 

vibrating in-

plane 

Dynamic and kinematic 

viscosity measurements 

with a resonating microtube 

[279] 

 

--- Yes 
0.006 to 

0.15cP 
Microfluidics --- 

micromachin

ed 

resonating 

tube 

(Coriolis) 
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Highly sensitive 

microfluidic flow sensor 

based on aligned 

piezoelectric 

poly(vinylidene fluoride-

trifluoroethylene) 

nanofibers [280] 

 

<2 ml Yes 
1mPa.s to 

16.1 mPa.s 

Dynamic 

microfluidics 

13 to 

301 

µL/h 

Based on 

flowsensor 

(pressure 

drop) 

A micro-machined 

viscosity-variation 

monitoring device using 

propagation of acoustic 

waves in microchannels 

[175] 

 

13 nL Yes 
0.89 cP to 

1.35 cP 
Microfluidics --- 

propagation 

of acoustic 

waves 

Miniature density-viscosity 

measurement cell utilizing 

electrodynamic- acoustic 

resonator sensors [281] 

 

100 µL yes 
1 to 500 

mPa.s 
Microfluidics --- 

acoustic 

resonator 

sensors 

Molecular rotors - 

Fluorescent biosensors for 

viscosity and flow [174] 

 

1- 5 ml yes 
48 to 760  

mPa.s 

Dynamic 

microfluidics 

250 , 

500 & 

1000 

l/min 

fluorescent 

Opto-mechano-fluidic 

viscometer [173] 

 

nL Yes 
2.2 to  75 

mPa.s 

Dynamic 

microfluidics 
--- 

opto-

mechano-

fluidic 

resonators 

(OMFRs) 

Mechanically Flexible 

Viscosity Sensor for Real-

Time Monitoring of Tubular 

Architectures for Industrial 

Applications (our work) 

 

Liters yes 
4.3 to 333.5 

mPa.s 

Pipe 

monitoring 

2000 

ml/mi

n 

Microchanne

l flowrate 

attached to 

the internal 

pipe wall 

 

Table 4.2. Comparison of the developed viscometer with similar real-time pipe 
monitoring viscosity sensors 

Title Picture Diameter 
Viscosity 

Range 
Application 

Flow 

Rate 

Sensing 

Mechanism 
NDT 

Waveguide sensor for 

measurement of viscosity 

of highly viscous fluids 

[282] 

 

40 mm 
20–27000 

Pa.s 

Pipe 

monitoring 
--- 

Ultrasonic 

waveguide 

sensor 

using Shear-

Horizontal mo

de 

No 

Application of in-line 

ultrasound Doppler-based 

UVP-PD rheometry 

method to concentrated 

model and industrial 

suspensions [159] 
 

22.5, 35.5 

& 48.5 mm 

49 - 1200 

mPa.s 

Laminar pipe 

monitoring 

10 - 90 

L/min 

Velocity 

profiles & 

pressure 

difference 

Yes & 

Non-

invasive 

On-line acoustic 

viscometry in oil 

condition monitoring 

[183] 

 

--- 17 - 500 cSt 
Pipe/ tank 

monitoring 
--- 

Resonant strip 

oscillations 
No 
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4.8 Conclusion  

In summary, we have reported a new application method of a microfluidic viscometer 

that depends on the flow rate change to allow real-time monitoring of fluids in pipe 

systems. The novel design of the device ensures a negligible pressure drop or fluid 

disturbance compared to the bulky monitoring sensors due to the microchannel and 

the mechanically flexible platform adaptable for different pipe diameters and 

surfaces. The microchannel ensures a laminar flow in the sensing area regardless of 

the flow type in the pipe. Moreover, the bridge design for the microchannel ensures 

the fluid driving force from the pipe to the microchannel without the need for a 

pumping system or manually withdrawn samples. In addition, the sensor was 

fabricated using low-cost materials and lithography-free procedures for affordability. 

The numerical simulation shows the importance of using the microchannel for a 

predictable sensor behavior and provides a bounded pressure range, regardless of 

XL7 In-line viscometer 

from Hydramotion 

commercial company 

[283] 

 

--- 
0 to 1000 

MPa.s 

Pipe/ tank 

monitoring 
--- Resonator No 

RM 100 short from Lamy 

Rheology commercial 

company [284] 

 

--- 
1 to 670 

kPa.s 

Pipe/ tank 

monitoring 

<16 

m3/h 

Rotating 

springless 

viscometer 

No 

L-Vis 510 Inline 

Viscometer from PT from 

Equiva Ligand  

commercial company 

[285] 
 

--- 
1 - 50000 

mPa.s 

Pipe/ tank 

monitoring 
--- Rotational No 

Mechanically Flexible 

Viscosity Sensor for Real-

Time Monitoring of 

Tubular Architectures for 

Industrial Applications 

(our work)  

4 cm 
4.3 to 333.5 

mPa.s 

Pipe 

monitoring 

2000 

ml/min 

Microchannel 

flowrate 

attached to the 

internal pipe 

wall 

NDT & 

minimized 

invasive 
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the tube diameter and without the need for re-calibrating or modifying the sensor. 

The experimental results match those of the simulation analysis, where both show 

that at a constant pipe flow rate, the viscosity is inversely proportional to the 

measured pressure due to the change in the microfluidic flow rate. The sensor was 

capable of measuring different fluid viscosities over a wide range from 4 mPa.s to 334 

mPa.s with a resolution higher than 2.7 mPa.s. A stand-alone system was integrated 

with the sensor for real-time monitoring using wireless communication between the 

viscometer and smartphone for a plastic pipe system filled with liquids and having up 

to 50 cm pipe diameters. 

 

This section has been accepted for publication as: 

• M. A. Nour, S. M. Khan, N. Qaiser, S. A. Bunaiyan, and M. M. Hussain, 

“Mechanically flexible viscosity sensor for real-time monitoring of tubular 

architectures for industrial applications,” Engineering Reports, 2020. 
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5 Chapter 5: Conclusion and future outlook  

5.1 Conclusion 

Nowadays, we are witnessing the accelerated pace of electronics developments from 

a bulky size, mono task, limited applications, and low computational speed to a multi-

functionalities integrated system with fast processing and network connected. All of 

that has been implemented in great compact size, and they are moving toward 

mechanically flexible electronics as a solution for low weight and curved surface 

adoption. Therefore, the development is expanding to touch challenging domains 

toward the change. For that reason, the monitoring of fluid properties transported via 

pipe systems for industries has been improved to cope with the new generation of 

electronics as compact, integrated, connected to the network, real-time monitoring, 

and physically flexible. 

 

In this research, we have implemented and studied a novel sensor solution for 

monitoring fluids properties utilizing the microfluidic sensors for monitoring pipe 

systems. It was implemented using low-cost materials and fabrication processes for 

device affordability. It passes through different developed milestones, starting from 

the mechanically rigid microfluidics monitoring device to a physically flexible sensor 

and finally developed to a pipe monitoring application using a microchannel bridge 

attached on a flexible platform. The sensor was analyzed with simulation for a deep 

understanding of the sensor performance at variations of parameters such as the flow 

rate, viscosity. It was implemented is an inexpensive, compact device. It doesn't 
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require an external pumping system, but it uses the initiated fluid flow in the pipe to 

drive the fluid in the micro-sensing area. It was also integrated with embedded 

electronics, using a PSoC microcontroller that was supported with Bluetooth wireless 

communication protocol for data transmission from inside the pipe to a smart device 

located outside the pipe and within the transmission area. The system was powered 

with a coin cell battery as an advantage of the system's low energy consumption. 

Then all was packaged with PDMS as an insulator from the fluid surrounded 

environment 

5.2 Future outlook  

As a newly developed technology, it has broad improvement scopes, attractive 

studying areas, and a high potential for expanding the concept of utilizing 

microfluidics for the pipe systems. The improvement can involve focusing on various 

parts of the device. A selection from many developed energy harvesting techniques 

can replace the coin cell battery using the fluid transporting motion to power the 

electronics system, or it might be a combination of both as a backup plan. It has a 

broad range for optimization, including the materials, design, and process fabrication 

for better performance or lower cost or simpler fabrication process. Furthermore, it 

might modify the mentioned parameters to withstand industrial harsh environment 

applications, such as elevated temperature, pressure, and corrosive medium. The 

embedded electronic system demonstrated the general concept, but by itself, it can 

be further developed and improved. For example, study the pipe wall thickness, the 

material of the pipe, and the medium fluid effect on the wireless communication 
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range from inside to the outside of the pipe. With the development of flexible 

electronics, the chip can be replaced by a flexible version for a fully flexible compliant 

platform.  
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