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ABSTRACT 

The diffusion of small molecules through polymeric micro/nanosystems finds application in 

numerous fields such as tissue engineering, biomedical devices, membrane-separation 

technologies, food-packaging industries and in the removal of contaminants, solvents and 

such others. The performance of such devices depends on the microstructure of the polymers 

and the design of the micro/nanosystems that employ the polymers. The design of devices at 

multiple length scales that are inspired from natural systems has been proven in the 

manufacture of highly efficient microsystems. However, the scalable fabrication of such 

micro/nanosystems (with limited costs in instrumentation and operation, and minimal 

requirement of expertise and time) should be possible before these micro/nanosystems can be 

used at full throttle in the applications mentioned above.   

Therefore, in the current work, we have thoroughly studied the secondary lamella of 

fish gills at different length scales by using computational and theoretical analysis, in order to 

determine the structural parameters that are responsible for their excellent gas-/solute-

exchange capabilities. Our findings suggested the evolutionary conservation of a few 

structural factors and parametric ratios in fish gills, which is responsible for the efficient 

gas/solute exchange capability in every fish.  Inspired by the design of secondary lamella, we 

have fabricated bio- inspired multiscale 3D micro/nanochannel networks in thin polymeric 

matrices by solvent etching of sacrificial structures that are formed by a combination of two 

scalable microtechnologies: electrospinning and the controlled, lifted Hele-Shaw method. 

The fabrication methodology presented here is a lithographyless, ultrafast, scalable process 

for the generating of multiscale fractal morphologies in polymeric materials. After 

conducting structural and dye flow characterization of the above mentioned multiscale, 3D 

micro/nanofluidic devices, preliminary results of their mass-transfer capabilities showed that 

these multiscale, 3D micro/nanofluidic devices were better in comparison to simple 3D 

micro/nanofluidic devices. Further, our experimental and theoretical investigation suggested 

that the geometry of the intermediate channel network (reservoir) plays a vital role in 

interfacing with a random network of nanochannels for enhanced volumetric fluid flow 

through them. Further, the densities and the tortuosity of the nanochannel networks also play 
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a vital role in the volumetric fluid flow and mass-transfer capabilities of 3D 

micro/nanofluidic devices.  

Although capillary-driven flow studies were carried out by using the 3D 

micro/nanofluidic devices that are mentioned above, a passive fluid pump connected to such 

3D micro/nanofluidic devices is desirable in order to achieve a better rate of fluid flow. This 

may result in extending the applications of 3D micro/nanofluidic devices in areas such as µ-

TAS, cooling of microelectronic circuits and advance drug delivery. Therefore, we have 

developed a passive micropump that was inspired by leaves of plants that can pump fluid at a 

rate comparable with that which is reported in previous literature. In this study, the 

manufacturing of micropumps also represents a simple, scalable and inexpensive process in 

which spin-coating technology is integrated with a controlled, lifted Hele-Shaw cell. The 

micropumps were able to emulate the structural features of leaves and the pump fluid by a 

coupled phenomenon of capillary action, absorption and evaporation. Further, a theoretical 

model was developed to describe the micropumping phenomenon. The model elucidates the 

role of different structural and ambient factors such as designs that are inspired from leaves, 

the temperature of the ambience, the density of the vascular network, the permeability of a 

porous substrate and such others for volumetric pumping of fluid and sustaining of the 

pressure head. The results predicted by the theoretical model corroborated well with the 

experimental findings. Eventually, the design, fabrication and characterization of the leaf-

inspired micropump were successfully carried out.  

In summary, in order to exploit bio-inspired micro/nanofluidic devices for mass-transfer 

operations, the work focused on the design and fabrication of these devices through scalable 

micro/nanotechnologies; this was done in order to ensure enhanced fluid flow and to study 

factors that affect the flow of fluid through such devices. Thus, the work will enable the 

development of 3D micro/nanofluidic at a large scale for applications in biomedical and 

chemical industry, which demand the transfer of heat and mass. 
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1.1. Introduction 
 

The separation of volatile organic compounds (VOC), gases, solutes and organic solvents is 

one of the important unit operations that are routinely carried out in chemical industries. 

Processes such as distillation, evaporation, extraction, absorption and adsorption have been 

employed since decades to accomplish nearly all unit operations[1]. However, the 

advancements in membrane-based technologies for gas, liquid and solute separation have 

gradually replaced traditional processes in the number of unit operations. These membrane-

based technologies offer the separation of gas, liquid and solute at a relatively low cost of 

capital investment and operations. Moreover, they require minimal energy usage, offer ease 

of operation and maintenance, and have potential for improvement through continual 

research and development. Therefore, since the past 30 years, membrane-based separation 

methods have dominated the majority of separation processes such as microfiltration, 

ultrafiltration, reverse osmosis, nanofiltration and electrodialysis, and are accepted 

throughout the industry with a high degree of confidence[2-4]. However, the scope of 

membranes has been rather limited in the addressing of the separation processes at a 

micro/nanoscale, even though the separation process in micro/nanoscale devices has diverse 

applications in various fields such as chemical/bioanalytical, as lab-on chips, organ-on-chip 

devices, tissue-engineered products, artificial organs, advanced drug delivery, separation and 

purification of chemicals, desalination, carbon dioxide sequestration and such others[5, 6]. 

This is primarily due to the limited understanding of fluid flow and mass-transfer operations 

at a reduced length scale and the inability to fabricate complex devices with a hierarchical 

structure that has a feature size that ranges from a millimetre to a nanometre. Further, the 

integration of micro/nanofluidic devices with functional polymeric membranes for different 

unit operations also exists as a manufacturing challenge[6]. Therefore, the design and 

development of multiscale micro/nanofluidic devices with integrated polymeric membranes 

cannot be realised unless the issues that are mentioned above have been resolved. In the 

absence of such devices, the complications that are associated with a class of current 

biomedical devices that deal with separation of chemical/biological species persist. The 

gravity of the problems can be understood better in the light of healthcare issues that affect 

the whole world. Therefore, in the forthcoming section, we have discussed two healthcare 
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problems that are rampant across the globe, and the challenges that are faced by chemical, 

mechanical and bioengineering scientists and engineers while solving the problem with 

multiscale micro/nanofluidic devices that have integrated polymeric membranes.  

1.2. Motivation  
 

A number of medical problems require the separation of chemical species from blood in 

order to detoxify the circulating blood. The membranes are commonly employed to achieve 

the separation of chemical species through devices known as extracorporeal membrane 

separators. However, the efficiency of the membrane is dependent on the design of the 

biomedical devices. Two popularly known biomedical devices that achieve detoxification of 

blood are extracorporeal membrane oxygenators and kidney dialysers. They are used to 

ameliorate medical conditions that are related to lungs and kidneys, respectively, through the 

use of hollow fibre membranes. However, problems such as non-portability, high priming 

volume, low permeation capacity of membranes, short service life, bulky oxygenation 

source, reduction in efficiency over time, leakage of plasma due to prolonged use, lack of 

patient compliance still persist[7, 8]. The magnitude of these problems can be gauged by the 

statistics identified by the World Health Organization (WHO), which reveals that lung 

diseases (Chronic Obstructive Pulmonary Disease (COPD) and lung cancers) claim about 4.5 

million lives per year worldwide[9]. Moreover, the statistics also show that the annual health 

budget for COPD and lung cancer will see a rise of US$ 2.1 trillion to US$ 4.8 trillion, and 

US$ 51 billion to US$ 83 billion, respectively, from 2010 to 2030 across the globe. Out of 

this, half of the budget will be borne by developing countries[10]. Similarly, kidney diseases 

also have plagued the entire world, out of which about 27 million are in USA alone. In 

addition, the health budgets that are dedicated to chronic kidney disease have exceeded $48 

billion per year across the globe[9]. A solution is either to put these patients on membrane 

oxygenators/dialyser or to ameliorate the problem by transplanting a functioning kidney or 

lungs. However, both of the solutions mentioned above have their own drawbacks: the 

former leads to a compromised lifestyle, threat to life due to device complications during 

operation, and, sometimes, issues with affordability and unavailability. The latter solution 

suffers from lack of adequate donors, which creates long wait lists. In the US alone, this 

leads to the deaths of 13 people every day due to chronic kidney diseases[11] and approx. 
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400 people every day[12] due to lung-related issues . Thus, there is a huge gap between 

current medical interventions and lung-/kidney-disease cases across the globe.  

Therefore, microfluidic-based devices that have integrated membranes have been 

explored as artificial lung devices, and the lab-scale results are quite promising[13]. 

Lithography-based techniques have been used to generate fractal-shaped microchannel 

networks in polydimethylsiloxane (PDMS) matrices, the open end of which is closed by thin 

gas-permeating membranes in artificial lung oxygenators. Several researchers have attempted 

to manoeuvre the dimensions of channel networks, the pattern of the channel net, the 

thickness and the material of membranes and the assembly of devices in order to increase the 

oxygen-separating capabilities. Further, their devices demonstrated carbon dioxide and 

oxygen removal at a flux that is higher than human lungs[14-16]. Although the devices of the 

researchers performed well for a short period of time, there were problems of clotting, 

leakage due to mechanical assembly on prolonged use, biocompatibility issues and 

fabrication scalability, thus demonstrating enough scope for improvement in the design of 

oxygenators and in the solving of scale-up issues. Moreover, the devices used vascular 

channels that were fabricated by soft lithography, which inherently produce rectangular 

cross-sectioned channels in comparison to the circular cross-sectioned blood vessels that are 

found in living beings. This creates an issue of fluid-flow resistance in the microchannels. 

Moreover, a substantial part of single functional unit of above mentioned devices, which is 

the membrane that separates two microfluidic devices that have networks of channels, does 

not participate in gas diffusion due to limitations in the design. In addition, the fabrication 

method lacked scale-up technologies that would facilitate its being exploited at a commercial 

scale. Similarly, the devices that are based on hollow fibre membranes cannot be transplanted 

into the human body in order replace other functions of the kidney. Therefore, recently, 

microtechnologies that are related to silicon enabled the fabrication of nanoporous silicon-

based dialysers[17]. They demonstrated the filtration of blood with a substantial removal of 

toxic elements such as urea, salts, toxic chemicals and such others. However, the problem of 

biocompatibility, short service life and high cost remain unaddressed queries. Moreover, the 

fabrication methodologies still remain unscalable and expensive. The current technologies 

are useful for lab-scale demonstration but are hardly suitable for the scaling up for 

commercial production of the devices[18]. Despite these efforts, PDMS-based membrane 
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oxygenators or silicon-based kidney dialysers are still unable to reach the stage of clinical 

trials.  

The biomedical devices that are mentioned above, such as extracorporeal membrane 

oxygenators and kidney dialysers, need to mimic the functions of separation at the 

microscopic length scale, as is observed in natural systems. In a quest to achieve this 

objective, the design of the human lung and kidney was imitated in the designing of these 

devices. However, the process of manufacturing efficient micro/nanofluidic-based 

biomedical devices, which overcomes the limitations of the devices mentioned above, 

continues. Moreover, these solutions should not only improve a patient's life but should also 

percolate to the larger section of society that remains aloof from the continued improvement 

in the biomedical devices Since the underlying principle of dialysis and oxygenation is 

diffusion, the basic design, fabrication and characterization of micro/nanofluidic devices that 

serve the above functions would indeed be similar. 

 

Figure 1.1 Graph, showing the growth of the microfluidic device market over years with 

respect to several application fields[19] 

Further, multiscale, micro/nanofluidic devices that have reduced channel dimensions 

are also desirable in chemical analysis, biomolecule separation and diagnostics because it 

leads to a substantial increase in the surface area and a reduction in chemical volume. 

According to market research by Yole Development, it is estimated that the market for 

microfluidic devices is increasing at the compounded annual growth rate (CAGR) of 18 

percent, with a current market size of $3500 million[19]. The percentage of microfluidic 
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devices in the healthcare sector occupies a sizeable portion of the total market share, as 

shown in Figure 1.1. Thus, the design and fabrication of 3D micro/nanofluidic devices by 

scalable microtechnologies will positively affect the growth of microfluidics in the healthcare 

sector. It will also accelerate the growth of lab-on-chip, organ-on-chip, artificial organs, 

tissue-engineered products and microdevices that are used in separation processes. Several of 

these devices include micro/nanofluidic devices that are integrated with different types of 

membranes. 

1.3. Organization of thesis 
 

Chapter 2 discusses the role of biomimetics and bio-inspiration in the development of 

micro/nanofluidic devices for the development of better fluid and mass transport properties. 

Further, the structure and function of fish gills and leaves of plants have been detailed as 

potential sources of biomimicry in the developing of advanced 3D micro/nanofluidic devices. 

Then, a discussion about the conventional and recent micro/nanofabrication technologies is 

presented along with their merits and demerits in generating bio-inspired, 3D 

micro/nanofluidic devices. Further, a short description about polymeric membranes, with 

special detailing about PDMS membranes and their integration with micro/nanofluidic 

devices is given. Thereafter, an overview of the convection-diffusion phenomena and 

capillary flow in micro/nanofluidic systems is presented. In addition, from the literature 

survey, challenges that are associated with the manufacturing of bio-inspired, multiscale, 3D 

channel network are discussed, culminating in the defining of the problem and building of 

the hypothesis. Eventually, the chapter ends with the layout of the research aims and the 

objectives of the thesis.  

Chapter 3 investigates a few parametric ratios and morphological features of fish gills, which 

accounts for their enhanced gas-/solute-exchange capabilities. The investigation is carried out 

by the analysis of morphometric data of fish, which is available in literature. Thereafter, a 2D 

modelling and simulation of the convection-diffusion phenomenon through a secondary 

lamella model is discussed, and the role of parametric ratios has been illustrated. Further, a 

comparative analysis of theoretical and computational results, which suggest the evolutionary 

conservation of parametric ratios in fish, is presented. Further, investigation through 2D 
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modelling and simulation; the role of the thickness of the epithelial barrier and channel 

density in secondary lamella; and the magnitude and the direction of fluid flow on gas/solute 

exchange has been discussed.  

Chapter 4 deals with the fabrication, structural characterization, and fluid and mass transport 

through vascularised polymer matrix-based 3D micro/nanofluidic devices. The chapter 

begins with the theoretical analysis on the geometry of reservoirs that interface with a 

random network of channels in micro/nanofluidic devices.  Thereafter, the design and 

fabrication of vascularised PDMS matrices through electrospinning and the solvent etching 

of sacrificial structures (SESS) is presented. In addition, structural characterisation and 

connectivity of channels is reported through SEM and dye flow experiments, respectively. 

Further, the role of the geometry of the reservoir that interfaces with the channel network, the 

density and the tortuosity of the channel network that affects the fluid flow and mass-transfer 

through experimental methods have been discussed and, eventually, compared with 

theoretical findings.   

Chapter 5 presents the design and fabrication of nature-inspired, 3D, multiscale, vascularised 

PDMS systems through integration of electrospinning and SESS (discussed in chapter 4) 

with controlled Saffman–Taylor instability in viscous polymers. Further, the chapter details 

the morphological characterization of the pattern of vascularisation; connectivity among 

multiscale channel networks through dye flow experiments; and mass transport behaviour of 

thin, nature-inspired, multiscale, vascularised PDMS matrices.  

Chapter 6 deals with the design and fabrication of leaf-inspired micropump (LIM) by 

combining processes such as spin coating, micromoulding and controlled Saffman–Taylor 

instability in Hele-Shaw cells (discussed in chapter 5). Thereafter, the structural 

characterisation of LIM through imaging and their application as passive micropumps is 

reported. Further, a theoretical model has been developed to understand the role of the 

ambient and structural parameters of a LIM in the fluid pumping capacity and in the 

sustenance of the pressure head before cavitation. Eventually, experimental investigation of 

the role played by some of the factors that are discussed above, in the pumping capacity of 

fluid by the LIM has been discussed and compared with the theoretical findings.  
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Chapter 7 concludes the findings that are related to the knowledge gained by studying fish 

gills, the manufacturing processes that are developed for design and fabrication of 3D 

micro/nanofluidic devices, and the development of two types of devices: 1) thin, nature-

inspired, multiscale, vascularised polymer matrices for gas/solute separation and 2) LIM for 

passive pumping of fluid. The chapter presents a comparative analysis between lithography-

based techniques and manufacturing process proposed here. The chapter also contains the 

future scope of biomimicry of fish gills, manufacturing processes and the application of the 

devices mentioned above.    
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2. Chapter 2   

Literature Survey 

and Research Aims 
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2.1.  Biomimetics and Bio-inspiration 
 

Within nature, numerous solutions for the improvement of human life are available for a 

majority of engineering problems that one encounters every day. Nature has experimented 

and examined these solutions over a period of millions of years through continuous 

improvement and, subsequently, has arrived at one of the most efficient and accurate 

solutions for any problem. Hence, the mimicry of nature’s design or its functioning 

methodology in solving engineering problems, which is akin to nature’s solutions, is termed 

as Biomimetics[20]. In recent years, biomimetic approaches to solving engineering problems 

have increased exponentially, as is shown by the number of research publications (Figure 

2.1).  One of the earliest known phenomena that have attracted the attention of researchers 

for centuries in the field of bimimicry is the transport phenomenon in biological systems. The 

transport of fluid through a vascularised network has intrigued researchers since long due to 

the least-resistance flow pattern of fluid through such networks and the ability of the fluid to 

traverse long distances with minimal loss of energy. This knowledge of bifurcating 

vasculature and their role in blood flow and diffusion through microcapillaries can be a 

useful source of biomimicry to drive various innovations in the fields of microsystem 

engineering, tissue engineering, artificial organs and lab-on-chip devices, in which fluid flow 

and diffusion routinely occurs[21, 22]. Microsystems that handle fluid flow, heat and mass-

transfer operations use bifurcating micro-nanochannel networks to increase their efficiency 

and productivity per unit volume, as reported by previous literatures[23-25]. Therefore, it is 

natural to borrow knowledge from natural systems in which the design of an organ system 

and its vasculature network results in enhanced volumetric flow, efficient gas/solute 

exchange and energy-efficient pumping of fluid. Hence, in this study, we have discussed two 

such natural systems, which are known for their efficient mass-transfer and pumping of fluid. 
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Figure 2.1 Volume of publications per year in an area of biomimetics and bio-inspiration[26] 

2.1.1. Fish Gills 

One of the most efficient gas-/solute-exchange systems that developed in an early 

evolutionary stage of living beings was gills in fish. The outstanding functioning of fish gills 

as an excellent gas exchanger is without any trade-offs. The structure of fish gills supports 

the transfer of gases and metabolites efficiently from an aquatic surrounding to a fish’s body. 

Moreover, the fish gills are capable of extracting oxygen from the water medium under 

extreme environments: from brackish sea water to murky lakes in which oxygen partial 

pressures are abysmally low[27, 28].  

The uniqueness of a fish gill lies in its hierarchical multiscale structure and 

functioning. The fish gills’ hierarchical structure is shown in Figure 2.2. The gills of fish 

comprise a parallel array of thin epithelial matrix that encases complex bifurcating 

vasculature known as secondary lamella. These secondary lamellae are stacked in parallel 

over primary lamellae, which are arranged in a rack, such as the structure shown in Figure 

2.2. Such an arrangement of functional units of fish gills dramatically increases the surface 

area-to-volume ratio. The thin epithelium layer in the secondary lamellae provides a shuttle 

barrier between an aquatic environment and a fish’s blood. The blood runs in a vascular 
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network that is encased in secondary lamella, as shown in Figure 2.2. The primary lamella is 

attached to a stem from where two primary blood vessels, namely, an efferent artery and a 

vein run in parallel. They are further subdivided into capillaries and sub-capillaries while 

entering the secondary lamellae. As fish swim in water, the concentration gradient of 

gases/solute across an aquatic environment and fish’s blood drives an exchange of gas and 

metabolites through the high surface area that is offered by the thin epithelial barrier of the 

secondary lamellae. The lamellae execute a majority of functions such as respiration, 

excretion single headedly, which are carried out by the pulmonary and the renal system in 

mammals[29]. Thus, exchange of gases/solutes is primarily driven by the convection-

diffusion phenomenon, which occurs at the site of each secondary lamella of fish gills[30].  

  

 

 

Figure 2.2 Schematic of the multiscale architecture of fish gills, demonstrating exchange of 

oxygen from ambient water to the body of the fish[31] 

The water flows through interlamellar spaces between the secondary lamellae of fish 

gills. The cross-current flow of water and blood in between the secondary lamellae and the 

blood capillaries, respectively, and the corresponding concentration gradient of gases and 

metabolites, which cause a highly efficient diffusion pathway, produces a high mass-transfer 

ratio. This counter-current flow system always maintains a low concentration of oxygen in 

the blood as compared to concentration of oxygen in the water that flows between the 
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secondary lamellae of fish gills. Consequently, this leads to continual diffusion of oxygen 

into the blood. Figure 2.2 explains the role of the cross-current flow system during the 

highest possible level of the exchange of gas and metabolites between the aquatic 

environment and the blood vessels[32]. This clearly illustrates the role of the direction of 

fluid flow in fish gills in maintaining a sustained concentration gradient and continuous 

diffusion flux of gases/solutes. The fish swallow water through their mouth and then direct 

the water so that it flows through the interlamellar space. Meanwhile, they also pump blood 

through blood capillaries that are encased in secondary lamella with enough velocity to allow 

for maximum diffusion of gas/solute from the water that flows in the interlamellar spaces. 

Thus, the fractal design of fish gills and micro/nanocapillaries that are encased in thin 

secondary lamella support efficient flow of water and blood, respectively.  

  

There have been numerous attempts to understand through experimental and 

computational methods the reasons behind the excellent gas/solute exchange capabilities of 

fish gills[30, 33-35]. However, enough understanding has still not been gained to mimic gills 

in order to develop better gas/solute exchange devices. So, in order to mimic the structure of 

fish gills, one needs to understand the role of the architecture of fish gills at different length 

scales in the gas/solute exchange process. Such knowledge will guide the design and 

fabrication of integrated structures at various length scales to develop devices that exhibit 

high gas/solute exchange.  

2.1.2. Leaves of plants 

Leaves have venation networks that are branched or rectilinear and are connected to the 

branches of the tree by a petiole, as shown in Figure 2.3. They are the most intriguing of 

planar structures that support the pumping of water in trees to a height of several metres 

against gravity by using pressure and chemical potential gradient. Water is absorbed in bulk 

by osmosis in the roots and then it is pumped upwards by the negative pressure that is 

developed in leaves by the process of transpiration. The water is distributed within the leaves 

after being pumped by the capillary action of the xylem networks of the trunk. The venation 

pattern (capillaries and microcapillaries) throughout a leaf facilitates the even distribution of 

water. Subsequently, water leaves the vascular bundles (veins) and migrates towards the 
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interstitial spaces of the spongy epithelial cells (Figure 2.3). During the day, due to 

photosynthesis, the water diffuses from the interstitial spaces of the spongy cells and enters 

the bean-shaped stomata cell due to the chemical potential gradient. This results in the 

distension of the stomata cells, which creates a passage for the movement of water from the 

interstitial spaces of the spongy cells to the outside of the leaf (in the environment). 

 

 

Figure 2.3 Schematic of water transport in trees. The yellow arrow represents the movement 

of water from the root to the leaf. 

The continuous water loss from the leaves through the stomata through the process of 

diffusion is termed as transpiration. It results in the pumping of water from the roots via 

trunk. The mechanism that continuously drives water from the roots to the leaves via trunk 

and branches is termed as the Cohesion-Tension (CT) mechanism. The system works through 

the cohesive forces that exist between water molecules due to hydrogen bonding. This 

hydrogen bonding allows the water column in the trunks of trees to sustain the tension of 
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nearly 60MPa. This tension has the capability to pump water to more than 100m in height. 

The tension of the CT mechanism is generated by transpiration in leaves. The menisci are 

formed at the water-air interface of the stomata. When water molecules experience solar 

energy enough to break the hydrogen bonding at the menisci, they separate from the menisci 

and surface tension in the menisci pull water molecules to replace the lost ones. This force of 

tension is transmitted all along the water column of the trunk to the roots, where it causes an 

influx of water from the soil to the roots. This continuous flux of water from the roots to the 

leaves via the trunk is the water transport pathway in plants, scientifically known as the Soil 

Plant Atmosphere Continuum (SPAC). This mechanism of fluid pumping is attributed to the 

structural design of a leaf[36, 37].  

 

The transpiration-assisted pumping of fluid in leaves is attributed to the multiscale 

structural design of the leaves, which includes 1) the venation system, which can deliver 

fluid efficiently throughout the leaf with a one-point entry of fluid 2) venation system should 

provide structural support to the micro/nanoporous cell and extracellular matrix (ECM) 

combination 3) the surface that is coated with hydrophobic waxy material, which allows 

higher transpiration on either its dorsal or ventral surfaces 4) the continuously decreasing 

pore size from the petiole to stomata, which drives fluid till the spongy cells and 5) the 

transpiration rate from the leaves surface should match with the capillary flow rate, thereby 

preventing the phenomenon of embolism through cavitation and supporting sustained 

pumping of water. Several attempts have been made to design and develop a synthetic tree in 

order to understand the fundamental science behind the pumping of fluid to several metres in 

height[38, 39]. Although a fair understanding of the pumping of water several metres high by 

the leaves of the plant has been gained, the designing and fabricating of devices that can 

attain such pumping capabilities remains an engineering challenge. 

 

Several attempts have been made by earlier research groups to design and develop 

microsystems that are inspired from different natural systems such as avian lung[40], human 

vasculature[14-16] and human kidney[41, 42] in order to solve the problem of gas/solute 

exchange under convective flow processes. The bio-inspiration has also led to the 

development of artificial leaves that can pump fluid without the aid of an external source of 
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energy[43-45]. Above all, researchers have exploited biomimetic principles in order to 

realise the microfluidic systems that are mentioned above, solving engineering problems. 

Therefore, these studies prove that the bio-inspiration and biomimetic approach is a suitable 

and excellent method to address many engineering problems that deal with the transport 

phenomenon. The approach of biomimicry and bio-inspiration to develop patentable 

microsystems has witnessed rapid growth in the past decades, as shown in Figure 2.4. Thus, 

the adoption of methods of bio-inspiration, biomimicry and biomimetics appears to be 

promising in solving many engineering problems. 

 

We envisage that the biomimicking hierarchical structure of fish gills can potentially lead to 

the development of a micro/nanofluidic system for gas/solute exchange. Similarly, the 

development of leaf-inspired micropumps can achieve the pumping of water in a manner that 

is comparable to the way natural trees pump water.  The architectural design of these systems 

at various length scales is possible with continuous growth in material science and 

micro/nanofabrication technologies. The micro/nanofabrication technologies that are suitable 

for a particular system may not be acceptable as a generalised technique for fabrication of 

other microdevices. Further, the development of materials in order to overcome the problem 

of heat and mass-transfer have already been practised through the biomimetic approach[22]. 

Therefore, there is a need for continuous invention and/or innovation in the field of 

micro/nanofabrication technologies. They are needed to push the boundaries of the 

technologies in order to accommodate the level of complexity that has been understood 

through biomimicry in the designing of the device and in the material required. 

Contemporary growth of micro-nanomanufacturing technologies and biomimetic science is, 

therefore, vital for sustained and rapid growth of bio-inspired micro-nanosystems. 
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Figure 2.4 Graph showing the growth of bio-inspired and utility patents in the US over the 

last decade[46] 

2.2. Micro/-nanomanufacturing 

 

Micro/nanomanufacturing refers to the concept of a 'miniaturised factory' in which a 

manufacturing unit is established for large-scale production of micro/nanomachines and 

micro/nano-devices. The most significant features of these micro/nano-devices have 

morphological features that range from nanometres to micrometres. Such micro/nanodevices 

are manufactured by using different metallic, polymeric and composite materials that have 

dimensions that range from zero dimension to three dimensions 0-D to 3-D. 

Micro/nanomanufacturing results in an enhanced production capacity within a reduced space, 

with minimal use of energy and resources. This is possible due to a reduction size of the tools  

in the equipment to a microscale, which in turn reduces the mass of the equipment; increases 

tool speed; and reduces energy consumptions, preliminary and overhead costs, and material 

requirements, thereby leading to a small manufacturing cycle[47]. However, the 

micro/nanomanufacturing processes need to be robust enough at this scale, so that the 

slightest variation in the manufacturing process, which is caused by the material or the 

characteristics of the cutting tool, thermal variations in the machine, vibration and any 

number of minute changes, should not impact the ability to produce features of this type at a 

production scale. Generally, these micro/nanomanufacturing processes can be classified into 
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subtractive, additive, forming, joining and hybrid processes (shown in Table 2.1) according 

to the way in which the components/products are to be made.  

 

Table 2.1 The different types of micro/nanomanufacturing processes[47] 

 

S. No Manufacturing Processes 

Subtractive 

Processes 

Micro-mechanical cutting (milling, turning, grinding, polishing and others), micro 

EDM, micro ECM, laser beam machining, electron beam machining, photo-

chemical machining etc. 

Additive 

Processes 

Surface coating (CVD, PVD), direct writing (ink jet, laser guided), micro-casting, 

micro-injection moulding, sintering, photo-electroforming, chemical deposition, 

polymer deposition, stereolithography etc. 

Deforming 

Processes 

Micro-forming, stamping, extrusion, forging, bending, deep drawing, incremental 

forming, super plastic forming, hydro-forming, hot-embossing, micro/nano-

printing etc. 

Joining 

Processes 

Micro-mechanical assembly, laser-welding, resistance, laser, vacuum soldering, 

bonding, gluing, etc. 

Hybrid 

Processes 

Micro-Laser-ECM, LIGA and LIGA combined with laser machining, micro EDM 

and laser assembly, shape deposition and laser machining, Efab, laser-assisted 

micro-forming, micro-assembly injection moulding, combined micromachining 

and casting etc. 

 

 

The micro/nano-devices and micro/nanomachines that are fabricated by the processes 

mentioned above have applications in the burgeoning field of microfluidic devices, as also in 

Micro Electro Mechanical Systems (MEMS) devices. Microfluidics deals with the design, 

development and working with fluids and gases in channels with cross-section dimensions of 

less than 100µm. Owing to the reduction in the dimensions of channels, the fluid experiences 

surface forces and their effects dominate the body forces and bulk properties of the fluid. The 

physics that govern the behaviour of the fluid is quite different from that which observed at a 

macro-scale flow. Thus, the fluid flow remains laminar in nature, offering an exciting 

platform to explore and employ a number of phenomena and applications. However, certain 

interesting transport phenomena have been observed when one of the characteristic 

dimensions of the channels is further reduced below 100 nm[48]. Such flows are termed as 

nanofluidic flows. In the field of nanofluidics, nanochannels are primarily represented by 

nanoporous matrix/nanopores, nanotubes and nanoslits[49]. These flows under such 
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dimensions are suitable for the single cell, biomolecule, nanoparticle manipulations; they 

also support the study of phenomena at a molecular length scale. These altered flow 

behaviours offer unique opportunities to exploit these systems for different engineering and 

medical applications.  

 

One of the earliest known microfluidic devices dates back to 1970, when researchers 

at Stanford University conceptualised and fabricated a miniaturised gas chromatography 

(GC) unit[50]. This work opened a gateway for the mushrooming of miniaturised devices, 

which find applications in molecular analysis, biodefence, biochemical analysis, 

microelectronics, clinical diagnostics, and drug screening and development. Apart from the 

miniaturisation, these micro/nanofluidic devices have numerous advantages such as 

decreased cost of manufacture, use, and disposal; rapid analysis; reduced consumption of 

reagents and analytes; reduced production of potentially harmful by-products; increased 

separation efficiency; decreased weight and volume; and increased portability. However, the 

real outburst of micro/nanofluidic devices occurred after the birth of the field of 

genomics[51]. Further, the demand for accurate manipulation of biochemical analysis with 

minimal reagents gave additional impetus to the accelerated growth of micro/nano fluidic 

technologies[52]. To cope-up with increasing demand, the direct translation of silicon- and 

glass-based microtechnologies for the manipulation of chemical, bio-analytes, gases and 

others started gaining momentum. However, the limitations of using glass and silicon as 

working materials in chemical and biological applications triggered the search for materials 

that could be processed by microtechnologies that were borrowed from the silicon industry 

and, at the same time, would be capable of handling chemical and biological entities [51].  

 

The introduction of polymer materials provided an excellent platform that 

amalgamated well with traditional micro/nanofabrication processes, while being suitable for 

chemical and biological applications at the same time. The optical, mechanical, electrical, 

chemical and biological advantages that are offered by polymers have placed them as a good 

choice of material for design and fabrication of micro/nanodevices. Although multiple 

fabrication processes are listed in table 1, the primary process of fabrication of 

micro/nanofluidic devices in polymers has been lithography-based techniques. These 
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techniques are thick resist lithography, soft lithography, micro-stereolithography, electron 

beam lithography, focused ion beam lithography, nano-imprint lithography, sphere 

lithography, interference lithography and others. These techniques have enabled the 

fabrication of morphological features in silicon/metals/polymers within a finite range of 

dimensions. These morphological features can act as negative mould in the developing of 

channel patterns in polymers by the process of casting/micromoulding. However, these 

processes are hardly suitable for the fabrication of multiscale, 3D morphologies in 

microdevices, which are commonly observed in nature. Further, the challenges of substrate 

compliance for the integration of different lithographic techniques confine their potential 

applications. Nevertheless, the versatility of lithography-based techniques has positioned 

them as one of the mainstream manufacturing processes for micro/nanofluidic devices, at 

least at a lab scale. Therefore, various modifications in lithography techniques in conjugation 

with other microtechnologies have been explored to generate micro/nanomorphologies on 

polymeric substrates. For instance, membrane-assisted microtransfer moulding (MA-uTM) 

has been proposed to create complex 3D microstructures that have a high aspect ratio. The 

method overcomes many topological constraints of soft lithography, creating the possibility 

of a large-scale production of true 3D microstructure[53]. However, due to complex 

fabrication processes, limited choice of materials, restriction in the dimensions of the features 

that are obtained, such processes still need improvement. A relatively simple yet elegant 

method of fabrication for the generation of a nanochannel array that is free of lithography on 

polystyrene substrate was proposed by Bi-Yi Xu et al. and K L Lai et al.. They exploited the 

cracking process on the surface of a polystyrene (PS) Petri-dish, which was composed of 

uniaxial macromolecular chains. The ambient conditions allowed the generation of equal-

spaced parallel nanochannels with control over the channel depth, from 20 nm to 200 nm; the 

channel length spanned tens of millimetres. Further, nanochannel array on PS has been 

successfully replicated in PDMS through micromoulding[54]. K L Lai et al. utilised solvent-

vapour-assisted imprinting lithography (SVAIL) to generate nanopatterns (<100nm) on 

PS/PMMA thin film[55]. Although these processes demonstrated an easy, cost-effective, fast 

method of micro/nanomorphologies, they were on a planner 2D substrate. Moreover, the 

control over the channel dimensions and their pattern remains an issue, which needs to be 

attended to before using the methods mentioned above in large-scale fabrication 
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methodologies. The quest for 3D micro-/nanochannels-based devices, which are demanded 

by complex applications such as tissue engineering, self-healing, cooling of materials and 

such others, can be achieved by stacking 2D layers that have micro/nanochannels[56].  

Therefore, Guo You Huang et al. fabricated microfluidic 3D fluidic devices for tissue 

engineering by stacking 2D microchannels that had porous cell-laden agarose hydrogels that 

were formed by photo patterning poly (2-hydroxyethyl methacrylate)[57]. In spite of these 

developments in soft lithography, the challenges of generating monolithic 3D devices with 

reproducible micro/nanochannels still persist. It has led to a technology shift from soft 

planner lithography to stereolithography. Microstereolithography has led to the fabrication of 

micro/nanodevices with photo polymerisable polymers[58]. The successful fabrication of 

microgears, microtubes and micro convex cone structures, which have 3D complex shapes 

with a wide variety of functional materials that have high aspect ratios with 

microstereolithogarphy (MSL), has been reported[59]. H. Selvaraj et al. have demonstrated 

the use of the femtosecond laser in microstereolithography for the rapid curing of PDMS in 

order to obtain microspatial resolution within a micro-timescale, which generates 2D/3D 

microstructures that have a dimension of 15–20µm[60]. Due to the problems such as 

unavailability of photopolymerisable polymers for fluidic applications, optical resolution 

over the minimum feature size, vulnerability to vibration and operational expertise, the utility 

of MSL has been limited in the field of micro/nanofluidics. Although these technologies 

were able to fabricate micro/nanofluidic devices in a polymeric substrate that had one or 

other features such as three-dimensionality, multiscale morphologies, and ease of fabrication, 

scalability and cost effectiveness, these technologies are still unable to fabricate 

micro/nanomorphologies in a polymer that has all of the features described above.  

 

Recently, the combinations of micro/nanotechnologies such as electro spinning with 

soft lithography have demonstrated the generation of channels with the desired 

micro/nanodimensions. Researchers have fabricated circular micro/nanochannel networks in 

a PDMS substrate by the removal of electrospun nanofibrous polymer fibres that are 

moulded through soft lithography. They further showed the formation of a robust channel 

with the desired dimensions and fluid flow through it without leakage or blockage as 

problems of nanochannels[61]. Later, Leon M. Bellan et al. 2008 demonstrated that the 
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sacrificial removal of electrospun polyethylene oxide nanofibres in polydimethylsiloxane 

(PDMS) generated a random network of nanocapillaries that resemble microcapillary 

networks in living beings[62]. Thus, electrospinning is emerging as a promising technology 

for the generation of a random or patterned fibre network (with dimensions spanning microns 

to nanometres), which can be used as a sacrificial element in polymer matrices to generate a 

micro/nanochannel network. The process enables the manoeuvrability of the dimensions of 

the channels, scalability in terms of size and production capability, requires much less 

expertise in operation and is able to generate monolithic, 3D micro/nanofluidic devices that 

are desirable in many applications. This method of fabrication of 3D channel networks in 

polymer matrices appears to be promising for further exploration. However, advancement in 

the fabrication of 3D micro/nanofluidics must be complemented with growth in the field of 

membrane technologies to lay a platform for the development of micro/nanofluidics for 

separation applications.    

   

2.3. Micro/nanosystem integrated with membranes 

 

The membrane separates the two homogenous media as a selective barrier. Under the 

influence of chemical or pressure potential, molecules such as solutes, gases and 

biomolecules pass from one media to another. The amount of molecules that get separated 

across the membrane depend on the driving potential, the thickness of the membrane and the 

nature of the membranes. The nature and the classification of membranes are based on the 

processes they are used for, as shown in the Table 2.2.  One of the most common polymeric 

membranes that have been employed quite often for separation of small molecules such as 

gases/solutes in the fluidic device has been the polydimethy siloxane (PDMS)[63]. 

Moreover, PDMS is also one of the most suitable materials for the fabrication of 

micro/nanofluidic devices. Thus, PDMS can be a common material that allows easy 

integration of the field of micro/nanofluidics and membrane technology.  
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Table 2.2 Classification of membranes on the basis of their nature and application area[5, 64] 

S.

No 

Processes Through 

component 

Interception 

components 

Mechanism of 

separation 

Examples of 

polymer used as 

membranes 

1 Ultrafiltration Small 

molecule 

Solution 

Macromolecular 

solute with 1-

2nm 

Screening cellulose acetate, 

polyvinylidene 

fluoride, 

polyacrylonitrile, 

polypropylene, 

polysulfone, 

polyethersulfone 

2 Microfiltration Solution, 

Gas 

Particles with 

0.02-10μm 

Screening cellulose acetate, 

polyvinylidene 

fluoride, 

polyacrylonitrile, 

polypropylene, 

polysulfone, 

polyethersulfone 

3 Nanofiltration Solvent, 

Low-

valence 

small 

Solutes 

Solute greater 

than1nm 

Donna 

solution-

diffusion 

Effect 

cellulose acetate 

or ployamide 

materials 

4 Reverse 

Osmosis 

Solvent, 

Interception 

Component 

by 

electrodialy

sis 

Small molecule 

solute with 0.1-

1nm 

Preferential 

adsorption, 

Capillary flow, 

Dissolution – 

diffusion 

cellulose acetate 

or ployamide 

materials 

5 Dialysis Small 

solutes 

Interception for 

Greater 

than 0.02μm 

Screening, 

Hindered, 

diffusion in 

microporous, 

membrane 

polyacrylonitrile, 

polysulphone, 

polyaryethersulph

one, polyamide 

and 

polymethylmethac

rylate, cellulose 

triacetate 
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6 Gas separation Gas, 

Soluble 

component 

in 

membranes 

Larger 

component 

Pressure 

difference, 

Concentration 

Difference 

polyamide or 

cellulose acetate, 

or from ceramic 

materials, PDMS 

 

The separation mechanism of the gases through PDMS is based on sorption-

desorption followed by diffusion. Bell and Gerner et al., in 1989, studied the separation 

mechanism and demonstrated that in a rubbery polymer membrane such as PDMS, the 

permeability is determined by the solubility behaviour of polymer to a large extent. The 

permeating behaviour of organic compound such as alcohols, acetone and water were 

measured in the PDMS membrane[65]. Nijhuis and Mulder et al., in 1991, formulated a 

resistance-in-series model to describe the pervaporation performance of elastomeric 

membranes during the removal of volatile organic components from water. The mathematical 

model describes the organic component flux as a function of the feed concentration, the 

permeability of the organic component in the membrane, the membrane thickness and the 

liquid boundary layer mass-transfer coefficient. Authors experimentally showed that the 

importance of the hydrodynamic boundary layer resistance is rate-determining in a mass-

transfer operation in the case of a highly permeable polymer such as PDMS. The effect 

becomes more dominant with a decrease in the thickness of the membrane of the PDMS[66]. 

In an another article, Bhattacharya and Hwang et al. in 1997  formulated a generalised 

equation the related the concentration polarisation that occurs in the boundary layer  to the 

modified Peclet number and demonstrated its applicability in a majority of membrane-

separation processes such as gas separations, reverse osmosis, ultrafiltration, pervaporation, 

and dissolved-gas permeation in liquid. The factors that determine the extent of polarisation 

are the membrane permeability, the separation factor (or solute rejection), the membrane 

thickness, the  boundary layer mass-transfer coefficient and Henry's law coefficient[67]. 

Zang et al., in 2009, showed that the cross-linking density and surface properties of PDMS 

membranes can be manipulated by using different cross-linking reagents to influence the 

pervaporation performance of ethanol/water mixtures significantly. Such modification due to 

the cross-linker and its concentration affects the free volume and surface of the membrane, 

thereby enabling changes in the selective diffusion of certain species. Recently, the PDMS 
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membrane has been employed in the separation of gases such as oxygen, carbon dioxide, 

nitrogen, and ammonia from a gas mixture or that which is dissolved in water.  The 

separation of any gas from a gaseous mixture depends upon the interaction of gases with the 

PDMS and their solubility in the PDMS[68]. Thus, the PDMS membrane can be a potential 

membrane for separation of small molecules such as solutes, organic compounds, gases, 

solvents and others. 

 

 

 

Figure 2.5 Schematic showing the integration of microfluidics and membrane technology in 

various unit operations[6] 

These PDMS membranes need to be integrated in microfluidic devices to carry out 

unit operations such as separation, purification, pre-treatment, reaction and others at a 

microscopic scale for various chemical and biological applications, as shown in Figure 2.5. 

This marriage of the two emerging fields, microfluidic technology and membrane 

technology, will grant scientists and engineers new tools to revolutionise the field of 

chemical and biological engineering[6]. These devices have a wide range of applications in 

different areas such as gas separation, pervaporation, desalination and waste water treatment. 

They also find application in fuel cell membrane[69], tissue engineering[70]  and other 

biomedical applications such as dialysis and oxygenation[71]. In spite of such applications, 

such devices are still restricted to the lab scale. The major hurdle to be overcome in the 

integration of membranes in micro/nanofluidic devices is the challenge of scalability in 

manufacturing. The simple type of membrane and microfluidic network integration is the 

direct clamping or gluing of the commercially available membranes between two 
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microfluidic network chips. Membrane integration with microdevices can also be achieved 

during the MSL process[6]. The disadvantages that are associated with this method are weak 

bonding, leakage and such others. The shortcomings of the above method facilitated the need 

to explore alternate methods of membrane integration into a fluidic chip. The researchers 

have moved to in situ fabrication of the membranes of the desired dimension while the 

fluidic devices are being operated. For instance, Moorthy and Beebe prepared a porous 

membrane in a microfluidic network by emulsion photo polymerisation[72]. Hisamoto et al. 

utilised an interfacial polycondensation reaction for design and synthesis of chemically 

functional polymer membranes[73]. Thereafter, the fabrication of the membrane during the 

fabrication of the fluidic device was practised by borrowing the technology directly from the 

silicon industry. Further, advancement in nanotechnology has allowed a high degree of 

tailorability in the fabrication of a porous material. It resulted in the formation of 

micro/nanoporous silicon, zeolite or polymeric membranes that are connected to the 

microdevice during the fabrication of the device itself. The major obstacles were the costly 

processes and the expert levels of techniques that were required for the generation of the 

membrane with fluidic chips, making it less popular among resource-deficient labs or 

organisations.  However, method of fabrication of a porous membrane during fluidic device 

manufacturing appears to be better method because it creates an integrated device with a 

fluidic channel and a membrane, a monolithic device. Therefore, a suitable, cost-effective 

method for the fabrication of a membrane during microfluidic device manufacturing needs to 

be explored.  

2.4. Transport phenomenon 
 

2.4.1. Convection-diffusion phenomenon 

The convection-diffusion phenomenon is one of the most ubiquitous phenomena that are 

prevalent in nature. It is a phenomenon that is responsible for entry and exit of oxygen and 

carbon dioxide, respectively, in or from a living body; the supply of oxygen and nutrients to 

the tissue; and the removal of waste carbon dioxide from the tissues by the blood vessels. 

Moreover, such phenomena are also the corner stone of various engineering devices such as 

the cooling circuit in microelectronics, desalination of water through membranes, diagnostic 
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devices and many others. Due to their importance in a number of applications, they have 

been extensively researched. 

 

 
Figure 2.6 Schematic showing convection-diffusion in a microchannel partitioned by a 

permeating membrane 

Whenever there is transport of dissolved species (solute/gases) in a fluid that flows 

through a duct, the presence of the concentration gradient, either in the direction of the flow 

or perpendicular to the direction of flow will drive the diffusion of species till the equilibrium 

of concentration is attained. However, the presence of bulk fluid motion and convection, will 

also contribute to the flux of chemical species in the direction of the fluid flow. Therefore, 

the coupled phenomena of diffusion and convection can be represented by the equation, 

  

   =       +                       (2.1) 

 
   

  
                   (2.2) 

 
Although such phenomena exist at every length scale, they exhibit interesting 

behaviour at a micro/nanoscale. The microchannels allow flow with a small Reynolds 

number, leading to flow in a Stokes regime. The fluid flows in microchannels are laminar in 

nature, as shown in Figure 2.6. The two streams of fluid (red and green) enter the channel 

with the same velocity, thereby creating a virtual boundary between two steams, represented 

by a dashed line (Figure 2.6). At a steady state, the velocity fields that lead the streamlines do 

not cross each other in a laminar flow. The mass transport occurs tangential to the velocity 

field, preventing mass-transfer between the adjacent fluid layers. Thus, mass-transfer that is 

normal in the velocity field occurs only by the process of diffusion in the microchannels. 

There are two competing phenomena, convection and diffusion, during the fluid motion, as 



28 

 

shown in Figure 2.6. The dominance of one phenomenon over the other can be predicted 

during the flow by a dimensionless number, Peclet Number. The Peclet number is defined as 

the ratio of the contribution of mass transport by convection to mass transport by diffusion. 

 

                                                           
     

     
  

     

    
 

  

 
                                                    (2.3) 

 
where L is a characteristic length scale, U is the velocity magnitude and D is a 

characteristic diffusion coefficient of the chemical species. The Peclet number for mass 

transport is analogous to the Reynolds number for momentum transport. If the value of the 

Peclet number is greater than one for a system, the effect of convection exceeds that of the 

diffusion in mass flux. Such cases arise in a system that has channel dimensions that are 

greater than a micrometre. Since the Peclet number is proportional to the size of the 

system, it can be observed that at a smaller length scale, diffusion phenomena dominate 

convection in a mass flux. Moreover, the Peclet number for the transport that is normal in 

the fluid flow is zero because diffusion is the only phenomenon that is responsible for the 

mass transport that is normal in the flow field. Thus, in a microchannel, the time scale for 

the fluid to traverse a length of channel is given by L/U. The diffusion length, Ldiff, which is 

normal to the direction of flow in a channel, can be given by 

       √    √ 
 

 
                                                       (2.4) 

Considering that there will be a high degree of mixing when the diffusion length scale 

exceeds the channel width, h, we can state that the mixing is effective where 

              
     

 
                                                                    (2.5) 

That is, a large value of the following dimensionless number will ensure a high degree of 

mixing 

     √
  

   
                                                               (2.6) 

Thus, the degree of mixing can be increased by narrowing the channel dimension, 

increasing the length of the channel and decreasing the flow velocity through channels. 
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These factors can be easily tailored in micro/nanofluidic devices to achieve a high degree 

of mixing.  However, if the two streams in Figure 2.6 are separated by a permeating 

membrane, then instead of mixing, separation of chemical species from one stream to 

another can be achieved. Such a phenomenon is prevalent in the gills of fishes, which shall 

be discussed in the chapters to follow. 

2.4.2. Capillary flow:  

Capillary flow is an ability of fluid to flow in a narrow channel without the aid of any 

external power source. The flow is driven by the interaction between the surface tension of 

the fluid that is in contact with a microstructure of the substrate that has a narrow channel. 

The chemical properties of the substrates and the dimensions of the channel interact with a 

small volume of fluid to initiate the spontaneous movement of fluid by minimising the Gibbs 

free energy at the interface of air, solid substrate and the fluid. The guiding capillary pressure 

(P) is strongly dependent on the diameter (2R) of the channel and is given by the expression, 

 

   
      

 
                              (2.7) 

 

However, the direction and magnitude of the capillary pressure is dependent on the 

cosine of angle (Ɵ) that is formed by the contact line. The sign of the cosine of the angle 

determines the hydrophilicity or hydrophobicity of the channel in the substrate. The 

magnitude of the angle is strongly dependent on the surface morphologies of the inner wall 

of the channel and the chemical nature of the substrate. The roughness introduced by 

micro/nanomorphologies on the substrate will increase the hydrophobicity of hydrophobic 

substrate and decrease the hydrophobicity of hydrophilic materials. Thus, depending on the 

hydrophobic nature, a positive or negative pressure gradient is developed, which drives the 

fluid in the channels. Further, the magnitude of the capillary pressure is also dependent on 

the diameter of the channel and the surface tension of the fluid, as shown in equation 2.7. 

Therefore, a reduction in the channel diameter leads to an increase in the capillary pressure, 

which drives the flow through the channels. The capillary force is responsible for a number 

of real-life phenomena such as rise of fluid to several metres in tress, wicking through a 

bundle of fabrics and porous materials, percolation of water in soil and such others. The 

capillary force is sometimes able to drive fluid against gravity. 
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The capillary fluid flow in a horizontal microchannel that has a circular cross-section 

which is connected to a reservoir is shown in the figure. When a fluid encounters narrow 

channels, it forms a contact angle depending on the hydrophobic/hydrophilic interaction with 

the substrate material. Thereafter, the contact angle creates a positive pressure, which drives 

the fluid through the channels. The viscous drag experienced by the flowing fluid is directly 

related to the length of the liquid column inside the channel.  The dynamics of the capillary 

flow in a horizontal microchannel can be given by the equation below. 

 

The unsteady state equation for a Newtonian viscous uncompressible laminar fluid 

flow is governed by equation (2.8). The force balance equation for the capillary driven flow 

in micro/nanochannels is  

                        Finertial  = Fcapillary – Fviscous drag – Fenergy dissipation due to wall friction   

The transient equation that governs the capillary dynamics in micro/nanochannels[74] is 

given by 
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                   (2.8) 

Where R is the radius of the micro/nanochannels, ρ is the density of the fluid, σ is the surface 

tension of the fluid, θ is the static angle which the fluid-free surface makes with the capillary 

wall, η is the dynamic viscosity of the fluid, f is the constant of energy dissipation, l is the 

wetting distance that is moved by the fluid in the micro/nanochannels, and 
  

  
 is the velocity 

of the capillary flow. The capillary force at the meniscus is given by the Young–Laplace 

equation, 2σcos (θ)/R; the viscous force in fully developed flow is given 8πηɭv; and the 

friction force by fv
2
/2. 
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If the frictional force is ignored, the differential equation given in the equation (2.10) can be 

solved analytically. The relation between the distances traversed by the capillary in the 
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micro/nanochannels in the given period of time can be established by solving equation 

(2.10).  

 

 ( 
  

  
)

  
 = 

        

  
 - 

   

   

  

  
                                       (2.10) 

The equation above was solved to determine the dependence of the length that was traversed 

by the fluid by capillary action in the micro/nanochannels. The capillary dynamics depends 

on the various factors such as contact angle, dimension of the micro/nanochannels, and 

viscosity of the fluid that flows through the micro/nanochannnels. 
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Where, 

   
      

  
  and     

  

    

The capillary length, l, is dependent on time, t, as well as on the constants, A and C. The 

capillary length increases linearly with time in the beginning and, thereafter, the rate of 

increase in the capillary length is retarded due to domination of the viscous force, which 

scales as the length of the liquid column in the micro/nanochannels. Further, the capillary 

length is strongly dependent on the viscosity of the fluid as well on the diameter of the 

micro/nanochannels. 

When there is vertical movement of the water column in capillaries as observed in trees, the 

forces of gravity dominate the viscous forces, and in equation (2.8), the viscous force is 

replaced by the force of gravity.  

 ( 
  

  
)

  
 = 

        

  
                                               (2.12) 

On solving the equation (2.12), we get the capillary length in the vertical capillaries.    

    
      

   
  

 

 
                                                               (2.13) 

Here, the capillary length is dependent strongly on the radius of the capillary tube but it 

decreases with the second power of time of rise of fluid. 
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2.5. Problem definition 
 

The major problems that exist in realising the true potential of 3D micro/nanofluidic devices 

are the manufacturing processes and the materials that are employed in intended applications. 

Although researchers have attempted to address biomedical/chemical problems by using 

micro/nanofluidic devices, the inherent limitation of the material and the manufacturing 

process is the current road block for scale-up of production and applications. Therefore, 

manufacturing by tradition lithography, which is borrowed from the silicon industry, needs to 

be replaced by advanced, scalable and fast micromanufacturing processes by using polymer 

materials, which can overcome the limitation of small molecule diffusion and is useful in 

biomedical and chemical industries. Recently, vascularised polymers have attracted the 

attention of researchers for being one of the most coveted material systems in modern 

applications such as tissue engineering, advanced drug delivery, self-healing and cooling 

material, artificial organs, and cell culture under complex microenvironments. The method of 

vascularisation dates back to 2008–2009, when sacrificial materials were impregnated in host 

materials and later etched away by thermal or chemical treatments to pave the way for 

vascularization[75, 76]. The patterns of vascularisation that were targeted by researchers 

were either simple three-dimensional arrays of channels or a random network of channels. 

The prominent features of these vascularised polymers are that they can overcome the 

diffusional limitations during an application and that they are also amenable to scale-up 

fabrication. Although researchers have succeeded in developing a scalable manufacturing 

process to develop a material that can overcome diffusional limitation, the work is still in its 

infancy. These vascularised polymers that are reported in literature have channel dimensions 

either in 10s of microns, which support pressurised flow through a tubular conduit; or in 

nanometres, which only favour capillary fluid flow. Further, the vascularised polymers were 

majorly produced in substrate materials, which either supported tissue engineering 

application or just demonstrated the applicability of the process in producing vascularisation 

in materials. Thus, the pattern of vascularisation, which plays a pivotal role in the fluid flow 

behaviour and nature of materials in mass transport operation, has been hardly explored by 

previous researchers. Hence, there is a need of multiscale channel network mimicking of 

natural vascular systems in polymer matrices, which can enable high volumetric flow 
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through nanochannel networks, thereby utilising the large surface area promoted by 

nanovasculature.  In addition, factors that affect the fluid flow and mass-transfer in 

vascularised polymers need to be understood before they are used in intended applications. 

Thus, the designing and fabricating of a vascularised polymer that not only allows a high 

volumetric flow but also enhanced mass-transfer capabilities is desirable. Thus, 3D 

micro/nanofluidic devices that are fabricated on the foundation of vascularised polymer 

matrices for membrane oxygenators, kidney dialyser or any other lab-on-chip/organ-on-chip 

devices cannot materialise before the issues discussed above are addressed.  

We hypothesise that biomimicry of the secondary lamella of fish gills and tree leaves 

at different length scales will enable us to design and fabricate multiscale, 3D 

micro/nanofluidic devices for enhanced gas/solute exchange and better, passive fluid 

pumping devices’.  

2.6. Research aims and objectives 
 

1) Computational and theoretical study of the structure of fish gills at a macroscopic and 

microscopic level to determine the factors that affect their gas/solute exchange performances.   

 

2) Design and fabrication of a novel bio-inspired, multiscale vascularisation pattern in thin 

polymer matrices through simple, scalable and inexpensive microtechnologies to support 

fluid flow and mass transport.  

 

3)  An experimental and theoretical investigation of the factors that affect the fluid flow and 

mass transport capabilities in three-dimensional micro/nanofluidic devices that are developed 

from micro/nanovascularised polymers matrices. 

 

4) Design and fabrication of leaf-inspired micropumps through simple, scalable 

microtechnologies, and study of the role of different parameters that affect the passive 

pumping of fluid by the micropump, through experimental and theoretical methods. 
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3. Chapter 3 
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3.1. Introduction 
 

The separation of gases, solutes and solvents under convective flow condition is a 

requirement in a number of applications like artificial kidney dialyser, extra corporeal 

membrane separators, water filtration, desalination and others[77, 78]. The biomimicry has 

been used to solve above engineering problems in the recent years by drawing an inspiration 

from natural systems like avian lung, human lungs, a human kidney, human vasculature 

etc.[13, 17, 40]. However, the challenges of developing compact, efficient gas/solute 

exchange devices still persist. To achieve the above objective, the design of a device need to 

be improved by taking inspiration from a simple, yet elegant, gas/solute separating organ 

system. One of the primitive known gas/solute separating organ systems in nature is fish 

gills. Gills can be taken as a model design for the development of better gas/solute 

exchanger. The major features which distinguish gills from other natural systems are their 

ability to extract oxygen from water even at a very low partial pressure, having the highest 

ventilation volume among all species, having design leading to continuous efflux of oxygen 

from ambient to the blood vessels and an overall compactness of the organ system[79]. 

Therefore, fish gill needs to be thoroughly studied at different length scales to determine the 

reasons for it to be an excellent gas/solute exchange organ in nature for centuries. The 

knowledge of fish gills' design generated through above study can lead to the development of 

microfluidic devices for better gas/solute separation.  

 

The gills from different varieties of fishes have been studied for a long time from 

their physical, morphological, structural and biochemical point of view[29, 30, 80, 81]. 

However, the knowledge of fish gill architecture and morphometrics in the light of their 

gas/solute exchange capabilities still need considerable attention. The basics structures of 

gills and their role in gas/solute exchange have been well elucidated in a detailed through a 

series of publications by Hughes et al[32]. Through anatomical studies, they have calculated 

the dimensions of gills of different fishes at multiple length scales[82]. Further, they have 

also established the role of above determined morphometric factors like thickness of blood-

water barrier, shape, size and arrangement of secondary lamellae,  on the gas exchange 

capacities in different weights of fishes [83, 84]. Their study suggested that surface area of 
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gills, which is responsible for gas/solute exchange, scales with the weight of fishes. Another 

prominent finding which they reported was the counter-current flow of blood and water 

stream in secondary lamella and inter-lamellar space, respectively. Later, a theoretical model 

was developed by J. Piiper and P. Scheid to study the gas diffusion in different organ 

systems. Their model suggested that the effect of counter current flow on gas diffusion is 

better than the cross-current flow and uniform pool system, assuming the same ventilation-

perfusion conductance ratio across an epithelial layer. They further substantiated their results 

through experimental findings in a fish, a bird and a mammal where above three modes of 

gas exchange operated. In addition, they also commented that the enhanced gas exchange in 

counter-current flow occurs in a limited range of medium-to-blood conductance ratio (around 

1)[85, 86]. Their model beautifully captured the role of counter-current flow on gas diffusion 

effectiveness, but the role of dimensions of secondary lamella of fish gills on the 

effectiveness of gas/solute exchange remained elusive, except for an enhanced surface area. 

Later, studies carried out by K Park et al demonstrated an existence of optimal lamellar 

distances in fish gills irrespective of their mass for an enhanced gas exchange. Their theory 

and experiments effectively captured the poor dependence of interlamellar distance on the 

weight of fishes. Thus, they established the evolutionary conservation of these interlamellar 

distances in fishes[87].  

Apart from macroscopic features, the microscopic properties of density, diameter, and 

architecture of vascular network also play a vital role in gas/solute diffusion where the actual 

diffusion process occurs. The role of the density of microvascular networks in a living being 

on gas (oxygen and carbon dioxide) exchange was studied and reported that it remain nearly 

constant irrespective of the mass of living being[88]. Additionally, the constant density of 

vascular channels in mass transport has been independently confirmed through 

computational methods by Janakiraman V et al[25] and Truslow J G et al[89]. Although the 

volume of fluid flow through secondary lamella is dependent on vascularization density and 

diameter of vascular channels, the mass transfer rate is dependent on the enhanced surface 

area offered by the increased vascularization density and available concentration gradient in 

the tissue. However, the vascularization density in a thin secondary lamella matrix will affect 

its structural integrity. The biomimetic design of secondary lamella structure with high 

vascularization will lead to increased cost of fabrication and less structural material, making 
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it hostile for any application. Therefore, it is necessary to characterize the role of vascular 

density on the mass transfer operation for given thickness of secondary lamella. Similarly, 

the diameters of vascular channels also play a key role in fluid and mass transfer in 

secondary lamella.   

Although, above studies have identified the role of different morphometric factors on 

gas/solute exchange, seldom has the study been done, to the best of our knowledge, to study 

the structural organization of gills and parameterization of these morphometric factors in 

fishes with reference to gas exchange. Thus, there is a need to study and explore secondary 

lamella and its functional relationship with gas/solute transport in fishes and translate the 

knowledge gained above for design and fabrication of bio-inspired secondary lamella. 

Therefore, in our current work, we have theoretically studied the variation in different 

morphometric features and parametric ratios of fish gills in different sizes of fishes from data 

available in the literature. Thereafter, computationally investigation of the convective-

diffusion process in a simplified model of secondary lamella at microscopic and the 

macroscopic level was carried out. The computational study suggested the role of parametric 

ratios, microscopic properties like the density of vascularization, thickness of the epithelial 

barrier and flow properties on gas/solute exchange in a fish gills. Further, our analysis 

suggested that value of these parameterized factors remain nearly conserved in fishes with 

different body mass and is approximately equal to the value predicted by our modeling 

simulation work. Thus, the current study enabled the better understanding of fish gills from 

the perspective of design and development of biomimetics structures for gas/solute exchange.  

3.2. Theoretical study of fish gills 
 

3.2.1. Method 

The morphometric data of fish gills were mined from Huges et.al[32] is shown in Table 3.1. 

Thereafter, the dimensions of different features of fish gills were analyzed for their variation 

with respect to the weight of different fishes and reported as graphs. Further, borrowing of 

dimensions of fish gills directly for design and fabrication of microfluidic-based gas/solute 

exchanger may not be possible; therefore, we have defined few dimensional less parameter 

(parametric ratios) listed below.   
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Table 3.1 Morphometric features of different fish gills 

 Wt of fish 

(gm) 

Inter-

lamellar 

dist (mm) 

Avg. PL 

length 

(mm) 

Number 

of 

SL/mm 

Length 

of SL 

(mm) 

Hgt. 

of SL 

(mm) 

Trachurus 

trachurus 

12 0.017 2.37 38 0.18 0.07 

 40 0.017 4.18 39 0.25 0.1 

 125 0.017 6.16 38 0.7 0.2 

 135 0.02 6.14 39 0.75 0.15 

Clupea 

harengus 

85 0.018 4.46 33 0.6 0.17 

Gadus 

merlangus 

51 0.03 3.18 21 0.6 0.2 

Onos mustela 20 0.023 2.39 26 0.45 0.15 

 80 0.03 4.66 20 0.55 0.27 

Crenilabrus 

melops 

65 0.04 2.96 21 0.85 0.3 

Salmo trutta sp. 175 0.023 5.44 21 0.7 0.2 

Tinca tinca 140 0.025 8 25 0.86 0.1 

Chaenocephalus 

sp. 

750 0.053 11.96 12 1.6 0.5 

 790 0.057 9.84 12 1.5 0.55 

Lophius 

piscatorius 

1550 0.07 13.31 11 1.1 0.4 

Plmronectes 

platessa 

86 0.04 5.08 20 0.75 0.2 

Zeus faber 300 0.04 4.97 15 1.1 0.11 

Trigla 

gurnardus 

18 0.02 1.84 22 0.35 0.06 

Cottus bubalis 40 0.04 2.86 16 0.8 0.3 

 52 0.04 3 16 0.8 0.25 

Callionymus 

lyra 

64 0.05 2.86 15 0.8 0.3 

 46 0.03 2.56 16 0.7 0.25 

 24 0.047 1.77 17 0.6 0.15 

 

1) Thickness_mem/width_water - the ratio width of epithelium and water channels (H2/H1)  

2) Width_bld/width_water - the ratio width of blood and water channels (H3/H1)  

3) Blood_parameter - the ratio of the diffusivity and speed in the blood layer (D3xL)/ 

(V3xH3
2
)  
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4) Water_parameter - the ratio of the diffusivity and speed in the water layer (D1xL)/ 

(V1xH1
2
).  

For the purpose of calculation of these dimensionless parameters for different fishes, 

following assumptions were made.  

1) The diameter of a single microcapillary is considered as the maximum width of blood 

channel spanning across the width of the secondary lamella.  

2) The flow calculations were done assuming the rectangular cross-section of 

interlamellar space and secondary lamella.  

3) The tortuosity and branching of blood channel and its diameter variation along the 

length are neglected for simplifying the model.  

4) The enzymatic reaction based capture of oxygen by hemoglobin in the blood was 

neglected and only diffusion was considered. 

3.2.2. Results and discussion 

In order to explore the role of primary and secondary lamellae, we analyzed the variation of 

the length of primary and secondary lamella with respect to fish's body masses. We observed 

that length of secondary lamellae and primary lamellae followed a logarithmic relation with 

fish body weight (Figure 3.1). However, the length dependence of primary lamellae on a fish 

body mass was more pronounced as compared to secondary lamella. This might be primarily 

because secondary lamella being a site of solute/gas exchange, its length is guided by 

diffusion length of solute/gas during a convective flow. Due to evolutionary conservation of 

the interlamellar distance across different weight of fishes[87], the time scale of diffusion of 

gases/solutes across the inter-lamellar space should be less than the residence time of water 

flowing in the interlamellar channel defined by the ratio of the length of the secondary 

lamella and the velocity of water passing through it. However, the difference between the 

convective and diffusive time scales should not be too high, leading to an unnecessary 

increase in the length of the secondary lamella. Thus, the residence time of water during a 

convective flow should be marginally higher than diffusion time scale. 
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Figure 3.1 Graph showing the variation of A) length of primary and secondary lamella with 

the weight of fishes on logarithmic scale B) surface area of secondary lamellae and the cross-

section area of inter-lamellar space with the weight of fishes on a logarithmic scale. 

Moreover, considering the pressure drop across the length is confined by pumping 

capacity of fishes, the variation in the flow velocity of water in inter-lamellar space will 

within a narrow range. Therefore, length should be just sufficient enough to enable ratio of 

residence time to diffusion time scale to be equal or greater than 1. Thus, we observed that 

the length of secondary lamella showed a weak dependence on the weight of fishes. 

However, the primary lamella being a structural element, which acts as a rack for parallel 

stacking of secondary lamellae, demonstrates a strong dependence on the weight of the 

fishes. This may be to maximize the number of accommodating secondary lamella which is 

the functional unit of fish gills. The increase in the number of secondary lamellae eventually 

increases the surface area available for gas/solute exchange. The surface area of fish gills 

scales linearly with the weight of fishes. Thus, the length of the primary lamella 

demonstrates strong dependence on the weight of fishes (Figure 3.1A). These factors suggest 

primary lamellae a vital structure for gas/solute exchange in fishes, although they are only a 

structural element of fish gills. Moreover, an increase in the mass of fishes is related to their 

energy requirements which can be fulfilled by a proportionate increase in the surface area of 

fish gills. Therefore, we observed that both the surface area of gills which participates in 

mass transfer and volume of fluid flowing through interlamellar spaces which carry the 

gases/solutes increases with an increase in fish body mass. Therefore, the arrangement of 
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primary and secondary lamellae may play a vital role in a fish body with different body 

masses.  

 

Figure 3.2 Graph showing the variation of different dimensionless quantities (Parametric 

ratios) with the weight of fishes on a logarithmic scale.  

Although the spatial arrangement of primary and secondary lamella defines the architecture 

of gills and forms a basis for design and fabrication of compact biomimetic fish gill 

structures, they hardly gave any idea about the different correlated factors affecting the 

solute/gas exchange process at the site of the secondary lamella. To develop fundamental 

insights into mass transport phenomena in devices with dimensions spanning multiple scales 

like fish gills, we have considered a simple device design (Figure 3.3) with nominal 

dimensions based on an ease of modeling the gas/solute exchange phenomena and 

fabrication of the device. Further, considering the multiple parameters of fish gills affecting 

the mass transfer, it is challenging to borrow dimensions from a fish to develop mass transfer 

device as per our requirement when the above parameter are closely coupled with other 

parameters. Therefore, having a few dimensionless parameters and knowing their degree of 

significance in mass transfer will assist in easy and efficient design of user defined size of 

mass transfer devices. Furthermore, non-dimensional parameters (the parametric ratios) are 

defined to scale the proposed analysis for biomimicking an actual fish gill. This will generate 

underatanding the concept of mass transfer in fish gills independent of the size of fishes. 

Therefore, for gills of 22 different fishes were evaluated from their morphometric properties 

and compared. All the parametric ratios plotted against the weight of fishes on a logarithmic 
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scale. It was observed that these parametric ratios remain nearly conserved in all 22 fishes 

taken for evaluation, although their body mass varied from 12g to 1550g as shown in Figure 

3.2. The thickness of the membrane to water channel width ratio should be as small as 

possible to minimize the diffusion barrier length for solute/gases. The calculated data indeed 

suggested that this ratio for 22 different fishes lied in the range of 0.135 to 0.848 with an 

average of 0.372 ± 0.189, much less than 1. Further, the width of blood channel should 

neither be too less leading to high blood pumping pressure due to an increased blood flow 

resistance nor too high to leading to the condition of washout without proper oxygenation. 

Therefore, the ratio of the width of blood channel to water channel lied between 0.071 and 

0.449 with the mean of 0.206 ± 0.095 in all 22 fishes.  

Further, the blood and water parametric ratio define the oxygenation and 

deoxygenation of blood and water stream, respectively. During oxygen exchange in gills, the 

convective flow in blood and water stream and diffusion across the three barriers (blood 

water and thin epithelial layer) play a vital role. Under steady state condition, the diffusion 

time scale in the water stream is much greater than diffusion time scale in the blood stream 

and epithelial layer. Therefore, the time scale of convective flow in blood and water stream 

are normalized by the time scale of diffusion in the water stream to obtain the blood and 

water parametric ratios, respectively. The blood parametric ratio existed between 0.535 and 

5.778 with mean value 2.11±1.41. The mean value being above 1 indicated that the time of 

convective flow is greater than the time taken for diffusion of chemical species normal to the 

direction of flow. Such behavior leads to the complete oxygenation of blood before de-

oxygenated blood leaves the blood stream. The kinetics of capture of oxygen by hemoglobin 

of red blood cells defines the depletion rate oxygen in the blood stream. Further, it has been 

also established that diffusivity of oxygen in the blood is dependent on the concentration of 

hemoglobin in the blood. Thus, the delayed time of stay of deoxygenated hemoglobin in the 

blood stream due to convective flow of blood enables the capture and creation of oxygen 

deficiency in the bloodstream, thereby maintaining a continuous concentration gradient 

between the blood and the water stream. Moreover, the factors like variation in concentration 

of hemoglobin in the blood of different fishes affect the diffusion coefficient of oxygen, 

changes blood pumping rate of fishes, differences in effective path length of blood stream 

due to tortuous nature of vasculature affect the blood parametric ratio. Therefore, there is 
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substantial variation in blood parametric ratios obtained in 22 fishes. Thus, blood parametric 

ratio will help in defining the critical blood velocity in blood channel which maximizes the 

time scale of convection in comparison to the time scale of diffusion of oxygen in the water 

stream. When water parametric ratio was considered, it was found that this parameter in 

different fishes lies between 0.016 and 1.88 with the mean of 0.323 ± 0.459. This clearly 

illustrates that the time scale of diffusion exceeds the time scale of convection transport in 

the water channel. Such behavior is not desirable for fishes because it indicates that certain 

percentage oxygen from given volume of water flushes  out of water stream through 

convection before complete oxygen diffuses out of water stream and enters the bloodstream. 

However, fishes tackle this problem by reducing the interlamellar distance through pillar 

cells. This is the mechanism to reduce the diffusion time scale and maximize the oxygen 

exchange. Therefore, fishes execute this behavior when the oxygen partial pressure is low in 

the ambient water. Moreover, the volume of water flowing through inter-lamellar space is 

much higher than blood flowing through secondary lamella. The amount of oxygen needed 

for complete oxygenation of blood would be less than the total amount of oxygen flowing 

through interlamellar space. Despite, the water parametric ratios obtained for 22 fishes being 

less than 1, its value may be sufficient to oxygenate the blood stream flowing in a counter 

current direction. Inter- lamellar distances are calculated based on anatomical dissection 

studies of fishes which might be different when fishes are swimming in water. Further, 

assumptions of the rectangular cross-section of interlamellar space and constant pressure 

gradient provided by a buccal activity of fishes were used to calculate the velocity. 

Therefore, the mean value of water parametric ratio obtained is below 1 which might not be 

the actual case. The value of water parametric ratio near to 1 is desirable for maximum 

oxygen exchange in gills. 

From the figure, it was observed that the data of different parametric ratios for 

different fishes showed minimum variation as compared to the weight of fishes. The majority 

of ratios lie within the window of 1±1. The value of these parametric ratios does not vary 

much with the weight of fishes indicating their evolutionary conservation in fishes to 

maximize its efficiency of gas/solute exchange. Further, the architectural design of primary 

and secondary lamella is also conserved across different fishes to aid in enhancing mass 

transport. Therefore, the above parametric ratios and arrangement of primary and secondary 
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lamella can be used as engineering design parameters to develop micro/nanodevices for gas 

and solute exchange applications.  However, these data do not speak about the nature of 

variation of different parametric ratios with the efficiency of gas/solute exchange. Therefore, 

we have studied the gas exchange in a secondary lamella during convective–diffusion 

phenomena to evaluate the nature of these parametric ratios through computational method.  

3.3. Computational study  
 

3.3.1. Study the convective- diffusion phenomenon in fish gills  

To model and simulate the convection-diffusion phenomenon in secondary lamellae (Figure 

3.3A), we have studied the phenomenon on a two-dimensional model of a secondary lamella 

as shown in Figure 3.3B. We have made certain assumptions while simulating the diffusion 

phenomenon in secondary lamella. These assumptions are  

1) A two-dimensional model of gas exchange in a single secondary lamella is 

considered 

2) Blood channel represents the blood vessel inside the tissue matrix of secondary 

lamella 

3) The gray colored domain between blood channel and water channel represents the 

thin epithelial matrix, a barrier separating blood and water. 

4) Steady state convective-diffusion phenomenon is solved in above model 

5) The blood and water flow velocity is assumed to be average velocity rather than a 

velocity with a parabolic profile and flowing in counter-current direction 

6) Diffusion of oxygen is considered from water channel to blood channel by crossing 

thin epithelial matrix. 
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Figure 3.3 A) A schematic of secondary lamellae stacked in parallel on primary lamella. The 

blue arrow indicates the direction of water and red arrow represents direction of blood B) A 

2D model of secondary lamella used in computational simulation 

Under above assumptions convective-diffusion phenomenon was modeled in 

COMSOL Multiphysics 4.3b. The governing equations in each domain are 

      
   

  
    

   

     
   

   )……. (Water domain)                                          (3.1) 

  
   

  
    

   

     
   

   )……. (Blood domain)                                          (3.2) 

  
    

     …….  (Epithelial barrier)                                                       (3.3) 

     
  

  
                                                                                       (3.4) 

Where, Uw is average velocity in water channel, Ub is average velocity in blood domain, Dw 

is the diffusion coefficient of oxygen in water, Db is the diffusion coefficient of oxygen in 

Blood, De is the diffusion coefficient of oxygen in epithelial matrix, C is the concentration of 

oxygen and N is the flux 

Initial conditions : C (x,y) = 0 

Boundary condition: inlet at water channel   C = Co 

                                  Outlet at water channel  n.N = 0 
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Inlet at blood channel  C = 0 

Outlet at Blood channel  n.N = 0 

Table 3.2 Parameters used for modelling of convective diffusion phenomenon in secondary 

lamella  

Parameters Value Parameters Value 

Width of water channel 35µm Diffusion coefficient of 

oxygen in Blood 

2.18e-9m
2
/sec 

Width of blood channel 8.8µm Diffusion coefficient of 

oxygen in water 

3.4e-9m
2
/sec 

Thickness of epithelial layer 2.8µm Diffusion coefficient of 

oxygen in epithelial layer 

1.1e-9m
2
/sec 

Length of channels 760µm Density  and viscosity of 

water 

1000kg/m
3     

0.001kg/ms 

Avg. velocity of water 0.014m/s Density and viscosity of 

blood 

1050kg/m
3    

0.0035/kg/ms 

Avg. velocity of blood 0.0005m/s Conc. Of Oxygen in water 

stream 

0.25moles/m
3
 

 

Thereafter, considering the initial and boundary condition with the values of parameters in 

Table 3.2, [32, 90, 91] we have studied the concentration of oxygen at the exit of blood 

channel by varying the different parametric ratios under steady state condition.  

The concentration profile results of oxygen in different layers a) water channel b) thin 

epithelial layer and c) blood channel was shown in Figure 3.4A. From the concentration 

profile, it was evident that there always exist a concentration gradient at an entry of blood 

channel and exit of a water channel, even after infinite time, providing a continuous diffusion 

of oxygen from water channel to blood channel via a thin epithelial barrier. Further, when 

oxygen concentration at an exit of blood stream was evaluated against each parametric ratio 

defined previously, each parameter plays a distinctive role in oxygen concentration flux at 

the exit of blood channel (Figure 3.4B). It was observed that thickness of epithelial barrier 

should be as thin as possible as compared to the water channel to maximize the exchange of 
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gas across the epithelial barrier. Moreover, the width of the blood channel also needs to be 

small as compared to water channel. The oxygen concentration at the exit of blood channel 

decreases rapidly with increase in the ratios of the width of the thin epithelial membrane to 

the width of the water channel and width of the blood channel to the width of the water 

channel, respectively (Figure 3.4B).  However, the width of the blood channel need to be of 

an optimal size to avoid high pumping pressure to overcome increased blood flow resistance 

and assist in maximum diffusion of oxygen in the blood stream before oxygenated blood 

comes out of blood channel.  

 

Figure 3.4 A) Graph showing the effect of different dimensionaless parameters (ratios) on % 

of oxygen concentration at an exit of blood channel a) Concentration profile of oxygen in 

different in blood and water channels. 

Further, the blood parametric ratio suggests that above a critical ratio of 0.32, the 

effect of the increase in ratio hardly affect the oxygen concentration at the exit of blood 

channel. Below the critical ratio, the diffusion phenomenon dominates the convection 

phenomena, leading to falling in concentration gradient driving the diffusion process. This 

results in low oxygen concentration in the blood stream at the exit of blood channel. 

However, at a higher ratio, blood saturated with oxygen washes out of secondary lamella, 

thereby continually maintaining the concentration gradient driving the diffusion process. This 

suggests that higher ratios are preferable for better gas exchange. The water parametric ratio 

has a negligible effect on the oxygenation of blood within the range of ratios considered in 

the study. However, at a much higher ratio, the decrease in concentration of oxygen in blood 
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clearly indicated the case of washout. It was observed that all the curves pertaining to 

different parametric ratios intersect at the ratio of 0.32. This ratio marks the optimal ratio of 

different parameters to enable the maximum exchange of gas from the water stream to the 

blood stream and is shown as a yellow star in the Figure 3.4B. 

 

Figure 3.5 Graph showing the comparison of parametric ratios evaluated from computational 

method and theoretical analysis from data available in literature 

On comparison of results obtained from the theoretical and computational model, it 

was found that overall results show good agreement with each other (Figure 3.5). Although, 

the three parametric ratios (ratio of thickness of membrane to width of water channel, ratio of 

width of blood channel to the width of water channel and water parametric ratios) predicted 

by computational model is in congruence with theoretical results as shown in figure, the 

blood parametric ratio calculated through computational model demonstrated significant 

difference from the theoretical results. This might be due to fixed velocity and rectangular 

cross section straight blood channel assumed in the theoretical analysis for all the fishes. The 

velocity of blood in the secondary lamella of fish varies with species of fishes, an activity of 

fishes in water medium in which they thrive. Therefore, fishes manipulate the blood flow 

velocity in accordance with the width of interlamellar space to maximize the sustained 

diffusion of oxygen from water to blood of fishes. Further, the vascular channels are tortuous 

in nature with varying circular cross-section in different fishes. 
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3.3.2. Study the role of vascularization density and thickness of polymer 

membrane on mass transfer 

 

Figure 3.6 A) 3D model of secondary lamella with inter-lamellar space represented by 

microchannel network in PDMS thin matrix having water domain on one side B) 2D model 

of secondary lamella by taking a slice of proposed 3D model by YZ plane C) 2D model of 

secondary lamella by taking a slice of proposed 3D model by XY plane 

In secondary lamella of fishes, the water domain is the gap between two secondary lamellae 

where water flow in a counter-current direction. This arrangement enables the diffusion of 

oxygen from flowing water to blood vessels and carbon dioxide, ammonia, urea and other 

solutes from blood vessels to the outside water via an epithelial barrier. Therefore, the model 

described in the Figure 3.6A is a 3-dimensional model of secondary lamella represented by 

vascularized network within a thin cuboidal block and inter-lamellar space by a cuboidal 

block of water domain.  While studying the diffusion phenomenon of solute (urea) from 

secondary lamella to water domain, we have assumed a two-dimensional simplified model as 

shown in the Figure 3.6B (cross-section of above 3D proposed model in YZ plane). 

Thereafter, steady state diffusion phenomenon in the two-dimensional model is solved. The 

model assumes that velocity in Y direction is zero. Further, in the second model, the two-

dimensional model is obtained by slicing the proposed 3D model by XY plane (Figure 3.6C). 

Thus, it enables the study of diffusion of urea normal to the flow direction. During the 
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convective flow, the urea-laden water and water devoid of urea is present in microchannel 

and water domain, respectively. Further, using the following equations and boundary 

conditions, we have modeled and solved the diffusion and advection problem in COMSOL 

Multiphysics 4.3b.  

                                                                     (3.5) 

                                                                  (3.6)  

Initial conditions (ICs)                                  

Boundary conditions (BCs)        at inlet               

                                                    at outlet         

                                                    At boundary              

Where, Uw is average velocity in water channel, Ub is average velocity in blood domain, Dw 

is the diffusion coefficient of urea in water, Db is the diffusion coefficient of urea in Blood, 

De is the diffusion coefficient of urea in PDMS matrix, C is the concentration of oxygen and 

N is the flux. The parameters used for modeling and solving the problem described above are 

enumerated in a Table 3.3. 

Table 3.3 Parameter used for modelling of diffusion phenomenon in secondary lamella 

model 

Parameters Value 

Width of water and PDMS channel 52 micron 

Height of blood channel 10 micron 

Height of  PDMS layer Varied from 0.5 - 20 micron 

Diameter of channels 2 micron 

Diffusivity of urea in water 1.7e-9m
2
/sec 

Diffusivity of urea in PDMS 0.3e-9m
2
/sec 

Velocity of water with urea solute  Varied from ( 1 -10
5
) micron/sec 
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The concentration profile of urea in water domain is shown in the Figure 3.7A. The 

concentration of urea reduces while moving away from the microchannels. Therefore, to 

estimate concentration in the water domain, the average of concentration along the width of 

water domain at fixed distance from the boundary of PDMS matrix was obtained.  

 

Figure 3.7 A) Concentration profile of urea in water and polymer matrix domain, 

respectively B) Graph showing the variation of urea concentration in water domain at 

different channel density and thickness of separating membrane C) Graph showing the 

variation of urea concentration with flow direction in microchannel and water domain. 

Modeling and simulation of steady state urea diffusion through microvascularised 

PDMS matrix suggested the dependence of urea diffusion on the density of microchannels 

and thickness of PDMS membrane. The concentration profile of urea in water and 

microchannel domain is shown in Figure 3.7A. It has been observed that with an increasing 

density of channels, there is an increase in the diffusion of solute. However, at a higher 

channel density, the curve plateau indicating at channel density of 0.2 um
-1

, further increase 
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in channel density hardly affects the diffusion of solute as shown in Figure 3.7B. Thus there 

exists an optimal density of vascularization for maximum diffusion without incurring much 

on the cost of fabrication. Further, diffusion follows an exponential decline with an increase 

in thickness of diffusion membrane barrier as observed in Figure 3.7B. Our further 

simulation on the diffusion dependence on the flow of fluid through microchannels showed 

that diffusion increases with an increase in velocity and thereafter the curve gets plateaued, 

showing an existence of optimal velocity for maximization of diffusion flux. Further 

simulation with optimum velocity in the nanochannels and flow in water channel in counter-

current and co-current respectively were carried out. It was observed in Figure 3.7C that 

saturation of water occurs at a lower concentration in co-current flow as compared to 

counter-current flow at a given flow velocity in the nanochannel. As above study would be 

difficult to conduct experimentally, therefore, we have computationally studied secondary 

lamella through 2D models mimicking secondary lamella 

3.4. Conclusion 
 

Fish gills are one of the excellent gas/solute exchange structures available in nature. Such 

performances are attributed to their extraordinary multiscale hierarchical structures. 

Therefore, bio-mimicking these structures at different length scale to form a gas/solute 

exchange device require detailed study of their structural properties and how they guide the 

transport properties in fish gills. Further, there is also a need to formulate few dimensionless 

parameters which can be used as design parameters for development of gas/solute separation 

device. Hence, we have established four parametric ratios which affect the convection-

diffusion phenomenon in fishes and studied their role in gas exchange through modeling and 

simulation. It was observed that these parametric ratios tend to have an optimal value around 

0.33 for the maximization of gas exchange across secondary lamella. Further, our theoretical 

analysis on 22 different fishes supported our argument about very limited variability of above 

parametric ratios with the weight of fishes. Thus, structural design of biomimetic gas/solute 

exchange devices should incorporate these parametric ratios as a design parameter. Apart 

from these parametric ratios, the role of the factors like vasculature density in thin secondary 

lamella, dimensions of the primary and secondary lamella, the surface area of fish gills and 

interlamellar distance have been studied in detail. These studies can form a backbone for the 
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biomimetic development of devices for gas/solute exchange. Therefore, we have decided to 

mimic the functional unit of fish gills- secondary lamella through vascularization of 

polymers and study the parameters which affect the fluid flow and mass transfer capabilities 

of these polymer systems. 
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4. Chapter 4           

3D 

Micro/nanofluidic 

Devices 
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4.1. Introduction 
 

The microstructure of secondary lamella of fish gills, described in the previous chapter, play 

a vital role in gas/solute separation in fishes. A thin secondary lamella can be engineered by 

the mimicking of the functionality of large aspect ratio blood vessels which efficiently 

irrigate fish gills, also known as vasculature, by generating a channel network in thin 

polymer matrices. The channel dimensions in a vascular network falling in the range of 

micro/nano length scales qualifies these thin vascularised polymer matrices to be used in 

three-dimensional micro/nanofluidic devices. These three-dimensional micro/nanofluidic 

architectures in polymers having applications in the fields such as tissue engineering, drug 

delivery, as a matrix for cell growth and as self- healing structures is growing steadily. This 

enables the utilisation of the many benefits that arise from enhanced connectivity, larger 

surface area and better nutrient transport capability, which are rather limited in more 

established two-dimensional micro/nanofluidic devices[92-95]. However, these applications 

can be realised when the diffusional limitations of small molecules such as gases, solutes and 

other are overcome in three-dimensional micro/nanofluidic devices[96].  

Synthetic methods of creating vascularised ( a network of micro/nanochannels) polymers can 

be realised by either impregnating host polymers with the sacrificial material and by their 

removal by thermal and chemical methods[75, 76, 97, 98] or by imposing very high electric 

discharge through the polymers[38]. A large variety of materials, both host and sacrificial, 

have been explored by these methods, and they offer advantages such as affordability, 

scalability and low-cost of equipment. The diameters of channels in these studies were 

typically larger than 20µm, which facilitated the flow of fluid under pressure-flow conditions 

without high hydraulic resistances. However, the majority of methods lacked the ability to 

fabricate 3D, monolithic nanofluidic devices in which the network dimensions can be 

tailored at ease. Therefore, an alternative method that is convenient and scalable needs to be 

explored for the design and fabrication of 3D nanofluidic devices.  

Therefore, to fabricate 3D nanofluidic networks in polymer matrices, electrospun nanofibre 

meshes as sacrificial materials have been explored by several researchers. For example, 

Bellan L M et al. fabricated a random nanochannel network in  polydimethylsiloxane 

(PDMS) substrate using sacrificial electrospun polyethylene oxide nanofibres as an inverse 
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replica[99]. Gaulundi et al. explored electrospun polyvinyl alcohol for the fabrication of 3D 

vascularised polymer matrices. Fluid flow in these vascularised networks can be driven by 

capillary action. The former work utilized rectangular reservoirs to interface with the 

vascularised polymer, while in the later work the vascularised polymers were submerged in a 

liquid to enable capillary filling [100]. Subsequently Bellan et al. connected the vascularised 

polymer matrix with an external tubing to create viable micro/nanofluidic devices[75, 101]. 

Although these articles have convincingly articulated different methods to drive fluids 

through vascularised networks, the connection of the vascularised polymer to an external 

fluidic circuit in order to take advantage of their enhanced surface-to-volume ratio and 

interconnectivity has been least explored. The methods utilized to address this issue are far 

from being optimal because a large number of channels that comprise the vasculature will not 

be in direct contact with the reservoir, thus limiting the interface. As a result, the volumetric 

flow rate in the vascularised polymer matrix will decrease and will be substantially lower 

than that which is possible. This is further compounded by the enhanced hydraulic resistance 

when the dimensions of the channels in the vasculature become smaller. For the applications 

that are typically envisaged for vascularised matrices, mass transfer and reaction rates play a 

critical role[102]; these properties will scale directly with the volumetric flow rates. 

Therefore, there is a need to investigate (from a fundamental and applied point of view) how 

one can modify the shape and size of the reservoirs to interface efficiently with the 

vascularised polymers in order to provide a facile connection with the external fluidic port 

without compromising the compactness of the devices. Further, a theoretical investigation on 

the effect of density and tortuosity of microchannel network on the capillary wicking has 

been performed by Jianchao Cai et al. They demonstrated that the volumetric flow rate scales 

linearly with channel density while it varies as the square of the inverse of tortuosity[103]. 

Although volumetric flow scales linearly with the density of channel network, it has been 

known that an increase in the density of vascularization does not support a continuous 

increase in mass transfer capabilities[25, 89]. Such observation of cessation of mass transfer 

through optimally vascularized polymer matrices is also reported in Chapter 3. Thus, optimal 

channel density will facilitate mass transfer rate without compromising the mechanical 

properties of the vascularized polymers or subjecting additional burden on the use of material 
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during a manufacturing process. Therefore, channel density and tortuosity also need to be 

investigated for volumetric flow and mass transfer through vascularized polymers.  

Therefore, we hypothesize that a reservoir with branch-shaped vessels interfacing with an 

optimally vascularised polymer will demonstrate enhanced volumetric flow and mass 

transfer than a rectangular reservoir. 

In this chapter, the following research objectives are achieved 

1) Theoretical and experimental investigation on the role of the geometry of reservoirs, 

which interfaces between the external fluidic port and the vascularised polymer 

matrices.  

2) Design, fabrication and structural characterization of thin vascularised polymer 

matrices by using sacrificial electrospun fibres in host PDMS matrices  

3) Volumetric fluid flow and mass transfer rate quantification through vascularised 

polymer matrices having a different geometry of reservoir which interfaces with 

vascular network and density and tortuosity of the vascular channel network.  

Our study will lead to design and fabrication of more efficient 3D micro/nanofluidic devices 

that can be used in advanced applications such as organ-on-chips, lab-on-chips, tissue 

engineering, and cell culture studies in complex environments. We hope to achieve this 

efficiency by providing a better method for interfacing and connecting with external fluidic 

circuits and optimizing the channel density and tortuosity. 

4.2. Theoretical modeling 
 

In this section, we have theoretically analysed the parameters that govern the geometry of a 

reservoir that is bounded by a fixed size and shape of a virtual boundary, and its integration 

with a vascularised polymer matrix in a microdevice. Figure 4.1A shows the reservoirs that 

are connected to a vascular network, which is represented by grey curves in a device (shown 

by an orange boundary).   
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Figure 4.1 A) Schematic of different shapes of a reservoir (red colour) connected to a random 

network of nanochannels (grey colour) in a device (orange colour).  The dashed green colour 

represent virtual boundary in the micro-device enclosing the reservoirs while dashed blue 

line represents the length of reservoir's segment initially facing fluid front ( not interfacing 

with nanochannel network) after delivery of fluid in the reservoir. The red segment of 

reservoir represents nanochannel interfacing length of the reservoir B) Schematic of the 

spiked-shaped reservoir connected to nano-channel networks C) schematic of the gap 

between the spikes of a spike-shaped reservoir where the random network of channels (grey 

colour) connected to reservoir wall (red colour).    and  2 are the maximum angle spanned 

by a fiber originating at the line BC in an element dx and joining the line AD. The W is the 

non-parallel width and l & K is the two parallel lengths of the trapezoid ABCD respectively.  

  is the angle subtended side AD or BC makes with the x-axis. 

In addition, in Figure 4.1A, the dashed green bounding box represents the virtual 

boundary of the reservoirs; the red segment of the reservoir inside a virtual boundary 
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represents the interfacing segment of the reservoirs with a vascular network; and the dashed 

blue line represents the non-interfacing segment of reservoirs. Figure 4.1B illustrates the 

connection between the spike-shaped reservoir and the random channels, in which the area 

between the spikes, as shown in Figure 4.1C, was used to estimate the number of free 

connections of the vascular network with the reservoir.  1 and  2 are the maximum angles 

that are spanned by a channel that originates at a line, BC, in an element, dx, and joins line, 

AD. W is the nonparallel width, and l and K are the two parallel lengths of the trapezoid 

ABCD, respectively. Angle   is the angle that sides AD or BC make with the x-axis (Figure 

4.1C) The generalised mathematical model[104] was developed with the  parameters that are 

illustrated in Figure 4.1C. The model makes certain assumptions:  

1) A high random isotropic network of tortuous channels, in which the probability of 

finding a channel in a region follows a normal distribution.  

2) The channels are long enough to make connections with either end of the reservoir, and 

their diameter is 1µm, which distributed uniformly throughout the matrix. 

3) The length (l) is considered to be very small in comparison to the length (K) in the spike 

and the branched reservoir for geometry optimisation (Figure 4.1C).  

4) Branched geometry is considered as a hierarchical spiked geometry. 

5) For the sake of a reasonable comparison, the area of the dashed green bounding box (size 

of virtual boundary encasing the reservoirs) is kept constant at 100mm
2
 for all types of 

reservoirs, and the maximum possible size of the rectangular, branched and spiked 

reservoirs were created within the virtual boundary (dashed green boundary) that has 

hydraulic diameters of 1mm, 0.8mm, and 4.37mm, respectively. 

 

In addition to the above, if we have a line or curve intersecting the vascular network, 

then the number of channels intersected per unit length is considered to be No. Under these 

assumptions, in a probabilistic framework, we develop a number of ‘free connections’ in the 

channels to the reservoir. By free connections, we mean those connections in which only 

either ends of a channel are connected to a reservoir. Connections in which both the ends of a 

channel interface with the same reservoir are not useful from an application perspective and 

are termed as ‘cross-connections’ here. These connections do not enhance the fluid transport 
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from a source to a sink reservoir. Therefore, the number of channels that originate and 

terminate in the same reservoir is given by  

                                ∫         
 

 
                                                      (4.1)                                     

The f(x) is the probability of finding a channel that originates between x and x+dx on line BC 

and terminates on line AD (see Figure 4.1C) and has a cord angle between  (
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any channel. Therefore, f(x) is given by the following equation: 
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                                                  (4.2) 

where w is the width, l and k are the lengths of the two parallel sides of a trapezoid, α is half 

the angle between the spikes, ‘a’ is the cosine of the angle (α) and ‘b’ is the sin of the angle 

(α), as shown in Figure 4.1C. The probability density function of the random channels is 

taken to be a constant and is given by the following rectangular function: 

                                                                                                    (4.3) 

By solving equation 1 analytically after plugging equation 4.2 and 4.3 in 4.1, we determined 

the number of cross-connected channels of the trapezoid (ABCD), as shown in Figure 4.1C. 

Therefore, the number of channels (N) with cross-connections can be given by equation (1). 

By considering the symmetry of the spikes throughout the reservoir area, the total numbers of 

cross-connections were estimated. Thus, the number of free connections (  ) is the 

difference between the total number of connections and the number of cross-connections and 

is given by equation (4)    

                                            ∫         
 

 
                                                     (4.4) 

In addition to the estimation of the number of free connections due to an interfacing of the 

reservoir and vascular networks, other geometric parameters of the reservoir were also 

investigated. These parameters have been listed in Table 4.1 and have been defined below. 
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Further, similar analyses were carried out for rectangular and branched reservoirs by 

changing the parameters in the mathematical model that is suited to rectangular and branched 

geometries in MATLAB7.4 to study the parameters listed in Table 4.1.  

1. Compactness: ratio of the perimeter of the reservoir (length of the red boundary as 

shown in Figure 4.1A) to the area of the virtual boundary (dashed green boundary in 

Figure 4.1A)  

2. Enhancement in functional perimeter: ratio of the length of the reservoir that 

interfaces with vascular networks (length of the red boundary as shown in Figure 

4.1A) to its non-interfacing length (length of the dashed blue –boundary in Figure 

4.1A.) 

Table 4.1 Parameter considered during reservoir geometry consideration.  

 

An ideal reservoir, which connects a vascular network within the fixed size of a virtual 

boundary that encloses reservoirs, should possess: (a) a large number of free connections 

with a random network of channels, (b) a high degree of compactness and (c) a high ratio of 

channel interfacing length to non-interfacing length. Based on these criteria, the geometry of 

the reservoirs, which is mentioned above, was evaluated for its efficiency.  

.  

S.No Parameter Formulae Significance in fluid flow 

1 Enhancement in 

perimeter ratio 

Enhancement in perimeter = 

Length of the reservoir segment 

that interfaces with vascular 

networks / Length of reservoir 

segment that does not interface 

with vascular  networks 

Increased functional 

perimeter due to shape 

effect 

2 The number of free 

connections of 

channels with the 

reservoir 

Free connection = total number of 

times the perimeter of the reservoir 

crosses vascular network cross-

connections 

Number of channels that 

actually contribute fluid 

flow from the source to the 

sink reservoir  

3 Compactness  Compactness = Perimeter of the 

reservoir / Area covered by virtual 

boundary of reservoir 

Number of connections 

with reservoir per unit area 
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Figure 4.2 Comparison of rectangular, spiked and branched reservoir for A) Enhancement in 

perimeter ratio - ratio of segment of perimeter interfacing with nanochannel networks (red 

line) to non-interfacing length segment of reservoir (dashed blue line) B) Number of free 

connections of nano-channels with the reservoir C) Compactness of the device - ratio of 

actual perimeter (red line) to the area covered by virtual perimeter of bounding box (dashed 

green line). 

Our analysis of the different shapes of reservoirs that are bounded by a fixed shape 

and size of virtual boundary and their connection with the vascular networks (Figure 4.1A) 

suggested that the design of the reservoir is crucial in delivering fluid to a vascularised 

polymer matrix. Design parameters such as the shape of the reservoirs and their hydraulic 

diameters were explored in an estimation of volumetric flow through the network of 

channels. The hydraulic diameters of the reservoirs were quite comparable, resulting in fluid 

flow resistances in a similar order of magnitude. Moreover, the hydraulic diameters of the 
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reservoirs were approximately 1000 times larger than the hydraulic diameter of the channels, 

resulting in a fluid flow rate that was limited by the resistance offered by the vascular 

networks. Although, the volumetric flow through the network of channels is dependent on 

the hydraulic diameter of the channels and their degree of connectivity with the reservoirs, 

under the premise of a fixed diameter of channels, the volumetric flow through them can be 

increased by an increase in the extent of the interface with the reservoirs. Therefore, the 

maximum possible sizes of different types of reservoirs were designed with a 100 mm
2 

area 

of a virtual boundary enclosing the reservoirs. Under this condition, the perimeters of the 

branched, spiked and rectangular reservoirs were 49.67mm, 29.58mm and 10mm, 

respectively. Thus, when rectangular reservoirs were used to connect the vascular networks, 

the number of channels accessible directly to the reservoir depended strongly on the density 

of the channels (number of channels per unit length of the sample) and the length of the 

reservoir. The density of the channels was taken to be 50/mm, which is data that is taken 

from the experimental analysis that is explained in the section on results and discussion. 

Therefore, in order to increase the direct connection of the channels with the rectangular 

reservoir, the length of the rectangular reservoir needed to be increased. However, it could 

not be increased beyond a certain limit, considering the size constraint of the virtual 

boundary that enclosed the reservoir in micro/nanofluidic devices during the analysis. 

However, when the segment of the rectangular reservoir that interfaces with the vascular 

network was changed to spike shaped and branch-shaped, it increased the perimeter of the 

reservoir by 2.96 and 4.96 times, which was accessible to the vascular networks in a fixed 

area of the virtual boundary around the reservoirs. Thus, the ratio of the channel interfacing 

length of a reservoir to its non-interfacing length is found to be the highest in the case of the 

branch-shaped reservoir (Figure 4.2A) in comparison to the rectangular and spike-shaped 

reservoirs. This can be attributed to the peculiar branching geometry of a branch-shaped 

reservoir. Such geometry enables decrease in the area of the entry of the fluid and the 

increase in the length of the reservoir’s segment that is accessible for interface with the 

vascular networks for connections This enhancement in the perimeter will lead to an 

increased connectivity of reservoirs with a random network of channels when compared to 

the rectangular reservoir and will also reduce the segment of the reservoir’s length, which 

does not participate in channel interfacing.  
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However, it has been observed that an increase in the perimeter of the reservoir by merely 

changing the shape is not directly reflected in the number of free connections of the channel 

with the reservoir. This is primarily due to the angle between the spikes and the branches in 

the spike-shaped and branch-shaped reservoir, respectively. From the mathematical model it 

is clear that when the angle between the spikes or the branches in a spike-shaped reservoir or 

a branch-shaped reservoir is decreased, it leads to a decrease in the free connections and an 

increase in the perimeter of the reservoir per unit area. Thus, there is a trade-off between the 

number of free connections and the increased perimeter in a given area due to the decrease in 

the angle. However, it was observed that at an angle of 45
o
, the perimeter increase per unit 

area was optimal, enabling the highest number of free connections. Therefore, the estimation 

of free connections at an angle of 45
o
 in branch-shaped and spike-shaped reservoirs was 

carried out in the current work. The number of free connections was the highest in a 

branched reservoir by virtue of its geometrical shape, as shown in Figure 4.2B, in 

comparison with the rectangular and spiked reservoirs.  

Further, the comparison of the increase in the perimeter of a reservoir per unit area of the 

virtual boundary of the reservoirs termed as ‘compactness’ (Figure 4.2C), suggested that the 

branched shape was better than the spike-shaped and rectangular reservoirs. The compactness 

defines the performance of the device per unit area because an increase in the perimeter per 

unit area is directly related to the number of connections with a vascularised polymer matrix. 

Eventually, comparisons of the features mentioned above suggest that the branched reservoir 

is better in connecting the vascularised polymer matrix in a virtual boundary of a fixed size 

in a micro/nanofluidic device with an external fluidic port. Further, branched shapes are also 

one of the most coveted designs of vascular networks for any transport phenomenon [105]. 

4.3. Micro/nanofabrication methods:  

4.3.1. Electrospinning 

One of the most facsimile techniques is electrospinning (Figure 4.3) which has the 

capabilities to produce structures having the morphologies ranging from approx. 100nm to 

10s of few microns [106, 107]. The method involves the drawing of polymer solution or 

melts from a nozzle of a syringe by electric force to produce charged continuous fibers with 
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diameters in nanometer. The polymer solution is pumped through a nozzle of a needle when 

a high voltage is applied between ground and needle. As a result, when polymer solution or 

melt comes out of a needle tip, it forms a round drop due to the surface tension of the fluid. 

However, the applied field results in a charge development in the drop, eventually causing 

repulsion between charges. Under the effect of two competing forces, when the electric force 

exceeds the surface tension force, the drop deforms in a shape of cone popularly known as 

"Taylor cone". On further increase in electric field strength, fiber is ejected from the tip of 

the cone towards the negative ground electrode, provided the viscosity of the solution is 

enough to prevent breaking of drop into nano drops due to increased electrostatic 

repulsion[108]. The fibers produced are collected on the ground which may be of different 

shape and sizes. Further, the pattern of the collection of fibers on the ground depend on the 

geometry of collectors is well reported in the literature[109].  

 

 

Figure 4.3 Schematic of electrospinning apparatus 

The fibers produced by electrospinning has been widely used in research 

labs/commercial set-up for applications like tissue engineering scaffolding, advanced drug 

delivery, porous media, textiles, nanosensors[110], however, they  have been minimally 

explored for design and fabrication of micro/nanofluidic devices. The micro/nanofibers 

produced by electrospinning can either act as a template[111] or used as a sacrificial material 

for the generation of channels in a polymeric substrate[100]. The combination of 

electrospinning with soft lithographic variants is capable of generating channels with desired 
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nano dimensions. There is only handful of literature available which elucidates the potential 

use of electrospun micro/nanofibers for generating a random network of 3D 

micro/nanochannels having a circular cross-section, which is otherwise difficult to fabricate 

by traditional lithography-based techniques.   

4.3.2. Solvent etching of sacrificial structures 
 

Etching of sacrificial surface layer of silicon and glass substrates have been routinely used in 

lithography techniques for fabrication of micro/nanochannels. There are two methods, 

commonly employed for etching of the substrate; wet and dry etching. The wet etching 

involves the dissolution of exposed surface of a substrate to their respective solvents, leading 

the formation of defined narrow openings termed as micro/nanochannels. It should be noted 

that the resolution of the mask, nature of the solvents and their time of exposure to the 

substrate determine the dimensional resolution of channels[112]. However, solvent etching 

phenomenon has been recently explored to etch away sacrificial structures embedded in the 

bulk of host polymer which is immune to solvent, as opposite to surface layer-by-layer 

etching in traditional lithography. The solvent etching of embedded structures in polymer 

matrices is quite slow due to an indirect interaction between the solvent and sacrificial layer.   

4.3.3. Spin coating 
 

Spin coating is the process of depositing a uniform thin film coating of polymer or solvent on 

a substrate (Figure 4.4). A small amount of polymer or solvent solution is placed at the centre 

of the substrate which is subjected to centrifugal force. Under the influence of centrifugal 

force supplied by a spin coater and viscous forces within the solution, a uniform thin film is 

created over the substrate as shown in the figure. This process is routinely used in soft 

lithography to fabricate a sacrificial layer of SU-8 on silicon[112]. However, the spin coating 

also has been explored for fabrication of thin membranes of elastomeric polymers[113]. 

Recently, the spin coating has been also employed to generate free-standing thin membrane 

to be used for various applications[114]. 
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Figure 4.4 Schematic showing the workflow of fabricating thin film of PDMS by spin 

coating 

4.4. Materials and Method 

4.4.1. Materials: 

Tissue culture polystyrene (Mw 106 kDa; TPP Techno Plastic Products AG, Switzerland); 

and Solvent grade N, N-dimethylformamide (DMF); and tetrahydrofuran (THF) (Merck Ltd., 

India) were used to formulate the solution for electrospinning and as etchants. Acetone and 

ethanol were used as solvents (Merck Ltd., India). Polydimethylsiloxane (PDMS) (Sylgard® 

184 silicone elastomer kit - Dow Corning) was used for fabrication of micro/nanofluidic 

devices. Disodium Fluorescein (Sigma-Aldrich Pvt. Ltd., India) was used as the dye. Urea 

was used as a solute in diffusion experiments (Merck KGaA Ltd, Germany). 

4.4.2. Methods: 

4.4.2.1. Fabrication and characterization of micro/-nanofluidic devices  

 

For 3D micro/nanofluidic device fabrication (Figure 4.5), the sacrificial electrospun 

micro/nanofibre mesh was transferred onto a glass slide that was coated with a PDMS film. 

For electrospinning, a 15% w/v polystyrene solution was prepared in THF and DMF in a 3:1 

ratio. The process parameters were optimised to generate fibres with diameters of 1µm at a 

voltage of 10KV, a distance of 12cm between the collector and the spinneret, a solution flow 

rate of 0.5ml/hr by a syringe pump, a deposition time of 1–2 minutes and a needle gauge of 

24G. Thereafter, the sacrificial micro/nanostructures on glass slides were mounted onto 
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copper stubs and prepared with a gold/platinum coating using a sputter coater for scanning 

electron microscopy (SEM) (FEI QUANTA 200, FEI, USA), which was operated at 20 kV 

and 10 kV, respectively, for structural and morphological characterization. The images were 

taken at different magnifications for a complete morphological analysis. The structural 

parameters of the samples were analysed by image processing in MATLAB® 2009a. After 

this, the entire sacrificial structure was embedded in a 1-2mm thin block of PDMS, as shown 

in Figure 3. For this, glass slide coated with a thin film of PDMS (20-30µm) were used to 

deposit nanofiber net and thereafter, uncured PDMS was poured from sides, such that PDMS 

seeps into the fiber net without collapsing the nanofiber net. Then PDMS was cured at 70
o
C 

for 6-8 hours to obtain PDMS block having embedded nanofiber net. Further, openings were 

created in the PDMS block to increase the accessibility of the etchants for the removal of 

sacrificial structures. These blocks were kept in DMF for several days, until the sacrificial 

structures were completely etched, leaving behind random vascular (micro/nanochannel) 

networks in the thin PDMS block. Further, these blocks were sonicated in a DMF solvent in 

a water bath sonicator at intervals of a certain number of days in order to accelerate the 

etching of sacrificial structures and to remove debris before using thin, vascularised PDMS 

block as a device for dye flow and mass transfer experiments.  

 

Figure 4.5 showing the schematic of the fabrication process of thin micro/-nanovascularised 

PDMS matrices. A) Electrospinning generates sacrificial micro/-nanofiber mesh B) The 

sacrificial micro/-nanofibers are embedded in thin PDMS matrices C) The PDMS matrices 
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having micro/-nanofibers are subjected to solvent (DMF) etching over magnetic stirrer D) 

Eventually, etching of fiber results in thin micro/-nanovascularised PDMS matrices[85] 

4.4.2.2. Characterization of flow through micro/-nanofluidic devices  

 

To further investigate the fluid flow rate dependence on reservoir’s geometry in 3D 

micro/nanofludic devices, the vascularised polymer matrices that were fabricated were 

plasma treated (Basic Plasma Cleaner PDC-32G, Harrick Plasma, USA) at 1 mbar for 20–25 

seconds and bonded to clean glass slides. Thereafter, the branch-shaped and rectangle-shaped 

reservoirs were created by punching slots in thin vascularised PDMS matrices, such that the 

virtual boundary (size of 10 mm × 10mm) enclosing the reservoirs was constant. Then, 

during dye flow experiments, time-lapse imaging was carried out within a virtual boundary 

that enclosed the reservoirs in a device. Further, the density of the channels and the 

interfacing perimeter of the reservoir with the channels were measured from the images of 

samples. During the experimentation, the area of vascularised polymer matrix under 

observations for dye-coverage and subsequent imaging were undertaken at a constant 

distance from the connected reservoirs. Images were acquired during dye flow at regular 

intervals with an optical microscope (Olympus, MX40, Olympus Corporation, Japan) in 

order to locate the dye in the channels at a given depth of focus and magnification. The 

images were further processed by image processing in order to estimate the dye-coverage 

area in the vascularised polymer matrix in MATLAB®9a. The estimated dye-coverage area 

was directly related to the volume of fluid flow in the vascularised polymer matrices. 

Further, vascularized polymers with different channel density and tortuosity of channels were 

used to study the dye coverage as proposed above. An empirical relation for the area of dye 

coverage with respect to the density and the tortuosity of channel network was determined 

from the experimentally recorded data. 
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4.4.2.3. Study of diffusion of urea across micro/nanofluidic devices 

 

 

Figure 4.6  showing the schematic of fabrication of 3D micro/nanofluidic device from thin 

vascularised PDMS matrix and study of diffusion process under static condition. The steps of 

fabrication are A) a clean thin vascularised PDMS matrix is taken B) it is bonded to clean 

glass slide by their plasma treatment at 1mbar for 20-25 seconds and heat treated at 70
o
C for 

30 minutes C) two reservoirs (source and sink) are created and sealed with adhesive to form 

leak-proof bonding. 

The vascularised PDMS matrices were used to design set-up for studying diffusion through 

them (Figure 4.6). Vascularised PDMS matrices having the thickness of 1mm were 

thoroughly washed in water to remove dirt or debris of polystyrene that formed during an 

etching process. Thereafter, these matrices and clean glass slides were treated with plasma 

(Basic Plasma Cleaner PDC-32G, Harrick Plasma, USA) at 1 mbar for 20–25 seconds to 

expose the functionalities on their surfaces. Further, these plasma-treated matrices and clean 

glass slides were bonded to each other. These bonded samples were then heated at 70 
o
C for 

30 minutes to strengthen the bonding between the matrices and the glass slides, and to form a 
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leak-proof bonding. The two reservoirs were then created into a PDMS matrix that was 

bonded to a glass slide to form 3D micro/nanofluidic devices. A diffusion study set-up was 

created, as shown in a Figure 4.6D. Reservoir A was filled with 3ml of a urea solution of 

0.02M, and reservoir B was filled with 2ml of deionised (DI) water. Reservoir C was filled 

with 40ml of DI water. The urea from A moves towards B by the process of diffusion 

through the network of channels between the reservoirs. Meanwhile, as the urea diffused 

through the network of channels, it also diffused across the PDMS matrix, which had an area 

of 1cm
2
, to the reservoir C due to a concentration gradient of urea across the matrix's 

thickness[85]. At regular intervals of 15 minutes, 2ml of the solution from C was taken and 

the absorbance peak was measured by UV-Vis spectroscopy (USB4000-UV-VIS 

Spectrometer, Ocean Optics), as shown in Figure 6A. Next, the absorbance peak was 

converted to moles of urea by using the calibration curve that had the correlation between the 

peak height and the concentration of urea[115]. These experiments were repeated for PDMS 

matrices in which random vascularised networks connected to a branch-shaped reservoir. The 

flux of urea from the vascularised PDMS matrices, which are mentioned above, with and 

without branch-shaped intermediate reservoir was estimated and compared. Further, above 

diffusion study was carried out with vascularized polymer matrices having varying channel 

density connected to the rectangular reservoir to determine the role of channel density on the 

mass flux of urea.    

4.5. Results and discussion  

4.5.1. Structural characterization of micro/nanofluidic devices 

The fabrication of a 3D micro/nanofluidic device by using electrospinning is an inexpensive, 

scalable and convenient method. Since polystyrene is readily available, sacrificial material 

and PDMS, which are commonly used materials in fluidic devices, were employed. The 

SEM images of polystyrene micro/nanofibre networks Figure 4.7(A), which were produced 

by electrospinning, were utilized to obtain diameter distribution and degree of randomness 

analysis through image processing. A fibre mesh with a global diameter of 1.04±0.32 µm 

was obtained. Further, the fast Fourier transforms (FFT) analysis of the SEM images of the 

micro/nanofibre network was carried out to quantify randomness [116]. The angle of spread 

calculated from the FFT image was more than 150
o
—indicating the high level of randomness 
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in the fibre mesh, which supports our assumption in the theoretical model. The thickness of 

the nanofiber net were in couple of hundreds of micron (Figure 4.7B) . The SEM images 

shown in Figure 4.7B illustrate the openings on the surface of the PDMS, which formed 

because of the etching of micro/nanofibres in a PDMS block. 

 

Figure 4.7 Scanning Electron Micrograph of A) electrospun polystyrene nanofibrous matrix 

B) cross-section of thin vascularised PDMS matrix showing holes C) PDMS matrix with 

micro/nanovascularisation. D) Graph showing the comparison of nanofiber and nanochannel 

diameter before and after solvent etching 

Although sacrificial fibres were contiguous in nature, the discontinuous openings suggested 

that a part of the channels are inside the PDMS, forming a continuous vascularised network. 

The diameter analysis (Figure 4.7D) of the sacrificial fibres and the channels demonstrated 

that the etching of sacrificial fibres by solvent did not affect the channel dimensions. The 

connectivity and continuity of channels in vascularised polymer matrices were further 
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confirmed by capillary dye flow experiments (Figure 4.8C). They indicated the successful 

etching of the sacrificial structures. Thus, we successfully fabricated a micro/nanofluidic 

device, which is ready to be interfaced with different shapes of reservoirs that have a fixed 

area of the virtual boundary for effective connection with external fluidic circuits. 

 

Figure 4.8 Microscope image showing the vascular network in PDMS A) before fluorescein 

dye flow experiment and B) after fluorescein dye flow experiment 

4.5.2. Fluid flow study through micro/nanofluidic devices 

Although the volumetric flow rate of a fluid through a vascular network is dependent on a 

number of factors such as the dimension of the channels, the inner wall morphology of the 

channels, the tortuosity of channels, the surface tension and the viscosity of the fluid [117, 

118], the time-dependent dye flow experiments in microdevices suggested the role of the 

reservoir's geometry in volumetric flow through vascularised PDMS matrices. The virtual 

boundary that enclosed the reservoirs were 100mm
2
, while the channels that interfaced with 

the perimeter of the maximum size of branched reservoirs and rectangular reservoirs that 

were accommodated within the virtual boundary was 26mm and 9mm, respectively. Further, 

the average density of the channels was 50±7 channels per mm length of samples we 

observed that vascularised matrices that interfaced with branch-shaped reservoirs 

demonstrated better volumetric fluid flow, which is represented by an area under the curve at 

a given time point, in comparison with interfacing with rectangular reservoirs (Figure 4.9A). 

Thus, we concluded that an enhanced volumetric fluid flow through a vascularised PDMS 
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matrix can be achieved by better interfacing with a reservoir system that is connected to an 

external fluidic port. This is because of a branched reservoir, due to its shape factor, offers a 

greater interfacing length in vascular networks that are within a fixed area and shape of 

virtual boundary that encloses the reservoirs in a device. Hence, such interfacing results in an 

increased participation of a large number of channels in a fluid flow at a given time. In 

contrast, rectangular reservoirs can achieve greater interfacing length by increasing their size 

only. Therefore, such reservoirs are not suitable when the microdevice is small. The curves in 

Figure 4.9A represent an average of the fluid flow behaviour through randomly distributed 

multiple channels, which is orchestrated by dye flow through capillary action and has 

varying dimensions, tortuosity, and roughness. However, the curve does not show a steep rise 

in the beginning because the region of volumetric flow measurement in the device was far 

away from the interface of the channels and the reservoir; therefore, it could not capture the 

high fluid velocity at the entrance of the channels that are connected to the reservoir.   
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Figure 4.9 Graph showing A) the progress of dye coverage area with respect to time in a 

nanovascularised polymer matrix when connected to branched and rectangular reservoir in a 

device of area (10mm × 10mm) B) comparison of area covered by dye per unit time in a 

nanovascularised polymer matrix connected to branched and rectangular reservoir 

respectively C) the increase in a perimeter per unit area of a branched reservoir while moving 

from parent to daughter branches in a branched reservoir D) Comparison of experimental and 

theoretical results showing the ratio of increase in perimeter of reservoir when shape in 

changed from rectangular to branch-shaped on increase in the ratio of number of free 

connections and the ratio of volumetric flow 

 Further, the slope of the curves in Figure 4.9A was estimated by a straight-line fit 

for the two reservoirs cases in order to determine the volumetric fluid flow rate. The 

volumetric fluid flow rate was significantly higher in a vascularised PDMS matrix that was 

connected to the branched reservoir when compared to the rectangular reservoir (Figure 
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4.9B). Further, the statistical analysis by paired t-test revealed that the probability of 

obtaining an enhanced volumetric flow rate in a vascularised PDMS matrix that is connected 

to the branch-shaped reservoir in comparison to the rectangular reservoir in an unbiased four-

sample set is 96.4% (p-value 0.036). This is primarily due to the increase in the number of 

channels that contribute to the volumetric flow rate when connected to a branch-shaped 

reservoir as opposed to a rectangular reservoir. Moreover, the volumetric flow rate in 

vascular networks is likely to be affected by flow resistances in these reservoirs, which act as 

an intermediate between the external fluidic port and the vascular networks. However, due to 

large differences in the dimensions of the hydraulic diameter of reservoirs (1.33mm) and 

micro/nanochannels (1.04±0.32µm), the resistance offered to the flow, which is inversely 

proportional to fourth power of the hydraulic diameter in the reservoir, is negligible when 

compared to vascular networks. Therefore, in the current study, we have neglected flow 

resistances in the reservoirs and emphasised on the flow behaviour through a vascular 

network only, although the shape of the branch-shaped reservoir will have a minimal effect 

on the flow resistance.  

 Moreover, when we compared the enhancement in a fluid flow rate that was 

obtained experimentally with the number of connections between the vascularised PDMS 

matrix and the reservoir that was obtained from our theoretical analysis, we observed (Figure 

4.9C) that the theoretical results suggested that the numbers of free connections with the 

branch-shaped reservoir were 3.4 times higher than those with the rectangular reservoir when 

the interfacing perimeter was increased from 10mm to 49.67mm. Meanwhile, the 

enhancement of fluid flow in the vascularised PDMS matrix during experimentation, when 

connected to the branch-shaped reservoir, was 2.2 times higher than that in a rectangular 

reservoir, when the interfacing perimeter was increased from 9mm to 26mm. Thus, the 

increase in the perimeter of the reservoir leads to increased interfacing with vascular 

networks, enabling enhanced volumetric flow. Although, our theoretical results are almost 

consistent with our experimental approach, small differences have arisen from: (a) the low 

contribution to the flow measurement by all the partially formed channels, due to incomplete 

solvent etching, connected directly to the reservoir and (b) deviation of the level of 

randomness in the vascular networks, which is assumed in the theoretical model from the 

sample that was used in the experiments. Nevertheless, we have considered a two-
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dimensional system to demonstrate that the extent of interfacing of the vascularised system 

with the reservoirs depends on the perimeter of reservoir. In an actual three-dimensional 

system, however, the degree of interfacing would be dependent on the product of the 

perimeter of the reservoirs and the diameter of the vascular network. Since the diameter of 

the vascular network was very small in comparison to the perimeter of the reservoirs, our 

experimental and theoretical analysis that considers the device to be two dimensional would 

yield fairly accurate results even if the actual device was three dimensional. 

 To estimate the extent of the role of shape in an increase in the perimeter of 

branch-shaped  reservoirs per unit area, images of branched reservoirs that were fabricated in 

PDMS as a replica of a mould created by the Hele-Shaw cell[119] were processed. In the 

Figure 4.9D, the yellow virtual boundary with the constant area was traversed gradually from 

parent to daughter branches. The perimeter of branched structure lying inside the yellow 

boundary at three distinct positions was estimated. We observed an increase in the perimeter 

of the branched structure that was bounded by yellow due to an increase in the number of 

fingers or branches lying inside the yellow bounding box, as shown in Figure 5D. Thus, an 

increase in the branching of branched reservoirs within a fixed virtual boundary will 

contribute towards enhanced perimeter per unit area (compactness).  

The volumetric flow rate through the network of channels is also dependent on an 

area of observation in a microdevice, the degree of randomness in vascular networks and the 

vasculature density. Furthermore, there would be enhanced volumetric fluid flow through the 

vascularised PDMS matrix due to an increase in the channel density and the proximity of the 

area under observation with respect to the interfacing junction of the vascular network and 

the reservoirs, as suggested by the theoretical model. It was experimentally contemplated that 

nanochannel density and level of randomness plays a vital role in the nature of the area 

coverage curves. The variation in the velocity of area coverage shown in Figure 4.9A is due 

to the variation of above parameters in vascularized polymers. For an experimental set-up, 

controlling the nanochannel density, keeping the level of randomness constant and vice-versa 

is quite challenging. So for the sample set of 5, these parameters (density and tortuosity) 

were estimated from their respective images through image processing. The process and 

algorithm for estimation of density and tortuosity are described in Appendix 2. Further, the 
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regression analysis was carried out to established empirical relations between the area 

coverage velocity obtained experimentally and above parameters. The empirical relation is 

shown by the equation 

 

    
        

                                                                   (4.5) 

 

Where V is the velocity of area coverage by the dye, Cd is the channel density, Lr is the level 

of randomness and K is the constant of proportionality. Furthermore, the obtained empirical 

relation was used to predict the area coverage velocity in samples with known channel 

density and tortuosity. The experimental results corroborated well with results obtained in 

those samples through dye-flow experiments as shown in the Figure 4.10.  

 
Figure 4.10 Graph showing the comparison of area coverage velocity estimated through 

experiments and empirical relation 

As the distance between measuring area and the reservoir was increased, it decreased 

the propensity of a direct connection between the reservoir and measuring area and increased 

the path length of nanochannel between the reservoir and measuring area. This leads to the 

reduction in the velocity of capillary flow in nanochannel network with an increase in 

distance between the reservoir and measuring area due to the continuous drop in capillary 

pressure due to increased path length. The velocity of capillary filling is retarded with the 

increase in the length of a liquid column in a microchannel[120]. Thus, increasing tortuosity 

increases the effective length of the microchannel, thereby contributing to the reduction in 

velocity[121]. Further, the density of vascular network determines the volume of flow 
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through these matrices. The empirical results were found to be in good agreement with 

mathematical expression of capillary filling in tortuous channel network[103]       

4.5.3. Diffusion study through micro/nanofluidic devices 

We have also studied the mass transfer behaviour of micro/nanovascularised PDMS matrices 

interfaced with different shapes of reservoirs in 3D micro/nanofluidic devices. The diffusion 

flux of urea across these thin vascularised PDMS matrices interfaced with different reservoir 

shapes (Figure 4.11A) illustrated the role of reservoirs on the degree of diffusion of solute 

(urea in this case). It was observed that micro/nanovascularised PDMS matrices 

demonstrated an increased ability of urea flux (1.7 times) across the matrices due to an 

increased participation of large number of nanochannels, when the PDMS matrices 

connected to external reservoir via branched-shaped reservoir as compared to 

micro/nanovascularised PDMS matrices connected directly to an external rectangular 

reservoir. It also facilitated maximum utilization of micro/nanochannel networks in the solute 

exchange process. Therefore, it is apparent that increasing the density of micro/nanochannel 

network will correspondingly increase the surface area for diffusion. However, as simulation 

results in chapter 3 suggest the presence of optimal micro/nanochannel density during mass 

transfer in vascularized polymers.  

 

Figure 4.11 Graph showing flux of urea across the vascularised PDMS matrices A) 

interfaced with rectangular and branch-shaped reservoir, respectively B) having varying 

channel density 
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Therefore, the vascularised PDMS matrices fabricated with varied channel density 

were used for urea diffusion study using the setup described in Figure 4.6. It was observed 

that the urea diffusion across the PDMS matrices increased with an increase in the density of 

vascularization as shown in the Figure 4.11B. However, the increase in urea diffusion do not 

scale linearly with the density of vascularization and tends to demonstrate optimal channel 

density for maximum urea diffusion through given thickness of vascularized polymers 

systems. The results experimentally validate the trend of optimal vascularization density 

predicted by simulations in chapter 3. Although above study just illustrated the ability of 3D 

micro/nanofluidic devices for urea separation between two fluids, it can be a stepping stone 

for developing kidney dialyser in near future. Therefore, above design of nanofluidic devices, 

with an intermediate branch-shaped reservoir to connect to external fluidic circuits, will 

enable fabrication of high-performance nanofluidic devices - capable of enhancing fluid 

flow, thereby increasing heat and mass transfer properties. The current design and strategy 

can be employed for the fabrication of micro/nanofluidic devices where heat and mass 

transfer operations are of primary concern 

4.6. Conclusion and future work 
 

One of the major problems of connecting nanochannel networks in micro/-nanofluidic 

devices with external fluidic ports involves design and fabrication of intermediate reservoirs 

which act as a bridge between nanochannel networks and external fluidic ports. Our proposed 

statistical model suggested that branched shaped reservoir enhances direct connectivity with 

nano-channel network, increases the compactness of a micro-device and improves functional 

perimeter as compared to other shapes of reservoirs within a fixed size of the virtual 

boundary in micro-devices. In addition, we have demonstrated an easy, inexpensive and 

unsophisticated method for the design and fabrication of 3D micro/-nanofluidic devices in a 

polymeric substrate mimicking natural vasculature using sacrificial nanofibers formed by 

electrospinning. Further, interfacing the nanochannel networks with branched shaped 

reservoir enhances the volumetric flow capability of these fluidic devices. This places these 

nanofluidic devices as a promising candidate in applications which demand interplay of 

convection, diffusion, and reactions. For example, enhanced urea diffusion was observed 

through micro/nanovascularised PDMS matrices connected to branched-shaped reservoirs. 
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Thus, we have demonstrated reservoir geometry as a crucial design parameter in nanofluidic 

devices used in separation technologies. Further, investigation on the density and tortuosity 

of channel network in 3D micro/nanofluidic devices also suggested that volumetric flow 

follows direct and inverse square relationship with density and tortuosity, respectively. The 

empirical relation between the volumetric flow in vascularized polymers and density and 

tortuosity of vascular network obtained corroborated well with the theoretical model 

proposed in the literature. Thus, our study will enable the design and fabrication of micro-

/nanovascularised polymer matrices with tailored structural properties for applications like 

lab-on-chip technologies, tissue engineering, and heat and gas exchangers. 

 

Further, our attempted to fabricate an integrated, multi-scale, scalable vascularized 

polymers matrices with scalable micro-manufacturing technologies: electrospinning, 3-D 

printing, micro-molding and solvent etching of sacrificial structures resulted in a modest 

success (Appendix 1). Our structural characterization revealed that successful integration of 

fractal-shaped microchannels generated by micro moulding followed by 3D printing with a 

random network of micro/nanochannel network created by sacrificial etching of fibers 

embedded in host polymer system. Further, we demonstrated the flow of dye through the 

network of the multi-scale channel network. However, the fabrication methodology involved 

a series of steps which needed meticulous attention and skill to fabricate successful devices 

with intended multi-scale channel dimensions. Moreover, fractal-shaped channel network 

created by micro-molding in 3D printed mold has the limitation posed by the resolution of a 

3D printer. The time scale of fabrication by 3D printer is relatively large for the fabrication 

of scaled up devices. The fabrication methodology proposed could not yield bio-inspired, 

multi-scale vascular polymer matrices but a lab-on-chip device with such morphologies. 

Thus, there is a need to design and develop a method that can fabricate to emulate multi-scale 

branching channel network in polymer matrices as observed in nature. 
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5. Chapter 5        

Nature-inspired 

3D, Multi-scale-

Vascularised 

Polymer Matrices 
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5.1. Introduction  
 
Our study suggested that interfacing of a random network of nanochannels with the reservoir 

of branched geometry is critical for enhancing the volumetric flow rate and mass transfer rate 

through them. However, the branched geometry of reservoir created through punching the 

vascularised polymer matrices is not a good scalable manufacturing practice. Moreover, it is 

not suitable for generating multi-scale, fractal/branched channel network. The fractal-like 

geometry vascular networks form a backbone of several natural functioning systems; for 

example, transport through venation system in leaves of trees[122], circulatory network in 

animals, fish gill, mammalian organ systems[123, 124] and so on. These fluid-flow networks 

typically display scales starting with few millimeters leading with multiple fractal 

generations to micrometer size branches further connected to submicron capillaries. These 

architectures are established to be efficient in being structurally sound and at the same time 

energy minimizing for heat and mass transport for both biological[125] and synthetic 

applications[126-128]. Mimicking these micro-scale features would have immense utility in 

tissue engineering[70, 125, 129], synthetic/artificial organs[130], and several other scientific 

and engineering investigations. 

 

Nature-inspired, fractal geometry channels spanning multiple dimension scales have 

so far been fabricated by mainly using lithography techniques including nano-imprint 

lithography (NIL)[13, 131, 132]. In some cases, these 2D structures were stacked to achieve 

3D fluidic networks [13]. Further, multi-scale channels were also obtained by combining 

different variants of lithography; UV and NIL[132]. In spite of such capabilities, lithography 

processes are expensive in both running and capital budgets. Apart from cost, substrate 

compatibility to obtain multi-scale structures, 2D nature of the process, and processing time 

remain inherent challenges to scale-up. Therefore, a large number of papers is found to 

demonstrate lithography-less, scalable fabrication of vascular network using sacrificial 

etching of fibrous structure embedded in host polymers[62, 75, 76, 100, 133, 134]. However, 

these vascular networks are random in nature and do not have multiple scales in channel 

dimension. Only lithography fewer attempts were found in the literature to fabricate fractal-

geometry, large-area, scalable structures spanning micro and mesoscale and to the best of our 
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knowledge, no extension of the same to submicron capillaries is found. Electrostatic 

discharge assisted fabrication[135] a novel use of high electric-discharge (starting from 

single or multiple seed locations) in dielectric material leading to local polymer evaporation 

created the desired micro-meso fractal-like geometry networks. This method, however, has 

limited control over the spread of the discharge in all directions and over connectivity of 

input and output apart from dimension achieved. The control over the dimensions of the 

channels remains a challenge due to chaotic nature of fabrication. Other methods[136, 137] 

used additive manufacturing by use of 3D printing using direct self-assembly of fugitive ink 

jet[136] and stereolithography (SLA) technology[137]. Both these methods have limits on 

resolution and scalability. Moreover, time for fabrication by above methods can be 

prohibitively high for scalable structures. Therefore, we propose in this paper a scalable 

process for fabrication of multi-scale, fractal microchannels connected efficiently to a 

random network of sub-micron capillaries. Saffman-Taylor instability well-known to 

produce viscous fingering along with sacrificial electrospun fiber network is adapted for the 

same. 

 

Therefore, we combined the electrospun fibers with Hele-Shaw structures to generate 

sacrificial structures which form the basis of producing vascular networks in a polymer to 

finally get the proposed structure. Towards the goal, electrospun fibers are laid, under tuned 

conditions, over this fractal branched polymers and the entire structure is cast in thin PDMS 

matrix (which allows gas exchange). The structures were characterized for their connectivity 

and time efficient gas exchange is actually demonstrated. Thus, fabrication of 

micro/nanovascularised polymer matrix efficiently connected to an external fluidic port via 

an intermediate fractal-shaped macro-micro structure, pervasive in nature, is demonstrated. 

Although the intended scope of this work shows the one-way connection to the vascular 

network similar to a leaf, the process lays the foundation for continuous flow structures like 

secondary lamella of fish gills. Further by using biocompatible polymer matrices, efficient 

cell growth systems can be fabricated economically at larger scale.  
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5.2. Micro/nanofabrication  

5.2.1. Hele-Shaw cell:  

A rich literature can be found on a variant of Saffman-Taylor instability demonstrated in a 

lifted Hele-Shaw cell[138] investigating both theoretical and experimental domains of 

fractal-like fingering process. In a lifted Hele-Shaw cell, a high viscosity fluid is compressed 

between two plates and the plates are angularly separated to allow low viscosity air fingers to 

penetrate in an unstable way[139]. It is a device which enables the fabrication of fractal-

shaped morphologies with viscous fluid exhibiting yield stress behavior. Figure 5.1 illustrates 

the working of the Hele-Shaw cell. A drop of a viscous fluid having yield stress properties is 

sandwiched between two glass slides and thereafter, the upper slide is lifted with its one of 

the end fixed as shown in Figure 5.1A. When a fluid drop is squeezed between the slides, it 

forms a thin layer between the plates. However, on lifting the upper slide, air being low 

viscous fluid perturbs the interface leading to Saffman-tailor instability. This instability 

progresses with a creation of fractal structure within a fluid film. The viscosity and surface 

tension of fluid will guide the stable fractal structures. The dimension of the fractal structure 

is governed by the thickness of the film between the two parallel glass slides, the speed of 

separation of glass slides, the angle of separation of glass slides and nature of the fluid. 

Penetrating fingers finally leave fractal geometry network on the cell plates with single point 

connectivity to the entire network. The phenomena are known to be scalable and depending 

on fluid properties can produce branched structures with a few micron dimensions at one end 

to few millimeter at the other over an area with virtually no restrictions 
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Figure 5.1 showing a) Schematic for fabrication process of fractal-shaped microstructures in 

polystyrene by controlled lifted Hele-shaw cell. The steps involved are squeezing the drop of 

PS solution between top and bottom glass slides shown as position 1 and then angular lifting 

the top slide to position 2 by angle    b) fractal-shaped microstructures of polystyrene on 

glass slides. 

5.3. Materials and methods: 

5.3.1. Materials: 

Tissue culture polystyrene (Mw 106 kDa; TPP Techno Plastic Products AG, Switzerland) 

and solvent grade N, N-dimethylformamide (DMF) and tetrahydrofuran (THF) (Merck Ltd., 

India) were utilized to formulate the solution for electrospinning and as solvent etchants. 

Acetone and ethanol were used as solvents (Merck Ltd., India) for washing and formulating 

dye solution. Polydimethylsiloxane (PDMS) (Sylgard® 184 silicone elastomer kit -

 Dow Corning) was used for fabrication of micro/nanofluidic devices. Disodium Fluorescein 

(Sigma-Aldrich Pvt. Ltd., India) was used as the dye. Urea was used as a solute in diffusion 

experiments (Merck KGaA Ltd, Germany). 
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5.3.2. Method: 

5.3.2.1. Fabrication of nature-inspired, multi-scale, 3D, channel network in PDMS 

matrices 

 

The scalable multi-order channels are proposed to be fabricated by combining two 

technologies: Saffman Taylor instability in Hele-Shaw apparatus (Figure 5.1A & B) and 

electrospinning (Figure 4.3).  

 
 

Figure 5.2 The steps of fabrications are i) glass slide is thoroughly cleaned with alcohol ii) 

PDMS is spin coated on glass slide at 800rpm for 2 minutes iii) solvent treated stable fractal-

shaped microstructures formed by Hele-shaw cell is transferred to PDMS-coated glass slide 

iv) the electrospun micro/nanofibrous mesh is deposited over fractal-shaped microstructure 

before micro-nanofibers get dried to enable fusion between structures v) the sacrificial 

structures are embedded in thin PDMS matrices by pouring PDMS over the sacrificial 

structures and heat curing it vi) DMF is used to etch away the sacrificial element from host 
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PDMS matrices leaving behind multi-scale channel network thin PDMS matrices vii) plasma 

bonding of PDMS matrices with clean glass slide viii) the final schematic of multi-scale, 

nature inspired vascularised PDMS matrices with reservoir for flow and diffusion studies.  

 

The steps in the fabrication process combining these two technologies are 

demonstrated schematically in Figure 5.2A. PDMS mixture was prepared in a (base and 

curing agent) 10:1 ratio and spin-coated on a glass slide at 800 rpm using spin coater to yield 

a thin film of 60µm (Figure 5.2A (ii)). Fractal-like structures formed by using 30% w/v of 

polystyrene solution in THF in a lifted-Hele Shaw cell (Figure 5.1A & B) by the process in 

[138] are then transferred on this PDMS (see schematic Figure 5.2 A (iii)). A 5-10 sec dip in 

DMF is given before transfer to remove the unwanted film formed between fractal fingers. In 

the next step (iv), wet polystyrene nanofibers were deposited on fractal shaped 

microstructures. For electrospinning process 15% w/v polystyrene solution in THF and DMF 

(ratio 3:1)[140] is used with the following process optimized parameters: voltage – 10KV, 

distance between collector and spinneret – 12cm, flow rate of solution by syringe pump – 

0.5ml/hr, deposition time 1–2 minutes, and needle gauge of 24 gauges. In the next step (v), 

polystyrene multi-scale sacrificial structures were cast in PDMS and cured at 60
o
C for 2-3 

hrs. In the following step, PDMS device was peeled off the glass substrate to generate 

rectangular troughs ((Figure 5.2A (vi)) and sacrificial etch is performed in DMF solvent with 

sonication at a regular interval to accelerate the etching. After etching, the PDMS samples 

were thoroughly rinsed in DMF to remove polystyrene debris formed during the etching 

process. The samples and clean glass slides were bonded to each other (Figure 5.2A(vii)) 

after treatment with plasma (Basic Plasma Cleaner PDC-32G, Harrick Plasma, USA) at 1 

mbar for 20-25 seconds exposed functionalities on their surfaces. The post-heating the 

bonded samples at 70
o
 C for 30 minutes strengthen the bonding between the matrices and the 

glass slides to form a leak proof bonding. Eventually, proposed device was obtained (Figure 

5.2A (viii)). Meanwhile, the behavior of the etching rate of sacrificial structures was also 

estimated by measurement of loss of weight of samples at an interval of 4 days.  
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5.3.2.2. Characterization of samples 

 

Characterization of the sample using SEM (FEI QUANTA 200, FEI, USA) operated at 20 

kV and 10 kV, respectively, were carried out at significant steps of the process outlined in 

Figure 1d. The required sample preparation was carried out along with gold/platinum coating 

before imaging in SEM. Image processing toolbox in MATLAB® 2009a is used to extract 

parameters of interest (diameter of nanofibers, thickness, length and angle between branches 

of fractal shaped structures and diameter of channels) from images. Moreover, white light 

interferometry technique (in Polytech MSA 500 system) was used to analyze thickness 

variations in fractal micro-structures.  

 

5.3.2.3. Characterization of connectivity of channels in samples 

 

The connectivity among the channels of different length scale in a PDMS matrix is illustrated 

by dye flow experiments. One of the rectangular-shaped troughs in the device shown in 

Figure 5.2B (viii) was filled with a disodium fluorescein dye solution in ethanol. The dye 

flows through parent fractal channels and further to the connected nano/microchannel 

network through first generation branches opening at positions 1 and 2 as shown in Figure 

5.2B. This nature inspired arrangement facilitates connection of a large number of 

nano/microchannels in the network via relatively low resistance fluid path[141]. The images 

of the devices were obtained after an hour of dye flow experiments at different magnification 

to illustrate the connectivity between fractal-shaped microchannels and micro/nanochannel 

networks and continuity in the channels after etching of sacrificial structures.  

5.3.2.4. Study of diffusion of urea using the proposed device 

 

The two reservoirs were cut into the device at step (vi) of Figure 5.1A for purpose of this 

study and a diffusion experiment as shown in Figure 5.3 was setup.  
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Figure 5.3 Schematic of experimental set-up to study diffusion 

The reservoir A was filled with 3ml of 0.02M urea solution and the reservoir B was filled 

with 2ml of deionized (DI) water. The reservoir C was filled with 40ml of DI water. Urea 

from A diffuses to B through channel network and also to C through the thickness of urea-

permeable PDMS. The concentration of urea is highest in parent branch and successively 

lower in daughter branches as diffusion occurs faster in the low volume high surface area 

parts[142]. At regular intervals of 15 minutes; 2ml of solution derived from C assisted in the 

measurement of absorbance peak by UV-Vis spectroscopy (USB4000-UV-VIS 

Spectrometer, Ocean Optics).  Next, absorbance peak was converted to moles of urea by 

making use of the calibration curve having the correlation between the peak height and the 

concentration of urea[143]. The above experiments were repeated for PDMS matrices 

without any multi-scale vascularization as a control experiment.  

5.4. Results and Discussion 

5.4.1. Characterization of fractal-shaped microstructures 

The process presented in Figure 5.1(A and B) is further characterized with respect to the 

following parameters[136]: concentration of the solution, the initial thickness of fluid, 

velocity of separation of plates. The concentration of the solution affects viscosity which 

plays a major role in triggering Saffman Taylor instability in Hele-Shaw cell. Based on the 

results of characterization, polystyrene solution 30% w/v in THF was found to give the 
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viscosity required for the fingering phenomena to take place. A thickness of fluid is found to 

play an ignorable role in the structure evolution within a range in which the fractal structures 

were obtained. Note that the initial thickness plays important role in defining a hydraulic 

diameter of flow channels thus obtained. Considering these aspects, the initial thickness of 10 

microns is maintained. The velocity of separation of 100um/s was maintained to avoid 

multiple branching observed at higher speeds of separation[137] and get a reasonably 

repeatable fractal pattern. For the chosen parameters mentioned above, a geometrical 

characterization of the structures was carried out in terms of a number of fractal generations, 

length and width of the branches and so on. The following power law relationship was 

observed to be followed by several structures thus obtained: 

 

                                              
                                                                     (5.1) 

                                          W =    
                                                                  (5.2)  

 

Where, L is the length of a branch at a given generation,    is the length of the parent branch, 

W is the width of the branch at a given generation,    is the width of the parent branch and N 

is the number of generations. 

 



92 

 

 
Figure 5.4 A) Scanning electron micrograph of polystyrene fractal-shaped microstructure 

formed by Hele-Shaw cell B) Graph showing the comparison of variation of length and 

width of fractal-shaped microstructures with different generations for experimental and 

simulated data . Graph showing the variation of the angle between the branches of the fractal 

network with different fractal-generations C) Profilometry image of fractal-shaped 

microstructure (3rd GEN branch) D) Graph of thickness variation along the width of the 

fractal-shaped microstructures.  

SEM of one of the sets of structures fabricated is shown in Figure 5.4A. Figure 5.4B 

shows that the experimental variation of length and width of branches in several generations 

of fractal structure compare well with simulated data from the proposed formulation equation 

(1) and (2). The average angle between the branches of fractal-shaped geometry was found to 

vary between 32 to 48 deg. as shown in an inset graph of Figure 5.4B. The angle between the 

branches lied in the range of angles which allows fluid flow with minimum energy losses. 

Figure 5.4C and Figure 5.4D present the surface profile of the terminal daughter branch (4
th
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generation) obtained. Based on profile characterization, average hydraulic diameters of the 

fractal structures at various points were obtained. Hydraulic diameters were found to 

gradually vary from 10 microns to few hundred microns. The diameters are lower than those 

obtained by previous processes (electrostatic discharge, fugitive ink, etc.) reported in the 

literature[133, 135]. In addition unique feature of the proposed structures thus obtained is 

gradual variation in the thickness of fractal channels from one end to another which is 

desirable for lowering resistance to flow while making more area available for connections to 

nano/microchannel network.  

Note that the process of fabrication of fractal-like structures proposed as a part of this 

paper is scalable in nature. Larger the size of the Hele-Shaw plates and larger the quantity of 

the liquid solution used, larger will be the overall area and higher will be the number of 

fractal generations. Moreover, such structures would be spontaneously obtained in a short 

period of few seconds in an inexpensive setup. These distinct features of this process 

combined with micro/nanofiber electrospun mesh connectivity make it attractive for several 

biomimetic applications.  

 

5.4.2. Characterization of electrospun micro/nanofiber mesh  
 

SEM image of a sample polystyrene micro/-nanofibers network deposited on fractal-shaped 

microstructure (process 1d (iv)) is shown in Figure 5.5A. The graph suggested that diameter 

of fibers spanned from submicron to micrometer range, with the global average diameter of 

1.22±0.34 µm (Figure 5.5B). Further, the random nature of the fibrous mesh was quantified 

by fast Fourier transforms (FFT) analysis on the SEM images of the micro/-nanofibers 

network [116]. The angle of spread was calculated from the FFT image was more than 

150
o
—indicating the high level of randomness in the fiber mesh. The randomness, being 

related to the tortuosity of channel network, will have an impact on the hydraulic resistance 

and in turn the mass transfer[144]. 

Researchers[98] have reported earlier (also we confirmed by our initial experiments) 

that normally the fibers in the electrospun mesh do not fuse with the structure on which they 

are deposited. To overcome this problem, the following modifications were proposed:  
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1. The material of fractal structures on which fibers were deposited was same as the fiber 

material. 

2. Solvent chosen for fiber fabrication was common solvent for material used in fractal 

structure 

3. Solvent used in fiber fabrication should have high vapour pressure   

4. Parameters (concentration and electrode distance) are adjusted such that the fibers are 

deposited in 'wet' conditions (meaning without the solvent being fully evaporated from the 

fibers).  

These modifications successfully yielded fused connections between fractal 

microchannels and electrospun mesh as shown in Figure 5.5C. These fused connections 

finally enabled, in an inverse pattern, connectivity of fluid networks in the later steps of the 

process mentioned in Figure 5.2A. Moreover, the inset magnified image (Figure 5.5C) 

showed the physical integration at the junction of micro/-nanofibers and polystyrene fractal-

shaped microstructures. The integration of micro/-nanofibers with fractal-shaped 

microstructure resulted in a venation pattern analogs to leaves.  

  



95 

 

 

Figure 5.5 A) Scanning electron micrograph of electrospun polystyrene micro/-nanofiber 

mesh B) Graph showing the diameter distribution of electrospun micro-nanofibers C) SEM 

of sacrificial integrated polystyrene micro/-nanofibers with polystyrene fractal-shaped 

microstructures (physical integration of these two microstructure (inset image)) D) Graph 

showing the variation of % weight loss of polystyrene sacrificial microstructures during 

solvent etching with time in days. 

5.4.3. Characterization of multi-scale channel network in the devices 

PDMS was selected as a host material to cast microchannels for several reasons: (a) It is 

immune, permeable, and swell resistant to solvent DMF used to dissolve sacrificial structures 

[143] (b) It is permeable to several gasses. This property is required for mass flow 

applications where the proposed devices would be useful. Percentage reduction in mass of 

device over time during etching as shown in Figure 3d indicates that the etch rate of 

sacrificial polystyrene networks in PDMS is low and major etching is achieved in the first 
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few days. SEM images of a sample obtained after sacrificial etch (Figure 5.2A(vii)) shown in 

Figure 5.6A-C, illustrate the successful sacrificial etch and connectivity of fractal 

microchannels to the micro/nanochannel mesh created due to electrospun fibers. Although, 

sacrificial fibers were continuous in nature, the discontinuous openings suggested that a part 

of micro/-nanochannels are inside the PDMS, forming a continuous micro/nanochannel 

network. Further, the diameter analysis (Figure 5.6D) of sacrificial fibers and channels 

demonstrated that the etching of sacrificial fibers by solvent did not affect the channel 

dimensions.  

 

 
 

Figure 5.6 A) Scanning electron micrograph of fractal-shaped microchannels with micro-

nanochannels network on PDMS surface a) at low magnification showing fractal-shaped 

microchannels only B) at high magnification showing single microchannel with micro-

nanochannels C) at higher magnification showing micro-nanochannel networks only D) 
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Graph showing the variation of diameter of nanochannels formed after etching with diameter 

of micro-nanofibers used as sacrificial material. 

 The images are shown in Figure 5.7 (A and B) demonstrate the presence of red dye 

in bio-inspired, multi-scale vascularized PDMS matrix. It also illustrates the connectivity and 

continuity between the fractal-shaped microchannels with the random network of micro/-

nanochannels. This reaffirmed the previous observation through SEM imaging about the 

successful etching of the sacrificial structures from PDMS matrix. Further, microscope 

imaging at an interface of connection between fractal-shaped microchannel and micro-

/nanochannel network in the polymer matrix as shown in Figure 5.7B, demonstrated 

connectivity between fractal-shaped microchannel and micro/-nanochannel networks and 

continuity among micro/-nanochannel networks. The connectivity between two types of 

channel network enabled the dye to reach random micro/-nanochannel network from the 

rectangular trough via fractal-shaped microchannels by capillary action. Thus, we 

successfully fabricated nature inspired, multi-scale micro/nanochannel network in PDMS 

matrices and demonstrated its effectiveness in enabling fluid flow through micro/-

nanochannel network via fractal-shaped microchannels.  
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Figure 5.7 Image of PDMS device having integrated fractal microchannel and micro-

nanochannel networks A) with dye solution showing connectivity of fractal-shaped 

microchannels and random micro-nanochannel networks, after dye flow experiment and B) 

Microscope image fractal-shaped microchannels connected to micro-nanochannels network 

having dye solution 

5.4.4. Study of mass transfer in the fabricated devices 

Figure 5.8 shows results of urea diffusion through the proposed fractal connected 

fiber mesh in comparison with other cases. It can be clearly inferred from the figure that the 

proposed nature inspired fractal connected channel network is superior in performance for 

diffusion driven mass transfer. Such increased mass transfer performance in the proposed 

network is attributed to the participation of the random network of micro/-nanochannels in 

the diffusion process. Although the presence of micro/nanochannel mesh is seen to enhance 

the performance because of increase of surface area to volume ratio, the fractal geometry 

interface to this mesh in the proposed network exhibited nearly 1.7 times better mass 

transport. Moreover, PDMS matrices having fractal-shaped microchannel net could not 

demonstrate better diffusion as compared to multi-scale vascularized PDMS matrices 
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because they suffer from the problem of a large surface area due to micron and meso size of 

fractal-shaped channel net. Thus, such fabricated nature inspired, multiscale, 3D 

micro/nanofluidic devices will be useful where heat and mass transfer operations are of 

primary concern. The process of manufacturing is also apt for micro/nanofluidic devices used 

in cell culture studies as it can overcome the limitations of small molecule diffusion[145].   

 
Figure 5.8 Graph showing the concentration of solute (urea) diffusion across different types 

of vascularised PDMS matrices with time 

5.5. Conclusion  
 
The fabrication of nature inspired, 3D micro/nanofluidic devices with multi-scale channel 

network has immense utility in diverse fields like tissue engineering, biomedical devices, 

self-healing and self-cooling devices, separation technologies and so on. The conventional 

lithography-based fabrication techniques are not suitable for fabrication of 3D 

micro/nanofluidic devices. They suffer from heavy cost of installation and operation, demand 

for skill full operator, substrate dependence, non-scalability and inability to form multi-scale, 

3D morphologies. Our work proposes a novel lithography-less technique to fabricate bio-

inspired, multi-scale, 3D channels network in polymer matrices. The method utilizes the 

principle of removal of sacrificial structures embedded in host polymeric materials using 

solvents. The sacrificial structures are bio-inspired, fractal-shaped, micro-nanostructures 

formed by an integration of two scalable, ultrafast, inexpensive micro/nanotechnologies; 
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electrospinning and controlled lifted Hele-Shaw cells. The above-fabricated 3D 

micro/nanofluidic devices demonstrated fluidic conductivity under capillary flow and 

enhanced mass transfer (urea diffusion) capabilities. Thus, the process being amicable for the 

fabrication of multi-scale morphologies with any material platforms provided the host 

material remain immune to solvents and the sacrificial material can be transformed to a 

viscous solution with yield stress property through melt or dissolution in solvents. Further, 

efforts have to be done to optimize and standardize the fabrication process to develop 3D, 

micro/nanofluidic device intended for any particular application. Although, capillary filling 

of fluid was observed in the proposed device, further enhancement and control in volumetric 

flow can be achieved through a microfluidic component named ‘miropumps’. Therefore, 

following chapter deals with design and fabrication of bio-inspired passive micropump      
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6. Chapter 6       

Leaf-inspired 

Micro-pump 
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6.1. Introduction 
 

The 3D micro/nanofluidics proposed in the previous chapters demonstrated the fluid flow by 

capillary pumping. However, the driving force and direction of capillary filling are dependent 

on the interaction between the material constituting the devices and the fluid used during an 

application. As a result, a small volume of fluid is pumped in devices with limited control 

over the flow rate is achieved. The precise control over the volume of fluid at a given flow 

rate is advantageous in a number of applications like advanced drug delivery, cooling circuits 

in electronic devices, a chromatographic column in chemistry and much more[144]. 

Therefore, additional components such as micropumps are integrated into microfluidic 

devices to drive fluid through them. The several engineering principles have been employed 

to develop micropumps which categorized them under two heads: i) active micropumps and 

ii) passive micropumps 

(i) Active pumps: Active pumps are those that require an external source of energy to 

operate. These micropumps are amenable for control of pumping rate and temporal behavior 

of the pumps. These micropumps can be further classified into two classes based on actuation 

mechanism; a) mechanical micropumps where there is a need of  physical actuators or a 

pumping mechanism to drive fluid in micro/nanochannels b) non-mechanical micropumps 

that transform non-mechanical energy into kinetic momentum to drive fluid in the 

microchannels. The incorporation of an external power system to drive fluid increases the 

complexity of device design and its operation. This increase in control considerably 

augments the allowable complexity of lab-on-chip fluidic operations. They also suffer from 

either usage of substantial power requirements or deliver oscillating or pulsating flows that 

are not desirable under certain conditions. Moreover, the volume of fluid delivered and its 

rate is significantly dependent on the power source. Some examples of active micropumps 

are like electrostatic, magnetic, piezoelectric, thermo-pneumatic, electrochemical, 

electrohydrodynamic, electrokinetic, electroosmotic and magneto-hydrodynamic[146, 147].  

(ii) Passive micro pumps: Passive micropumps are those that do not require an 

external source of energy for pumping of fluid. They are the micro devices that derive their 

fluid pumping capabilities by the interaction between the microstructural surface and surface 
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tension of the fluid. The topography of the microstructures and its chemical composition 

interacts with a small volume of fluid to enable spontaneous movement of fluid in a direction 

which minimizes the free energy at the interface of a solid substrate, liquid fluid, and air. 

Such pumping of fluid can be observed during spontaneous filling of fluid in capillaries[120] 

or wicking of fluid in a porous media[148].  Few attempts at developing artificial passive 

micropumps were made by Emmanuel Delamarche's group at IBM Zurich and David Beebe's 

group from the University of Wisconsin at Madison[146]. However, they could not achieve 

pumping of fluid as observed in trees. In trees, the continuous rise of a large volume of water 

from roots to the leaves through xylem takes place by virtue of nanocapillary assisted by 

transpiration. The major advantages offered by these passive micropumps are their low cost 

of fabrication and operation, a simplicity of design and straightforward implementation, 

friendly for resource-poor settings. They can also ameliorate the peristaltic/ periodic pumping 

behavior of active micropumps that is desirable in certain applications. However, the pump is 

not amenable to the computerized control as the pumping rate changes with time.    

Therefore, the passive pump of fluid available in trees can be emulated to design and 

develop passive micropumps that can overcome the limitation of available active and passive 

micropumps. The capillary flow based pumps allow 5000-10000 L/day water pumping to 

above 100 meters in height can be observed in trees. This remarkable feat is achieved 

majorly by transpiration assisted capillary pumping. During this process, water vapor 

diffuses under the wake of vapor pressure gradient from interstitial spaces of spongy cells in 

a leaf to the outside atmosphere via stomatal openings. Consequently, in order to replenish 

the volume of water lost from the leaves, water is continuously transported towards the 

leaves by capillary action via xylem tissue of the tree's trunk[149, 150] (Figure 2.3). 

Therefore, attempts have been made to design and develop pumps that can drive volume of 

fluid comparable to plants in a controlled fashion; eventually, leading to an increased 

attention towards transpiration-assisted pumping.  

Several attempts have been made to design and develop a synthetic tree to harvest the 

micro pumping capacity of natural trees, however none of them could either demonstrate the 

pumping of water to such a height or even attain flow rate close to the natural system. One of 

the best passive pumping heights achieved by engineered mechanical system was up to 
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17m[151-154]. Therefore, passive micropumps based on micro/nanofluidics mimicking trees 

to harness better pumping capabilities have been pursued by recent researchers. The 

pioneering work on hydrogel-based artificial tree proposed by Wheedle et al. was able to 

pump fluid at the rate of 0.014 mg/sec. Their artificial tree comprises of two hydrogel 

representing root and leaves, connected by microchannels that acted as a tree trunk. Their 

study was primarily directed towards the formation and effect of cavitation on the negative 

pressure that prevented further pumping of fluid in trees. Thus, their efforts could be 

indirectly related to the development of tree inspired passive micropumps[39]. The 

microporous membranes explored by Jingmin Li et al. could be considered as a much direct 

approach towards the development of transpiration-assisted capillary pump for microfluidic 

applications. They achieved the controlled flow rate within 0.13–3.74ul/min through changes 

in parameters such as size and number of micropores in silicon membranes participating in 

transpiration, temperature, and humidity. Their experimental findings illustrated the role of 

above factors on fluid pumping rate within a limited range of parameters. Further, they 

fabricated micropumps functionally and structurally mimicking leaves of plants using 

agarose gel ( resembling mesophyll cells of leaves) and silicon membrane having slit-like 

micropores ( mimic of leaf's stomata) along with other components. These micropumps could 

exhibit embolism effect of the xylem while performing fluid pumping (xul/min) activities 

under extreme conditions. They also demonstrated water potential in their micropump to be 

72.5KPa which is substantial to lift water to a height of 7m[43, 155]. The above efforts 

indeed laid the foundation of leaf-inspired micropumps but they were directed towards 

tailoring the design of microporous substrate to achieve pumping capabilities of micropump. 

The channel density irrigating the real and artificial leaves also has a profound impact on 

transpiration-assisted fluid pumping rate as suggested by Xnoblin et al. They highlighted an 

important observation of optimal channel density, however, their leaf-based device was 

having arrays of parallel rectangular channels in PDMS (non-porous substrate) which 

resulted in much lower flow rate as compared to previous researchers[38]. Further, Robert 

Crawford group delved into the length and diameter of channel irrigating the leaf and area of 

the leaf participating in fluid pumping as design criteria for leaf inspired micropumps. They 

could neither observe any appreciable change in fluid pumping rate nor any changes in the 

attained suction head due to changes in diameter of microchannel irrigating the microporous 
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membrane. However, the area of porous membrane and pore size had an impact on the 

pumping rate[147]. The above work demonstrated the dependence of the performance of bio-

inspired leaf micropumps on different geometric and ambient parameters, but their studies 

did not comment on the relationship between volumetric flow rate and above parameters that 

can be used as a tool for optimizing the fluid pumping capabilities. Further, the designs of 

micropumps need incorporation of essential geometric parameters. Moreover, improvement 

in the factors affecting fabrication process will facilitate the development of micropumps 

with better fluid pumping capabilities. Therefore, the issue of achieving better fluid pumping 

rate through better design of leaf inspired micropump and understanding its relationship with 

various geometric and ambient factors was aimed in this thesis.  

Therefore, in the current work, we have designed and fabricated leaf-inspired 

micropumps (LIM) taking into consideration the structural features of leaves (Figure 2.3) to 

achieve greater pumping rate and obtain high suction head. The method of fabrication 

proposed here is a simple, inexpensive and scalable process where branch-shaped 

microchannels in PDMS (representing venation) were integrated into a microporous substrate 

(resembling stomata) to form biomimetic leaf-like structure. Further, a theoretical and 

experimental investigation into factors affecting the pumping rate led to formation of 

mathematical expressions that can be used as guide for the design and fabrication of LIM 

during an application. Thus, our work will enable the fabrication of efficient leaf-inspired 

micropumps with tailored geometric properties suited for any fluid pumping applications. 

6.2. Materials and Methods 

6.2.1. Materials 

Microporous cellulose filter paper (Whatman, 90mm Diameter) and Polydimethylsiloxane 

(PDMS) (Sylgard® 184 silicone elastomer kit - Dow Corning) were used for fabrication of 

artificial leaf device. The fluid is a photo-resist ceramic suspension prepared from a 

monomer HDDA (1, 6 Hexanediol diacrylate) (Sigma-Aldrich). Benzoin ethyl ether (BEE) 

was added as photoinitiator and phosphate ester (PE) as a surfactant. The ceramic suspension 

of alumina was prepared as described by Tanveer et al.[156] for preparing fractals-shaped 
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microstructure on glass substrate. Ethanol and DI water as a working fluid, PTFE tube for 

tubing and connections. 

6.2.2. Methods 

6.2.2.1. Fabrication process of leaf inspired micropumps  

 

The fabrication of a leaf inspired micropump is shown in the Figure 6.1 

 

Figure 6.1 showing the schematic of the fabrication process of artificial leaf in a series of 

steps. The steps are A) placement of a drop of ceramic suspension on a clean glass slide and 

sandwiching the drop to form a thin film B) angular lifting of the upper slide keeping the 

bottom slide fixed to form a fractal-shaped microstructure and heating it over hot plate at 

120
o
C C) casting and curing of PDMS over the fractal-shaped ceramic mold D) spin coating 

of PDMS over the paraffin wax paper E) partial curing of PDMS film on paraffin paper by 

leaving at room temperature for 24hrs F) bonding of PDMS mold having fractal-shaped 
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microchannel net with microporous filter paper by sandwiching a partially cured PDMS film 

G) Camera image of leaf-inspired micropump.       

The branching microstructures were fabricated with thoroughly mixed ceramic suspensions 

[157]. A drop of ceramic suspension was placed on a glass slide inserted in controlled Hele-

Shaw apparatus, based on Saffman-Taylor instabilities indigenously developed in the 

lab[158]. The branching microstructures obtained were heated over a hot plate at 120
o
C for a 

period of 24 hours to cure and form a stable mold ready for casting. Further, PDMS solution 

was prepared by thorough mixing of base and curing agent in 10:1 ratio and degassed before 

being poured over ceramic mold prepared previously. Thereafter, PDMS was cured over a 

hot plate at 70
o
C for 6-8 hours. Then, it was cooled to room temperature and carefully peeled 

off from the mold to form open branch- shaped microchannel network in PDMS block. In 

parallel, PDMS was spin- coated at 800rpm for 2-3 minutes on paraffin wax paper. It was left 

at room temperature for 24 hours to get it partially cured. Thereafter, sticky PDMS film on 

paraffin wax paper was placed onto microporous filter paper and pressed to allow adherence 

of PDMS with microporous filter paper. Thereafter, the paraffin wax paper was carefully 

removed and open branch- shaped microchannels in PDMS block were sealed with PDMS 

film adhered to the microporous filter paper. The leaf- inspired micropump device as shown 

in Figure 6.1 (F) was heated at 60
 o

C for 1-2 hours to strengthen the bonding between PDMS 

block with fractal-shaped microchannels and microporous filter paper by an intermediate 

PDMS film. The control device was fabricated by bonding a PDMS block without any 

microchannel net with a microporous substrate. 

6.2.2.2. Characterization of proposed micropump 

 

The mold of fractal-shaped microstructures was produced by controlled Hele-Shaw 

apparatus, and fractal-shaped microchannels in PDMS block were taken for structural 

characterization by camera (sony) imaging. The structural parameters of the samples were 

analyzed and reported by image processing in MATLAB® 2009a. Further, cross-sections of 

the micropump's structures and microporous support were characterized morphologically by 

scanning electron microscopy (SEM). The  samples were mounted onto copper stubs and 

prepared with a gold/platinum coating using a sputter coater for scanning electron 
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microscopy (SEM) (FEI QUANTA 200, FEI, USA,), operated at 20 kV and 10 kV, 

respectively. The images were taken at different magnifications for a complete 

morphological analysis. Further, white light interferometry module of Polytec MSA 500 

(Micro System analyzer) was used for surface profilometry to estimate the third-dimensional 

features of fractal-shaped microstructures. The microporous substrate was evaluated for 

volume of water absorbed when saturated to determine its absorption capacity. Further, the 

porosity of microporous substrate was evaluated by gravimetric method[159] and given by 

the formula 

           (  
  

  
)                                                (6.1) 

where    is the density of microporous substrate and    is the density of the material of the 

microporous substrate.  

6.2.2.3. Study of fluid pumping rate and pressure head by the micropumps 

 

The leaf- inspired micropump fabricated above were connected at one end of a PTFE tube 

(length 79cm and internal diameter 2mm) to the entrance of parent channel while the another 

end of the tube was connected to a reservoir as shown in Figure 6.2.  

 

Figure 6.2 Schematic of the set-up to study capillary pumping by leaf inspired micropump. 

Initially, the reservoir and micropump were placed at the same level from the ground and 

thereafter, slowly reservoir level was raised above the micropump by 2 mm to enable water 

to flow through the pump. The flow of water from the reservoir was continued till the entire 

microporous paper part of micropump is well irrigated up to saturation level. Thereafter, the 

reservoir was steadily lowered until the level of micropump reaches the reservoir and 

thereafter,  an air bubble was introduced at the entrance of the tube where an end of the tube 
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was dipped in the reservoir. This triggers the flow of water from the reservoir to the pump 

via the connecting tube. The leaf inspired micropump was left in the open air in a clean room 

environment at 25
o
C and relative humidity of 50%. Then, the fluid pumping velocity was 

measured by tracking the movement of the air bubble in the tube when reservoir and 

micropump were placed at the same height. Thereafter, the platform on which micropump 

was placed was continuously and slowly raised in steps with the help of jack. At each step, 

the meniscus of introduced air bubble was followed to track the flow of water in the tube 

from the reservoir to the micropump for a period of 15 minutes. The process of raising the 

micropump was ceased when there was no appreciable change in the position of air bubble 

observed in the tube. Control experiments were carried out with microporous substrate 

connected to the reservoir via a tube without any intermediate fractal-shaped microchannel 

networks between porous support and tube. The volumetric flow rate under different pressure 

head was calculated from the above-recorded data.       

6.2.2.4. Study of factors affecting pumping rate by the micropumps 

 

The area of the microporous paper experiencing evaporation is essential for the performance 

of micropump. Therefore, the spread of fluid in a radial direction in a microporous paper was 

estimated with the variation of the temperature of the paper and volumetric flow rate of the 

fluid delivered at the center of the paper through an experimental set-up shown in the figure 

6.2. The microporous paper was placed over a hot plate and connected at its center with a 

PTFE tube. The controlled dye solution in water was delivered by a syringe pump through 

PTFE tube. The flow rate at which fluid is delivered to microporous paper was varied using a 

syringe pump from 1ml/hr to 4.5ml/hr at a given temperature at an interval of 1ml/hr. The 

area of spread of fluid in a porous paper was estimated by measuring the distance between 

maximum fluid front achieved by radial capillary flow through microporous paper and point 

of delivery of fluid on the microporous paper when no further increase in the fluid front was 

observed in the microporous paper. The data of radial distance was estimated at temperature 

(40, 60, 80, 115, and 150) degree Celsius. Further, the wicking of radial diameter with 

variation in temperature and flow rate was plotted from the above-recorded data to 

understand the role of temperature and volumetric flow of fluid on pumping capacity of 

microporous paper, provided the permeability of the microporous paper remains constant. 
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The permeability constant of the microporous paper was estimated from maximum height 

achieved obtained by capillary flow through such paper under 95% humidity. 

6.3. Theoretical model of capillary flow through leaf-inspired 

micropumps 
 

The leaf inspired micropump can be represented by a simplistic model as shown in Figure 

6.3A. The microchannel delivers fluid to irrigate the microporous substrate. The fluid drop 

coming out of microchannel touches the porous support and then spreads in a radial direction 

by capillary action. Simultaneously, there is evaporation of water from the wetted surface of 

the microporous support to the outside environment. Under steady state condition, when the 

volumetric flow rate through the system is constant, the evaporative flux of water from the 

wetted surface is equal to the volumetric flow rate of water through porous support. The flow 

rate through the porous substrate is in turn dependent on the volume of fluid delivered by 

microchannel per unit time, assuming the time of the spread of drop of water coming from 

microchannel is negligible when compared to the time of flow of water through the porous 

substrate. This lead to continuous pumping of water from the microchannel connected to the 

reservoir via an intermediate tube. Other assumptions taken in the model are rate of 

evaporation from the surface of the microporous paper is uniform, the capillary flow process 

in the microporous paper is equilibrated with the evaporation from the entire surface such 

microporous paper is always in saturated state all over its surface and the flow resistance 

offered by the microporous paper is modelled based on Hagen–Poiseuille flow resistance in a 

radial flow in a porous media.     
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Figure 6.3 Schematic of the leaf inspired micropump where circular microporous paper is 

irrigated by A) single capillary tube (microchannel) B) a radial array of capillary tube and C) 

radial array of fractal shaped microchannel net 

6.3.1. Maximum wetting radius of the porous substrate of leaf inspired 

micropumps 

Thus, at a steady state, loss of volume of water per unit time by evaporation (  ) is equal to 

the volume of water absorbed by microporous substrate (  ) 

                                                                                                                                     (6.2) 

The evaporative volume loss per unit time is given by Langmuir equation of evaporative 

flux[160] 
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where    is volumetric loss of water from evaporative surface per unit time, A is the 

effective wetted surface area on the porous substrate participating in evaporation, ρ is the 

density of water vapour, m is the molar mass, T is the temperature, k is the Boltzmann 

constant, (P1-P2) is the difference of partial pressure of water vapor on evaporative surface 

and outside environment. 

The volume of water absorbed by microporous substrate can be given by Darcy flow through 

radial porous substrate 

                                               
    

     
  
  

 
                                                           (6.4) 

where    is the volumetric flow rate through porous substrate in radial direction, (Patm-Pc) is 

the pressure difference driving the flow in porous substrate, H is the thickness of porous 

support, K is the permeability constant, µ is the viscosity, Rw is the maximum radial 

coverage length by fluid in porous support while Ro is the initial radius of drop touching the 

porous support after leaving the microchannel. The capillary pressure exerted by 

microporous substrate is given by equation [161] 

 

                                              
                   

  
                                                           (6.5) 

where   is the surface tension of water,    is the contact angle,   is the porosity and d is the 

average particle diameter forming the porous substrate. 

Thus, equating equation (6.3) and (6.4) in (6.2) and rearranging the terms, we can get an 

expression for Rw 
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          (6.6) 
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As A is the wetted area of the porous support participating in evaporation, it can be expressed 

in terms of area of porous substrate in radial direction (Ap) and surface roughness    by the 

expression 

                                                            
  

  
                  (6.7) 

where  

         
    

   

Replacing A from equation 6.7 in equation 6.6 and rearranging the terms, yielded an 

expression  
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Now, taking  

                                        
  

  
                                                                       (6.9) 

and putting in equation 6.8 and rearranging, the expression becomes 
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Moreover, in the equation (6.10), (P1 -P2) is the partial pressure difference of water vapor, 

which can be expressed in terms of ideal gas law by 

                                                                    (6.11) 

where       is the concentration of vapor, R is gas constant, (M1-M2) is the molar 

difference and T is the temperature. 
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Putting equation (6.12) in equation (6.10), we get 
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Thus, we can get an expression for the ratio (r) in terms of permeability (K) and Temperature 

(T) and another parameter which can be twigged to determine the wetted area of the 

microporous substrate in leaf inspired micropump. 

6.3.2. Optimal microchannel density irrigating the microporous substrate 

The number of microchannels irrigating the microporous support will determine the amount 

of volume of fluid delivered to the microporous support. This will determine an initial Ro 

Value. A radial array of microchannels delivering the fluid to microporous support as shown 

in Figure 6.3B can be considered as a simple model to determine the optimal channel density. 

The volume of fluid delivered by single microchannel is given by 
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Integrating the above equation  
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solving the above equation, we get 
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rearranging the terms, we get 

   =  
     

     
 

 
 
      

  

        
 

 
  
                                                    (6.18) 

Now , d can be expressed in terms of  
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where R is the length of the capillary tube irrigating the microporous substrate and n is the 

number of such capillary tube. Thus, the equation for the total volume of fluid (    delivered 

to the microporous substrate is given by substituting d from equation 6.19 in equation 6.18 

   =  
     

     
 

 
 
      

     

        
 

 
  
                                                             (6.20) 

when       is plotted against n, we can obtain optimal value of n 

6.3.3. Volumetric pumping rate of the leaf inspired micropump 

Further, we can define the volumetric pumping rate by leaf-inspired pump under steady 

condition by replacing evaporative surface area obtained from equation (6.4). The 

evaporative surface area can be given by 

      
     

  
         

    

                                                        (6.21) 

Then, using the equation (6.21) and equation (6.7) and substituting A in equation (6.3), we 

get an expression for volumetric pumping rate 
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 Further, the    is equal to the volume of fluid delivered by the microchannel at steady state 

condition which is given by  

    
      

   
                                                                     (6.22) 

where  
      

   
  is the resistance (Rf) offered by the channel under Darcy flow through the 

microchannel. Thus,        , we can plug equation (6.22) in equation (6.21) to obtain the 

pumping rate  by leaf inspired micropump  and given by expression as 
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The pumping rate is directly proportional to square root of temperature; it increases with an 

increase in temperature and vice-versa. Similarly, the pumping rate follows an exponential 

decay with the permeability of the porous substrate and resistance offered by microchannel.  

Therefore, the volume of fluid delivery can be increased while reducing the resistance of 

microchannel net by application of fractal-shaped microchannel net as shown in Figure 6.3C. 

The resistance in the fractal channel net is given by expression below[126].  

    
      

   
 ∑

  

     
   
                                                           (6.24) 

where   is the viscosity of the fluid,    is the length of parent branch in fractal channel net,  

   is the diameter of the parent branch of fractal channel network,   is the fractal dimension 

of length in fractal channel net,   is the fractal dimension of diameter in fractal channel net, n 

is the total number of generations and k is the free variable used in summation 

As the capillary pressure is inversely proportional to the diameter of the microchannel 

network and resistance to flow is also inversely proportional to the 4th power of the 

diameter, therefore in a single microchannel, there has to be a balance between the capillary 

force and resistance to flow by an optimal channel diameter. However, in the fractal channel 

net, resistance to flow can be tailored by changes in the summation parameter in equation 

(6.24) like the fractal dimensions (     and degree of branching in the network (k) 

This might be the reason for the presence of fractal channel networks in natural leaf/leaves in 

large trees. 

6.3.4. Pressure head obtained by leaf-inspired micropumps 

At a steady state, when the volumetric flow rate through the system is constant, capillary 

pressure in the microporous structure (Pc) balances the pressure losses in the fractal channel 

net (Pf) and tube connecting the leaf and the reservoir (Pt), and suction head (Ps) created by 

lifting a certain length of water column.  

Pc = Pf + Pt +Ps                                                                                   (6.25) 

The pressure drop in the fractal-channel net is given by expression below [126].  
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The pressure drop in a tube connecting reservoir and an leaf-inspired micropump is given by 

    
      

  
                                                                        (6.27) 

where   is the friction factor,   is the density of the fluid,   is the acceleration due to gravity, 

  is the length of the tube,   is the diameter of the tube and v is the velocity of fluid in the 

tube 

The suction pressure is the pressure exerted by leaf to lift a column of water in the tube and 

given by the equation   

                Ps = ρ g h                                                                       (6.28) 

where ρ is the density of water, g is the acceleration due to gravity and h is the suction 

height. 

h = 
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The suction height is obtained by plugging equation (6.5), (6.26), (6.27), (6.28) in equation 

(6.25) and solving for h. The results obtained were compared with the experimental value 

while all the values for parameters were experimentally obtained for using them in 

theoretical analysis. 

6.3.5. Dimensionless parameter defining the leaf-inspired micropump  

In the micropumps, the pumping rate is dependent on two competing phenomena; 1) the flow 

of fluid through the microporous and microchannel network guided by geometric and 

material properties and 2) the evaporation rate of the vapor from the surface of a microporous 

substrate by virtue of diffusion under steady state condition. Therefore, a dimensionless 

number can be defined as 

        
   

     
 

  

  
                                                                   (6.29) 
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where K is the total permeability of the channel net,   is the kinematic viscosity, Dt is the 

total diffusivity constant of the fluid through porous media, and    is the area participating in 

evaporation. The α is the angle made by fluid meniscus with the substrate.     is the surface 

tension, A is the area normal to the flow and ke is the kinetic energy of the fluid molecule. If 

the dimensionless number is having a value very much greater than 1, then wetting of porous 

substrate and flow dominates while the value being less than 1, then evaporation phenomena 

dominate. Therefore, the above dimensionless parameter can be used to design leaf inspired 

micropumps suitable for pumping a certain type of fluid. It clearly highlights the properties 

of porous material and fluid are critical for the design of micropumps.   

After plugging the appropriate values of the constants and the variables in different equations 

shown in Table 6.1, we have estimated the optimal channel density, temperature effect on 

wetting radii, suction head and volumetric flow rate by leaf-inspired micropump 

Table 6.1 Parameters and their value used in theoretical analysis 

Parameters Values Unit 

Capillary pressure in microporous substrate (Pc) 1642.6 N/m
2
 

Permeability of microporous substrate (K) 7.175×10
-10

 m
2
 

Thickness of microporous substrate (H) 300×10
-6

 m 

Density of water (ρ) 1000 kg/m
3
 

Porosity of microporous substrate (ϕ) 0.67 Dimensionless 

Moles of water on surface of microporous substrate (M1) 1.25×10
-07

 Moles 

Kinematic viscosity of water (µ) 10
-3

 m
2
/s 

Boltzmann Constant (k) 1.38×10
-23

 m
2
 kg s

-2
 K

-1
 

Molar mass of water in gram (m) 18×10
-3

 Kg 

Avagadro's Number (A) 6.023×10
23

 Dimensionless 

Gas constant ( R) 8.314 J K
−1

 mol
−1

 

Number of terminal channels of fractal network (N) 8 Dimensionless 

Contact angle water with microporous substrate(C1) 60 Degree 

Contact angle water with PDMS(C2) 89.7 Degree 

Surface tension of water (σ) 72.8×10
-3

 N m
−1

 

Number of generations (Gen) 4 Dimensionless 

The length of the tube (Lo) 79.8×10
-2

 m 

Diameter of terminal branch of fractal channel net (r) 50×10
-6

 m 

Diameter of the tube (dt) 2×10
-3

 m 

Fractal dimension of length (γ) 0.69 Dimensionless 

Fractal dimension of width (β) 0.754 Dimensionless 
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Diameter of parent branch of fractal channel net ( do) 342×10
-6

 m 

6.4. Results and Discussion 

6.4.1. Design, fabrication and Characterization of leaf-inspired 

micropumps 

The current paper elucidated a process of design and fabrication of leaf inspired micropumps. 

These micropumps emulated the structural design of natural leaves at a different length scale 

to achieve fluid pumping capabilities. It comprised of fractal-shaped microchannel networks 

in PDMS, mimicking venation system of leaves, to irrigate microporous paper (resembling 

mesophyll spongy cells having stomata) with fluid. However, the transpiration-assisted 

micropumps described in literature[39, 43, 147, 155] were primarily microporous membranes 

or gels irrigated by a single microchannel. The use of single microchannel posed the 

limitation on the volume of fluid delivered to microporous membranes or gels. Therefore, 

proposed micropump comprises a fractal-shaped microchannel network to irrigate the 

microporous paper. These microchannel networks in a PDMS block integrated with a 

microporous paper also provided structural support to the microporous paper to prevent its 

collapse under its own weight during fluid flow. Such architecture structurally supported the 

free standing microporous paper while the micropump in operation was unavailable in 

previously described pumps. Their pumps needed an extra planner substrate onto which 

entire micropump assembly was mounted[43, 147]. Thus, this restrains the applicability of 

these pumps in applications demanding any three-dimensional configurations.  Further, the 

PDMS support had a graded thickness from the point of entry of fluid to the tip of terminal 

fingers to facilitate its easy integration with an external fluidic port or reservoir. Moreover, 

the PDMS material being hydrophobic in nature prevented the rapid evaporation of water 

from its surface analogs to the waxy cuticle present in natural leaves (Figure 2.3). The PDMS 

material on one surface of microporous paper enabled our leaf-like pump to be amiable for 

evaporation control via changes in the thickness of PDMS support[38]. Such control over 

evaporation was only available in previously reported micropumps by changing the size of 

micropores of a membrane which is a cumbersome process. Eventually, structural design of 

micropump permitted a unidirectional flow of fluid from the reservoir to the tip of the 

terminal veins through the assembly of fractal-shaped microchannels. 
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The method of fabrication of micropumps presented here is a quite simple, scalable 

and inexpensive process, involving readily available materials. The microfabrication 

technique, indigenously developed in our lab, enabled the formation of fractal-shaped micro-

mold on the glass substrate. In this technique, the phenomena of Saffman-Taylor instability 

in Helle-Shaw cell were controlled to form a stable, repeatable fractal-shaped mold of 

ceramic suspension (Figure 6.4A) on a glass slab after heat curing. The parameters for the 

fabrication of mold of ceramic suspension were optimized for fractal-shaped microstructure. 

Further, PDMS cast over the mold resulted in fractal-shaped microchannels in PDMS. PDMS 

material offers several advantages like the ability to bond with a substrate in partially baked 

state and nearly impermeable to water. Thereafter, image processing of the fractal-shaped 

structures revealed the structural parameters of fractal shaped microchannels. The depth of 

the microchannels showed variation across different fractal generations (Figure 6.4A). The 

graph shows the variation of length and width of microchannels at different generations in a 

fractal network (Figure 6.4B). The fractal dimensions for length and width of the fractal 

channel's network are 0.668 and 0.754 respectively.  
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Figure 6.4 A) Graph showing the variation of the height of fractal-shaped ceramic mold with 

different generations (Inset image shows fractal-shaped microstructure mold of ceramic 

suspension on glass slide) B) Graph showing the variation of width and length of the fractal-

shaped mold with different generations. C) SEM of microporous structure of filter paper 

(inset image shows the cross-section of the filter paper D) Graph showing the frequency 

distribution of pore size in a microporous filter paper 

The open ends of the fractal shaped microchannels were closed by bonding with 

PDMS membrane already adhered to the microporous filter paper. The microporous substrate 

used in the current work is microporous filter paper as compared to microporous membranes 

or gels used by previous researchers. The microporous filter paper is a free standing porous 

substrate as compared to the microporous membrane which needs a base support 

substrate[43, 147]. The differences in the swelling behavior of hydrogels and bonded PDMS 

might produce strain at their interface, causing delamination during micropump operation. 

Therefore, the microporous filter paper was adopted for our pump fabrication. In addition, 
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the microporous filter paper is made up of cellulose material which has a high affinity for 

water. This will support better wicking by capillary action. Further, SEM of microporous 

filter paper shown in the  Figure 6.4C demonstrated its morphology. The thickness of 

microporous paper was calculated from the inset image of the Figure 6.4C was ~170µm. 

Thereafter, the pore-size distribution of the microporous substrate was estimated from their 

SEM and shown in the Figure 6.4D. The porosity estimated by gravimetry test for the 

microporous support was 0.66. Further, the absorption capacity of microporous paper was 

evaluated by absorption studies in which it was observed that 1.082g of microporous 

substrate absorbed 0.965g of water in 40 seconds. The functional performance of leaf-

inspired micrpump was gauged by fluid pumping studies.  

6.4.2. Fluid pumping behavior of leaf-inspired micropumps 

The fluid pumping experiments with leaf-inspired micropumps demonstrated high fluid 

pumping capabilities in addition to maintaining the pressure head. The experimental 

recordings of fluid pumping rates were carried out after the porous support of micropumps 

was completely irrigated to a saturated condition. This preconditioning was carried out to 

negate any possibility of the contribution of pumping by absorption through the dry 

microporous substrate and to bring the system to a steady state condition. At a steady state, 

volumetric flow through microporous substrate is equal to the evaporative flux of water from 

the exposed surface area of the substrate. Therefore, the volumetric flow rate can directly 

qualify to be a measurement of the fluid pumping capacity of micropump. Figure 6.5 

represents the steady state pumping rate by micropump at a given pressure head. 
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Figure 6.5 Graph showing the variation of mass flow rate during fluid pumping by LIM after 

steady state 

Further, in a horizontal setup, when a micro pump and a reservoir were placed at the 

same height, the average fluid pumping rate was recorded to be 0.108mg/sec. However, 

when the experiments were carried out with a stand-alone microporous substrate as a control, 

it was observed that average pumping rate was only 0.018mg/sec as shown in the Figure 

6.6a.  

 

Figure 6.6 A) showing the variation of mass flow rate at different suction head in 

microporous substrate connected with and without fractal-shaped microchannel net B) 

showing the comparison of mass flow rate achieved by microporous substrate connected with 

and without fractal-shaped microchannel net 
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Although, in either cases, the area and the nature of microporous substrate 

participating in an evaporative pumping were same, however, an appreciable difference in 

pumping was recorded. This might be due to additional fractal-shaped microchannel net 

which irrigates the microporous substrate at multiple locations at the same time as opposed to 

the single microchannel irrigation system adopted by previous researchers. The micropumps 

connected to the reservoir were slowly raised with respect to the reservoir to quantify the 

pressure head it could sustain before the cavitation occurs. It was observed that the fluid 

pumping rates of LIM were declining 10 times faster than the rate of decline of the fluid 

pumping rate of the control microporous substrate (Figure 6.6B).  

The ability of LIM to sustain pressure head upto 8.8cm is due to delayed caviation 

introduced by fractal-shaped microchannels. In the absence of smooth transition from the 

diameter of terminal microchannels to micropores of the microporous substrate, the slightest 

perturbation during lifting of micropump may have routed air bubble in the fractal-shaped 

microchannels at the junction of the microporous substrate and fractal-shaped channels. 

When there was the continuous increase of the LIM height with respect to the reservoir, it 

was observed that tiny air bubbles migrate continuously towards the tube connecting 

micropump and the reservoir. During this process, air bubbles continuously nucleate to form 

a large air bubble till they further prevent entry of fluid from the reservoir to the leaf and 

thereby, release the suction pressure developed by the micropump. This loss in pressure 

increases with an increase in the height of the micropump. Nevertheless, as the diameter of 

the terminal branch of fractal-shaped microchannel net is approximately 30 micron, the 

volume of fluid dispensed by fractal-shaped microchannels is instantaneously absorbed by 

microporous substrate surfaces experiencing continuous evaporation of water. The small 

diameter of terminal branches of fractal-shaped microchannel net interfacing with 

microporous substrate and larger length of the fractal-shaped channel network arrangement 

delays the entry and nucleation of air-bubbles. Thus, only after the pressure head of 8.8cm, 

the fractal-shaped microchannel has no role in sustaining the head and the onus of sustaining 

the pressure head rests majorly on the microporous substrate of the micropump. This is 

evident from the nearly similar pumping flow rate at 8.8cm pressure head (Figure 6.6A). The 

rate of decline in pumping rate of LIM is increased entry of air-bubble and its nucleation 

with increasing heigh. The above problem is due to the limitation in the fabrication process 
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which can be overcome by the reduction in the size of terminal microchannels and making its 

transition nearly continuous with the pore of the microporous substrate. Thus, there is a 

distinctive role of fractal-shaped microchannel net and microporous support on the 

performance of leaf inspired micropumps. 

The Figure 6.7A summarizes the comparative fluid pumping capabilities reported by 

previous researchers [39, 43, 147, 154, 155] with the leaf inspired micropumps proposed 

here.  

 

Figure 6.7 A) Graph showing the comparison of mass flow per unit area achieved by leaf 

inspired micropumps developed by previous researchers with the micropump developed in 

the current work B) Table showing the differences in parameters adopted by previous 

researchers and current work while evaluating the pumping capacity of the micropump   

The comparison over the range of parameters shown in the Figure 6.6B clearly 

illustrates the nature of the microporous substrate chosen for micro pump fabrication was 

different from each other. The nature of microporous substrate comprises the size of 
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micropores present in a substrate, the permeability of the substrate and degree of wettability 

due to the hydrophobicity of the material. These factors are responsible for volumetric flow 

rate through these microporous substrates while the micropump in operation at a steady state 

condition. However, it was found that average pore size of the substrate used for micropumps 

recorded in literature was found to be around 10um with variation from 7um to 32um. In 

addition, the degree of hydrophobicity of materials varied from each other but primarily all 

the materials were hydrophilic only. Thus, the capillary pressure responsible for driving fluid 

through porous substrate, being the function of pore size and material property, was 

comparable. Further, the ambient temperature and humidity were also similar which govern 

the evaporative flux of water from the surface of a porous substrate. Hence, we envisage that 

the differences in the pumping capacity may be due to differences in participation of surface 

area for evaporation. Such variances over the participation of surface area for evaporation 

may be due to the differences in the porosity of the substrate. The hydrogels used by Wheeler 

et al. were highly porous, hydrophilic material which accounted for their highest pumping 

capacity per unit area[39]. Although hydrogels demonstrate high affinity for water and 

permeability, nevertheless a micropump with better performance can be designed and 

fabricated with other substrates by an inclusion of methods which can allow complete 

utilization of available surface on a porous substrate. Here, an introduction of fractal-shaped 

microchannel net leads to the simultaneous delivery of water at multiple sites on the 

substrate. This ensures an increase wetted surface area of the substrate participating in 

evaporation, hence the high performance of the leaf inspired micropump. Moreover, the 

cellulose fibers of the microporous substrate, being hydrophilic, allow continuous absorption 

of fluid as soon as it exists at the microchannel net also contributes towards the micropump's 

performance. 

6.4.3. Factors affecting fluid pumping behavior in leaf-inspired 

micropumps 

The previous reported bio-inspired micropumps were dependent on the single capillary 

microchannel delivering the fluid to the microporous substrate. Thus, the volume of fluid to 

sustain saturated wetting condition of the porous substrate is dependent on the diameter of 

the irrigating channel and the ambient condition (temperature and humidity). Therefore, the 
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area of the wetted surface follows a logarithmic relation with an increased volume of fluid 

delivered to the substrate as shown in the Figure 6.8A at a given temperatures. This indicates 

that area of wettability does not increase indiscriminately with an increase in the volume of 

fluid delivered to a porous substrate. Thus, the increase in the volume of fluid delivered to a 

substrate can be brought about by an increase in the diameter of single capillary but will lead 

to a decrease in capillary pressure for capillary pumping of fluid. This will also affect the 

pressure head sustained by the micropump as increased weight of fluid in the channel would 

lead to early cavitation, resulting in early cessation of the micropump.  However, when the 

diameter is decreased, the capillary pressure will rise along with the hydraulic resistance but 

the volume of fluid delivered to the substrate would be less. Thus, there has to be a trade-off 

between the dimensions of capillary channel irrigating the microporous substrate for 

maximization of fluid delivery and sustaining the pressure head. Therefore, the fractal-

shaped microchannel network to irrigate the microporous substrate have channel diameter 

enough to have greater capillary pressure while minimizing pressure loss due to hydraulic 

resistance. Further, channel net also delivers increased cumulative volume of fluid to 

multiple locations on the porous substrate, enough to maintain wettability of surface while 

functioning. 
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Figure 6.8 Graph showing A) variation of wetting radii of the microporous support when 

irrigated by the channel at the different flow rate at different temperature conditions B) the 

experimental and theoretical comparison of volumetric fluid pumping rate at different 

channel density C) the experimental and theoretical comparison of suction head achieved by 

leaf inspired micropumps.  

It was observed that increase in terminal channel density of fractal-shaped 

microchannel net leads to an increase in fluid pumping but after a certain threshold channel 

density, there is a very slow increase in pumping of fluid with the increase in channel density 

(Figure 6.8B). This observation was in congruence with the limitation on channel density in 

real and artificial leaf observed by Xnoblin et al.[38].  Thus, the rate of pumping of fluid 

through microchannel network could not go indiscriminately higher by the mere increase in a 

number of microchannels irrigating the microporous substrate as shown by the theoretical 

analysis in the Figure 6.8B. Although, there has been the difference in the values of optimal 
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channel density for given flow rate as reported by experimental and theoretical findings, the 

trend of both the graphs appear to be similar. 

The role of fractal-shaped microchannel net on sustaining pressure head was 

calculated to be 8.8cm. The experimental data was compared with the pressure head 

predicted by the theoretical model and they were found to be similar in order of magnitude as 

shown in the Figure 6.8C. The experimental result showed less that theoretical prediction due 

to the discontinuity at the interface of terminal branches of fractal channel net and the 

microporous substrate. There might be a formation of a liquid bridge under steady state 

condition which may get perturbed due to slight mechanical vibration during pumping 

experiments. Such perturbation may allow the air bubble entry in the channels. Thus, 

continuous entry of micro air bubble will eventually lead to coalescence of these bubbles 

forming a large air bubble, enough to bring cavitation in the picture. This resulted in 

cavitation which further prevented pumping of fluid by micropump, leading to low-pressure 

head sustenance. Thus, for an artificial leaf to be able to pump fluid to a greater height, it 

should have microporous support 1) with small pore diameter 2) fast absorption kinetics 3) 

large surface area for quick evaporation and 4) fractal-shaped microchannels with smaller 

diameter which are bonded with porous support well enough to lower the pressure loss. 

The temperatures of the ambiance which guide the diffusion of the water from the 

micropores of the substrate also play a vital role in the performance of the micropump. The 

observations of Robert Crawfield et al[147] dismissed the role of channel dimensions 

irrigating the microporous substrate on evaporative pumping capabilities. Perhaps, this might 

be because the volume of fluid delivered by any dimension of the microchannel to 

microporous membrane led to wettability of small portion of the membrane under steady 

state condition. The wetted portions of the microporous membranes decrease radially from 

the center, leading to a nearly small surface area of wetted surface participating in 

evaporation. The evaporation being responsible for pumping of fluid in Robert Crawfield's 

micropump limits the pumping rate due to underutilization of total surface area of the porous 

membrane. Therefore, the role of temperature on defining the wetted area of the substrate 

was studied and it was observed (Figure 6.9A) that wetted area decreases exponentially with 

an increase in the temperature of micropump operation, provided the permeability of 
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substrate and volume of fluid delivered remain constant. Such exponential decay in the 

wetted surface poses a restriction over the operating temperature range for leaf inspired 

micropumps unless the permeability and material of substrate provide enough window of the 

temperature range for the pump to be operated. The theoretical model also predicted 

exponential decay of wetted surface of the substrate with temperature. The Figure 6.9B 

shows the comparison of experimental and theoretical model and they were found to be in 

good agreement with each other. The slight differences might be due to assumptions taken in 

a theoretical model. Eventually, the mass flow rate computed from theoretical model was 

compared to that of experimental findings (Figure 6.9C) and it was observed that model 

prediction corroborates well with experiments as mass flow rate was under similar order of 

magnitude. The difference might be due to the ideal condition assumed in the theoretical 

model. 

 

Figure 6.9  Graph showing the A) variation of wetting radii of microporous substrate with 

temperature at different flow rate B) experimental and theoretical comparison of wetting radii 
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with different temperature at a particular flow rate C) experimental and theoretical 

comparison of mass flow rate per unit area in a leaf inspired micropump 

Finally, our method demonstrated an easy, scalable fabrication of leaf inspired micropump 

whose performance is dependent on its design, intrinsic and ambient parameters. Although, 

above pumping and pressure head sustenance capabilities were demonstrated but still there is 

a scope for improvement. Thus, the method of enhanced pumping will find application in a 

number of fields from electronics to bioengineering.  

6.5. Conclusion 
 

The capillary pumping of fluid for micro/nanofluidic applications is one of most coveted 

areas of research. Our approach to achieving meaningful pumping rates rest on the principle 

of bio-inspiration from leaves of plants. We have designed and fabricated leaf inspired 

micropumps by a simple, scalable and inexpensive method of fabrication. Our single leaf 

inspired micropump was capable of pumping fluid at the rate of 388.8mg/hr and could pump 

the fluid to the height of 8.8 cm before the occurrence of cavitations. Such pumping 

capabilities are better than or comparable to ones reported in the literature. We demonstrated 

that fractal-shaped microchannel network is responsible for high pumping rate and 

microporous substrate for sustaining the suction head. Further, our proposed theoretical 

model could explain the factors affecting the fluid pumping behavior of micropumps. The 

dependence of pumping behavior on ambient temperature, the number of channels irrigating 

the porous substrate, flow rate, and design inspired by leaf for attaining suction head, 

predicted by the theoretical model, corroborated well with the experimental findings. Thus 

elucidated few design parameters which need to be considered while developing leaf inspired 

micropumps. Such pumping rate and suction head are demanded in micro/nanofluidic 

devices like energy applications, cooling in microelectronic circuits, flow through a 

chromatographic column and others. This study will enable the development of micropumps 

with enhanced pumping rate without consumption of energy.  
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7. Chapter 7   

Conclusion and 
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7.1. Conclusion 
 

The bio-inspired designs have always guided engineers to develop efficient and effective 

solutions to various engineering problems. Two of the major problems which consistently 

appear in a biomedical and chemical field are the controlled energy-efficient flow of fluid 

and separation of gas/solute from one fluid medium to another. On close observation, the 

underline physical phenomenon that needs taming is convection and diffusion-based 

transport phenomenon, which ubiquitous. One of the remarkable gas/solute exchange organs 

is fish gills. Our study of fish gills at a different length scale enabled us to understand the 

dimensionless parameters (parametric ratios) and structural features conserved throughout 

the evolution of fishes. These dimensionless parameters and structural features appeared 

responsible for enhanced gas/solute exchange in fishes irrespective of their habitat; from 

fresh water to high muddy water where oxygen partial pressure is abysmally low. Our 

computational modeling and simulation on the two-dimensional model of the secondary 

lamella also revealed these parametric ratios from its structural features. The results of finite 

element simulation were found consistent with theoretical calculations. These parametric 

ratios and structural dimensions which are critical for gas exchange capabilities of fish gills 

are few parametric ratios, the thickness of the lamella, the inter lamellar distance, the velocity 

of water and blood stream, density of vascularisation, length of secondary lamella and 

arrangement of the secondary lamella. Thus, design and development of any micro-systems 

by emulating the parametric ratios and structural features of the secondary lamella would 

possibly lead to developing a highly efficient gas/solute exchange devices.  

Fabrication of 3D micro/nanofluidic devices with multi-scale micro/nanochannel 

network has immense utility in diverse fields like tissue engineering, biomedical devices, 

self-healing and self-cooling devices, separation technologies and so on. However, the 

conventional lithography-based fabrication techniques are not amiable to 3D 

micro/nanofluidic devices. They suffer from heavy cost of installation and operation, demand 

for skill full operator, substrate dependence, non-scalability and inability to form multi-scale 

morphologies. Further, recent techniques like solvent or thermal removal of sacrificial 

micro/nanostructures from a host polymer system described in the literature also experience 

certain challenges like an ability to form multiscale, bio-inspired, 3D morphologies in 
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polymer systems. Therefore, we fabricated thin vascularised polymer matrices mimicking 

secondary lamella. The propose method employs the principle of removal of sacrificial 

structures embedded in host polymeric materials by solvents. The sacrificial structure is a 

bio-inspired fractal-shaped micro/nanostructures formed by the integration of two scalable, 

ultrafast, inexpensive micro/nanotechnologies; electrospinning and controlled lifted heel-

Shaw cells. The above-fabricated 3D micro/nanofluidic devices were having nature-inspired, 

multiscale, 3D vascular network in thin PDMS matrices. These matrices demonstrated fluidic 

conductivity under capillary flow and enhanced mass transfer (urea diffusion) capabilities 

through our preliminary experiments. Thus, the process being amicable for fabrication with 

any material platform provided the host material remain immune to the solvent of sacrificial 

materials and the sacrificial materials can get easily transformed into a viscous solution 

through melt or dissolution. Further, the vascularised polymer matrices fabricated by above 

process will find utility in separating small molecules like urea from two liquid systems.   

Further, the performance of 3D micro/nanofluidic devices based on above 

vascularised polymer matrices during an application depends on the volumetric fluid flow 

rate through random networks of microchannels. This feature is critical in an application 

where convection-diffusion-reaction phenomenon governs the application process. 

Therefore, we fabricated simple vascularized polymer systems by removal of sacrificial, 

random, electrospun fiber meshes embedded in thin PDMS matrices through solvent etching. 

Therefore, our investigation of these thin vascularized polymer systems identified few factors 

affecting the volumetric fluid flow apart from the channel dimension that has already been 

well researched. These factors are the geometry of the channel network or reservoir 

interfacing with the random national network and density of nanochannel network, which 

participates in mass or heat transfer during an application. The theoretical analysis suggested 

that the branched-shaped geometry of reservoir interfaces well with nanochannel network in 

comparison to the other regular geometry of reservoirs. This geometry also minimizes the 

active area occupied by a reservoir on micro/nanofluidic chips while maintaining a high level 

of nanochannel interfacing. Further, through time-lapse dye flow experiments, we observed 

an enhanced volumetric flow in micro/nanofluidic networks when connected to the branched 

- shaped reservoir as compared to a regular rectangular reservoir. This experiment clearly 

demonstrated the importance of interfacing length of the reservoir on the volumetric fluid 
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flow rate in micro/nanochannel net. Further, the density of nanochannel network and the 

degree of tortuosity of the path traced by fluid in a network were found to have an effect on 

the volumetric fluid flow rate. The empirical relation between the volumetric fluid flow rate 

and above features corroborated with the theoretical model available in the literature. The 

relation suggests that the volumetric flow rate is inversely related to the square of tortuosity 

and directly related to the number density of channel network. Further, the mass transfer was 

also showed dependence on the density of the channel network to a certain degree, thereafter, 

the effect of density of channel network on mass transfer become unimportant. Thus, these 

features need manipulation for better volumetric flow rate in 3D micro/nanofluidic devices, 

provided the diameter of the nanochannel remains constant.  

The fluid flow driven by capillary action in the above 3D micro/nanofluidic devices is 

well demonstrated in preceding sections. However, capillary driven flow is hardly suitable 

for certain applications demanding high flow rate. In such case, devices use micropumps to 

drive fluid through a fluidic circuit with or without using external power supply. The 

micropump described in the current work is a passive micropump developed by mimicking 

leaves of plants. They were found to pump fluid at the rate comparable with leaf inspired 

micropumps reported in the literature. The major advantages of the manufacturing processes 

of our leaf inspired micropumps are its simplicity, scalability, and amalgamation of two 

inexpensive processes; spin coating technology and controlled lifted Hele-Shaw cell. 

Moreover, material and manufacturing expenses are substantially less than micropumps 

manufacturing processes offered by other researchers. These micropumps were not only able 

to emulate the structural features of leaves and but also could pump fluid at a high rate while 

sustaining pressure head before cavitation. The pumping mechanism proposed is a coupled 

phenomenon of capillary filling and evaporation. Further, the experimental and theoretical 

investigation suggested that the temperature of the ambient, density and pattern of the 

vascular network and flow rate as the factors responsible for volumetric pumping of fluid by 

experimental and theoretical methods. A dimensionless parameter proposed will act as a 

guide for the design and fabrication of scalable leaf-inspired micropumps. Thus, tailoring the 

parameters of micropump will further escalate its pumping capabilities. Such micropumps 

will have applications, enhancing the fluid flow through 3D micro/nanofluidic devices. The 
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proposed method of fabrication offers several advantages as compared to the fabrication of 

devices through conventional lithography, as summarized in the Table 7.1.  

Table 7.1 Comparative analysis between our method and lithography-based techniques  

 Lithography[162-164] Proposed method 

3D structuring Difficult and possible only with 

stacking of 2D/2.5D layers, 

monolithic 3D fluidic network 

not possible  

Monolithic 3D fluidic network 

possible with ease 

Speed of 

manufacturing 

Medium to low Medium, limited only by speed of 

etching of sacrificial structures 

Materials glass/silicon/polymers Polymers/ceramics 

Expertise needed Highly skilled personals needed Moderate  

Bio-inspired  

channel networks 

Quite challenging, possible with 

huge investment of time and 

labour, generally produce 

rectangular cross-sectioned 

channels 

Very easy 

Product scalability 

 (volume and size) 

less scalable, restriction over the 

size of the device 

Highly scalable, possible to 

fabricate large size fluidic devices 

in high volume 

Channel size resolution 

and variation 

Few nm to microns; fabrication 

allow only channels with 

dimension over a limited range 

in a single device 

Multi-scale channel network 

possible, dimensions ranging from 

100nm to few mm in a single 

device 

Cost of manufacturing High due to heavy capital and 

consumable cost, generally 

greater than $1million 

Very less due to low capital and 

consumable cost, less than $3 

thousand 

 

In summary, the work focused on the design and fabrication of bio-inspired 

micro/nanofluidic devices through scalable micro/nanotechnologies for enhanced fluid flow 

and study of factors affecting the fluid flow through such devices to exploit them for mass 

transfer operations. Thus, the work will enable design, fabrication and development of 3D 

micro/nanofluidic at large-scale for applications in biomedical and chemical industries 

demanding heat and mass transfer.  
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7.2. Future work 
 

In future, biomimetic, scaled-up fish gill device is a possibility of incorporating the structural 

parameters laid down by computational and theoretical studies in the design of 

micro/nanofluidic devices. Further, it is possible in future to stack thin, bio-inspired, multi-

scale, vascularized polymer matrices mimicking the stacking pattern of the secondary lamella 

in fish gills while incorporating the parametric ratios to design and develop better, scalable 

gas/solute exchange microdevices. Such devices can act as an extracorporeal membrane 

device in artificial lungs, a site for oxygenation of blood or as act as a dialysis chamber of 

kidney dialyzers, a site for blood filtration. They have other applications like filtration, 

separation employed in chemical industries.  

One can improve the efficiency of leaf-inspired micropumps developed in the current work 

by changing the size of micropores in microporous material, using a hydrophilic material for 

developing fractal-shaped vascular networks and increasing the bonding between the 

microporous material and polymer block having fractal-shaped microchannel net. These 

micropumps have potential to drive fluid in a microelectronic circuit for effective cooling 

without an aid of external power source. They can also be used in solar distillation plant for 

water desalination and purification mimicking the hydrological cycle, developing 

inexpensive water purification systems.  
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Appendix- A 
 

(Conference Paper) 

 

The conference paper titled ` Multiscale fabrication of scalable biomimetic 3-D, 

integrated micro-nanochannels network in PDMS for solute exchange' was presented at 

the 11th International Conference on Micro Manufacturing (ICOMM) Irvine, Orange 

country, USA from 29th to 31
th

 March 2016.  

 

Multiscale fabrication of scalable biomimetic 3-D, integrated micro-nanochannels 

network in PDMS for solute exchange 

Prasoon Kumar123, Prasanna S Gandhi2, Mainak Majumdar3 

1 IITB-Monash Research Academy, Powai, Mumbai, Maharashtra-400076, India  

2 Suman Mashruwala Advanced Microengineering Laboratory, Department of Mechanical Engineering, Indian Institute of 

Technology Bombay, Powai, Mumbai, Maharashtra 400076, India 

3 Nanoscale Science and Engineering Laboratory (NSEL), Department of Mechanical and Aerospace Engineering, Monash 

University, Clayton, Melbourne, Australia  
 

Abstract 

Integrated micro-nanochannel networks in fluidic devices are desirable in a number of 

applications ranging from self-healing/cooling materials to bioengineering. The conventional 

micro-manufacturing techniques are capable of either producing microchannel or 

nanochannel networks for a fluidic application but lack proficiency in the production of 

integrated micro-nanochannel network with a smooth transition from micro-to-nano scale 

dimension.  In addition, these techniques possess limitations such as heavy initial investment, 

sophistication in operation and scale-up capabilities. Therefore, the current paper 

demonstrates the combination of micro/nanotechnologies to design and develop a biomimetic 

3-D integrated micro-nanochannel network in PDMS device for solute exchange. We have 

used a 3-D printer, a scalable technology, to design and manufacture micro-mold having 

fractal-shaped features. Further, electrospinning was used to deposit nanofibrous network on 

the fractal mold. Subsequent micro-molding with PDMS was used to obtain fractal-shaped 

microchannels integrated with embedded nanofibers. Henceforth, solvent etching of 

nanofibers followed by bonding of thin PDMS membrane generated by spin coating to open 

end of channels leads to the formation of functional microdevices. These PDMS devices 

mimic the natural vasculature of a living system, where fractal-shaped microchannels will 

assist in efficient fluid flow and the site of nanovascular network participates in heat/mass 

transport operations. Further, dye flow propounds the functionality of such devices. Our 

study hence proposes a simple and scalable hybrid microtechnology to fabricate fluidic 

devices having multiscale architecture. This will also facilitate the rapid fabrication of 

microfluidic devices for biomedical, diagnostics, sensors and micro-TAS applications.  

 

 Keywords: 3-D printing, electrospinning, solvent-etching, nanovascularization, micro-

molding.  
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1.     Introduction 

 

Integrated three-dimensional micro-nanochannel networks in a polymer matrix have 

become significant owing to their potential applications in filtration, self-healing and cooling 

materials, tissue engineering and regenerative medicine [1]. However, technologies are 

available to fabricate such polymer system with either nanoscale or microscale dimensions 

[2]. With the advent of additive micromanufacturing techniques, it has become possible to 

generate microstructures with resolution up to 1µm [3-4]. Moreover, challenges associated 

with successful integration of different micro/nanomanufacturing techniques are their 

different operating conditions, compatibility with substrate materials and capabilities to form 

structures with a smooth transition from a meso-to-micro-to-nano domain.  Further, even if 

such criteria are met under certain conditions, it does not compile a method to produce 

integrated micro-nanostructures in a polymeric substrate on a large scale [5]. In addition, 

these fabrication techniques require huge investment for the installation and supporting 

infrastructure. Further, being highly sophisticated techniques; they require high technical 

expertise, time and resources; therefore their tailor ability to suit any hybrid micro 

manufacturing is quite challenging [2]. Although other recently explored techniques like 

direct self-assembly of fugitive inks, electrical discharge, have demonstrated the formation of 

vascularization in polymer matrixes with much ease, their control over the dimensions of 

vascular channels and scalability remain an intrinsic limitation [6-8] [76, 135] [76, 135] [76, 

134] [76, 133] [76, 133] (Huang, Kim et al. 2009, Esser-Kahn, Thakre et al. 2011). 

Therefore, recent researchers have demonstrated the application of two scalable additive 

technologies; 3-D printing and electrospinning to generate integrated micro-nanostructure to 

be used as a scaffold for tissue regeneration [9-10]. However, no such attempt has been made 

to the best of our knowledge to integrate 3-D printing and electrospinning to generate 

micro/nanofluidic devices for lab-on-a-chip or organ-on-a-chip applications. Hence, in the 

current study, we have integrated scalable micro-manufacturing technologies: 

electrospinning, 3-D printing, micro-molding and solvent etching of sacrificial structures in 

an innovative way to design and develop a PDMS based micro-devices having integrated 

micro-nanochannel networks and a thin membrane for convection-diffusion studies. These 

devices mimics natural vasculature of living beings where fractal-shaped microchannel 

network assist in efficient fluid flow, the site corresponding to nanovascular network 

participates in heat/mass transport operations and thin membrane assists in heat/mass transfer 

operations.  

2. Materials and method 

2.1. Materials 

Polydimethylsiloxane (PDMS) (Sylgard® 184 silicone elastomer kit - Dow Corning) was 

used for fabrication of micro/nanofluidic devices. Polystyrene (PS) 192 kDa ( Sigma-Aldrich 

Pvt. Ltd., India) was used for the fabrication of electrospun micro/nanofibrous mesh.  N, N, 

Dimethylformamide (DMF) (Ajayx PVT. Ltd, Australia) was used as solvent for PS solution 

and sacrificial etching of micro/nanofibrous structures, Polycarbonate (PC) (Stratasys, Eden 

Prairie, MN, USA) was used to fabricate 3-D molds with 3-D printer, Fluorescein Dye 

(Sigma-Aldrich Pvt. Ltd., India) was used as dye in dye flow experiments. Ethanol 
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(Changshu Yangyuan Chemicals, China) was the fluid driven from fractal-shaped 

microchannels to micro/nanochannel networks during dye flow experiments. 

2.2. Methods 

Electrospinning (designed and assembled in the lab) was used to fabricate polystyrene 

nanofibrous mesh [11]. For electrospinning, a 15% w/v of polystyrene solution was prepared 

in DMF. The solution was stirred overnight to form a homogeneous solution before 

electrospinning. The process parameters were optimized to generate fibres with 1µm 

diameter: voltage – 10KV, the distance between collector and spinneret – 12cm, the flow rate 

of the solution by syringe pump – 0.5ml/hr, deposition time 1–2 minutes, and needle gauge 

of 24G. The micro/nanofibrous meshes of polystyrene were obtained on aluminum foil. A 

part of the sample was taken for imaging and characterization by scanning electron 

microscope (SEM) while other parts were used in the further fabrication process. In parallel, 

mechanical designs of the device mold with fractal-shaped microstructures were developed 

in Pro/ENGINEER Wildfire 4.2 and subsequently, they were used as an input to 3-D printer 

to generate structures in polycarbonate (Objet. Eden260V™, Strategy’s, Eden Prairie, MN, 

USA) (Figure 2). The mold was carefully cleaned with ethanol and water in a water bath 

sonicator. Further, electrospun nanofibrous mesh deposited on aluminum foil was carefully 

transferred to the mold. 

 In order to avoid displacement of fibrous mesh during the micro-moulding process by 

PDMS, few drops of ethanol was added to the fibrous mesh placed in a mold to enable 

stiction of fibrous mesh upon evaporation to the mold structure (Figure 1). Thereafter, PDMS 

(10:1) was poured into the mold and cured over a hot plate at 70
o
C for 6-8 hours. After 

cooling of the mold, PDMS devices having embedded nanofibrous mesh were placed in a 

DMF bath and stirred slowly to enable etching of fibrous structures for several days. After an 

etching process, an inverse replica of porous non-woven electrospun mesh integrated with 

fractal-shaped microchannels was created in a cured PDMS block of 5mm thickness.  

Further, PDMS solution with base and curing agent in 10:1 was prepared and spin coated 

over paraffin wax paper with a spin coater (Spin 150-v3, SPS, Europe, Inc) with rpm varying 

from 1000 rpm to 5000 rpm. The coated films were cured at room temperature (25
o
C-30

o
C) 

for 48 hrs. The thickness of PDMS membrane was estimated by a screw-gauge.  Thereafter, 

the open end of the PDMS device having integrated micro-nanochannel networks was 

plasma bonded to PDMS membrane generated previously on paraffin wax paper in a plasma 

cleaner (Basic Plasma Cleaner PDC-32G, Harrick Plasma, USA) at 1mbar for 20second. The 

device was heated at 70
o
C on a hot plate for 20-30 minutes to further strengthen the plasma 

bonding. Thereafter, few samples were taken for SEM and optical imaging to characterize 

the dimensions of different channel features in the device. The dimensions of the different 

channel features were estimated by image processing in MATLAB 7.4. Further, holes were 

punched, the tubing was connected to the above PDMS device to be used for fluid flow by 

capillary action. 
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 Figure 1 Schematic of process of device manufacturing 

3.  Results and discussion 

The computer aided design (CAD) models of the fractal-shaped microstructure (Figure 2A) 

were created till second generation branches. The model assumes the width of the fractal 

structures from parent to 2nd generation varies from 1mm to 0.447mm following the W = 

WoN
-0.733

 while length varies from 5mm to 0.921mm following the L = LoN
-1.54 

.
 
However, 

when the final mold was fabricated with 3-D printer in polycarbonate, it was observed that 

the dimensions of the structures were nearly same for parent and 1st generation fingers 

(Figure 2B) while the morphology of 2nd generation fingers tampered. This might be due to 

resolution limitation of the 3-D printer. Further, the height of the fractal structure came 

around 270 µm (Figure 2B) after fabrication while CAD model input was given the height of 

250 µm. 

 

Figure 2 A) ProE design of mold B) 3-D printed mold in polycarbonate (Top left) and SEM 

image of mold with feature dimensions in millimeter (right) 

Further, the SEM of nanofibrous meshes revealed the dimension of fibers to be 

1.304±0.318µm (Figure 3A) while SEM of PDMS devices showed successful solvent etching 

of polystyrene nanofibrous mesh to generate nanochannel network (Figure 3B). The 

dimensions of channel network were in corroboration with the dimensions of micro-

nanostructures used in creating an inverse replica in PDMS. This suggested the non-swelling 

A B 
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activity of DMF on PDMS. The PDMS device having open-ended fractal-shaped 

microchannel with open-ended integrated nanochannels were covered by PDMS membranes. 

The SEM of a cross-section of PDMS device bonded with the thin membrane was taken at 

two different positions. The thickness of membrane bonded to device come around 38µm and 

figure 3C suggest the continuous integration of membrane with PDMS by plasma bonding. 

Further, SEM of cross-sectioned PDMS device at nanochannel networks suggested that 

nanochannel layer spanned around 166µm (Figure 3D). However, the thickness of membrane 

estimated came around 51µm. This might be because of difficulty in demarcating the point of 

joining of PDMS membrane and PDMS device.  

 

Figure 3 SEM image A) electrospun nanofibrous mesh B) nanochannel network in PDMS C) 

cross-section of fractal channel with membrane D) cross-section of nanochannel network 

with membrane 

These membranes were spin coated with PDMS solution on a paraffin wax paper and cured 

at room temperature before being plasma bonded with PDMS devices (Figure 5). The 

presence of paraffin wax enabled easy transfer of membrane to PDMS device. The graph in 

figure 4A suggests the further lowering of membrane thickness by increasing the speed of 

rotation during spin coating. However, very thin membranes may be difficult to transfer from 

paraffin wax to PDMS device. This process enabled fabrication of membranes with a 

thickness as low as 15µm. Further, spin coating over paraffin film may assist in the 

generation of large-sized thin membranes and easy integration with PDMS devices during 

scale up device fabrication.  
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Figure 4 A) Graph showing the variation of thickness of membrane with speed of rotation of 

spin coater B) Image of Dye presence in channels of PDMS device  

Further, Fluorescein dye in ethanol was used as a fluid and flow experiments were carried 

out by capillary action. It was observed that the dye could easily flow in the fractal fingers as 

shown in figure 4B but we could not observe the dye solution in nanochannel networks. 

Thus, further experimentation with dye flow through these devices and solute exchange by 

convection-diffusion will establish the design and fabrication of micro/nanofluidic devices 

by the method proposed in the paper for various applications.   

 

Figure 5 Image of PDMS device with fractal-shaped microchannels integrated with 

nanochannel network 

4.  Conclusions 

The hybrid additive micromanufacturing techniques are capable of producing integrated 

micro-nano structures with wide span in their dimensional variability.  Therefore, stand-alone 

technologies are currently being replaced by a combination of microtechnologies for 

complex applications. We have demonstrated the combination of additive 

micro/nanotechnologies to design and develop a biomimetic 3-D integrated micro-

nanochannel network in PDMS device for solute exchange. We have used the 3-D printer 

and electrospinning, scalable technologies, to design and manufacture micro-mold having 

fractal-shaped features and nanoscale structures respectively in a device. Our unique way to 

combine the above scalable technologies with micro-molding and sacrificial etching lead to 

A B 
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the generation of 3-D integrated micro-nanochannel network in PDMS device, a good 

substitute for conventional lithography techniques. We are currently working towards the 

fluid flow and solute exchange through such devices. These PDMS devices are a natural 

mimic of vasculature system of living beings, where fractal-shaped microchannels enable 

efficient fluid flow whereas nanovascular network serves as the site for heat/mass transport 

operations. Thus, our study suggests a simple and scalable hybrid microtechnology fabricate 

fluidic devices having multiscale architecture. This will also facilitate the rapid fabrication of 

microfluidic devices for biomedical, self-healing/cooling materials, filtration, diagnostics, 

sensors, and micro-TAS applications.  
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Appendix B 

Study of diffusion of ammonia through PDMS membrane  

 

1. Fabrication and characterization of polydimethylsiloxane (PDMS) membrane 

The PDMS base and curing agent (10:1 ratio) was taken in a glass beaker and thoroughly 

mixed for 10 minutes with a glass rod until a milky broth like a mixture is obtained.  

Thereafter, degassing was carried out in a vacuum chamber. When no air bubble was 

observed in PDMS and clear transparent PDMS appeared, the degassing was terminated. 

Then a few drops of the PDMS was poured on a substrate (square shaped glass slide) kept on 

a chuck of spin coater as shown in figure 1. The spin coating was done at varying speed to 

generate different thickness of a film of PDMS. The experiments were carried out at speed 

ranging from 900 rpm to 5000 rpm to obtain a different thickness of PDMS membrane. The 

thin films so obtained were cured at 60
0
C for 20 minutes on a hot plate. The samples were 

prepared and the thicknesses of the films were characterized by white light interferometry 

and screw gauge. 

 

Figure 1 Spin coating of PDMS on glass substrate to form thin membranes 

It was observed that the thickness of film remains nearly unaffected after the speed of 4000 

rpm. The results of the thickness measured by white light interferometry corroborate well 

with the measurement carried out by screw gauge. These thin films were further removed 

from glass slide for further application. The graph in figure 2 shows the variation of 

thickness with varying speed of chuck of the spin coater. 
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Figure 2 graph showing the variation of PDMS membrane thickness due speed of rotation of 

spin coater. 

2. Design and fabrication of set-up for study of ammonia diffusion in PDMS 

membranes 

2.1. Design and fabrication of samples of PDMS membranes: 

 The films produced by a spin coating were taken for diffusion study. A hollow metallic 

cylinder (stainless steel) having small rim thickness and diameter to be 1-1.5cm was taken 

and placed on the glass slide on which thin film was fabricated. Thereafter some weight was 

applied on the metallic cylinder before pouring the PDMS solution surrounding the cylinder 

up to an appreciable thickness. Then the entire setup was heated over a hot plate at 60
0
C for 

20 minutes for curing the surrounding PDMS. Then a thick PDMS block surrounding the 

metallic cylinder and thin membrane region inside the metallic cylinder was obtained. The 

system was carefully peeled off to get membrane of desired thickness surrounded by thick 

PDMS block as shown in figure 3. Thus PDMS membrane of any cross section area can be 

obtained by using suitable hollow metallic cylinder which needs to have further 

experimented. These membranes were further used for diffusion experiments. 
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Figure 3 PDMS membrane on different hollow cylinders having different area 

2.2 Experimental setup and study of ammonia diffusion through PDMS membranes: 

The experimental setup was designed as shown in the figure (4A) for measuring diffusivity 

of ammonia in PDMS membrane. The PH meter probe was kept inside a cylinder with one 

end capped with 270µm thick membrane of PDMS. Then 3ml of DI water was added to the 

chamber containing PH probe. The PH probe was 2mm above the PDMS membrane. Then 

entire assembly was dipped in ammonia solution of 10 ml in a beaker as shown in figure 

(4B). 

 

Figure 4 A) The setup for measuring the diffusion coefficient of ammonia in PDMS 

membrane B) The process of measuring ammonia diffusion 

The pH was recorded as soon as the assembly was dipped in ammonia solution. Thereafter, 

pH was recorded at a regular interval of time. It was observed that there was no increase in 

pH of DI water for initial few minutes. Then there was an increase in pH of the solution with 

A B 
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an increase in time. The slope of concentration vs. time graph increased in the beginning and 

then becomes constant; indicating the steady state condition and then started decreasing with 

time. Initially, the ammonia from the ammonia solution may have diffused inside the PDMS 

membrane and then, it diffuses from the PDMS membrane to DI water in which pH probe 

was placed. The diffusion of ammonia continues in PDMS membrane as long as saturation of 

ammonia in PDMS membrane hasn't reached to equilibrium, marked by no increase in pH of 

the DI water. Once the saturation point has been reached, the ammonia diffuses from the 

membrane to DI water having a pH probe. Thereafter, pH readings were recorded. The 

distance between pH probe and membrane is 2mm and diffusivity constant of ammonia being 

higher in water than solid PDMS, it was confirmed that ammonia concentration measured on 

DI water side indicate the concentration of ammonia which has diffused through the 

membrane. Thus, the graph obtained from the concentration and time data was used to 

estimate the diffusivity constant of ammonia in PDMS membrane by the time lag method [1]. 

In this method, the amount of diffusant which passes through the membrane is given by 

equation 
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Where Qt is the amount of diffusant which passes through the membrane in time t across the 

membrane of thickness l unit. if the steady state is assumed at t  ∞, the above equation can 

be rewritten by discarding the exponential term as 
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The graph is plotted between the amounts of diffusant and time as shown in figure 5. The 

intercept on the time axis will be equal to L
2
/6D. From this relation, D the diffusion 

coefficient of ammonia in PDMS can be determined from the linear portion of the graph after 

the lag period. 
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Figure 5 The graph showing the change in OH concentration in DI water with time 

 

3. Solubility and Diffusivity Characterization of PDMS 

3.1. Solubility test of ammonia in PDMS 

To determine the solubility coefficient of the ammonia (NH3) gas in PDMS solid block, a 

gravimetric method was employed.  The small pieces of PDMS were taken and their 

individual weight on the weighing balance was measured. Then these PDMS pieces were 

dipped in glass vials having ammonium hydroxide solution for a certain fixed period of time. 

Then after a regular interval of time, PDMS pieces were taken out and its weight was 

measured again. The difference in weight suggested the weight of ammonia absorbed in the 

PDMS block. The weight of the ammonia absorbed was converted into a number of moles of 

ammonia. At Standard Temperature Pressure, using the ideal gas equation PV = nRT, the 

volume of the gas absorbed was estimated and expressed as the volume (ml) of gas absorbed 

per gram of PDMS. After the dipping the PDMS in ammonia, neither swelling of PDMS 

solid pieces nor change in the solid nature of PDMS was observed. Figure 6 shows the 

absorption curve of ammonia in PDMS solid. During measuring the weight of PDMS block 

with ammonia absorbed, the weight of the block was continuously decreasing. This is due to 

diffusion of ammonia from the block to the outer atmosphere of the weighing balance 

chamber.  
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Figure 6 Volume of ammonia absorbed at STP per gram of PDMS in given time in minutes 

3.2. Diffusivity of ammonia in PDMS by gravimetric method 

The PDMS solid blocks were prepared by the above-described method. Then samples with 

certain size were excised with thickness (2.34mm). These samples were weighed using the 

weighing balance having the least count of 0.01mg. The weights of the samples were 

recorded. Thereafter samples were dipped in concentrated ammonia solution and left for 

more than 1 hour. After an hour, the samples were taken out of the solution and reweighed on 

the weighing balance.  The weight of the sample was recorded after a certain interval of time. 

The experiments were repeated on two samples and data was recorded. It was observed that 

the weight of PDMS sample was continuously decreasing with time. The rate of decrease of 

weight of PDMS sample was higher in the beginning which slowed down with the passage of 

time. Later on the weight of sample became nearly constant. When the sample was weighed 

just after its transfer from ammonia solution to weighing balance chamber, they showed the 

highest weight. As the amount of ammonia in weighing balance chamber was negligible as 

compared to the amount of ammonia absorbed in PDMS, so ammonia diffusion from bulk 

PDMS solid to nearby surrounding was higher. Initially, the gradient of ammonia 

concentration was high between the bulk and surrounding, so there was rapid diffusion of 

ammonia from PDMS to surrounding air, marked by a rapid decrease in weight of PDMS. 

Then with the passage of time, the concentration gradient decreased which was observed by a 

very slow decrease in mass of PDMS block. Thereafter the system reached the point where 

the mass of ammonia in the PDMS block was nearly constant. The graph plotted between the 

decrease in mass of PDMS block and time, it shows an exponential decay of mass as seen in 

the figure 7A.  
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Figure 6  A) The desorption of ammonia from PDMS block with time B) The graph showing 

the relative decrease in mass of sample with square root of time 

The graph shows the rate of gas desorption kinetics in a rubbery polymer like PDMS which 

can be used to estimate the diffusion coefficient of gas in the polymer. The sorption and 

desorption kinetics can also be used to study the relative mobility rate of penetrant and 

polymer chain. The Fickian sorption occurs when the relative rate of mobility of polymer 

chain is higher than the penetrant molecule, the rate of diffusion of the molecule is 

proportional to square root of the time. Crank in his seminal work proposed a Fickian 

diffusion model of desorption kinetics for predicting the diffusion coefficient of the penetrant 

which is independent of penetrant concentration by correlating mass of diffusant (m), time (t) 

and thickness of block (l). The empirical equation enables us to calculate the diffusion 

coefficient of ammonia in PDMS block. 

  

  
      (

   

   
)
   

 

Where Mt is the amount of ammonia lost by the PDMS block at the time t and M∞ is the final 

amount of ammonia lost from PDMS until equilibrium is reached. The diffusion coefficient 

can be graphically determined by the initial gradient of the graph between Mt/M∞ and t
1/2

 . 

The graph is shown in the figure 7B shows how the desorption of ammonia from PDMS 

block reaches equilibrium. 

The curve demonstrates the way equilibrium is created during desorption of ammonia from 

PDMS block. The initial linear portion of the figure 7B was used to estimate the slope of the 

curve. The slope of the line from the figure 7B is equal to the (16D/3.142 L
2 

)
1/2 

. Thus from 

the aforementioned relation diffusion coefficient of the ammonia in PDMS block is 

calculated. The experimented was repeated for 3 times and the diffusion coefficient of 

ammonia in PDMS blocks comes around 1.346e-9 m
2
/sec. 
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Table 1 The diffusion coefficient of ammonia in PDMS calculated by two different methods 

and compared with literature 

 Time Lag Method Gravimetric Method  

S. 

No 

Thickness 

of PDMS 

Membrane  

(µm) 

Diffusivity 

coefficient 

(m
2
/sec) 

Thickness 

of PDMS 

block 

(mm) 

Diffusivity 

coefficient 

(m
2
/sec) 

Diffusivity 

coefficient 

(m
2
/sec)(Reported 

in literature[2]) 

1 50 0.0624e-10 2.34 15.5e-10 2.1e-10 

2 100 0.0952e-10 2.34 11.7e-10  

3 270 0.135e-10 2.34 13.2e-10  

 

It can be observed that diffusivity of ammonia calculated by time lag method and gravimetric 

method differs from one reported in the literature. However, the values lie in the similar 

order of magnitude. Therefore, with the use of much sensitive Ph meter and weighing 

balance, it is possible to determine the diffusivity of ammonia in PDMS. 

4. Study the factors affecting the diffusion in PDMS membranes 

Further, the flux of ammonia is dependent on the thickness of PDMS membrane as shown in 

figure 8. It can be observed that ammonia flux increases with the decrease in thickness of 

PDMS membrane.  The flux of ammonia follows an exponential decay with the thickness of 

the membrane. Therefore, the microfluidic devices using PDMS membrane for gas/solute 

separation should have thinnest membrane possible to maximize its separation efficiency. 

 

Figure 8 Flux of ammonia vs. the thickness of PDMS membrane  
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Appendix C 

 

 

Estimation of randomness in electrospun fiber meshes 

The SEM of electrospun fibrous meshes was processed by an image processing algorithm 

written in MATLAB®7.4. The Fast Fourier Transform analysis of images was carried out for 

samples with random and aligned fiber meshes in SEM images. The figure 1 (A & B) shows 

the SEM image of random and aligned fiber meshes while the figure1 (C & D) are 

representing their corresponding FFT images. 

 

Figure 1 SEM images of Random Fiber meshes B) FFT image of the random fiber mesh C) 

SEM image of the aligned fiber meshes D) FFT image of the aligned fiber meshes. 

Thereafter, as Fourier image being symmetrical about the center, we have plotted a graph 

between Fourier coefficients and radial angular span from 0 to 180
o
. The alignment 

parameter (angle of spread) is given as angular span in which 50 % of Fourier coefficients 

laid.      
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Further, the fourth central moment of statistics is kurtosis and is given by the formula 

   
 

 
∑  

 

(
 

 
∑  

 )
  -3 

The completely random distribution represented by normal distribution has the kurtosis value 

equal to 0. Therefore, larger the deviation from 0, lesser is the degree of randomness and vice 

versa. The kurtosis value calculated from above SEM images was 0.803 and 1.791 for 

random and aligned fiber meshes respectively. These values can be used to quantify the 

degree of randomness in a fiber meshes. 
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