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 ABSTRACT 

      With the increasing demand of electricity supply and usage of portable 

electronics in our day to day life, self-powered system has brought a revolutionary 

change in the recent decades to mitigate the excess pressure on power grid. 

Following the other nanogenerators like piezoelectric, thermoelectric, triboelectric 

nanogenerator (TENG) has come up with the utilization of waste mechanical energy 

into useful power sources. The main advantages of TENG over traditional battery 

systems are that it doesn’t need to be replaced over time, can continuously harvest 

energy from the ambient source that can be stored in the capacitors for future supply, 

very flexible.  

     Triboelectric nanogenerator (TENG) comprises of the contact electrification and 

electrostatic induction. When two dissimilar materials are bought into physical 

contact with each other due to electrostatic induction there is a redistribution of 

charges with the opposite sign on the two surfaces according to tribopolarities. After 

a while, separation occurs by means of any external mechanical force which induces 

triboelectricity that can generate a potential drop and drive the electrons to flow 

between the electrodes attached with the surfaces. TENG has four fundamental 

modes till now, including, vertical contact-separation mode, lateral sliding mode, 

singe electrode mode, freestanding sliding mode. In addition, a lot of structures, 

prototypes and functions have already been reported and are still going on. 

Mostly triboelectric devices involve solid-solid contact electrification. The 

charge generation through friction process solely depends on the difference of the 

ability of the two surfaces to loss or gain electrons. Electrical output can be improved 

via change of the surface morphological properties in this process. Nevertheless, the 

performance can be greatly influenced by the air humidity, dust, which causes 

instability of the output values of the solid-solid TENG without any encapsulation. 



 
 

Also wear abrasion due to physical collision deteriorates the long-term output 

stability of the TENG. However, liquid-solid contact electrification has 

demonstrated the capability of stable response with full contact separation process 

with the counter solid part. The output shows regular behavior for long term 

application with good wear resistance while using the liquid for contact. In liquid-

solid TENG, the liquid can change its shape and mostly work as a positive tribo-

material that exhibit feasibility to be used in flexible and wearable sensor 

applications. Considering possible advantages of the liquid in TENG application, in 

this thesis, I’ve taken in account the fluid-structure interaction problem for two cases 

peristaltic flow in elastic tubing as energy harvester and velocity sensor on the other 

hand, PDMS based microfluidic platform to sense the pressure and frequencies of 

the rotary actuator that manipulates the motion discrete liquid column in the channel 

over thin polymeric film. In the first investigation, a relationship has been developed 

between the peristaltic laminar flow dynamics while interacting with the PVDF 

microporous membrane and the generation of voltage and current. Moreover, the 

described energy harvester can also work as flow sensor. From the second 

investigation, it is found that, the MEMS device can be effectively used as the 

transducer to measure the certain frequencies and pressures of rotary actuator 
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CHAPTER 1 

INTRODUCTION 

1.1. Scavenging waste mechanical energy  

 Due to the scarcity of fossil fuels and its abundant use in our daily life, much 

attention is now given on alternative sources of energies utilizing the possible 

renewable sources like wind, solar and geothermal process. These sources of energy 

are now functioning to be coupled with large scale power grids, industrial sectors or 

certain localities to meet up the demand of the excess electricity supply and lessen 

the excess pressure on the fossil fuel use. Following this trend, harnessing energy 

from waste mechanical energy from the ambient environment can solve the energy 

crisis for powering up the portable electronics when the traditional energy sources 

are unreachable. For instance, recharging the batteries for a large number of mobile 

sensor network or portable electronics is nearly a sturdy work, harvesting energy 

from the ambient environment and store the energy will ensure the continuous 

supply of power for better and extended lifetime. Utilizing waste mechanical 

energies to run the electronic devices has drawn much attention than other energy 

sources [1-13]. Unlike solar energy, energies from ocean wave, vibration from 

machineries, movement of human organs both inside and outside can be a useful 

source of harvest energy by deploying suitable materials with high functionality to 

transform the mechanical deformation or friction into supply of electrical charges. 

With the advent of thermoelectric, electromagnetic and piezoelectric effect-based 

devices, the recent decades have seen an enormous change in the field of wearable 

and flexible sensors with wide availability, high operability and portability [14-18]. 

Below, a brief discussion is delivered to have an overview on these three energy 

harvesting techniques. 
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1.1.1. Electromagnetic nanogenerator 

Till now, most current generators specially AC are based on electromagnetic 

induction. Under the external applied mechanical force, the magnetic flux of a coil 

change and a current is induced in the spring or coil. This mechanism is widely used 

in the powerplant and has potential applications in energy harvesting purposes. 

Dr. Beeby’s research group [19] has developed a common example of 

electromagnetic nanogenerator. Four sintered magnets with high charge density 

were bonded manually using Cyanoacrylate to the top and bottom parts of the 

cantilever beam with the help of alignment jig. The magnets size was 1 x 1 x 1.5 

mm3 and 1.5 mm in the poled direction. Zinc coated mild steel keepers were used to 

complete the magnetic circuit and it couple the flux between top and bottom surfaces 

to enhance the flux gradient when the magnets start to vibrate. 

While working, the generator produces a peak power of 46 μW from 60 mg 

acceleration across a 4000 Ω load. The power density is about 307 μWm-3 and the 

energy conversion efficiency is about 30%. 

 Figure 1.1 Structure of a micro-electromagnetic generator. [19]. Copyright 2007 

IOP publishing. 
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1.1.2. Piezoelectric nanogenerator 

Piezoelectric effect is extensively utilized in myriad of applications in sensors, 

actuators and energy harvesting [20]. Specially, the ceramic materials PVDF and 

PZT are the most widely used piezo materials. These materials can be differentiated 

with other dielectric materials by converting the applied force to the electrical signals. 

There are two types piezo effect one is called direct and the other converse 

piezoelectric effect as shown in fig.1.2. In case of direct piezoelectric effect, the 

applied forces change the polarizations and changes the shape in the crystal planes 

and this change in polarization results in the potential differences in the coated 

electrodes which is most favorable in the energy harvesting applications. On the 

contrary, under the applied electric field, the piezoelectric materials can change this 

shape which is called indirect or converse effect which popular in soft actuating 

devices [21]. 

 

Fig. 1.2 After poling process permanent polarization happens. In direct piezo effect, 

applied force as pressure or tension are induced in the electrodes with the opposite 

polarities of the dipoles. Indirect effect is the vice versa of the direct effect. 
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Piezoelectric effect can be further illustrated from the report of Roundy et. Al. [22] 

whereas he introduced two layered members cantilever beam with both of them 

oppositely polarized piezo material, as shown in fig. 1.3. Under applied force bottom 

member suffer from compression and the top member suffer from tension. This 

phenomenon has generated voltage across the layers.  Under the vibration and 

frequency of 2.5 m/s and 120 Hz respectively, it can produce an average power of 

0.1 mW. 

 

Fig.1.3. Piezoelectric nanogenerator (Roundy et.al.). A two layered cantilever with 

piezoelectric materials. The top layer suffers from tension and bottom layer suffers 

from compression under external force. (Reproduced from reference) [22]. 

Copyright 2005 IEEE. 

One main conspicuous with the piezoelectric nanogenerator is their low output. 

Besides, mostly piezoelectric nanogenerator use PZT made of Lead which is toxic 

and has some bad environmental aspects.   
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1.2. Triboelectric Nano generator 

Considering the demerits of the above proposed nanogenerators, in 2012 a group led 

by Prof. Z.L. Wang from Georgia Tech has added new dimension to the field of 

nanogenerators by realizing the electrical output from the friction layer of the two 

oppositely charged surfaces. The term is called as triboelectric nanogenerator 

(TENG).  Till to the date, the reported TENGs has come up with certain facilities 

such as: Easy integration capabilities, high output power, cost effective material with 

low weight, simple fabrication and high efficiency. The main mechanism of TENG 

is a coupled effect of the contact electrification and electrostatic induction. When 

two dielectrics two dielectric material (or one dielectric and other one metal) has 

come into contact with each other due to triboelectrification and electrostatic 

induction. After the separation of polarized triboelectric surfaces by applied 

mechanical force, work is done in the external circuit to overcome the attraction 

force between the oppositely charged surface. Thus, mechanical energy is converted 

into electrical output and can be stored in capacitor and batteries for future energy 

demand.   
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                                                       CHAPTER 2 

              CONCEPT OF TRIBOELECTRIC NANOGENERATOR 

Though the triboelectric effect has been realized long time ago, the 21st century has 

seen its versatile application to harvest energy as well as multiples sensors. There 

are speculations on the mechanism of the triboelectricity but none of them are proved 

yet. Though three significant phenomena can be attributed to the explanation of the 

triboelectrification: direct charge transfer, ion transfer and material transfer. It has 

the capacity to drive the charges upon the contact and sliding of dielectric materials 

on their surfaces. The periodic contact and separation of the dielectric surfaces 

causes separation in charges and induce the free charges on the coated electrodes 

thus generating electricity. Interestingly, not only solid materials but also pure water 

and liquid with different densities and metal compounds have an observable effect 

on the triboelectricity. Utilizing the phenomena, many water wave energy harvesting 

devices have been reported and have been effectively working both as harvester and 

salinity, concentration sensor etc [22-24].    

For the TENG applications, several fundamental modes are available in terms of 

solid-solid and solid-liquid triboelectrification. As I’ve dealt with my investigation 

in solid-liquid TENG so the classification is discussed based on the example of solid-

liquid TENG. They basic modes are:  

Attached electrode 1) Contact mode TENG 

                               2) Sliding mode TENG 

Electrode arrangement 1) Single electrode mode TENG 

                                     2) freestanding triboelectric layer based nanogenerators 

Below the descriptions of fundamental modes of TENGs are discussed in a nutshell. 



 

7 
 

2.1. TENG types based on friction layer 

2.1.1. Contact mode TENG 

A basic type of TENG is based on the vertical contact mode TENG where both solid-

solid and solid-liquid arrangement is possible. Tang et.al. [25] investigated on 

performance of the liquid metals as an electrode with electronegative material such 

as PVDF, PTFE, Kapton. For this purpose, as liquid metals Galinstan and Mercury 

was used as shown in fig. 2.1. For the comparison various types of polymer thin film 

such as Kapton, PTFE, PET, PVC, PDMS, Perylene was used to measure the short 

circuit current and open circuit voltage and power density as shown in fig. 2.2. The 

proposed LM-TENG has shown high output charge density of 430 μA/m2 which is 

four or five times than the solid-solid contact mode TENG. The power density 

subsequently obtained about 6.7 Wm-2 and 133 KWm-3. The calculated energy 

conversion efficiency they obtained about 70.6%. 

Fig 2.1 Solid-liquid contact mode TENG using the liquid metal and various 

electronegative material such as PTFE, PVDF, Kapton, PET etc. Reproduced from 

reference [25]. Copyright Adv. Funct. Materials, 2015. 
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Fig 2.2. Performance analysis of LM-TENG using liquid metal and various -Ve  

affinity film. [25]. Copyright Adv. Funct. Materials, 2015. 

2.1.2. Sliding Mode TENG 

Fig 2.3. Schematic of sliding mode liquid-solid TENG using FEP & water in U-

shape tubing [26]. Copyright Nano Energy 2017. 
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In case of sliding mode TENG, the two friction layers are come in contact together 

in the horizontal plane for both solid-solid and solid-liquid interface. To demonstrate 

this, Zhang et.al. [26] proposed a smart U-tube based TENG to be used as 

multifunctional sensors. For this purpose, a FEP based U-tube was used as polymer 

surface and Cu tape was wrapped around as shown in fig. 2.3. The water column 

was moving inside like slide over the electrode-FEP area under external mechanical 

motion. The output current and voltage can be utilized to be as sensor under external 

pressure difference measured by pressing the attached silicon balloon as shown in 

fig. 2.4                   

Fig. 2.4. Response of voltage and current variation U-tube TENG under different 

pressures (0.16 KPa, 0.30 KPa, 0.54 KPa) [26]. 
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2.2. TENG types based on electrode arrangement 

2.2.1. Single electrode mode TENG 

In this type of TENG, the electrode attached with the polymer thin film becomes 

fixed and connected to the ground through load resistance or electrometer. A typical 

example can be the solid-liquid TENG to harvest water drop energy proposed by Lin 

et.al. [27] For this purpose, PTFE thin film was attached with the Cu electrode and 

then the wire from the electrode was connected to the ground through electrometer 

as shown in fig. 2.5.  

 

Fig. 2.5. (a) Working mechanism of the water-TENG when the generated 

triboelectricity is dominated by the contact electrification process with the air/pipes. 

(b) Working mechanism of the water-TENG when the generated triboelectricity is 

dominated by the contact electrification process with the PTFE thin film.    
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The output of the water TENG obtained from the 30 μL water droplet peak voltage 

9.3 V and peak current of 17 μA. When connected to 5 MΩ load resistance the 

maximum output power was achieved 145 μW as shown in fig 2.6. 

 

 

Fig. 2.6. Analysis of output voltage, current, induced charge and power output 

against different load resistance. [27] Copyright Advanced materials 2014. 
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2.2.2. Free standing mode TENG 

Except single electrode mode TENG another fixed electrode based TENG is 

freestanding mode TENG. A typical example was proposed by Zhu et. al. [28] for 

harvesting water wave energy by using hydrophobic thin film. For this purpose, FEP 

thin film was used and the structure is shown in fig. 2.7. The practical application is 

shown in fig. 2.8 for the output current and voltage.                      

 

 

Fig. 2.7. Free standing mode solid-liquid TENG working mechanism using the 

FEP thin film and water. [28] Copyright ACS Nano 2014. 
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Fig. 2.8. Short circuit current generation with water wave and continuously fallen 

water droplets. [28] 
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CHAPTER 3 

                                 TENG FOR MEMS AND PIPE FLOW 

3.1. Solid-Liquid TENG as potential energy harvester and transducer 

Recently, Solid-liquid TENG has enormous applications in the field of 

Microelectromechanical (MEMS) module and pipe flows. Small volume of liquid 

can bear a significant message in the field of nanotechnology field. Taking the 

advantage of TENG, accurate results now can be obtained in cost effective way. In 

the MEMS technology, mechanical sensors are in vogue to collect the information 

from small amount of droplet such as concentration of the salt content in the droplet, 

living cell sorting out from the micro-organism, blood cell counting. With the advent 

of TENG, now the above phenomena can be realized from the interaction of the 

liquid with thin polymeric surface. When the tiny droplet comes over the polymeric 

film, in the attached electrode there causes imbalance of free electrons between the 

electrode and the ground after the separation of droplet from the thin film surface. 

Following the trend, flowing liquid in small conduits or channels can be the most 

accessible forms of energy in our daily life, from blood flow in veins and arteries, 

Xylem and Phloem in plants and capillary flow of water in the pores of the earth soil 

to the industrial heat exchanger or engine cooling device. Today’s advance 

technologies like miniature sensors, fluidic actuators and cooling system in the 

integrated electronic device also control and manipulate the fluid flows [28]. Indeed, 

the flow of the working fluid in channels or tubes are linked with the significant 

functional elements specially pumping and actuating events which influences the 

dynamic properties of the fluids such as, pressure profile, velocity. [29]. These 

combined effects cause the various kinds of transportation techniques of the 

physiological liquids, chemical solutions, drug delivery, lab on chip experiments 

following different flow patterns like steady flow, wavy flow, peristaltic flow [30], 
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periodic flow of air and water as droplet [31]. Harvesting energy along with micro-

nano sensing from these regulated flows can be promising future technology. Some 

nano-generators and transducers have already been reported based on electrokinetic 

behavior of pressure gradient induced steady flow in small tubing and rectangular 

channels [32-35]. 

3.2. Prospect of TENG in pipe flow 

Demonstration of triboelectricity in pipe flow is very obsolete concept. But utilizing 

the phenomena as a transducer and energy harvester is a new technique. Lin et.al.  

[29] proposed a energy harvester from the continuous flow of water through the pipe. 

For this purpose, MoS2@PDMS composite film was attached in the inner surface of 

the pipe and for the output signal Cu adhesive tape was used. From the fig. 3.1, it is 

shown that while utilizing the fifth cell of the tube, the voltage was obtained around 

30 V. The current density was also achieved max 7 mA/m2 for the maximum distance 

of 40 cm from water inlet to the outlet. 
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Fig. 3.1. Experimental result analysis of the pipe based TENG using five TENG 

cells. [29] Nano Energy 2016. 

3.3. TENGS in MEMS device        

Besides energy harvesting, triboelectric nanogenerator has a significant role in 

MEMS devices as transducing element. Till now, a great deal of sensor modules has 

been reported like PH sensor, concentration sensor etc. In this context, Zhang et.al. 

[30] has reported a streaming potential based direct current generator for self-

powered sensing. For this purpose, PDMS based MEMS device were fabricated 

using photolithography process and solutions with different PH values have been 

passed through the channel to realize the electrical output in the external circuit. As 

shown in fig. 3.2 the device has shown voltage output for various PH values. For the 

PH value of 12 the voltage was obtained around 20 mV and for the value of 5, it was 

about 70 mV. The results were verified with the traditional PH sensor and proved to 

be highly precise.     

 

Fig. 3.2. PH analysis of different liquid flowing as a droplet through the PDMS 

microfluidic channel.[30]. Copyright Adv. Mat. 2015.                                              
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3.4. Objective of the current research 

From the above discussion, my research motivation has aimed to the two directions: 

(1) Investigation of hydrodynamics effect on the energy generation during fluid-

polymer thin film interaction (2) Utilizing the MEMS technology to harness energy 

from droplet and use the output signal to realize the certain parameters of the 

machineries. To deal with first direction, I’ve investigated on the harvesting energy 

from peristaltic flow which is unsteady flow in nature and mimics the physiological 

flow of fluid like blood from cardiac pumping. The second direction has dealt with 

the PDMS based MEMS device to realize the frequencies and pressure rotary 

actuators. According to the context, Chapter 4 and chapter 5 has been entitled as 

follows: 

Chapter 4: Harvesting Liquid Stream Energy from Unsteady Peristaltic Flow 

Induced Pulsatile Flow-TENG (PF-TENG) Using Slipping Polymeric Surface Inside 

Elastomeric Tubing. 

Chapter 5: Self-Powered Flexible PDMS Channel Assisted Discrete Liquid 

Column Motion based Triboelectric Nanogenerator (DLC-TENG) as Mechanical 

Transducer 
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                                                    CHAPTER 4 

                             PERISTALTIC FLOW BASED TENG 

In this chapter, a liquid-solid TENG is proposed utilizing the peristaltic flow of 

liquid inside the silicone elastomeric tubing that mimic the cardiac pumping of the 

blood through elastic arteries and veins causing peristalsis. Considering the 

discrepancies with the other flow generators [31-35], Peristaltic flow can be potential 

candidate to continuously harvest energy from the liquid stream. Until now, this 

significant flow dynamics has been reported by numerous literature reviews [36-40]. 

But there are no reports relating to harness energy from this pulsatile one-

dimensional flow type.  

 4.1. What is peristaltic flow? 

Generally, Peristalsis means a circumferential progressive wave of contraction or 

restitution that propagates along the elastic tubing, capillary or vessels. The pulsatile 

flow type originated from the squeezing and releasing of the elastic muscles is a 

major technique of the physiological fluid flow [41,42]. The peristaltic mechanism 

involves in the vasomotion of the blood vessels i.e. venules, arterioles, transport of 

lymph in the lymphatic vessels, urine transport from the kidney to the bladder, valve 

less motion of the cardiovascular system in embryonic [43-45].  Since the first 

development of heart-lung machine, today the peristaltic flow has shown its 

promising applications in biomedical, industrial, agricultural and wastewater 

treatment applications. For example, these pumps are used to convey viscous fluid 

in the printing industries, peristaltic transport of noxious fluid in the nuclear plants, 

biological cell sorting in lab on chip experiment [46]. The use of peristaltic pumping 

has become versatile as it facilitates the sterile fluids to convey without further 

contamination from the mechanical components. From this point of view, generating 
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electricity from this flow type is a novel approach in the widespread field of nano-

energy harvester.  

4.2. Material descriptions and methods 

 To develop the PF-TENG cell, elastomeric silicon tubing with 4 mm inner diameter 

and 1mm thickness was chosen for liquid flow. As the solid tribomaterial, the 

mpPVDF membrane with 50 µm thickness and 0.45 µm pore size was bought from 

Sigma Aldrich. The mpPVDF membrane provides high surface area to volume ratio 

through its porous network comprises of interconnected nodes and fibrils. 

Hydrophobicity of the PVDF membrane was determined through contact angle 

analysis by using DSA 100 Gomiometer (error  1%) following sessile droplet 

method (Droplet Vol. 5 µL). The surface morphology of the pristine mpPVDF and 

post experiment has done using HITACHI cold FE-SEM microscope which operates 

at 10 KV. The FE-SEM image of the pristine mpPVDF represents the micro porosity 

as shown in fig.4.1(a). The value of the contact angle in the inset image of fig.4.1(a) 

shows obvious hydrophobicity, attributed to the nanostructure of the membrane. The 

commercial purpose Aluminum tape was used as an electrode.  

       The mpPVDF membrane was prepared with the dimensions of l =3 cm, w =1 cm 

and attached to an aluminum (Al) tape for use as an electrode, fig.4.1(a). It was then 

attached to the inner wall of a silicone tube using double-sided tape to make the PF-

TENG cell, as depicted in the real photograph in fig.4.1(c). The surroundings of the 

electrode cell were sealed properly with extended double-sided tape to prevent the 

leakage of the working fluid to the Al electrode. The PF-TENG cell was attached 

inside the tube as semicircular shape as presented in fig. 4.1(b). So, the effective 

contact area (wetted area) of the liquid stream with the PF-TENG is 

20.000942A ab mw = = . 
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        Tap water from general sources are highly variable in their mineral contents 

and some contribute appreciable amounts of certain minerals due to natural 

conditions (e.g., Ca, Mg, Se, F, Zn), intentional additions (F), or leaching from 

piping (Cu). We obtained tap water from a commercial source (K-water, S. Korea) 

[47], which contains moderate mineralization with 200 to 700 mg/L of Na+, Mg2+, 

and Ca2+ ions, as well as trace amounts of F-, Cu2+, Zn2+, and K+ ions. The tap water 

also forms carbonic acid groups (HCO3
- and H+) with the presence of atmospheric 

CO2 as it is exposed to open air. DI water was used from our research lab by double 

distilling and has a resistivity of 18 M.cm at 25 oC. 

         A simple circuit was designed to evaluate the load characteristics as well as to 

show output performance of the PF.TENGs by charging the capacitor. A Keithley 

Source Meter (Keithley DMM7510) was used to analyze the output voltage and 

short-circuit current (Isc), fig.4.2(d). The generated voltage was measured with 10 

MΩ internal load resistance. 
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Figure 4.1. (a) The CAD model of the PF-TENG cell with FE-SEM image of the 

mpPVDF membrane(Inset image: contact angle), (b) Schematic of the elastomeric 

tubing with PF-TENG cell attached, (c) Real photograph of the PF-TENG 

4.3. Material characterization using FE-SEM 

The FE-SEM images are presented to analyze the surface morphological changes in 

the Pristine PVDF film, post-experimental PVDF film interacting with the Tap water 

and DI water respectively as shown in the fig.4. In the pristine PVDF, the pore sizes 

appeared at 0.45 µm fig.4.2(a), while the gap is reduced more after interacting with 

PF.Tw-TENG, fig.4.2(c) over PF.DIw-TENG, fig.4.2(b). The contact angles were 

also increased form the Pristine mpPVDF to the PF.Tw-TENG in the order of 
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112<118<1210 and thus increase the hydrophobicity. This is due to the fouling of 

the dissolved ions present in tap water in the mpPVDF membrane matrix network. 

As a result, the polymeric fibrils network is stretched that facilitates the increased 

contact surface area as well as high charge density compared to commercially 

available smooth film. The hydrophobic nature has supported the long-term 

efficiency of the proposed device with stretched morphological network of the 

surface. 

 

Figure 4.2. FE-SEM images of the (a,b,c) Pristine mpPVDF, post experimental 

image (d,e,f) mpPVDF with DIw, (g,h,i) mpPVDF with Tw at different scale (Inset: 

Contact angle) 
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4.4. Experimental setup 

To generate the pulsatile flow, a peristaltic pump with the three-roller configuration 

(Ecoline VC-360) has been used in the experiment, fig.4.3(a). The long go through 

silicon tubing with the PF-TENG cell as described in the material section has used 

for the fluid passage that continuously circulating the 500 ml volume of working 

fluid, fig. 4.3(b). The whole experimental setup has shown in the Fig. 4.4.   

 

 

Fig. 4.3: Schematic diagram of the experimental setup showing the (a) Peristaltic 

pump, (b) 500 ml beaker with filled liquid (c) FP-TENG cell showing the 

EDL=IHP+OHP formation at the solid-liquid interface and the decrease of the zeta 

potential from the IHP to the bulk phase of the liquid. (d) Electrometer.  
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                   Fig. 4.4: Illustration of the PF-TENG experimental setup 

4.5. Intrinsic AC charge generation  

To quantify the charge generation mechanism in the PF-TENG cell from the liquid 

stream, a mathematical modelling that coupled the hydrodynamics with the 

electrostatic induction in the PF-TENG solid-liquid interface has explained with the 

help of electrical double layer formation according to Guoy-Chapman-Stern layer 

model [48]. When the liquid starts flowing through the silicon tubing, at the tubing 

solid surface the immobilized Silanol group (Si-O-H) becomes protonated and 

negatively charged and screens the opposite counterions of the liquid at the solid 

liquid boundary. Due to the no slip (U=0) boundary condition at the wall, the highly 

concentrated ions are immobile in the solid-liquid interface though the working fluid 

flows. The hydrophobic properties of the mpPVDF membrane provides slip 

condition (U≠0) at the liquid-solid interfaces which facilitates highly concentrated 
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ions to be mobile in the range of slip plane and solid boundary and enhances the 

liquid flow velocity. [49-50] The ions in the slip plane maintains the same velocity 

with the liquid flow over the mpPVDF membrane. 

Upon contact with the liquid, the PVDF surface, due to its CF2 group has become 

highly electronegative so thus attracting the positive counterions following the 

electrostatic induction and triboelectrification. This phenomenon causes the 

formation of EDL in the slip plane. The EDL consists of Inner Helmholtz Plane (IHP) 

where the positive counterions can move tangentially along the flow direction over 

the mpPVDF membrane and the other one Outer Helmholtz Plane whereas the 

mobile co-ions and the counterions can exists together as shown in the schematic 

diagram of the fig. 4.3(c).  In the IHP, the movement of the counterions are 

influenced by the general hydrodynamics of the liquid stream in the pipe flow. This 

counterions can move tangentially along the slip range of the boundary wall but 

shows reluctance to be accumulated in the OHP or in the bulk liquid. In case of OHP, 

the ions with the opposite polarities can go to the bulk liquid. As water is viscous 

incompressible Newtonian liquid, so for the peristaltic flow at the PF-TENG cell-

liquid interace, the continuity and Navier Stokes equations also hold good and can 

be modified for the ion’s movement in the IHP [51,52].   

 

(1) 

Where, 𝜌 and 𝜐𝑓𝑙𝑢𝑖𝑑  are the density and velocity of the fluid respectively. 

The modified Navier-Stokes equation   

 (2) 𝜌
𝜕𝜐𝑓𝑙𝑢𝑖𝑑

𝜕𝑡
+ 𝜌(𝜐𝑓𝑙𝑢𝑖𝑑 · ∇)𝜐𝑓𝑙𝑢𝑖𝑑 = ∇ · [−𝜌𝐼 + 𝜇(∇𝜐𝑓𝑙𝑢𝑖𝑑 + (∇𝜐𝑓𝑙𝑢𝑖𝑑)

𝑇
)] + 𝐹𝑛 

𝜕𝜌

𝜕𝑡
= ∇ · (𝜌𝜐𝑓𝑙𝑢𝑖𝑑) = 0 
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Where, 𝐹𝑛 is the body force vector imposed on the liquid. In our case, the body force 

is the applied electrostatic attraction force in normal direction between the electrons 

of the mpPVDF and the positive charges in the IHP. According to the Guoy-

Chapman [53], this attraction force can be in the flowing form 

(3) 

 

Where, 𝑞 is the electric charge, 𝐴𝑝  is the effective contact area, 𝜎  is the surface 

charge density, 𝜀0 and 𝜀1 are the dielectric permittivity of the vacuum and the liquid. 

At the PF-TENG-liquid interface, the liquid will become positively charged due to 

high dielectric constant according to Cohen’s rule [54] 

(4) 

Where, 𝜀2 ,𝜌 are the dielectric constant of the mpPVDF and the space charge density 

respectively. The Debye characteristic length at the IHP can be expressed by, 

(5) 

Where 𝜉 is the Zeta potential as represented in fig. 4.3(c), that gradually decreases 

from the IHP to the bulk phase of the liquid. The shear stress 𝜏𝑤  of the liquid 

imposed on the wall can be written by [55]                                  

           (6) 

In the eqn. (6), the 𝜐𝑖 is the ion velocity that is equal to the  𝜐𝑓𝑙𝑢𝑖𝑑, at the IHP and 

the radius of the pipe R can be replaced by the Debye Length. So, the implied shear 

force and the derived ion velocity can be expressed by eqn. (7) and (8) respectively.  

(7) 

 

𝐹𝑛 =
(𝑞𝐸𝑛 = 𝐴𝑝𝜎2)

(𝜀0𝜀1)
 

𝜌 = 1.5𝑥10−5(𝜀1 − 𝜀2 ) 

𝜆𝐷 =
𝜉𝜀0𝜀1

𝜎
 

𝜏𝑤 =
2𝜇𝜐𝑖

𝑅 = 𝜆𝐷
 

𝐹𝑠 = 𝐴𝑝𝜏𝑤 = 𝐴𝑝𝜇
2𝜐𝑖

𝜆𝐷
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                                                                                                                                 (8) 

Due to the slip boundary condition applied on the over the mpPVDF membrane the 

ion velocity 𝜐𝑖  will be multiplied by the factor of (1 )
D

b


+ [56], where b is the slip 

length. So, the ion velocity becomes 

        
2

2 ( b)
w D

i
D

 


 
=

+
                                                (9)                                                                                                                                              

The static friction force in the solid mpPVDF that reacts oppositely to the shear force 

is equal to the 𝐹𝑛 multiplied by the friction coefficient 𝜇𝑠 following Amonton’s law 

of static friction  

(10) 

Indeed, the ions start to slip against the solid boundary of the membrane when 𝐹𝑠>𝐹𝑓. 

On the other hand, in the solid surface the electrons are dragged by the shear force 

of the ions, but the velocity is retarded due to the electrical resistance of the solid. 

During this time, the momenta are conserved for both the ions and electrons at the 

interface. The electrons are lagged of behind the ions causing relative distance 

consequently velocity difference which induces the potential difference in the 

interface and short circuit current in the external load. From the solid-state physics, 

the Drude model is adopted for the electrons in solid surface  

(11) 

Where, 𝜐𝑒  , 𝜏 , 𝑞𝐸𝑒𝑥𝑡  are electrons velocity, Drude relaxation time and applied 

external field. In the model, it is assumed that, the electrostatic attraction is strong 

𝜐𝑖 =
𝜏𝑤𝜆𝐷

2𝜇
 

𝐹𝑓 = 𝜇𝑠𝐹𝑛 

𝑑(𝑚𝜐𝑒)

𝑑𝑡
=

−𝑚𝜐𝑒

𝜏 + 𝑞𝐸𝑒𝑥𝑡
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enough that the electrons are dragged by the accelerated ions in the IHP. As the 

external applied is zero [57], so the eqn. (10) reduces to  

(12) 

The momenta are conserved across the interface for the electrons so,                                                                                                                                                                                  

                                                                                                                               (13) 

Combining eqn. (10) and (11) the electron velocity becomes as follows 

(14) 

Now, the amount of net induced charges in the mpPVDF membrane due to the 

electrostatic potential caused by the relative distance between the ions and electrons    

(15) 

The induced net electric current in the solid surface is given by 

                    𝐼𝑠 =
𝑑𝑄

𝑑𝑡
= 𝜎0𝑤

𝑑𝑥

𝑑𝑡
= 𝜎0𝑤𝛥𝜐 = 𝜎0𝜋𝑎(𝜐𝑖 − 𝜐𝑒)                                  (16)                                                                    

 The resultant mpPVDF surface electric potential due to the electrical resistance, R 

and electric current is 

    𝜓𝑠 = 𝐼𝑠𝑅 =
𝐼𝑠

𝑏𝐾𝑠
                                                  (17)                                                                                    

Where, b is the length of the mpPVDF and sK  is the surface conductivity. 

𝑑(𝑚𝜐𝑒)

𝑑𝑡
=

−𝑚𝜐𝑒

𝜏
 

𝐹𝑠 + 𝑑(𝑚𝜐𝑒)

𝑑𝑡
= 0 

𝜐𝑒 =
𝐹𝑠𝜏

𝑚
 

𝑄𝑠 = 𝜎𝑜𝑆 = 𝜎0𝑤𝑥 
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Figure 4.5. Intrinsic AC charge generation during squeezing and restitution of the 

roller 1 to deliver the fluid at one pump cycle of 1.4s. (a) Charge distribution at 

different cases in solid-liquid interface and the Al electrode. (b) Schematic of the 

peristaltic pump showing roller configurations and the position of the PF-TENG cell 

at the outlet of the flow; at the pump speed of 40 rpm (c) Outflow of the fluid at three 

different case for roller 1 obtained from COMSOL simulation. Inset (Real 

photograph of the three different condition of the roller 1) (d) The short circuit 

current peak obtained from the experiment in three cases for the squeezing and 

relaxation process for the roller 1.    
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Based on the derived eqn. (9), (14) and (17) for the ion velocity, electron velocity 

and surface potential of the mpPVDF membrane respectively, the triboelectrification 

due to the pulsatile flow over the PF-TENG cell can be explained.  For this purpose, 

a COMSOL simulation model describing the velocity distribution due to peristalsis 

over the slip surface that contribute to the AC signal generation obtained from the 

experiment in half revolution index of single roller among the three rollers of the 

pump has represented in fig.4.5.  In the three-roller peristaltic pump arrangement. as 

shown in fig. 4.5(b), among three rollers, the two rollers are always in contact with 

the elastic tubing in one half cycle of any roller. The liquid entrapped between roller 

one and roller two is called the dead volume [58]. So, to elucidate the mechanism, 

here, the roller one is considered as the functioning element to deliver the fixed 

volume of liquid at the outflow over the PF-TENG cell through one half cycle of 

squeezing and restitution of the elastic tubing fig.4.6 [59]. Due to the squeezing and 

restitution, a circumferential progressive wave following the distorted sine curve 

with the up and fallen crest along positive Y-axis propagates along the tube which is 

also induced in the liquid flow and specially influence the movement of the ions in 

the IHP over the mpPVDF membrane. The mechanism of the obtained AC signal 

generation can be divided in three process of the roller one, (i) Squeezing, (ii) fully 

squeezed and (iii) full restitution. During squeezing the ions are accelerated  
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Fig. 4.6: The flow processes at three cases with respect to positioning of the roller 

1. Case I: Working fluid is despensing downstream, Case II: Flow rate decreasing 

causes liquid to cease. Case III: Liquid is dispensing again in downstream 

and the shear force of the flow can overcome the electrostatic force. As a result, there 

is an electrostatic potential difference between the negative charges of the mpPVDF 

membrane and the positive ions in the slip plane which causes the generation of 

positive peak of the AC signal in the external load. While in fully squeezed condition 

the ions tend to decelerate or ceased slightly with the flow thus the electrostatic 

potential difference is also reduced following the process causing the negative peak 

in the external circuit.  On the other hand, in the restitution process by the roller one, 

at the instantaneous moment, the dead volume pushes forward the fixed volume to 

be dispensed at the outlet which again results in acceleration. The accelerated ions 

cause the electrostatic potential difference in the slip plane again and positive peak 

component of the AC signal is found. The whole process can be further summarized 
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easily with the help of the flow dynamics of the peristaltic process that relates the 

above derived eqn. 16 for the short circuit current generation due to the relative 

velocity between the positive ions and negative charges of the mpPVDF membrane 

with the obtained current signal as described in the fig. 4.5(d). For our simulation, 

at the pump speed of 40 rpm with the flow rate of 70ml/min, the engaging and 

disengaging time for the roller one has counted 1.5 s from the experimental setup. 

The three cases are discussed in fig. 4.5(a), 4.5(c) and 4.5(d) to represent the charge 

generation relating the change of the flow rate with the generated current peaks. 

When the liquid is flowing, the squeezing starts by the roller one, in the PF-TENG-

liquid interface due to the positive displacement of the fluid , case I: x increases,

i e  , 𝜓𝑠  also increases, the excess negative charges in the Al electrode will go to 

the ground and positive peak has come out. During completely squeezed condition, 

the liquid in the downstream tends to decelerate and cease slightly, as the volume is 

minimized suddenly by the roller one, so 0x  , i e  , 𝜓𝑠 tends to zero for case II, 

therefore, to maintain the neutrality, the electrons will move again to the Al electrode 

from the ground and negative peak was found. During the full restitution, as the 

volume is maximized, the trapped volume between roller one and roller two now 

displaces the liquid again in downstream, as depicted the case III of fig. 4.5(a), 4.5(c) 

& 4.5(d) similar phenomena like case I. As it can be predicted from the fig. 4.5(c) 

that, with the increment of the pumping speed, the length of the duration for case II 

will be shortened and with the higher speed tends to become a peak point. The 

corresponding negative peak are will also be shorten correspondingly. Here, it is 

noted that, the ideal peristaltic pump always propagates the progressive wave of 

equally distributes sharp and fallen crest in the tubing along with the associated 

liquid, so from this point of view, the AC signal peak should follow the same 

properties. As we know, no mechanical device has come up with the 100% ideal 
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properties and the parameters like elasticity of the tubing and thickness may also 

cause the distortion in the ideal sine wave. So, the signal can fluctuate over every 

pump cycle as the rate of acceleration and deceleration is not equal all the time. The 

reason can be more conspicuous from the simulation result as shown in fig. 4.5(c), 

that has obtained from the pump parameters and the properties of the tubing, has 

shown the distortion from the ideal and it influences the shape of the generated AC 

signal from the experiment. 

4.6. Application as energy harvester  

The output performance of the PF-TENGs has been studied using the mechanical 

circulation of DI water, tap water at different pump speeds of 140 rpm, 210 rpm, 280 

rpm, and 350 rpm using the 3x1 cm mpPVDF membrane. Fig. 4.7 has shown the 

electrical output of the PF-TENGs, the output voltage and the short-circuit current 

(Isc). The PF.DIw-TENG produced average peak to peak values of voltage are of 7 

V, 9 V, 9.5 V,10 V and the corresponding Isc values are 0.38 µA, 0.49 µA, 0.48 µA, 

0.46 µA at 140, 210, 280, and 350 rpm, respectively, Fig. 4.7b-d. The peak to peak 

values of voltage of PF.Tw-TENG at 140 rpm were 11.06 V (+5 V and -6.06 V) and 

generated Isc was attained from    -0.45 µA to 0.5 µA. When the tap water speed was 

increased, the output voltage and Isc also showed increasing trends. In particular, at 

210 rpm, 280 rpm, and 350 rpm, the generated average peak to peak values of 

voltage were 15.93 V, 17.29 V, 20.92 V and the Isc obtained from  -0.55 µA to 0.6 

µA, from -0.6 µA to 0.8 µA and from -0.75 µA to 0.95 µA, respectively, Fig. 4.7a-

c. The inset images of all the figures revealed consistent output of the voltages and 

currents. The output values from the PF.DIw-TENG were very poor compared to the 

PF.Tw-TENG due to their difference in conductivities. The PF.Tw-TENG showed 

high electrical output compared to the PF.DIw-TENG due to the presence of 

dissolved mineral salts at 200 to 700 mg/L (i.e. Na+, Mg2+, and Ca2+), which are  
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Fig. 4.7. Output voltage & short-circuit currents (Isc) of PF.Tw-TENG (a & c), 

PF.Tw-TENGs (b & d) at variuos rpms, Inset (consistency of output signals for all 
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PF.TENGs), (e) short-circuit currents (Isc) of the PF-TENG cell with the different 

mpPVDF membrane sizes at 350 rpm using tap water. 

responsible for the generation of higher voltage and current at all the provided pump 

speeds. As it is discussed earlier in the section 4.3.1, the silicon tubing has attributed 

to the charge polarization due to triboelectric effect in the IHP that cause precharged 

state before the water entering to the PF.TENG cell. The phenomena can provide the 

improved efficiency of the provided TENG within small area. In this case, water 

potential can be assumed to be raised in the fluidic circuit but that is not enough 

compared to the volume of the working fluid in the reservoir. To clarify this, 

experiment was conducted using the reservoir water as ground and compared with 

the normally ground state in case of tap water as shown in fig. 4.8. From the 

observation, no obvious change has been occurred in the signal of open circuit 

voltage. In line with the above context, the realized high voltage in the external load 

can be solely attributed to the rapid sliding action through acceleration and 

deceleration of the ions in the EDL over the PF.TENG cell. The AC behavior of the 

generated voltage has distinguished it from the conventional electrokinetic 

nanogenerator or electrolytic cell whereas DC voltage with similarly generated 

voltage may cause water decomposition with the threshold voltage greater than at 

least 1.229 V. Furthermore, to check the ions effect on the performance of the as 

proposed device, experiment was conducted with the increased concentration of tap 

water. For this purpose, first we have taken the 240 ml of tap water and boiled it to 

the reduced volume of 160 ml to increase the concentration of dissolved ions in the 

open air. As we know tap water contains common volatile carbonic acid in the form 

of HCO3
- and H+. During the boiling process, the boiling has done in the open air at 

1200 C on the hot plate, and the equilibrium of the reaction (CO2 +H2O                HCO3
- 

+H+) shifts to the left and the carbonic has formed gas and escapes. 
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Fig. 4.8: Measured output voltage with respect to negative end grounded with 

working volume of tap water and with normal ground state at specific rpm. 

This reduce amount of H+ ions decrease the PH and increase the concentration of the 

dissolved ions. The PH values for DI, Tap and boiled tap water have found 5.95, 7.76, 

9.62 respectively. After that, 160 ml of DI and tap water have taken respectively and 

experiment at 210 rpm was conducted and the comparison graph of the results has 

depicted in the fig.4.9. The data is now taken after the two months of the fabrication 

of the PF.TENG cell. 
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                 Fig. 4.9: Concentration effect on the performance of the PF-TENG 

From the observation we can say that, though the H+ ions are reduced due to 

vaporization in the boiled tap water but overall concentration has increased due to 

the dissolved ions which helps to increase the current output slightly than normal tap 

water. Thus, it can be said that dissolved ions can have the effect in the charge 

generation in the proposed system. The experiments with 1x2 cm, 1x4 cm, 1x5 cm 

mpPVDF membrane sizes were performed and the electrode with size 3x1 cm has 

shown better short circuit current as shown in fig. 4.7(e).  

Fig. 4.10(a) and fig. 4.10(b) shows the maximum induced coloumb charge at 

different speed of the pump for DI water, tap water respectively. At every chosen 

pump speed,  
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Figure 4.10. Calculation of transferred charge with the sampling time of 1s at 

different rpm (a) PF.Tw-TENG , (b) PF.DIw-TENG, (Inset image: Maximum 

transferred charges from the single peaks); (c) Power output with an external load 
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resistance under pulse signal input; (d) Performance characteristics of the dependent 

on the power output density; (e) Durability test for 1 hour; (f) Comparison of 

maximum short circuit currents; of all the PF-TENGs. 

the sampling was done from the dataset of 1s to choose the maximum positive single 

peak of the current value and the induced coloumb charge is calculated  by 

integrating the area between the X-axis and single peak value. After that, the charge 

transfer density was calculated by dividing the induced coloumb charge by the 

calculated effective contact area described in the section 5.2.2. and the method of  

 Fig. 4.11: Calculation of  maximum induced colomb charge from the sampling time 

of 1s of the short circuit current for PF.DIw-TENG at 140 rpm. The transferred 
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charge is calculated by integrating the area between the single peak and the X-axis 

and the induced charge is 1.57 nC.  

calculation for the induced colomb charge has shown in the fig. 4.11. The maximum 

induced Coulomb charges from a single peak from the 1s data are 2.31 nC, 2.89 nC, 

4.72 nC, 6.56 nC for PF.Tw-TENG and 1.57 nC, 2.49 nC, 2.09 nC, 1.94 nC for the 

PF.DIw-TENG with the speed of 140, 210, 280 and 350 rpm as shown in inset 

images of fig. 6(a) and fig. 6(b) respectively. The corresponding maximum induced 

surface charge densities by a single peak of PF.Tw-TENG and PF.DIw-TENG were 

(2.45, 3.07, 5.01, 6.96) µC/m2 and (1.67, 2.64, 2.22, 2.06) µC/m2, respectively. The 

comparison of the charge densities for the both PF.TENGs have shown in the 

fig.4.12. From the graph, it is observed that, PF.DIw-TENG has shown decreasing 

trend with the increasing pump speed as DI water only contain the H+ as positive ion 

and the interaction of very first moving H+ ion is not enough with the mpPVDF 

membrane with the increasing values of the speed. According to charge conservation 

theory, charge can never be created nor destroyed. Therefore, the net amount of 

charge is always conserved in the universe; that is, a definite amount of positive 

charge is always neutralized by the same amount of negative charge. Therefore, with 

the mpPVDF membrane, the same amounts of opposite charges are induced in the 

fixed volume of tap water and DI water that is in contact with the membrane. 

The current, voltage and Power output tests were performed to show the feasibility 

of the device for proper applications. The level of electric power depends on the load 

resistance in a system. Therefore, the PF-TENGs were connected to electrical 

resistors to apply an external load, and then the electric output was measured in order 

to evaluate the effective electric power of the PF-TENGs. With an increase of 

resistance, the instantaneous maximum voltage through the resistor generally 

increases and saturates upto the open-circuit voltage when the resistance is infinitely 
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large. The current across the resistor follows an opposite trend. The resistance range 

is from 0 to 25 M, and the voltages increased from 4.5 V to 9V for PF.Tw-TENG, 

and from 3 V to 6V for PF.DIw-TENG. The currents decreased from 0.85 A to 

0.35A for PF.Tw-TENG and 0.58 A to 0.25 A for PF.DIw-TENG, fig.4.10(c). 

The power output density was gradually increased and then decreased and then 

decreased, for instance, 8.43 mW/m2 to 12.53 mW/m2 for PF.Tw-TENG, and 6.7 

mW/m2 to 5.3 mW/m2 for PF.DIw-TENG, respectively, with respect to the applied 

resistance of 0 to 25 M, fig.4.10(d). The consistent peak voltage was found for the 

one hour operation of the both PF.TENGs as shown in fig. 4.10(e). The maximum 

output currents increment of PF.Tw-TENG in percentage with respect to PF.DIw-

TENG are shown in fig. 4.10(f). At the maximum speed of 350 rpm, maximum 63.64% 

improvement has been observed for PF.Tw-TENG over PF.DIw-TENG.  
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Fig. 4.12: Comparison of the induced maximum transferred charge density from a 

single peak for PF.Tw-TENG and PF.DIw-TENG at different pump speed.  

4.7. Evaluation for stability and sensing 

For the practical applications, the stability and durability of the PF-TENGs are very 

important for long term operation to acquire accurate values for sensing. For this 

purpose, the PF.Tw-TENG cell was kept for about one week in the open environment 

and again the experiment was performed, fig. 4.13(a). The performance is quite 

satisfactory but little bit low voltage output. This is not instability as overall outputs 
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are almost same over periodical measurement. The reason is still unclear, but it is to 

be believed that the uneven outputs are possibly caused by the surface morphological 

changes while interacting with the random ionic distribution of the flowing fluids. 

This can be easily solved by utilizing triboelectrically negative polymeric thin film 

that suited to the different characteristic of the working fluid. Fig.4.13(b) shows the 

rectified charging of a capacitor at three different speeds using the tap water. Fig. 

4.13(c) shows the voltage peak for the average volumetric flow rates ranging 

(306ml/min- 766ml/min) of the tap water. With the increment of the flow rate, the 

voltage peaks also rise and fig. 4.13(d) shows the voltage peak linearly improves 

conformably. From this point of view, it can be said that, our simply fabricated PF-

TENG can be easily used to detect the average volumetric flow rate of any small 

portion of transported ionic liquid used for various chemical industrial process or lab 

scale experiment. Moreover, it can be predicted that, the techniques can be used in 

biological process of blood stream supplied from the heart using biocompatible 

polymeric thin surface.    
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Figure 4.13. (a) Performance test after one week to check the realibility of PF.Tw-

TENG; (b) Rectified output of the PF.Tw-TENG at different pump speed to charge 

a commercial capacitor of 4.7 µF; (c) Output voltage at varied average volumetric 

flow rate; (d) The linear relationship between voltage and average volumetric flow 

rate. 
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               CHAPTER 5 

    DISCRETE LIQUID COLUMN BASED TENG USING MEMS 

 

5.1. Analytical study of MEMS based TENG 

MEMS based solid-liquid TENG has now become popular in microelectronics, 

diagnosis and chemical analysis. For MEMS based TENG, sensing capability has 

got importance rather than energy harvesting purpose. Electricity generation with 

flow in a micro channel has paved the way of micro/nano sensing for delicate 

measurement of pressure variation, angular displacement in precision engineering 

and mechanical motion. To achieve the best performance from micro, nano or mini 

channel based liquid TENG, hydrophobicity as well as slippery channel surface are 

considerable factors [61]. Slippery channel surface holds for Navier slip condition 

that allows the highly concentrated ions within the slip plane to be mobile [62,63]. 

From this perspective, surface irregularities or micro-roughness or chemical 

modification can be done to reduce the wetting behavior as well as increasing the air 

gap in the liquid-solid channel interaction. A lot of studies have done till now 

regarding channel flow and surface modification in fluid-based TENG. In 2016, Lee 

et. al. developed a microfluidic channel for pressure sensing and finger motion 

monitoring but didn’t consider the fact of residual water that can stick to the channel 

surface. The output current was about 1.62nA at 11.6 N [64]. Choi et. al. investigated 

on self-powered ion concentration sensor for chemical detection of liquid. In his case, 

with DI water the current was generated up to 60 nA from ten microchannels [65]. 

Kim et. al. developed an air slug sensor by periodic injection of air and water in the 

two different PDMS channels with same cross-sectional area of 2 mm x 1.9 mm; 

lengths were 18 mm and 36 mm long respectively. In this experiment, 10 cm 0.01 
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M NaCl solution column was used to create the air gap. The peak to peak current 

was found 0.331 µA [66]. All the processes described above, though efficient but 

the fabrication process is expensive and time-consuming. So, an easily viable and 

inexpensive pathway is needed for the robust application and to replace the 

conventional sensory module. 

In this chapter, a 3D printed micro-architectured PDMS (MA-PDMS) channel 

assisted liquid-solid TENG is proposed to measure the angular frequency with a 

certain amplitude and pressure fluctuation of the rotary actuator by deploying 

discrete DI water column inside the mini-channel and PTFE porous thin film as the 

counter solid material. The hydrophobicity of the channel surface satisfies Navier-

stokes slip boundary condition and ensures stable output from the oscillation of the 

water column. The novelty of this free-standing mode TENG includes: (1) Cost-

effective and simple approach for fabricating hydrophobic channel; (2) self-powered 

flexible and portable sensor to replace the conventional expensive measuring device 

in hydraulics and robotics manipulator, actuating device.   

 5.2. MEMS fabrication using PDMS polymer and 3D printed mold 

  To develop the mini-channel for DLC-TENG, instead of the conventional soft 

lithography process, we have adopted 3D printing technique to develop the micro 

structured pattern of the mini-channel on the prepared mold which is more viable 

and easier process.  

5.3. Materials and methods 

As the solid tribomaterial, porous PTFE thin film with 50 µm thickness was 

purchased from Good Fellow Material (GFM), Korea. PDMS sylgard-184 elastomer 

precursor part-A, precursor part-B were purchased from Dow Corning. Double 

distilled water (DI water) (Ultrapure system from our lab) was used for better 
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understanding the electrical output behavior of solid-liquid interaction phenomena 

in case of different test conditions. All the chemical substances and working liquids 

were used as received without any further purification process. To characterize the 

surface morphology and hydrophobicity FE-SEM was conducted by using a Hitachi 

cold FE-SEM microscopy which operates at 10 kV and contact angle of DI water 

was determined by the DSA 100 Goniometer (error 10) according to the sessile-drop 

method with 5 µL droplet (KRUSSG mbh, Hamburg, Germany).  

 

 

5.3.1. Fabrication techniques of the MA-PDMS channel & DLC-TENG 

As PDMS itself is hydrophobic in nature, so to improve the working function as well 

as hydrophobicity, micro/nano roughness is a considerable factor. The hierarchical 

surface roughness attributes to create the air gap between the water-solid  
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Fig.5.1. (a) Difference between conventional process and proposed process to 

develop the micro structured PDMS channel, (b) preparation of the PDMS casting 

solution from the base polymer and the curing agent, (c) Schematic diagram showing 

the fabrication of the PDMS channel, electrode setup on the flat PDMS and PDMS-

PDMS bonding. (d) Experimental photograph of the fabrication techniques (Inset: 

FE-SEM image of the pristine porous PTFE thin film). 

interface and water can easily slide over the surface if it is used as column or droplet 

and the phenomena have already reported by many literatures to develop the PDMS 

based channel [67,68]. Fig. 5.1 shows the schematic of the detailed procedure from 
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the fabrication of the micropatterned PDMS channel to the development of the DLC-

TENG. Whereas the conventional process as depicted in Fig. 5.1(a) described in the 

above literatures to create microstructure based channel involves complicated 

fabrication process i.e. wafer cleaning and priming, sacrificial layer growth on the 

Si wafer, photolithography, pattern transfer, photoresist removal, wet etching, 

removal of the sacrificial layer by dipping into acetone, spin coating of the PDMS, 

curing and peeling off the patterned channel. on the contrary, our proposed method 

only consists of three easy steps to make the patterned channel which is very 

convenient and inexpensive method. A major advantage of this method is the 

precision of the pattern replication is improved, as any kind of surfactant coating is 

not required.  

Fig. 5.1(b) shows the detailed procedure of the mini-channel preparation that 

utilizes the commercially available Fused deposition modeling 3D printing 

techniques to develop the desired template. The positive pattern of the channel was 

first designed with the inventor and then 3D printing technique was used to get the 

desired positive pattern as a casting template. The channel width and height were 

kept accordingly at 2.8 mm and 0.8mm. To create the micro surface roughness in 

the PDMS microchannel, we utilize the layer thickness and fill factor percentage of 

the FDM printer. The PLA (Poly Lactic Acid) material from our 3D printer 

Ultimaker Cura 3 was used in this process. At first, three kinds of template were 

prepared with the varying layer thicknesses (0.06, 0.15, 0.3 and 0.4) mm. Obviously, 

the 0.4 mm shows the better performance to generate the surface roughness on the 

PDMS. So, the layer thickness was set to 0.4 mm and the infill density was counted 

50% for the linear infill pattern with the nozzle speed of 150 mm/s. The sample was 

developed by putting it on the XY plane in layer by layer formation process. The 

layer thickness can contribute to the generation of the roughness as reported by 
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Hartcher-O’Brien et.al. In the report, the roughness was varied in micro-meter level 

with the variation in the layer height [69]. For the 0.2 mm layer height, the roughness 

was found about 35 μm. After preparing the mold to cast the PDMS, at first the mold 

was rinsed with Iso-propyl alcohol, DI water and then dried in the hot plate for about 

half an hour. After that, PDMS precursor part-A and precursor part-B were mixed 

in 10:1 ratio and manually stirred for 10 minutes to get the uniformly mixed solution, 

Fig. 5.1(c). Then the solution was casted on the mold pattern and then degassed for 

one hour to remove excess air bubbles. After that, the casted PDMS with the mold 

was kept in the oven at 450C overnight. Then, the micro patterned PDMS channel 

with negative patterning was peeled off from the mold. While peeling off, no mold 

release material was used that has proved that the adopted procedure is very 

convenient, viable and reusable. Here, it is noted that, the temperature was kept low, 

as with the repeated experiment with high temperature it is found that, the 

polyacrylonitrile plastic shape can be deformed and can damage the proper shape of 

the PDMS channel. The micro-surface roughness has increased the hydrophobicity 

of the channel which has discussed in section 5.2.3. 

   To obtain the micro-surface roughness based flat PDMS, the same procedure was 

applied using flat 3D printed mold. PTFE thin film was cut into 2mm width strip and 

Cu foil tape was attached on the one side of the film. After that, the adhesive double-

sided tape was attached on the bottom side of the Cu foil to complete the electrode 

making. The Cu foil width was kept nominal smaller than the PTFE film to make 

ensure the proper sealing to avoid the contact of the Cu foil with the liquid. After 

peeling off the cured flat PDMS the electrodes are attached on the rough surface. 

   To complete the fabrication of the DLC-TENG, partially cured PDMS-PDMS 

bonding technique has been done using PDMS mixture as adhesive [70]. Following 

this system, PDMS mixture with 10:1 ratio was applied on the patterned surface 
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other than the channel with the scrapping bar. The two-part was then procured at 

400c for 30 minutes prior to bonding. After that, both parts gently pushed to each 

other such that no air bubble is existed and kept in the oven at 600 C overnight to get 

fully cured. Two holes with the same size were punched in the two ends and silicon 

tube was inserted into the hole to complete the fabrication of the DLC -TENG. Fig. 

5.1(d) has represented the real photograph of the development of the proposed 

TENG. 

5.4. Surface morphology characterization of the PDMS channel and porous 

PTFE thin film 

Discrete liquid-solid contact electrification involves successive attachment and 

separation of liquid from the solid surface and therefore net electrical charge is 

generated. In this context, the solid surface from naturally inspired lotus leaf to 

triboelectrically sound laboratory developed fluoro-polymer or the polymer treated 

with silane, protein, etc. should exhibit the hydrophobic property that discrete 

volume of water can be rolled-off easily from the surface [71]. In our paper, the 

channel surface with micropatterned roughness facilitates the water column to flow 

spontaneously without leaving any residuals that satisfy the slip boundary condition 

U≠0; in case of mini-channel and effectively increase the uniform output of the 

electrical performance. Fig. 5.2(a) shows the FE-SEM images of the regularly 

patterned linear array of the micro convex curve produced by 3D printing in the inner 

surface of the PDMS channel which forms the micro air gap between the contact 

surface and the liquid. The contact angle, depicted in the inset image of the Fig. 

5.2(a), was found 1350 for the micro-architectured PDMS channel which proves the 

obvious hydrophobicity as well as a cost-effective technique to develop the 

hydrophobic surface. We also checked the FE-SEM and contact angle for the flat 

PDMS surface produced by 3D printed acrylic plastic material to distinguish the  
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Fig. 5.2. FE-SEM images of (a) The micro-architectured PDMS inner surface; (b) 

The flat PDMS surface; (c) The porous PTFE thin film. (Inset images are the contact 

angle of each surface). 
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improved performance of MA-PDMS channel. In case of flat PDMS, the contact 

found was 1140. For the development of the flat-PDMS, we have used the acrylic 

resin based transparent material in the stereolithography (SLA) printer from the 

central research facility of our university. In this process, the ultraviolet laser guide 

is passing back and forth according to the input model over the liquid plastic resin 

supplied from the resin tank and gradually cured it with the increasing temperature. 

After that, the model has dipped into the acetone to rub off the excess resin. The 

developed casting template is far smoother than the FDM produced template. 

Furthermore, the surface characteristics of the micro-porous PTFE thin film that 

comprises the DLC-TENG cell was analyzed and is shown in Fig.5.2(c). The micro-

porosity with an average pore diameter of 0.866 µm of the commercially bought 

PTFE thin film produced the contact angle 110.30. The PTFE thin film has fluorine 

atoms at both end of long carbon chains which shows excellent water repellency and 

high electronegativity according to triboelectric series [72]. 

5.5. Working mechanism of the DLC-TENG 

As shown in fig. 5.3(a), The DLC-TENG cell is comprised of flexible 

micropatterned PDMS channel with two microporous PTFE thin film-based 

electrodes attached inside the channel. The Cu adhesive tapes were shouldered with 

the copper wire to the capacitor to get the stable and regulated current and voltage 

signal. For measuring the electrical output of the DLC-TENG, a motion generator 

was used with controllable frequencies and amplitudes, incorporated by a rotary 

actuator (SMC-MSQ20A) that generated a pressure gradient for the water column 

sliding back and forth inside the channel. The actuator consists of a DC motor, 

adjustable arms connected with the motor shaft and can be synchronized with the 

frequency response and different amplitude of the pressure provided by the 

computer-controlled Arduino based IDE as shown in fig. 5.3(b). The inlet  
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Fig.5.3. (a) Fabricated DLC-TENG cell with connecting silicon pipes. (b) 

Experimental setup of DLC-TENG with the rotary actuator. (Inset image of the 

Arduino IDE) (c) Schematic diagram to realize the oscillatory motion of DI water 

column with the angular rotation of the arm. (d) Mechanistic approach for generating 

Voc and Isc from the freestanding mode DLC-TENG. (e)(i) Magnified view of Isc 
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showing   the aforementioned four stages in (c) & (d) that contribute to the AC signal 

generation in one cycle rotation of the rotary actuator. At the pressure of 40 mbar 

and 1 Hz  (ii) Open circuit voltage, (iii) Short circuit current.  

compressed pressure was precisely controlled for different resonance frequency 

with fixed angular amplitudes ranging from 2.3 degrees to 5.6 degrees and different 

pressure values to get the desired precise electrical output from the oscillation of the 

water column inside the MA-PDMS channel.  

The detailed working mechanism of the DLC-TENG is described in the Fig. 5.3(c) 

and Fig. 5.3(d) and the corresponding AC signal generation is illustrated in Fig. 

5.3(e)(i) during repetitive motion of the liquid column in one cycle. The repetitive 

back and forth motion of the discrete DI water column over the two PTFE electrodes 

induces a triboelectric signal following freestanding sliding mode theory. At the 

steady state, the DI water column is positioned in the PDMS channel other than 

electrodes. As the PDMS is weakly negative according to the triboelectric series, it 

increases the positive charge on the surface of the water column by acquiring 

negative charge itself. When the arm of the rotary actuator moves in the anti-

clockwise direction Fig.5.3(c), the water column moves over the surface of the PTFE 

thin film of electrode E(1), Fig.5.3(d). As the PTFE is highly triboelectrically 

negative, it induces maximum positive tribo-charges on the bottom surface of the 

water column. So, at the stage (i), the positive charges of the E1 electrode will be 

neutralized by the excess negative charges of the E2 electrode. When the water 

column starts approaching to E2 stated by the stage (ii) of Fig. 5.3(d), there is an 

electrostatic potential difference between E2 and E1 that drives the electron to move 

from E1 to E2. 

During stage (iii), the water column fully covers the PTFE film of the E2 

electrode so thus the Al electrode becomes fully neutralized by the excess release of 
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the electrons from the E1 electrode. After a while, the rotary arm starts to move in 

the clockwise direction as described in the Fig.5.3(c). So at the stage (iv) of 

Fig.5.3(d), the water column tends to approach towards the E1 electrode causing 

electrostatic imbalance again and increasing potential is diminished by the electron 

flow from the E2 to E1. Thus, the water column reaches at the stage (i) causing the 

repetition of another cycle. Fig. 5.3(e)(i) shows the consecutive positive-negative 

peak of short circuit current of a single oscillation of liquid column that is compatible 

with the charge generation behavior during the clockwise and anti-clockwise 

movement of the rotary actuator. During the anticlockwise direction, positive peak 

comes out with respect to the E1 electrode and continuously peak is decreasing with 

the water column leaving the electrode, the negative peak with the clockwise 

direction of the actuator denotes the water column is situated over the E2 electrode 

and continuously reaching the equilibrium state after completely covering the E1 

electrode. The phenomenon indicates that the measured output data are in line with 

the agreement of the predicted theoretical AC behavior as reported in the previous 

kinds of literature.  

5.6. Application as self-powered sensor 

5.6.1. Pressure and frequency sensing of rotary actuator 

The quantitative performance of the DLC-TENG was evaluated to show the 

effective performance of this simply fabricated device for active sensing of pressure 

fluctuation and frequency of the rotary oscillator. For this, 2.5 ml of DI water was 

injected in the channel to generate the oscillation motion in the channel. Fig. 5.3(e)(ii) 

and Fig. 5.3(e)(iii) show the short circuit current and open circuit voltage at the 

pressure of 40 mbar and frequency of 1 Hz. The DLC-TENG generates peak to peak 

open-circuit voltage and short circuit current up to 11.82 nA and 23.2 mV 

respectively without the additional power supply. Furthermore, under different  
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Fig 5.4. Short circuit current and open circuit voltage at different oscillation 

frequency of the (a) & (b), at different pressure gradient (c) & (d), respectively. (e) 

Induced coulomb charge for different frequency at the pressure of 40 mbar. 
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frequency cycle of specific pressure gradient, both the open circuit voltage and short 

circuit current show considerably concurrent signal over sequential measurements. 

The output performance of the DLC-TENG was characterized by the behavior of the 

current and voltage output under difference frequency cycle of the rotary oscillator 

maintaining fixed pressure with definite amplitude and variable pressure gradients. 

In case of frequency response behavior of the AC signal output, the pressure profile 

was maintained like triangular amplitude to observe that the proposed DLC-TENG 

is instantaneously responsive to the sudden fluctuation of pressure. As shown in Fig. 

5.4(a) and Fig.5.4(b), with the fixed pressure value of 40 mbar, the frequencies of 

the back and forth motion of the rotary oscillator were kept 0.4 Hz, 0.5 Hz, 0.87 Hz 

and 1 Hz. Under these resonance frequencies, the peak to peak short circuit current 

and open circuit voltage of the oscillating water column are 4.43 nA, 6.41 nA, 10.5 

nA, 11.82 nA; 11.8 mV, 15.6 mV, 19.2 mV, 23.9 mV, respectively. From this 

observation, the uniform AC signal shows good performance with the increment of 

the frequency. For different pressure values applied with a frequency of 0.5 Hz, the 

output data was analyzed as depicted in Fig. 5.4(c) and 5.4(d). The Isc and Voc (Peak 

to peak) for 37, 43 and 49 mbar are 2.33 nA; 3.27 nA; 3.97 nA, 13.56 mV; 15.42 

mV; 15.58 mV, respectively. Though the voltage output was slightly varied when 

the pressure value changes from 43 and 49 mbar but the current values can be 

distinguished to be effectively utilized as a pressure sensor. The induced coulomb 

charges with 0.4, 0.5, 0.87 and 1 Hz are 9.41 nC; 9.92 nC; 21.9 nC; 25.6 nC, 

respectively and is shown in fig. 5.4(e). It is to be noted that, the peak to peak Isc and 

Voc for each frequency and pressure value were analyzed over a definite time interval. 

As to quantify a triboelectric nanogenerator for the self-powered sensor, time is an  
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Fig. 5.5. (a) Short circuit current at the various frequency for 10 mm and 5 mm 

electrode gap. The linear increasing trend of the current curve with respect to the (b) 

frequency and (c) pressure variation response to be applied as a sensor. (d) At the 

frequency of the 1 Hz the voltage and current output against different load resistance. 

essential factor. The generated Isc and Voc should be stable over a certain time period 

at the same parameter, otherwise the proposed system can’t be regarded as a sensor.  

The DLC-TENG performance was visualized by employing one PDMS channel in 

the experimental setup but varying the gap of the electrode. Fig. 5.5(a) shows the Isc 
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of the 5 mm and 10 mm of a gap of the electrode while the discrete liquid column 

volume and position was kept fixed. For all frequencies, the DLC-TENG cell, with 

the 10 mm electrode gap between them shows better performance. As it can be 

explained that, with the reduction of the gap of the electrode, the water column 

moves back and forth very fast over the polymer surface, hence the water column 

doesn’t have enough time interval for the charge to be induced consequently 

generates lower output. The prospect of the DLC-TENG as a frequency and pressure 

measurement device is illustrated in fig. 5.5(b) & fig. 5.5(c) respectively. The 

tendency of the curves is almost linear with frequency and pressure responses. 

Finally, to be realized as a self-powered device, the voltage and current were 

measured with respect to different load resistance at the frequency of 1 Hz as shown 

in fig. 5.5(d). The resistance was varied from the 0 to 12 MΩ and the maximum 

voltage of 25 mV and current of 9 nA were found at 12 MΩ and 1 MΩ respectively. 

From this observation, it is conspicuous that our proposed DLC-TENG can be 

effectively applied for the self-powered robust, flexible, cost-effective, easily 

fabricated transducer, where observing small scale change of physical properties is 

needed to be observed.  
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Chapter 6 

Conclusions 

(1) In a nutshell, In chapter 4, we have demonstrated an elastic tubing based TENG 

that can grab energy from the unsteady pulsatile flow of the DI water, tap water. The 

fabrication of the mpPVDF membrane inside the flexible silicone pipe is easy, 

commercially viable, eco-friendly, and portable. The proposed PF-TENG is highly 

durable and can be used with lower volumes of feed-stocks to generate desirable 

amount of voltage and Isc. The mechanistic approach based on the EDL formation 

and pulsatile movement of the liquid that relates the hydrodynamics with the surface 

electric potential of the polymeric membrane has supported the generation of voltage 

and currents in our PF-TENG system. The PF.DIw-TENG, PF.Tw-TENG showed a 

output voltage and Isc of 10 V and 0.46 µA, 20.92 V, 0.95 µA at 350 rpm, 

respectively. The PF. Tw-TENG also showed stable performance after one-hour 

durability test. The output power density has increased by 3.6 times in case of tap 

water over DI water due to the availability of more ions in the EDL, which enhanced 

the conductivity of the tap water. This experiment has shown that this cell can be 

used as self-powered flow rate measuring system that is cost effective and is of 

important in peristaltic transportation of the liquid products. 

 

(2) In summary, in chapter 5,  a regular AC output has obtained from the DLC-

TENG to be effectively utilized for sensing applications and energy harvesting. The 

developed DLC-TENG with easy fabrication techniques is eco-friendly and portable. 

The proposed TENG is highly durable with lower volumes of injected liquid in the 

channel to generate the desirable consistent output of Voc and Isc. The mechanistic 

pathway evolved in the system based on free-standing sliding mode TENG from the 

cited previous reports has supported the generation of current and voltage. The 
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surface morphology, checked by the FE-SEM, has proved the obvious structural 

change of the contact surface and further improved hydrophobicity has confirmed 

by the contact angle analysis. The DLC-TENG has shown sensible response to the 

different frequency and pressure values. Therefore, we expect that our self powered 

DLC-TENG would provide a simple way for possible application in various physical 

parameter sensing and detection. 
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