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ABSTRACT 

The advent of Industry 4.0 necessitates developments of new sensor technologies. One of 

the emerging techniques of fabricating these new types of electronics and sensors is by depositing 

conductive inks and additional electrically active materials to serve as sensor layers onto flexible 

polymeric substrates. This study presents copper nanoparticle-based inks. The new formulation is 

developed that provides both oxidation resistance as well as improved flexibility with suitable 

rheological properties for deposition using traditional screen-printing practices.  

To create a conductive matrix from the deposited ink, a sintering step is needed. Intense 

pulsed light (IPL) using a xenon flash lamp is used to sinter the ink. As the IPL sintering process 

is applied to the surface of the ink, the sintering process and resulting materials are analysed. The 

addition of polymeric nanocomposite-based films has significant benefits when used as the sensing 

layer. In this study we developed a sensing material comprised of (poly)vinylidene fluoride as a 

piezoelectric polymer matrix, along with carbon nanotubes to create an electrically conductive 

network. Exhibiting both piezoelectric and piezoresistive properties, the developed sensors are 

capable of measurement in a wide frequency band. The performance of these nanocomposite 

sensors was assessed as they are subject to an applied strain under both static and dynamic 

conditions.  

As an application for the printed sensors, we investigate their suitability as imbedded 

sensor systems for smart workholding. We present the design of a smart chuck (the SmartJaw) that 

can measure the gripping forces on a workpiece during machining operations on a lathe. 

Continuous monitoring of the jaw clamping forces provides the required feedback to minimize the 

likelihood of adverse events occurring.  
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Analytical models are developed and presented that reconstruct the cutting forces based on 

the input jaw gripping forces and other parameters such as spindle speed, workpiece geometry and 

tool location. The accuracy of the models is examined. The SmartJaw is fabricated using the 

developed nanocomposite sensors and conductive inks, and the performance is compared with the 

commercial strain gauge system. Both accurate and precise measurements of forces are critical in 

machining operations for maximizing production, detecting tool failure and process monitoring.  

  





iv 
 

I still take much of the advice he gave to me and apply it to my work today. I may have spent a 

couple too many years in this stage of my life, but as I near the end of my time as a graduate student 

I would like to thank the people that helped along the way. Dr. Majid Tabkhpaz, Danny Wong, 

Dr. Yuan Wei, Lei Liu, Chris McDonald, Alex Kim, Minhyung Lee, Sina Rezvani, Dr. Hossein 

Jiryaei, Jed Pagtalunan, Robin Jeong, and Keonje Lee. It was a pleasure working with all of you. 

I also had many summer students and interns to help me throughout the years. Being a 

good mentor was a job with a steeper learning curve than I was prepared for, and many of the 

problems we encountered could be traced back to me and my inability to be a good leader, but the 

contributions you provided were nonetheless valuable, and I thank you for your time, good attitude, 

and willingness to learn. To Riley Berry, Sumit Shakhar, Kelvin Tran, Thomas Smith, Jae Yeon 

Kim, Brandon Lee, Sam Mcleod, Danny Guo, Jonathan Brent Vicky Duan, Helen Tan, Silvia Lee, 

Tyler Horton, Leif Blake, Navdeep Sagu, and Darius Clinton. 

To those that I had a significant research relationship with, I would like to give special 

thanks. To Dr. Changyong Yim, Zak Kockerbeck, and Mohsen Hassani. I am grateful for all your 

help and collaboration in our work on printed electronics and sintering methods. These 

contributions literally provided the foundation of my research. To Dr. Mehdi Sanati and Dr. 

Kaushik Parmar for their work on nanocomposites. Kaushik for his foundational research and 

expertise, and Mehdi for our work together on expanding the state of the art. I would also like to 

thank Hamid Mostaghimi for his help with smart workholding, and tremendous skill in 

mathematical modelling. Without these people, I would not have been able to do this work. 

 Finally, I would like to thank the most influential people during my time in Graduate 

studies. My co-supervisor Dr. Ron Hugo, who was always up for a quick discussion and able to 

offer advice. He also gave me the opportunity to contribute to contribute to the field of engineering 



v 
 

education, a subject tangential to my main area of study, but close to my heart. Lastly, I would like 

to thank the Parks. Dr. Chaneel Park, the first person I met in MEDAL, the longest tenured member 

other than myself, and my current business partner. I am forever grateful for your help, and I look 

forward to our work as we go forward, and to Dr. Simon Park; you provided me with the 

opportunity, the guidance, the motivation, and the support necessary to complete this project. For 

the many times I had given up on myself, you made me persevere, sometimes willingly, sometimes 

kicking and screaming, but one thing is certain, I would not be here, but for your patience and 

willingness to see the potential in me that I am still only beginning to realize myself. Thank you 

everyone.1 

  

 
1 As a quick final thank you, I would recognize my father. While he was only ever an engineering 

technologist, he did try to become a full engineer and might have made it had it not been for first year 
chemistry. While I think I inherited much of his intelligence and stubbornness, I did also manage to learn 
from his mistakes. I got credit for first year chemistry.  



vi 
 

DEDICATION 

I would like to dedicate this work to the women in my life that are no longer here. Our time 

together was far too brief, but I will always carry your spirits with me and, and I will strive to treat 

everyone with the care and compassion that you gave to me. I am forever grateful. 

  



vii 
 

Table of Contents 
Abstract ............................................................................................................................................ i 

Acknowledgements ........................................................................................................................ iii 

Dedication ...................................................................................................................................... vi 

List of Figures ............................................................................................................................... xii 

List of Tables ................................................................................................................................ xx 

1 Introduction .................................................................................................................. 1 

1.1 Conductive Inks and Processing Techniques ................................................................... 3 

1.2 Polymeric Nanocomposite Sensors .................................................................................. 6 

1.3 Motivations....................................................................................................................... 8 

1.4 Objectives ....................................................................................................................... 11 

1.4.1 Objective 1: Study and characterization of the flash sintering process for 

copper nanoparticle based printed electrodes and their processing and application as 

conductive pathways. ............................................................................................................ 12 

1.4.2 Objective 2: Investigation on the processing and performance of PNC films 

for sensing applications......................................................................................................... 13 

1.4.3 Objective 3: Development and verification of proposed electronics and sensing 

systems for smart clamping system. ..................................................................................... 14 

1.5 Organization of Thesis ................................................................................................... 15 

2 Literature Survey ........................................................................................................ 18 

2.1 Conductive Metallic Inks ............................................................................................... 18 



viii 
 

2.2 Sintering Techniques ...................................................................................................... 21 

2.3 Plasma Sintering ............................................................................................................. 22 

2.4 Intense Pulsed Light Sintering ....................................................................................... 25 

2.5 Printed Electronic Ink Deposition Methods ................................................................... 27 

2.5.1 Non-contact deposition methods ................................................................... 28 

2.5.2 Contact deposition methods .......................................................................... 29 

2.6 Substrate Selection ......................................................................................................... 34 

2.7 Carbon-based Polymeric Nanocomposites..................................................................... 35 

2.8 Nanocomposite Processing ............................................................................................ 37 

2.8.1 Solution blending and deposition .................................................................. 38 

2.9 Enhancing Piezoelectric Properties of PVDF ................................................................ 39 

2.10 Smart Clamping.............................................................................................................. 44 

2.11 Calculation of Required Gripping Forces ...................................................................... 49 

2.11.1 Haas maximum permissible spindle rpm .................................................... 49 

2.11.2 VDI determination of permissible speed of lathe chucks ........................... 50 

2.12 Summary ........................................................................................................................ 54 

3 IPL Based Copper Electrodes and Circuits ................................................................ 55 

3.1 Fabrication of Hybrid Copper Conductive Films ........................................................... 55 

3.1.1 Hybrid copper nano ink formulation ............................................................. 56 

3.1.2 IPL sintering .................................................................................................. 58 



ix 
 

3.2 Conductive Ink Characterization and Validation ........................................................... 60 

3.2.1 Ink reaction mechanisms to IPL sintering ..................................................... 60 

3.2.2 Electrical and oxidation resistance characterization ..................................... 67 

3.3 Improving Durability and Flexibility of Hybrid Copper Inks ........................................ 72 

3.3.1 Chemicals and formulation ........................................................................... 73 

3.3.2 IPL sintering optimization ............................................................................. 74 

3.3.3 Surface characterization ................................................................................ 77 

3.3.4 Flash power vs. sintering depth ..................................................................... 80 

3.3.5 Cyclic bending analysis ................................................................................. 83 

3.3.6 Oxidation characterization ............................................................................ 86 

3.4 Applications ................................................................................................................... 87 

3.4.1 Electrical circuits ........................................................................................... 88 

3.4.2 Strain sensors................................................................................................. 91 

3.5 Summary ........................................................................................................................ 96 

4 Polymeric Nanocomposite Sensors ............................................................................ 97 

4.1 Fabrication of Polymeric Nanocomposites .................................................................... 97 

4.1.1 Spray coating ................................................................................................. 98 

4.1.2 Stretching of PVDF ....................................................................................... 99 

4.1.3 Nanocomposite characterization ................................................................. 101 

4.1.4 Corona poling of PVDF and piezoelectric performance ............................. 103 



x 
 

4.2 Force and Strain Measurement Setup........................................................................... 105 

4.2.1 Piezoresistive/piezoelectric strain sensor performance ............................... 107 

4.3 Modelling ..................................................................................................................... 109 

4.3.1 Piezoresistive modelling ............................................................................. 110 

4.3.2 Piezoelectric modelling ............................................................................... 118 

4.4 Fusion of Piezoresistive and Piezoelectric Measurements ........................................... 125 

4.5 Summary ...................................................................................................................... 128 

5 Smart Workholding: The SmartJaw ......................................................................... 129 

5.1 SmartJaw Design .......................................................................................................... 130 

5.1.1 Jaw design and simulation........................................................................... 132 

5.1.2 Initial sensor performance and characterization .......................................... 134 

5.1.3 Electronic system ........................................................................................ 140 

5.2 Force Modelling ........................................................................................................... 143 

5.2.1 Predicting gripping forces from cutting forces ........................................... 144 

5.2.2 Cutting force from gripping force model .................................................... 149 

5.3 Nanocomposite Sensor for SmartJaw .......................................................................... 153 

5.4 Summary ...................................................................................................................... 156 

6 Summary And Future Works .................................................................................... 157 

6.1 Modeling of Piezo-resistive and Piezo-electric Properties of Polymeric Nanocomposites

 157 



xi 
 

6.2 Development of Selective Sintering Process ............................................................... 158 

6.3 Development of Combined Sensor Electronics System ............................................... 158 

6.4 Future Works ................................................................................................................ 159 

References ................................................................................................................................... 160 

Appendix ......................................................................................................................................... 1 

 

  



xii 
 

LIST OF FIGURES 

Figure 2.1: Common metals used as precursors in conductive nano inks .................................... 19 

Figure 2.2: Schematic illustration of basic mechanism in sintering: solid-state material transport. 

R=particle radius ........................................................................................................................... 20 

Figure 2.3: Four stages of silver nanoparticle structure during the oven sintering. (a) Single 

nanoparticles surrounded by a dispergent. (b) dispergent evaporates and conductive paths are 

formed. (c) and (d) Diffusion and partial melting of nanoparticles progress from top to bottom of 

the ink layer. (Halonen et al. 2013). © 2013 IEEE ....................................................................... 21 

Figure 2.4: Schematic of laser sintering using Ag nanoparticles. (a) Ink-jet printing. (b) Laser 

sintering (Maekawa, et al., 2012). © 2012 IEEE .......................................................................... 24 

Figure 2.5: Schematic of intense pulsed light sintering system: (a) overall system; (b) xenon flash 

lamp setup (Kim H.-S. , Dhage, Shim, & Hahn , 2009) ............................................................... 26 

Figure 2.6: Common printed electronic deposition methods (Khan & Lorenzelli, 2015) ............ 27 

Figure 2.7: Examples of non-contact deposition methods: (a) Schematic for a typical flatbed screen 

printing technique. (b) Schematic for an electrohydrodynamic inkjet printing system (Khan, et al., 

2011) and (c) view of the slot-die roll coating of the active layer (yellow) and the semitransparent 

anode (blue) on top of a flexible cathode-coated substrate (pink) (Khan & Lorenzelli, 2015 ..... 29 

Figure 2.8: Various cylinder-based contact deposition processes (a) Schematic of a Gravure 

printing system (Sung, de la Fuente Vornbrock, & Subramanian, 2009) , (b) Flexographic printing 

(Deganello D. , Cherry, Gethin, & Claypole, 2010) ..................................................................... 31 

Figure 2.9: Various mold-based Contact deposition methods: (a) Microcontact printing (Kaufmann 

& Ravoo, 2010), and (b) PDMS Transfer printing schematic (Khan & Lorenzelli, 2015) .......... 32 

Figure 2.10: Schematic of spray deposition process (Zhao et al. 2008). ...................................... 39 







xv 
 

Figure 3.19: Resistivity of sintered copper nanopowders as a function of sintering power. ........ 81 

Figure 3.20: Corrected resistivity values for the new variations of created inks .......................... 83 

Figure 3.21: Mark-10 Tensile tester setup for cyclic bending tests with films at (a) before bending 

and (b) at a bending radius of 3mm. ............................................................................................. 84 

Figure 3.22: Electrical resistance monitoring for cyclic Bending test for 1000 cycles comparing 

ink CS, ink CSG, ink CS-CNT and ink CSG-CNT ...................................................................... 85 

Figure 3.23: Accelerated oxidation environment test showing the (a) Electrical resistance changes 

for C, C-CNT ink (blue), C-GNP ink (red), and CSG ink (green). (b) magnified graph of (a) (Yim, 

Kockerbeck, Jo, & Park, 2017) ..................................................................................................... 86 

Figure 3.24: Compressive selective sintering method showing the CSG ink on top of the PET 

substrate and below the metal mask in a borosilicate glass sandwich. A light pulse from the Xenon 

flash tube then selectively sinters the ink in the shape of the mask. ............................................. 88 

Figure 3.25: (a) Optical microscope picture of metal mask used for selective sintering, (b) the 

sintered micro-pattern of strain gauge 3, and (c) the dimensional accuracy of the mask pattern to 

sintered patterned for mask 1, mask 2, and mask 3.  (d) SEM photo of ink films before sintering 

and (e) after sintering showing the effect of IPL on the copper nanoparticles, and (f) SEM of cross 

section of nano-inks showing the effect of ink-jet transparencies on substrate adhesion. ........... 89 

Figure 3.26: ASTM Adhesion pull-off test results. Comparison of (a) ASTM class 0B (>65% film 

transfer) to, (b) adhesion test before IPL. Comparison of (c) ASTM class 3B (35-65% film transfer) 

to (c) adhesion test after IPL. ........................................................................................................ 91 

Figure 3.27: Wheatstone bridge circuit to amplify signal response, and (b) Set-up of single-point 

bending test for strain gauge characterization. ............................................................................. 92 



xvi 
 

Figure 3.28: Selectively sintered Strain gauge with decreasing line thickness (a) 600µm,(b) 

400µm, and (c) 200µm. ................................................................................................................ 92 

Figure 3.29: Embedded printed strain sensor measurement setup. (Sandwell, et al., 2019) ........ 93 

Figure 3.30: Comparison of Commercial Strain gauge (Reference Sensor) to Lithographic 

selectively sintered strain gauge of Mask 3 (Strain Sensor) with an excitation frequency of (a) 1Hz 

and (b) 10Hz. (c) Strain gauge setup up on steel beam. ............................................................... 94 

Figure 3.31: Comparison of accelerometer to selectively sintered strain gauge embedded within 

3D printed beam at (a) 10 Hz and (b) 50 Hz. ................................................................................ 95 

Figure 4.1: Spray-coating process using airbrush. ........................................................................ 98 

Figure 4.2: Schematic Process for creating PNC films (Sanati, Sandwell, Mostaghimi, & Park, 

2018) ............................................................................................................................................. 99 

Figure 4.3: (a) Custom stretching machine (b) Stretching the nanocomposite sample in a 

temperature chamber at 80 °C (c) A sample of the stretched nanocomposite film. ................... 100 

Figure 4.4: FT-IR of the PVDF sample before stretching (black), after stretching (red), and after 

poling (blue). ............................................................................................................................... 102 

Figure 4.5: (a) the schematic of the corona polling setup used for polling of the samples (b) custom 

corona polling device. (Sanati, Sandwell, Mostaghimi, & Park, 2018)...................................... 104 

Figure 4.6: Schematic of d33 piezoelectric coefficient measurement. ........................................ 105 

Figure 4.7: Vibrating, cantilever beam experimental setup (a) real test (b) schematic. (Sanati, 

Sandwell, Mostaghimi, & Park, 2018)........................................................................................ 106 

Figure 4.8: schematic of (a)voltage divider and (b)charge amplifier used for piezoelectric and 

piezoresistive measurements, respectively. ................................................................................ 106 



xvii 
 

Figure 4.9: piezoresistive sensor performance under periodic excitation of a vibrating cantilever 

(a) 0.1 Hz excitation, (b) 1 Hz excitation, (c) 10 Hz excitation, (d) 160 Hz excitation. ............. 108 

Figure 4.10: piezoelectric sensor performance under periodic excitation of a vibrating cantilever 

(a) 5 Hz excitation, (b) 100 Hz excitation, (c) 1000 Hz excitation, (d) 8000 Hz excitation....... 109 

Figure 4.11: Schematic of Random Walk Method. (Sanati, Sandwell, Mostaghimi, & Park, 2018)

..................................................................................................................................................... 110 

Figure 4.12: Procedure for Modelling a piezoresistive network using Random Walk. (Sanati, 

Sandwell, Mostaghimi, & Park, 2018)........................................................................................ 111 

Figure 4.13: Defining location and orientation of CNT elements. (Sanati, Sandwell, Mostaghimi, 

& Park, 2018) .............................................................................................................................. 113 

Figure 4.14: Calculated CNT network (a) before eliminating the isolated CNTs; (b) After 

eliminating the non-connected and non-tunneling CNTs ........................................................... 114 

Figure 4.15: Equivalent circuit of a CNT network with both contact and tunneling resistances.

..................................................................................................................................................... 115 

Figure 4.16: Changes in CNT interactions due to application of external strain. ....................... 117 

Figure 4.17: Piezoresistive results of the nanocomposite obtained from simulation and 

experiments. (Sanati, Sandwell, Mostaghimi, & Park, 2018) ..................................................... 118 

Figure 4.18: Embedded fibre method grid mesh with element partitioning. (Sanati, Sandwell, 

Mostaghimi, & Park, 2018) ........................................................................................................ 122 

Figure 4.19: Piezoelectric results of the nanocomposite obtained from simulation and experiments. 

(Sanati, Sandwell, Mostaghimi, & Park, 2018) .......................................................................... 125 

Figure 4.20: Piezoresistive/piezoelectric fused signals under periodic loading. (Sanati, Sandwell, 

Mostaghimi, & Park, 2018) ........................................................................................................ 127 



xviii 
 

Figure 5.1: Three-jaw independent chuck (a) exploded diagram of scroll chuck components .. 131 

Figure 5.2: The CAD modeling of the designed smart jaw instrumented cap and interface with 

main jaw ...................................................................................................................................... 132 

Figure 5.3: Stiffness analysis of baseline jaw design shows 11.1x108 Nm-1 stiffness at tip. ...... 132 

Figure 5.4: Stiffness analysis of proposed jaw design shows 10.4x108 Nm-1 stiffness at tip. .... 133 

Figure 5.5: The FE simulation of smart jaw for investigating the amount of strain on the sensor 

location ........................................................................................................................................ 133 

Figure 5.6: Strain gauge placement on SmartJaw and proposed path for accompanying circuitry.

..................................................................................................................................................... 134 

Figure 5.7: (a)the assembled SmartJaw, (b) the attached strain gauge embedded in the cap, and (c) 

the attached piezoelectric sensor ................................................................................................. 135 

Figure 5.8: The results of the strain applied to the smart jaw system under static loads; (a) clamping 

and removing all clamping load, (b) clamping and reducing clamping load, and (c) results of the 

applied static force to the smart jaw measured with the piezoelectric sensor. ........................... 136 

Figure 5.9: The experimental setup used for impulse excitation test ......................................... 138 

Figure 5.10: (a)The response of the system under impulse excitation test obtained using the strain 

gauge senso, and (b) the response of the system under impulse excitation test obtained using the 

piezoelectric sensor. .................................................................................................................... 138 

Figure 5.11: Jaw Calibration Procedure and Results .................................................................. 139 

Figure 5.12: (a) dynamic range test of smart jaw using impact hammer testing, and (b) resulting 

frequency response showing unity up to 2.2 kHz. ...................................................................... 140 

Figure 5.13: (a) Experimental setup used for testing the radio frequency module in wirelessly 

capturing signals, and (b) captured response wirelessly using the radio frequency module. ..... 141 



xix 
 

Figure 5.14: Electronics System for the Strain Gauge SmartJaw. .............................................. 142 

Figure 5.15: Gripping forces during air cutting at 216 rpm (blue), 782 rpm (red) and 1200 rpm 

(black). Gripping force reduction at higher speeds was observed as expected. ......................... 143 

Figure 5.16: Freebody diagram of chuck-workpiece system ...................................................... 144 

Figure 5.17: Sensor Positioning on SmartJaw ............................................................................ 145 

Figure 5.18: Results of 4DOF gripping force model. (a) input cutting force measurements from 

toolpost dynamometer and (b) output gripping forces constructed using 4DOF model............. 149 

Figure 5.19: Quasi-Static Cutting-Gripping Force Model .......................................................... 150 

Figure 5.20: Chuck Gripping Force Data (Strain gauge based) .................................................. 152 

Figure 5.21: Cutting Forces compared to experimental results (strain gauge based). ................ 152 

Figure 5.22: Screen printing of copper electrodes ...................................................................... 154 

Figure 5.23: Spray coating PVDF-CNT sensor material on sintered copper electrodes. ........... 154 

Figure 5.24: (a) Spray coated sensors with conductive copper ink electrodes instrumented on 

SmartJaw caps, and (b) caps with wires and encapsulated in potting epoxy. ............................. 155 

Figure 5.25: Gripping Forces using Nanocomposite Jaw at 900 rpm (black) and 1800 rpm (red).

..................................................................................................................................................... 155 

 

  

file:///C:/Users/asand/Dropbox/Allen/PhD%20Thesis/New%20Version%20Sept%202021/reformulated/Thesis%20Draft%203.docx%23_Toc95364947


xx 
 

LIST OF TABLES 

Table 2.1: Comparison of various electronic printing techniques ................................................ 33 

Table 2.2: Glass Transition temperature for common substrates used in flexible electronics ..... 34 

Table 2.3: Coefficients of friction for various clamping and workpiece surfaces. (VDI, 2004) .. 52 

Table 3.1: F-CuAg Ink Formulations............................................................................................ 57 

Table 3.2: Initial sheet resistance of conductive copper films. ..................................................... 68 

Table 3.3: Hybrid Copper based Inks Composition...................................................................... 73 

Table 3.4: Actual and coded factor values for IPL optimization experiments for the Xenon S-2300

....................................................................................................................................................... 75 

Table 3.5: non-sintered films (1cm x 1cm) for (a) C, (b) CS, (c) CSG, (d) CS-CNT, (e) CSG-CNT 

and sintered films for (f) C, (g) CS, (h) CSG, (i) CS-CNT, (j) CSG-CNT ................................... 78 

Table 4.1: Composition of PVDF-CNT PNC ............................................................................... 98 

Table 4.2: Parameters for CNT/PVDF nanocomposites cited .................................................... 124 

Table 4.3: Piezoelectric charge constant results. ........................................................................ 124 

Table 5.1: Geometric and trigonometric variables for 4DOF Model ......................................... 148 

 







3 
 

The global flexible electronics market is projected to reach as high as $87.21 billion USD 

by 2024 (Grand View Research, 2016). Ruggedness, portability, light weight, and low 

manufacturing costs all contribute to this predicted growth when compared to rigid substrates. Due 

to their capacity to curve, roll, flex, conform, and fold, these gadgets have enormous potential to 

influence adoption in the entertainment industries, offering a new intuitive user interface. The 

industry is expected to see the convergence of wearable technology and flexible electronics, which 

might also serve as a major technical improvement in this sector. The flexible electronics industry 

has also been focused on incorporating printed electronics into manufacturing techniques to reduce 

the cost of final products. In 2005, Philips demonstrates a rollable electrophoretic display 

(Phys.org, 2005), and more recently in 2019, Samsung and Huawei released their first consumer 

foldable OLED phone screen products (Cheng, Lauly, & Kim , 2018).  The main drawback to 

these phones was the cost compared to that of their, rigid, non-flexible counterparts along with 

significant reliability issues upon release. Therefore, there is a need to adapt their processes to use 

more cost-effective materials and processes. 

1.1 Conductive Inks and Processing Techniques   

A key component of any electronic device are the conducting lines and films.  In 1977, 

organic electronics started gaining attention when Shirakawa (Shirakawa, 1977) discovered that 

polymers could be made conductive by doping certain organic molecules into the matrix. 

Consequently, these conductive polymers could be produced as inks, allowing for printing on large 

scales at low cost; however, it was not until 1994, however, when Garnier (Garnier, 1991) first 

reported printing conductive organic electrodes onto a plastic substrate. Shortly after, layers 

including the conductor, semiconductor, and dielectrics were all able to be printed onto PET 

substrates (Bao Z. , 1997) using a screen-printing technique. While many advancements have been 







6 
 

damage. In this work, intensive pulsed light sintering along with direct laser sintering (DLS) is 

studied and optimized for use in printed electronic applications. 

1.2 Polymeric Nanocomposite Sensors 

A common form of electronic device is a sensor used to convert a physical phenomenon 

into an electrical signal (Wilson, 2005). Despite state-of-the-art bulk-based planar integrated-

circuit devices, their rigid and brittle nature gives rise to the incompatibility with curvilinear and 

soft bodies (Xu, Lu, & Takei, 2019). In contrast, the bendable and flexible electronics could be 

conformally attached onto nearly any surface and provide performance of many sensing 

functionalities. To realize these goals, flexible sensor platforms would need to have characteristics 

including light weight, thin profile, flexible, highly sensitive and responsive (Chanh, et al., 2019). 

Polymeric nanocomposites (PNCs) present a potential class of materials to meet these 

requirements.  

PNCs are a class of materials made by combining a polymer along with non-organic fillers, 

at least one of which must have dimensions in the nanometre range. Carbon nanotubes (CNTs) 

provide remarkable potential as fillers, due to their outstanding mechanical (Salvetat, et al., 1999), 

electrical (Yao, Kane, & Dekker, 2000) and thermal properties (Fischer, 2006). In particular, the 

one-dimensional (1D) structure of CNTs and their high aspect ratios (~100-1000) compared with 

other nanoparticle make them a preferred material for fabricating electrically conductive PNCs 

(McLachlan, et al., 2005). Electrical conductivity of PNCs can be considerably increased by using 

relatively small amounts of carbon nanotubes (Bryning, Islam, Kikkawa, & Arjun, 2005). When 

the CNT concentration in a CNT-PNC reaches an area known as the percolation threshold, the 

material becomes suitable for sensing applications. Outside of this range, electrical conductivity 

remains constant, and the PNC behaves as an insulator below this threshold. The piezoresistive 
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integrated electronics (Rogers, Chen, & Feng, 2020), with applications from basic healthcare 

monitoring to clinical evaluation of disease states (Hammock, Chortos, Tee, Tok, & Bao, 2013).  

Polymers represent the most promising platforms for wearable technologies due to their 

inherent low mechanical stiffness. Numerous soft, flexible, and stretchable electronic devices 

integrated with polymeric substrates have emerged as platforms capable of collecting signals from 

the human body for healthcare monitoring (Kaltenbrunner, et al., 2013). Advanced strategies in 

device design, materials selection, and fabrication of bio integrated electronics have provided 

routes toward establishing clinically relevant diagnostic and monitoring tools (Dagdeviren, et al., 

2015). Significant progress in the development of these devices has occurred recently by 

constructing them from thin, multilayer structures, assembled on polymeric membranes.  

Consequently, the use of copper nanoparticle based conductive ink with IPL sintering 

techniques and embedded CNT-PVDF sensors on flexible substrates is explored to create a low-

cost, simple, and rapid printed electronics sensor. With the use of copper nanoparticles, oxidation 

presents a major issue that limits potential applications. This work focuses on creating a new 

formulation of conductive ink that eliminates immediate oxidation and greatly reduces oxidation 

over time. Copper nanoparticle inks on their own can also be extremely fragile. The branching 

sintered nanostructure that is created is prone to cracking and breaking stresses. Consequently, 

when applied to flexible substrates, cracking and delamination issues have been significant 

problems. To overcome these issues, various additives such as graphene nanoplatelets are added 

to increase flexibility and durability of the sintered ink. 

Creating intricate circuit patterns using printed electronics techniques has also been shown 

to be a slow and complex process. Direct inkjet printing of integrated circuits (ICs) can be slow 

and suffers from limited resolution capabilities and low reproducibility. Laser sintering has been 
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shown to demonstrate high-resolution patterns; however, it still suffers from being a slow process 

relative to the millisecond sintering time of IPL. Therefore, there is a need for a rapid high-

resolution sintering method for printed conductive inks. 

Creating sensors that have both high performance over a wide range of frequencies and are 

compatible with the printed electronic techniques use to create the electrodes are not currently 

available. PNCs present a potential solution to this issue but are limited in their performance. 

Combining multiple sensing characteristics into a single material such as piezoelectric and 

piezoresistive properties could create a multimodal-sensor capable of meeting higher performance 

demands in a flexible platform. These resulting sensors could be applied to a multitude of 

applications, manufacturing and machining process monitoring being among them.  

There is an increasing demand for high productivity and accuracy in machining processes. 

These goals are often achieved through the continuous monitoring of cutting and clamping forces, 

and tool wear. An increase in demand from the end-user industries and the integration of robotics 

and human-machine interaction has led to significant growth in the machine tools market. The 

upward trend of the market towards smart factories that improve productivity have made machine 

tools a necessity as they play a key role in real-time connectivity and smart systems to optimize 

machine time and maintenance. Improvements in predictive analysis, reduction of down time, and 

increase in demand for multifunctional machine tools have aided in growing the machine tool 

market.  

It is of particular importance to monitor the clamping forces of a lathe chuck during turning 

operations. Clamping forces from the jaws that are too low may result in increasing the risk of 

slippage during the machining process. This problem is only exacerbated with ever-increasing 

rotating speeds, which result in quadratically increasing centrifugal forces that reduce the clamping 
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force in outside diameter (OD) clamping or increase the clamping force in interior diameter (ID) 

clamping. The cutting forces and their moments can also significantly affect the clamping force 

on the workpiece. Therefore, obtaining an optimal static clamping force that minimizes 

deformation of the workpiece and prevents damage from the jaws while monitoring the dynamic 

clamping force during machining operations are critically important for safety and to ensure the 

quality of final products. Commercially available sensors allow the evaluation of static clamping 

forces as well as dynamic ones (rotating chuck). These sensors take the place of the workpiece and 

therefore cannot perform online monitoring of the dynamic clamping forces applied to the 

workpiece during machining operations. This work culminates in the design and fabrication of the 

SmartJaw system to measure gripping forces during machining operations using both conventional 

sensors and PVDF-CNT sensors on IPL sintered copper electrodes.  

1.4 Objectives 

The chief aims of this work are the design and fabrication of high-performance, and reliable 

electronic sensor network systems composed of flexible IPL sintered copper electrodes and 

polymeric nanocomposite (PNC) sensing elements for various sensing applications. This thesis 

proposal will attempt to address these goals by developing and characterizing different copper 

based conductive inks that can be easily processed and applied to varying substrates. With a well-

established method of producing circuit pathways and electrodes, the study of PNC materials with 

piezoresistive and piezoelectric properties can be used in conjunction to create easily deployable 

and adaptable sensor networks that are both cost effective and provide similar levels of accuracy 

and precision when compared to currently available technologies. A potential application to smart 

work holding in manufacturing and material removal processes will be used as a case study to the 

development of advanced sensor systems. These technologies similarly could be applied to other 
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practical situations and provide advantages over conventional sensor systems. This goal is 

achieved through the following three objectives: 

1.4.1 Objective 1: Study and characterization of the flash sintering process for copper 

nanoparticle based printed electrodes and their processing and application as conductive 

pathways. 

Highly conductive and durable printed electrodes that are compatible with a wide array of 

flexible substrates and processable with existing printing techniques are required for the next 

generation of electronics and sensor. Copper based inks present many desirable qualities to meet 

these demands but have issues concerning long term stability and robustness. To address these 

needs, the sintering process is examined to find optimized experimental parameters. Electrical 

resistivity is of chief importance to be minimized and approach the properties of bulk copper as 

closely as possible. As IPL sintering is largely a surface phenomenon, measurements are quantified 

with actual sintered depth studies which have not previously been explored.  

To improve the properties of the inks, namely the fragility of the sintered films and 

propensity to readily oxidize, this work investigates new ink formulations consisting principally 

of copper, silver, and graphene (CSG) that improves on the standard copper ink. Various additives 

such as silver-nitrate, PVP (polyvinylpyrrolidone), and GnP (graphene nanoplatelets) are added 

along with different solvents such as formic acid and DEG (Diethylene glycol) to improve the 

overall ink. The composition of these additives is extensively studied to create an optimized 

formulation that is flexible, durable, oxidation resistant, and highly conductive. These 

characteristics are tested through various imaging processes, performance at high temperatures, 

substrate adhesion tests and cyclic bending tests.  
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To apply these inks, multiple application methods are presented including doctor blading, 

and selective sintering using metallic masks. These patterned and sintered films are examined for 

their performance as circuit elements and strain gauges. A slightly modified ink formulation is also 

presented that is compatible with conventional screen-printing techniques.  

1.4.2 Objective 2: Investigation on the processing and performance of PNC films for sensing 

applications. 

In many situations, traditional sensing technologies are too costly, bulky, or unable to meet 

the requirements of the application. Research into new forms of smart materials, particularly 

polymeric nanocomposites have sensing characteristics built into their very material structure, 

allowing for much more simplistic processing and deposition than their micro-electro-mechanical 

sensor (MEMS) counterparts. Two properties that some classes of these materials have been shown 

to exhibit include piezoresistive and piezoelectric characteristics. Polyvinylidene fluoride (PVDF) 

based nanocomposites are explored to create sensors with both characteristics. Electromechanical 

modelling is presented to elucidate the sensing mechanism of the PNC films. The effects of both 

these characteristics within the sensing material are evaluated numerically and experimentally. A 

modified random walk method was used to determine the piezoresistive performance and the 

piezoelectric performance was evaluated using a finite element model with Monte Carlo 

simulations.  

The fabrication method using spray coating is presented along with all the additional 

processing steps such as mechanical stretching and high voltage poling is presented. The 

developed sensor is designed to provide high frequency bandwidth by combining the piezoelectric 

and piezoresistive properties using a simple sensor fusion algorithm. The effectiveness of the 

sensor is verified after performing a set of static and dynamic experiments. Ideally, this sensor can 
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be used for monitoring both high and low frequency events. For example, it can be applied to the 

jaws of a rotating lathe chuck to monitor the clamping force applied to the workpiece during 

machining operations. 

1.4.3 Objective 3: Development and verification of proposed electronics and sensing systems for 

smart clamping system.  

The need for next generation smart systems in manufacturing to monitor processes is 

critical, and the need for increased productivity must be balance with a heightened focus on safety. 

Workpiece clamping during turning operations is an excellent example of the culmination of these 

requirements. A new smart lathe chuck, called the SmartJaw is developed to meet these needs. The 

SmartJaw is developed from a heavily modified scroll-type three-jaw lathe chuck. The jaws are 

redesigned to provide increased strain sensitivity for sensing applications while maintaining 

similar levels of stiffness as compared to an unaltered jaw. Using traditional metal foil strain 

gauges, each jaw is instrumented with different sensors and the feasibility of the system is verified.  

For the first full prototype, multiple strain gauges are instrumented on each jaw, and the 

signals are passed into a custom amplifier board and transmitted to a main processor where the 

data is transmitted wirelessly to a host computer for further processing and visualization. After 

calibration, the jaws can detect the gripping forces on each chuck jaw while the lathe is rotating. 

The effect of jaw loosening during outer diameter (OD) turning is experimentally shown as well 

as the gripping forces during turning operations. To further expand the utility of the SmartJaw, 

two numerical models are developed; the first model can recreate the gripping forces on each chuck 

jaw as the workpiece is being cut, using the input cutting forces at the tooltip, along with other 

variables. The second model can recreate the cutting forces based on the input gripping forces. The 
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accuracy of these models is compared using data from both the SmartJaw and a commercial table 

dynamometer.  

The previous two objectives are focused on characterizing flexible electronic circuits and 

sensor through computational modelling and verifying behaviour through experiments. The 

modelling and experimental analysis is used to select composition of CNT-PNCs and their 

manufacturing methods to obtain high performance specimens. These specimens are used in the 

second prototype of the SmartJaw, and their performance is compared with the system 

incorporating traditional electronic components and sensors.  

1.5 Organization of Thesis 

The work in this thesis is organized into six chapters. Chapter 2 provides an overview on 

the existing literature of the variety of printing and sintering methods that have been researched in 

previous works, such as conventional thermal sintering, and microwave sintering. Works 

discussing IPL and direct laser sintering will summarize recent advancements and the interesting 

mechanisms present in these processes. Work related to polymeric nanocomposite sensing is then 

discussed. This includes the properties of base polymers, carbon nanotubes (CNT) properties, the 

various methods of fabrication, different methods used for enhancing the piezoelectricity of the 

polyvinylidene fluoride (PVDF) polymer, and different numerical models developed to study the 

piezoelectric and piezoresistive properties of nanocomposites. In addition, a review on work 

holding in turning applications is presented.   

Chapter 3 covers the synthesis of the copper based conductive inks along with 

characterization and optimization experiments. An overview of the chemicals used, and the 

synthesis process is discussed along with a description of the experimental equipment. The 

experimental setup for general characterization, resistivity sintering depth, cyclic bending, 
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substrate adhesion along with applications to strain sensing are explained. A selective sintering 

process is introduced as a method for patterning in electrical circuits and other applications. 

Chapter 4 focuses on nanocomposite sensor development using PVDF-CNT as the base 

composition. The fabrication process is presented along with the post-processing steps carried out 

for improving the piezoelectric behavior of the sensor. Piezoelectric and piezoresistive models are 

established for investigating the behaviour of the nanocomposite sensor. Afterwards, the accuracy 

of the material as a strain/force sensor under both static and dynamic conditions is demonstrated 

through experiments. Finally, a simple sensor fusion method used for combining the piezoelectric 

and piezoresistive signals is described and the resulting sensor performance shown. The limitations 

and assumptions of the fabricated smart material and from the numerical modeling are discussed. 

Chapter 5 then outlines the design and fabrication of the SmartJaw System. This includes 

work on the mechanical system, instrumentation of the jaws and the electronics used to handle and 

transmit data wirelessly from the rotating chuck to a stationary host computer. The effect of 

gripping force reduction due to centripetal forces is demonstrated along with the effects of cutting. 

Models predicting the gripping forces based on tooltip cutting forces and cutting forces derived 

from gripping forces are presented and compared to experimental data. Finally, a new prototype 

SmartJaw using sintered copper electrodes and PVDF-CNT nanocomposite sensing elements is 

presented and its performance is compared to the first prototype.  

Chapter 6 provides a summary of the developed methods of this study. including the novel 

composition and processing of copper based conductive inks, the creation and characterization 

have polymeric nanocomposites that exhibit both piezoresistive end piezo electric characteristics, 

and an application to smart work holding incorporating these technologies. in addition, the novel 
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contributions and outcomes of this study are discussed. The assumptions and limitations of this 

work are presented along with future work to extend the concepts and results stated. 
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2 LITERATURE SURVEY 

This study presents an overview on the existing literature of the variety of printing and 

sintering methods that have been researched in previous works, such as conventional thermal 

sintering, and microwave sintering. Works discussing IPL and direct laser sintering will 

summarize recent advancements and the interesting mechanisms present in these processes. Work 

related to polymeric nanocomposite sensing is then discussed. This includes the properties of base 

polymers, carbon nanotubes (CNT) properties, the various methods of fabrication, different 

methods used for enhancing the piezoelectricity of the polyvinylidene fluoride (PVDF) polymer, 

and different numerical models developed to study the piezoelectric and piezoresistive properties 

of nanocomposites. In addition, a review on work holding in turning applications is presented. 

2.1 Conductive Metallic Inks 

A critical criterion for microelectronic devices is that they all have conductive structures, 

which makes metals the logical choice due to their superior conductivity to organic materials. 

While printed conductive polymers have attained conductivities in the region of 100 S·cm-1, they 

remain several orders of magnitude less conductive than metal nanoparticles. (Xia & Ouyang, 

2011). Silver, gold, and copper have all garnered interest as metallic predecessors. Due to their 

strong oxidation resistance and subsequent ease of sintering, gold and silver are the most utilised 

ink precursors today. While copper has a bulk resistivity equivalent to silver, it is not as frequently 

employed due to its proclivity for oxidising in air, forming a thin nonconductive layer that 

complicates the sintering process significantly. Despite this disadvantage, research on sintering 

processes for copper-based inks is gaining steam due to the prohibitively high cost of gold and 
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silver inks for consumer applications. The cost and qualities of each metal powder are listed in 

Figure 2.1. 

  

Figure 2.1: Common metals used as precursors in conductive nano inks. 

Inkjet printing of metal-containing precursor materials has been widely regarded as a viable 

processing alternative for the high-speed manufacture of contacts and interconnects required for 

R2R production. However, the required sintering step following printing to make the precursor 

materials conductive slows down the manufacturing speed. To increase the conductivity of printed 

metal precursor inks, the organic layer that holds the metal nanoparticles in solution should be 

removed, resulting in close physical contact between the particles and the formation of necks 

between them; this is referred to as Ostwald ripening or sintering (Perelaer, Klokkenburg, 

Hendriks, & Schubert, 2009). After sintering, a continuous percolating network forms throughout 

the printed features, resulting in electrical conductivity (See Figure 2.3). Heat is commonly 

employed to remove the organic layer, and numerous different heat transfer methods are available. 
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Figure 2.2: Schematic illustration of basic mechanism in sintering: solid-state material 
transport. R=particle radius. 

It is critical to evaluate the electrical performance of printed and sintered features because 

good conductivity is required for electronic applications; poor conductivity results in unnecessary 

power losses and a decreased signal-to-noise ratio throughout the device due to increased 

resistances, which results in excessive heating and possibly reliability issues. Additionally, low 

conductivity might cause interference with high-frequency conductor lines and time-sensitive 

signal lines (Pekkanen & Mansikkam, 2007). Second, it is critical to analyse mechanical 

performance because it is directly related to the printed structure's reliability. In dynamic and 

flexible applications, where mechanical loads are more prevalent than in static circuit boards, poor 

mechanical qualities result in poorer reliability and limited lifetime. The capacity to withstand 

mechanical stresses generated by the flexible action is critical, as flexible devices are one of the 

most promising applications for printable electronics. While the electrical performance of various 

alternative sintering techniques has been extensively tested and studied, mechanical performance 

and thus reliability have received far less attention, even though mechanical performance is at least 

as important in electronics manufacturing as electrical performance. 
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2.2 Sintering Techniques  

The most often used sintering method is convectional heating with an oven. Most inks 

require a high sintering temperature, rendering them incompatible with cost-effective polymer 

foils such as PET or PC, which have a low glass transition temperature (Volkman, et al., 2011). 

As an alternative, more expensive polymer substrates, such as polyimide, can be used, but this 

obviously hampers the cost-efficient production process (Van Osch, Perelaer, De Laat, & 

Schubert, 2008). Thermal sintering is also a slow sintering process that typically takes between 30 

and 60 minutes, making it unsuitable for large-scale R2R manufacturing (Halonen, Viiru, Ostman, 

Cabezas, & Mantysalo, 2012). While thermal sintering enables high conductivity and excellent 

adhesion for silver nanoparticle inks, the high processing temperature and lengthy sintering time 

necessitate the study and development of alternative sintering techniques to make inkjet printing 

more suitable for large-scale electronics manufacturing. Figure 2.3 illustrates the oven sintering 

mechanism for silver inks. 

 

Figure 2.3: Four stages of silver nanoparticle structure during the oven sintering. (a) 
Single nanoparticles surrounded by a dispergent. (b) dispergent evaporates and conductive paths 

are formed. (c) and (d) Diffusion and partial melting of nanoparticles progress from top to 
bottom of the ink layer. (Halonen et al. 2013). © 2013 IEEE 
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Numerous groups have investigated alternative sintering processes with the goal of 

reducing both the sintering temperature and time. Rather than heating the entire sample, selective 

sintering techniques such as laser sintering (Kumpulainen, et al., 2011), low pressure argon plasma 

exposure (Reinhold, et al., 2009), microwave radiation (Perelaer, et al., 2012), electrical sintering 

(Allen, et al., 2008), and IPL sintering are being investigated (Kim H.-S. , Dhage, Shim, & Hahn, 

2009). These approaches have been successfully employed to obtain electrical conductivities 

appropriate for use in electronics. The advancement of sintering is focused on electrical and 

mechanical performance. Sintering techniques such as plasma, laser, and IPL are explained in 

greater detail, as these are the techniques studied in this research. 

2.3 Plasma Sintering 

Plasma sintering makes use of a plasma flow to remove the dispersion agent that protects 

the nanoparticles, allowing the sintering process and production of electrically conductive 

structures to proceed (Reinhold, et al., 2009). Due of the low processing temperature of plasma 

sintering, inkjet production is also possible on low-cost thermally sensitive substrates such as 

paper, polyethylene terephthalate (PET), and polyethylene naphthlate (PEN) (Wunscher, Stumpf, 

Perelaer, & Schubert, 2014). Plasma sintering is a technique that relies on plasma etching of the 

nanoparticle's polymer shell. Once the protective layer is removed, the high surface-to-volume 

ratio of metal nanoparticles facilitates sintering and hence the development of conductive 

structures; however, temperature influences the conductivity that may be achieved.  

Due to the low processing temperature associated with plasma sintering, the electrical 

conductivity achieved is quite low. Additionally, plasma sintering exhibits a strong top-to-bottom 

behaviour, which means that sintering proceeds from the top of the printed structure to the 

substrate, easily leaving the bottom layer unsintered. This is troublesome because it implies that 
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larger structures using a laser, the entire region must be scanned. Figure 2.4 illustrates the scanning 

function of laser sintering. 

 

Figure 2.4: Schematic of laser sintering using Ag nanoparticles. (a) Ink-jet printing. (b) 
Laser sintering (Maekawa, et al., 2012). © 2012 IEEE 

Due to the scanning function, the processing time for laser sintering is dependent on the 

size and geometry of the structure, whereas the processing time for other sintering processes is 

nearly constant regardless of the structure's size. Successful scanning at rates ranging from 1 mm·s-

1 to 1 m·s-1 has been shown. To maximise the sintering conditions, the scanning speed and optical 

power must be adjusted in conjunction (Halonen & Heinonen, 2013). Alternatively, a larger matrix 

of laser diodes can be used to cover a wider area simultaneously. both the laser spot location and 

the laser unit's optical power. By adjusting the optical power of the laser unit, it is possible to set 

different laser sintering powers on different sections of the printed structure using a similar 
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greyscale picture file. This enables the sintering power to be varied according to the feature size 

and the sintering condition to be optimised for the entire structure, rather of compromise between 

different feature sizes. Numerous patterns contain a variety of different-sized features, both in the 

X-Y direction and in terms of layer thickness (Pynttari, Halonen, Sillanpaa, Mantysalo, & 

Makinen, 2012). 

Adaptive optical power adjustment in response to a pattern would also combine the 

advantages of digitally controlled deposition and post-treatment procedures, such as inkjet printing 

and laser sintering. This combination would significantly boost the possibility for inkjet printing 

to be used as a rapid prototyping tool, owing to the high level of customisation and control, as well 

as the absence of physical masks due to purely digital fabrication. 

2.4 Intense Pulsed Light Sintering 

 IPL sintering makes use of a high-intensity broad spectrum lamp to rapidly heat the 

inkjet-printed structure to sintering temperatures (Abbel, et al., 2012). Due to the high intensity of 

the lamps, very quick sintering of metallic nanoparticles is possible, and hence regarded a prime 

choice for R2R production of printed circuits. The basic principle of an IPL sintering unit is 

illustrated in Figure 2.5. The high intensity lamp, or in the case of larger fixtures, a succession of 

high intensity lamps, remains fixed in place while the substrate with the printed patterns exposed 

to the light. 
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Figure 2.5: Schematic of intense pulsed light sintering system: (a) overall system; (b) 
xenon flash lamp setup. (Kim H.-S. , Dhage, Shim, & Hahn , 2009) 

IPL sintering provides extremely high-volume manufacture; single pass sintering is 

possible for substrates up to 2 m in width, and processing speeds of up to 100 m·min-1 are possible. 

This enables a 200 m2·min-1 manufacturing volume. At these rates, output capacity will be 

constrained by printing techniques and subsequent substrate handling, rather than by the sintering 

process itself. Because most polymer substrates are virtually invisible to the IPL sintering 

equipment's wavelength range (350-900 nm), the radiation is not absorbed by the substrate 

material. Because many inkjet-printed nanoparticle inks are black in colour prior to sintering, they 

efficiently absorb energy from photonic radiation. As a result, sintering heats just the printed 

structure, not the substrate material. While this allows for the use of low temperature substrate 

materials in theory, the secondary heat generated by the printed structure may be sufficient to cause 

significant thermal damage to the substrate materials, even if the substrate does not absorb light 

directly (Kim H.-S. , Dhage, Shim, & Hahn, 2009). 
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2.5 Printed Electronic Ink Deposition Methods 

Essentially, there are three major components to printed electronic manufacturing: 

conductive inks, substrates, and printing (deposition) apparatus. Once a conductive ink has been 

developed, it must be applied to the substrate. Since printed electronics have been researched and 

implemented in industry for a considerable length of time, various types of deposition techniques 

have been developed. In general, there are two main categories for conductive ink deposition: 

contact and non-contact. In contact methods, the inked surfaces are brought into direct contact with 

the substrate material. These methods include processes called gravure printing, offset printing, 

nano-imprinting, etc. On the other hand, in non-contact methods, the conductive ink is injected 

through nozzles or openings onto a moving stage where the substrate is located. This method 

includes processes like inkjet and screen printing. Recently, non-contact processes have been 

gaining considerable attention due to their adaptability, affordability, speed, and simplicity in 

various applications (Khan & Lorenzelli, 2015). Figure 2.6. below summarizes the most common 

processes for both contact and non-contact deposition. 

 

Figure 2.6: Common printed electronic deposition methods. (Khan & Lorenzelli, 2015) 

Both touch and non-contact deposition technologies must be mass produced to be 

commercially successful. To do this, the printing processes must be continuous, referred to as a 
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roll-to-roll process (R2R). As a result, printing speed, resolution, and thickness become critical 

criteria to consider when selecting a deposition method for the intended application.  

2.5.1 Non-contact deposition methods   

Screen printing, inkjet printing, and slot die coating are the three most prevalent non-

contact deposition processes. Screen printing is the most widely used and well-tested process that 

has been used in industry for a long period of time. The conductive ink is applied to the surface of 

the selected substrate using a basic setup consisting of a mesh screen, squeegee, and press bed. 

Screen printing is primarily divided into two types of setups: flat bed and rotary (Sondergaard, 

Hosel, & Krebs, 2013). A rotary system is necessary for R2R applications; however, flat bed 

approaches can be employed for laboratory optimization. Figure 2.7(a) illustrates a straightforward 

flatbed setup for screen printing. After that, numerous characteristics such as ink viscosity (low 

viscosity inks flow through the mesh), printing speed, squeegee shape, and mesh size impact screen 

printing. As a result, benefits such as simplicity, cost, high resolution, and process flexibility result. 

However, it introduces complications such as solvent evaporation, acid interactions, and mask 

degradation. 

Chemical/colloidal solutions are deposited (sprayed) onto the substrate surface through an 

inkjet nozzle with a micrometre scale. Thermal, piezoelectric, or electrohydrodynamic methods 

are used to expel the inks via the nozzle (Khan, et al., 2011). The simple setup for an 

electrohydrodynamic inkjet process is depicted in Figure 2.7(b). This procedure thus necessitates 

the use of a conductive ink with a low viscosity, chemical stability, solubility in common solvents, 

and a low processing temperature. As a result, while inkjet printing is more convenient and 

affordable than screen printing, it suffers from extremely sluggish processing rates, low resolution, 

and a lack of consistency. 
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(a) 

 
(b) 

 
(c) 

Figure 2.7: Examples of non-contact deposition methods: (a) Schematic for a typical 
flatbed screen printing technique. (b) Schematic for an electrohydrodynamic inkjet printing 

system (Khan, et al., 2011) and (c) view of the slot-die roll coating of the active layer (yellow) 
and the semitransparent anode (blue) on top of a flexible cathode-coated substrate (pink). (Khan 

& Lorenzelli, 2015 

Finally, in slot die coating the conductive ink is coated directly onto the surface of the 

substrate in a R2R process. In Figure 2.7(c), this direct application is still non-contact and results 

in a large area application (Lin, Wang, Tiu, & Liu, 2013). Therefore, slot die coating is only ideal 

for large structures where high-resolution is not required. 

2.5.2 Contact deposition methods 

There are several contact deposition techniques available for use in conductive printed 

electronic devices. The simplest method is called the doctor blade method, which involves directly 

depositing conductive ink onto the substrate via a mask. The surplus ink is then removed with a 

razor blade, leaving the mask design behind. While this approach is good for laboratory 

optimization due to its speed, simplicity, and no requirement of specialized equipment or tooling, 
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it is not ideal for R2R applications. As a result, techniques ranging from gravure to transfer printing 

have been developed. 

Cylinder printing techniques have been widely used in industry due to their ease of 

incorporation into R2R manufacturing processes. Gravure printing is a form of direct image 

transfer using a series of physical connections or gears. The procedure employs a huge engraved 

micro cell cylinder that collects ink from a reservoir and then stamps it into the substrate. The 

carved microcells on the cylinder decide the resultant circuit. The fundamental setup for this 

approach is seen in Figure 2.8(a). Gravure printing has been demonstrated to be capable of 

producing high-quality patterns for R2R procedures. However, it is dependent on low viscosity 

inks, has difficulty maintaining consistency on high resolution patterns, and incurs substantial 

maintenance costs owing to the cylinder's longevity (Yang, et al., 2013). By including an additional 

elastic blanket into the system, gravure-offset printing attempts to mitigate these shortcomings. By 

decreasing wear on the cylinder surface, this elastic blanket reduces cylinder maintenance. Even 

with this adjustment and increased complexity, gravure offset printing has reliability and high 

rolling speed difficulties (Choi, Wee, Nam, Lavelle, & Hatalis, 2012). Flexographic printing, like 

gravure printing, employs cylinders, but with a somewhat different configuration. A first cylinder 

(the Anilox) collects ink from the conductive ink reservoir and transfers it to another (the plate 

cylinder). The ink is subsequently transferred to the substrate by the plate cylinder, which is pushed 

against an impression cylinder. The plate cylinder determines the pattern that is deposited. 

Flexographic printing is illustrated schematically in Figure 2.8(b). While this technology enables 

rapid printing and high-resolution patterning (Sondergaard, Hosel, & Krebs, 2013), it is susceptible 

to patterning mistakes caused by porosity and surface deformations, as well as nonuniformity and 

patterning accuracy (Lee, Joyce, & Fleming, 2005). 
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(a) (b) 
Figure 2.8: Various cylinder-based contact deposition processes (a) Schematic of a 

Gravure printing system (Sung, de la Fuente Vornbrock, & Subramanian, 2009) , (b) 
Flexographic printing. (Deganello D. , Cherry, Gethin, & Claypole, 2010) 

Methods utilizing mold printing methods have also been studied extensively due to their 

high-resolution capabilities. Micro-contact printing (µCP) utilizes contact with a pre-patterned 

stamp to create patterns on highly flexible substrates. Utilizing a master mold (usually created with 

photo-lithography methods), an initial polymer is applied. This polymer is then cured and peeled 

off the mold to create the desired pattern. Afterwards, it is then used to soak up the conductive ink 

and to stamp the pattern onto the substrate (Kaufmann & Ravoo, 2010). Figure2.9(a) shows a 

schematic of µCP. While high resolutions can be achieved with this method, it is hard to implement 

on R2R processes and is prone to contamination and initial polymer damages during the peeling 

stage.  

Nano-Imprinting (NI) is another similar mold process; however, it utilizes temperature and 

pressure to imprint the design onto the substrate. With the conductive ink directly applied to the 

substrate, a hot mold is pressed onto the ink. After a simple heat treatment, the mold pattern is 

imprinted onto the substrate. This method does allow for high patterning resolution and even 3-D 

patterning with high resolution throughout. It does, however, suffer from mask damages, density 

defects and alignment issues (Jiang & Chi, 2010). Instead of applying the conductive ink directly 

to the substrate, transfer printing creates nanowires on the surface of silicon wafers via 
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photolithography. To make the inks useful for flexible printed electronic applications, a 

Polydimethylsiloxane (PDMS) stamp is used to peel the circuits off the wafer and then apply them 

to a flexible substrate. Figure 2.9(b) shows the simplified transfer process. While this method is 

simple to use, it is extremely hard to scale and has problem with uniformity and dimensional 

control due to the PDMS stamp transfer process.    

 
 

(a) (b) 
Figure 2.9: Various mold-based Contact deposition methods: (a) Microcontact printing 

(Kaufmann & Ravoo, 2010), and (b) PDMS Transfer printing schematic. (Khan & Lorenzelli, 
2015) 

For both contact and non-contact-based deposition methods, the ideal process is heavily 

application dependent. Parameters such as printing speed, required resolution, viscosity 

requirements, and even environmental impacts must be examined to choose the ideal process. 

Table 2.1 (Khan & Lorenzelli, 2015) summarizes the above-described depositions methods based 

the most common parameters. 
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2.6 Substrate Selection 

Typically for flexible printed electronics, polymer substrates are used due to their high 

flexibility, transparency, stretchability, and insulative properties. While they may not be as durable 

as their rigid metal and glass counterparts, they are a good trade-off for the required flexibility 

properties. The major issue with using polymer substrates is their low glass transition temperatures. 

Table 2.2 below shows the glass transition temperatures of some common flexible polymers. 

Table 2.2: Glass Transition temperature for common substrates used in flexible 
electronics. 

Flexible Polymer Glass Transition Temperature 
(°C) 

polyethylene terephthalate 
(PET) 70 

Polyethylene naphthalate 
(PEN) 120 

Polycarbonate 150 

Polyimide 270 

 

While the polymers with lower glass transition temperatures (such as PET and PEN) have 

excellent flexibility properties, they are prone to damage during the creation of flexible printed 

electronics. Since most inorganic conductive inks require post deposition processing (sintering) 

where temperatures can be as low as 200°C (Kang J. , et al., 2010), these polymers cannot be used. 

However, by implementing specialized sintering strategies where temperatures are localized in the 

conductive inks, these highly flexible yet low glass transition temperature polymers can be utilized.  
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2.7 Carbon-based Polymeric Nanocomposites 

Polymer nanocomposites (PNCs) are a novel type of materials composed of a polymer and 

inorganic fillers. Carbon nanotubes (CNTs) are particularly well-suited for filler applications due 

to their exceptional mechanical (Salvetat, et al., 1999), electrical (Yao, Kane, & Dekker, 2000), 

and thermal properties (Ruoff & Lorents, 1995). Additionally, CNTs have a one-dimensional (1D) 

structure and a high aspect ratio (about 100-1000), which distinguishes them as a material for 

producing conductive PNCs from other metallic particles (Sandler, Kirk, Kinloch, Shaffer, & 

Windle, 2003). Due to their size qualities, carbon nanotubes can be disseminated on a molecular 

scale within a polymer matrix. Their lengths range from nanometers to micrometres and their 

diameters range from 0.2 to 100 nm. As a result, they significantly enhance the nanocomposite 

samples' electrochemical and electromechanical capabilities, making them unique candidates for 

sensor applications. Even with low concentrations of carbon nanotubes, the electrical conductivity 

of PNCs can be greatly increased (Bryning, Islam, Kikkawa, & Arjun, 2005). 

Typically, a conductive CNT-PNC is formed when the CNT concentrations reach a 

particular level, referred to as the percolation threshold. Electrical conductivity changes are 

reduced when CNT concentrations exceed the percolation threshold. The piezoresistive properties 

of carbon nanotubes can be used to measure strain, as CNT-PNC-based strain sensors have been 

shown to have higher sensitivities than conventional strain gauges (Pham, 2008); however, there 

are some challenges associated with CNT-PNC-based strain sensors, including uniform dispersion 

of the carbon nanotubes within the polymer matrix and CNT alignment in desired directions. 

Nanocomposite materials made of carbon nanotubes and thermoplastic polymers have several 

unique features, including high strength and resistance to wear and corrosion (Parmar, 2015). 

Researchers have constructed CNT-PNC nanocomposites using a variety of polymer matrixes. The 



36 
 

base polymer should be chosen with extreme caution since it has a significant impact on the 

performance of the CNT-PNC nanocomposite sensor. The polymer matrix must be facile to treat 

with the carbon nanotubes and should be capable of improving the nanocomposite's electric and 

electromechanical capabilities. Different factors, such as the polymer's polarity, viscosity, and 

degree of crystallisation, should be considered while selecting the polymer matrix (Miyazaka, et 

al., 1982). 

Due to the importance of piezoelectric behaviour in this research, as it typically provides 

much higher frequency response in sensing applications compared to other studied 

electromechanical interactions, poly (vinylidene fluoride) (PVDF) was chosen as the polymer 

matrix to be evaluated due to its interesting piezoelectric capabilities (Ueberschlag, 2001). 

Additionally, Kim et al. indicate that the incorporation of carbon nanotubes into the PVDF polymer 

matrix enables the polymer to become electrically polarised at lower voltages than pure PVDF 

samples (Kim, Loh, & Lynch, 2008). Additionally, it is demonstrated that incorporating multiwall 

carbon nanotubes (MWCNTs) into PVDF improves its electromechanical properties (Ramaratnam 

& Jalili, 2006) and converts the polymer's semi-crystalline structure from alpha to beta phase (Lee, 

et al., 2008), thereby assisting in its polling and resulting in enhanced piezoelectric properties. 

The manufacturing procedure utilised to create the PVDF-CNT nanocomposite has a 

substantial influence on the nanocomposite's electrical characteristics and performance. To create 

PNCs with desired physical and mechanical characteristics, homogeneous dispersion, and 

alignment of carbon nanotubes inside the polymer matrix are necessary ( (Moniruzzaman & 

Winey, 2006). To combine carbon nanotubes with polymers, many approaches have been 

employed, including solution blending in conjunction with ultrasonication (Barrau, et al., 2003) 

and melt blending (Bhattacharyya, et al., 2003). These strategies enhance the dispersion of carbon 
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nanotubes inside the polymer matrix. To improve the nanocomposite's piezoelectric 

characteristics, fillers with a high dielectric constant are required. Numerous studies have been 

conducted to determine the effect of adding fillers with a high dielectric constant, such as lead 

zirconate titanate (PZT), lead nickel niobate-lead zirconate titanate (PNN-PZT), lead magnesium 

niobate-lead titanate (PMN-PT), barium titanate (BaTiO2), and zinc oxide (ZnO), on the 

piezoelectric properties of polymers (Bai, Cheng, Bharti, Xu, & Zhang, 2000). 

2.8 Nanocomposite Processing  

To achieve desirable physical and mechanical characteristics for the nanocomposite, 

homogeneous dispersion, and alignment of the carbon nanotubes within the polymer matrix is 

critical. Monirruzzaman et al initially combined epoxy with carbon nanotubes to generate a 

polymer/nanotube composite (Moniruzzaman & Winey, 2006). Since then, other strategies for 

mixing carbon nanotubes with polymers have been developed, including solution blending in 

conjunction with ultrasonication (Bai, Cheng, Bharti, Xu, & Zhang, 2000), melt blending 

(Bhattacharyya, et al., 2003), and in situ polymerization (Bonduel, Mainil, Alexandre, 

Monteverde, & Dubois, 2005). These strategies are primarily concerned with improving the 

dispersion of CNTs inside the polymer matrix. As with dispersion, the chosen manufacturing 

process has a significant effect on the alignment of the carbon nanotube network inside the polymer 

matrix, which ultimately impacts the nanocomposite's mechanical and electrical characteristics. 

The right procedure selection can help assure the excellent quality of the nanocomposite material. 

The next subsections discuss a variety of distinct mixing and production techniques. 
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2.8.1 Solution blending and deposition 

In the solution blending technique, the polymer is dissolved in a solvent that is also used 

to disperse the CNTs. The dispersion of CNTs can be improved using ultrasonication. When a 

desired mixture is achieved, the solvent is evaporated to yield the CNT-PNCs. This method is an 

excellent way to disperse the CNTs inside the polymer matrix, and it is suitable for the polymers 

that are easily soluble in common solvents (Andrews, et al., 1999). The main concern with this 

process is the molecular weight degradation of the polymer; therefore, it is not suitable for the 

polymers with high molecular weights, such as polyethylene and polypropylene. The solution 

blending technique is used extensively to disperse nanotubes in polymer matrixes (Zhu, Xie, Zu, 

& Xu, 2006). In this study, organic solvents were used to form a solution mixture, and the desired 

mixing consistency was then reached using a sonicator.  

After preparing a solution, an effective deposition or coating technique is needed to 

produce the CNT-PNCs. A great variety of deposition techniques are known, but most of them  

require special procedures or conditions, such a vacuum and high temperatures (e.g. chemical  

vapour deposition (Choy, 2003) and physical  vapour deposition, a special chemical environment 

(e.g. liquid phase deposition), varying electro chemical potential (e.g. electrochemical deposition 

(Gregory & Stickney, 1991)), a continuous  spinning of a substrate (e.g. spin coating (Jiang & 

McFarland, 2004)), or post-deposition annealing. The line patterning technique was used by 

Venancioa et al. (Venancio, Mattoso, Junior, & MacDiarmid, 2008) to fabricate disposable sensors 

using graphite on a polyethylene terephthalate (PET) and a paper substrate.  

Although each deposition technique was designed to fulfil a specific task, only a few of 

them have been integrated effectively into the modern industry. Conventional spray deposition 

(SD) is the most used deposition technique, and it offers unique advantages in its simplicity, 







41 
 

black (Lallart, Cottinet, Lebrun, Guiffard, & Guyomar, 2010), and carbon nanotubes (CNTs) 

(Manna & Nandi, 2007). Additionally, the piezoelectricity of PVDF-based sensors can be 

increased by mixing inorganic piezoelectric particles such as BaTiO3 (Ye, Shao, & Zhen, 2013), 

or ZnO with the PVDF (Dodds, Meyers, & Loh, 2011). Another approach for reorienting the 

crystallites within the polymer and increasing its piezoelectricity is by poling the polymer with the 

application of a strong electric field. There are generally two methods for polling polymers, namely 

electrode poling (or contact poling) and corona poling (or non-contact poling). The schematic of 

each of these methods is shown in Figure 2.12. 

 

Figure 2.12: Schematic of different poling methods of polymers: (a) corona poling; (b) 
electrode contact poling. 

In the electrode poling process, the conducting electrodes are pressed or deposited through 

evaporation, sputtering, or painting on the surface of the polymer and a high voltage is then applied 

to the electrodes to create electric field across the film. Depending on the polymer, the electric 

field applied for poling ranges from 5 MV·m-1 to 100 MV·m-1 which can break down the polymer 
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(Jones, et al., 2005). To prevent arcing problem, it is better to put the sample in a vacuum place or 

in an insulating fluid such as silicone oil (Park, Ounaies, Wise, & Harrison, 2004).  

If the contact between the electrodes and the sample is inadequate, various difficulties will 

occur, including dielectric breakdown, discharge, arcing, and an inhomogeneous electric field 

during poling. In comparison to electrodes that are pressed on the sample, permanent electrodes 

such as evaporated, sputtered, and painted electrodes provide a greater contact between the 

electrodes and the film. During electrode polling, the electric field provided to the sample can be 

continuous or varied (Bauer, 1983). From 10-30 minutes to 2 hours, a continuous electric field can 

be produced; however, prolonged poling period at high voltage may result in dielectric failure 

(Ohigashi, 1967). As a result, applying a changeable electric field, typically sinusoidal or triangular 

waveforms at low frequencies (mHz), is a more acceptable method of poling (Jones, et al., 2005). 

The final quality of crystallite reorientation and piezoelectric enhancement is dependent on 

several contributing factors, including the electric field and duration of the poling process, the 

amount of contamination between the electrodes and the film surface, and the degree of 

temperature uniformity applied to the sample during the poling process (Ramadan, Sameoto, & 

Evoy, 2014). Mechanical stretching of the PVDF film during the poling process leads in improved 

crystallite reorientation and increases the polymer's piezoelectricity following the poling process 

(Harrison & Ounaies, 2002). The stretching and poling methods can be performed concurrently or 

sequentially; however, it is reported that performing both simultaneously results in a higher 

piezoelectricity in the PVDF polymer (Kaura, Nath, & Perlman, 1991). Through spin coating, it 

has been demonstrated that mechanical stretching and hence increased phase orientation of the 

PVDF layer can be accomplished (Sharma, Je , Gill, & Zhang, 2012). 
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2.10 Smart Clamping 

Modern technological machines, especially CNC machine tools, are designed in such a 

way as to improve productivity, which manifests itself as higher feed rates, deeper cuts, and 

increased spindle speeds. With an increasing demand for high productivity, high accuracy, and 

better surface finish, the demand for higher speed is gaining more importance. With the 

development of new bearings and lubrication systems, machine-tool builders have introduced 

turning centres with up to 10,000 rpm spindle speed. However, the chuck, which is the interface 

between the machine and the workpiece, is unable to withstand this high speed. Thus, research for 

the development of a high-speed chuck has become important. Increased efficiency also results in 

a rise in the centrifugal force acting on the jaws of the lathe chucks, resulting in a reduction in the 

clamping force of the workpiece being clamped in the case of lathes. This implies that the jaws' 

real clamping force is less than previously anticipated. Centrifugal force's detrimental effect makes 

processing at high rotational speeds difficult, if not impossible. At greater speeds, centrifugal force 

prevents the jaws from clamping the workpiece, which can cause major production problems. 

Under certain conditions, the failure of a single machine might result in the complete shutdown of 

production, resulting in significant expenses. 

Consequently, monitoring systems are becoming increasingly important for avoiding 

failures. Maintenance of the chuck at regular intervals with cleaning and greasing of the slideways 

in the chuck can keep friction at a constant low level and a monitoring system would yield timely 

alerts for its upkeep, thereby reducing service expenditures. Below lie certain studies which 

address these problems and identify potential solutions for the improvement of cutting tools.  

From the beginning of history, tools of increasing efficiency have been created to optimize 

the process of cutting materials. Recently, this growth has expanded several-fold, with cutting-
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edge technology reaching cutting speeds much higher than ever previously seen. Rahman et al 

(Rahman & Tsutsumi, 1993) have detailed the need for a study to substantiate these remarkable 

developments. In line with this, industrial machine-tool builders are also producing machines 

offering increasingly higher speeds, which has also brought along new problems. For example, in 

turning, it has been observed that the clamping force decreases with the increase of the rotational 

speed of the spindle, regaining its strength as the speed is reduced. The authors aimed to determine 

the effect of spindle speed experimentally and analytically on chucking force, seek analytical 

support to substantiate experimental findings, and create guidelines for determining the limiting 

speed of machine tool spindles. It was found that the chucking force drops with the increase of the 

spindle speed and that the drop of the chucking force becomes greater with the increase of the 

mass of the clamping jaws.  

To best understand the guidelines of use for power-operated clamping devices, Rohm 

devised a manual for safe operation, highlighting the importance of safety requirements, setting 

the stroke control, having adequate clamping force, the chip cross-section, the cutting force, the 

chucking ratio and coefficient, the safety factor, and mathematical formulas to determine the rated 

speed and required gripping forces and corresponding operating power. Alquraan et al. (Alquraan, 

Kuznetsov, & Tsvyd, 2016) investigate the operation principles of both new and upgraded CNC 

lathe clamping systems with automatic no-reinstallation workpiece manipulation. They conducted 

a theoretical analysis of power characteristics with the spindle in rotary and non-rotary modes, 

taking into consideration the centrifugal forces generated by unbalanced chuck jaws, and 

determined that the new clamping mechanism's efficiency at a greater spindle velocity is 

warranted. In the case of a holed workpiece, the most effective clamping mechanism is a double 

clamp with a ball compensator for centrifugal forces.  
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Estems et al. (Estrems, Arizmendi, Cumbicus, & Lopez, 2015) emphasised the importance 

of clamping pressures on a cylindrical workpiece for determining the geometric tolerances of such 

components, particularly when they are slender, as thin rings are. The lower the clamping force, 

the tighter the tolerances, but at the expense of reduced friction and hence an increased danger of 

slippage. As a result, achieving a minimum but safe clamping force is critical for process control. 

Typically, these components are manufactured on lathes equipped with concentric plate clutches 

that are secured mechanically using wrenches or hydraulically via pressure control via valves. The 

authors suggested a straightforward and cost-effective approach for measuring clamping forces in 

lathes that incorporates a ring deformation model. This technology enables the clamping force to 

be determined using either the torque applied by a dynamometric wrench, or the hydraulic pressure 

regulated by valves. The method presented in this article entails enclosing strain gauges in a ring 

and mathematically correlating the circumferential tension stresses with the chuck's normal loads. 

A novel approach for determining the mechanical amplification in three-jaw chucks has been 

developed. 

When this ring is placed in the chuck and a known torque is applied in each of its three 

knots, the ring deforms, with the ring's maximum momentum concentrated in the locations of the 

strain gauges. The strain at these sites is estimated and compared to a mechanical model of the 

ring's behaviour using the appropriate equipment. This method, the force applied by the jaws to 

produce the strain may be calculated. The relationship between this jaw force and the torque 

applied by a dynamometric wrench is the chuck's amplification factor, which is important for 

establishing clamping force needs during lathe operations. 

However, several impediments continue to reduce the tool's efficiency. Kozior et al (Kozier 

& Bochnia, 2018) address the detrimental effects of centrifugal force on lathe chuck jaws. Modern 
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machining technology enables mechanical machining at high spindle speeds, necessitating the 

employment of machining lathe chucks that ensure the workpiece is clamped properly. 

Calculations and building solutions are offered, as well as the author's patent application and a 

description of an additively manufactured model. The authors determined several effects of 

gripping conditions on chucking performance: when using top jaws with conventional gripping 

part shapes, increasing the gripping force increases the bending stiffness during the loading 

process; however, the bending stiffness decreases during the unloading process due to the 

inclination of the top jaws. Top jaws with tapered gripping parts have been proven to be extremely 

effective because the inclination of the top jaws caused by the gripping force is remedied by an 

appropriately tapered gripping part. As a result, to achieve the optimal bending stiffness, the 

gripping force should be proportional to the taper angle employed. Additionally, it was 

demonstrated that its employment was the most effective method of enhancing the chucking 

performance of the wedge-type power chuck employed in the experiment. Finally, the impacts of 

the inner diameter and taper angle on chucking accuracy were found to be substantial, although 

the influence of the gripping position was not. 

Fortunately, numerous researchers have been in the leading of proposing remedies to the 

numerous unresolved gaps in cutting machinery. Ema et al  (Ema & Marui, 1994) discovered that 

to improve the chucking performance of a wedge-type power chuck with three top jaws, bending 

tests, chucking accuracy tests, and cutting tests were conducted in the chuck work system using 

top jaws with varying inner diameters, gripping positions, and taper angles. The authors conducted 

a variance analysis to determine the bending stiffness, eccentricity of the workpiece, and cutting 

stability of the chuck. The inner diameter and taper angle both contribute to the bending stiffness 

increase; nevertheless, the grasping position is often useless. 
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Finally, Tonshoff et al (Tonshoff & Noske, 1990) offer a novel technique for detecting and 

monitoring a drop in gripping forces produced by an increase in chuck friction to minimise the risk 

of worker injury, machine damage, and slack times in production plants. This monitoring method 

is based on a hydraulic feed pressure measurement taken during the clamping process. To perform 

this indirect measurement, extra compression springs within the chuck body must preload the 

gripping jaws. The authors describe the framework of a computer-based monitoring system for 

lathe chucks in common applications that initiates predictive maintenance. Because gripping force 

is dependent on friction in the wedge mechanism of the chuck caused by wear and grease loss, 

friction can be monitored indirectly via pressure differential in the actuator during the truck's feed 

movement. A computerised system would monitor the feed pressure and compare it to the pressure 

during subsequent clamping cycles; when the feed pressure exceeds a critical value, a warning 

signal for predictive maintenance would be delivered. Feng et al (Feng, Yu, Wu, & Uhlmann, 

2008) define a novel analytic computation model for the chuck's dynamic clamping force. To 

satisfy the requirements of high-speed turning, newer power-operated jaw chucks with centrifugal 

force compensation are being developed. The writers corroborated this with experimental 

evidence. The clamping behaviours of high-speed turning are explored here, including the loss of 

dynamic clamping force, the efficiency of centrifugal force compensation, and clamping force 

hysteresis. The study's findings provide credible theoretical and technological justifications for 

utilising the capability of current chucks at higher rotational speeds while yet ensuring a safe high-

speed turning operation. These demonstrate that there is a need for higher efficiency without 

compromising safety in this industry. 
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2.11 Calculation of Required Gripping Forces 

Currently, in the opinion of the author, there does not exist any commercial products 

available to manufacturers to provide continuous monitoring of gripping forces during turning 

operations. As effective clamping is still critical for safe and efficient machining processes, 

guidelines and best practices have been developed to provide insight into required clamping forces 

based on machine parameters such as maximum spindle rpm, workpiece diameter and other 

variables. The section reviews some of the guides and models currently available and how their 

limitations.  

2.11.1 Haas maximum permissible spindle rpm 

When OD clamping parts, the centrifugal forces generated at high RPMs will reduce the 

clamp force and may allow the part to move. Haas Machine tool company developed a chart to 

determine the if you need to increase the clamp force on the chuck or reduce the max RPM during 

your program (Figure 2.13). 

 

Figure 2.13:Total Gripping force applied by chuck jaws based on workpiece diameter and 
spindle speed. (Haas, 2015) 
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2.11.2 VDI determination of permissible speed of lathe chucks 

(VDI, 2004) has outlined a first-principles calculation of static and dynamic clamping 

forces as a function of rotational speed for various lathe turning operations and jaw types. As 

discussed previously, static clamping forces are relatively easy to measure while the lathe is at a 

standstill. These forces are specified as a function of the number, type, surface shape, and surface 

finish of the jaws and of the surface finish of the workpiece and are determined before turning 

operations commence. However, the actual clamping force between the jaws and workpiece are 

dynamic during operation and depend on the centrifugal force due to rotation speed and on any 

variance in the combined forces and moments of the cutting operation itself. Together, these 

dynamic forces modify the actual clamping force felt by the workpiece during operation which 

must remain above a critical value to ensure the workpiece does not slip, as demonstrated in Figure 

16. Since these dynamic forces are nontrivial to measure, (VDI, 2004) has developed equations 

that relate device and workpiece properties to easily measured static clamping forces and rotation 

speed to ensure workpiece slipping does not occur.  

 

Figure 2.14: Reduction in clamping force as a function of rotational speed (for external 
chucking). (VDI, 2004) 
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2.12 Summary 

In this chapter, literatures of the study relevant to the proposed research have been 

introduced. The conductive metallic inks of different main metallic nanoparticles have been 

introduced, with a focus on the three most prevalent, gold, silver, and copper. It was described why 

copper has not been used despite its cost efficiency and electrical conductivity comparable to that 

of silver. The fundamentals of the metallic ink sintering process have also been discussed. The 

general stages of sintering process have been discussed as well as detailed procedures of specific 

sintering techniques, such as the thermal, plasma, laser, and intensive pulsed light-based 

techniques. The advantages and disadvantages of each technique was also discussed. 

Introduction to the fundamental knowledge of polymeric nanocomposites was also made. 

Special polymeric nanocomposites such as PVDF with piezoelectricity was also introduced, along 

with the techniques to enhance its piezoelectric properties with addition of CNTs and other filler 

materials. The processing technique of nanocomposites were another topic of interests, where the 

techniques to improve filler dispersion were described. Several processing techniques, especially 

the solution blending and deposition technique in addition to the melt blending technique, were 

described in detail with examples. This manuscript proposes a study of creating flexible, 

stretchable, and easy to deploy sensor electronics system based on the literature surveys on the 

various aspects of conductive inks, sintering methods, polymeric nanocomposites, and their 

processing methods.  
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3 IPL BASED COPPER ELECTRODES AND CIRCUITS 

The development of copper-based nano inks with application to printed circuits and 

electronics is described in depth in this chapter. The formulation of a hybrid copper nano ink is 

first described using a two-step chemical process. The morphology and crystalline structure of the 

sintered Copper-Silver films were confirmed through scanning electron microscopy (SEM) X-ray 

diffraction (XRD), and EDS (Energy-dispersive X-ray spectroscopy) respectively. The relative 

advantages and disadvantages of the manufacturing methods, such as flash sintering, selective 

sintering, and film deposition method, are considered for improvements in the creation of uniform 

tracks of hybrid copper conductive inks. The properties and performance of the sintered hybrid 

copper conductive inks are investigated. The sheet resistance of the conductive films was 

measured, and 3D images were taken by an optical profilometer (Zeta-20) on the film cross-section 

to determine the effective sintered depth and bulk resistivity. Another variant of the hybrid inks 

using graphene nanoplatelets is described with significant improvements to both durability under 

high strains and oxidation resistance. The application of these inks to both electrode patterns and 

as sensors is shown. 

3.1 Fabrication of Hybrid Copper Conductive Films 

This section describes the processing of hybrid copper conductive films. The formulation 

of the ink is first discussed, detailing the main constituents, their functions, and ratios. The 

reduction of CuNPs using acid is verified using UV-Vis spectrometry. The inks are then deposited 

onto glass substrates and prepared for further processing using IPL sintering to generate the 

conductive films that can be subject to further analysis.  
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Figure 3.1: CNPs were treated with various concentration of formic acid showing the 
presence of a resonance peak at 580 nm. (Yim, Sandwell, & Park, 2016) 

Table 3.1: F-CuAg Ink Formulations. 

 CuNPs (g) AgNO3 (g) PVP (g) HCOOH (g) DEG (g) 

CS-00 0.5 0 0.06 0.75 1 

CS-01 0.5 0.1 0.06 0.75 1 

CS-02 0.5 0.3 0.06 0.75 1 

CS-03 0.5 0.5 0.06 0.75 1 

 

To create the CS nano inks, the following two vial procedure is followed. In the first vial, 

a solution of formic acid and CuNPs is combined and mixed via vortex mixing and then sonicated 

for a period of 30 minutes at room temperature The formic acid serves to generate copper formate 

and remove the oxide layer from the copper nanoparticles Next, silver nitrate is added to the same 

mixture and mixed again using vortex mixing and sonication for another 30 minutes at room 

temperature. The silver nitrate reacts with the copper nanoparticles in a galvanic replacement 

reaction to form a solid silver coating. Meanwhile, in the second vial, PVP is added to a solution 






















































































































































































































































