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ABSTRACT 

This dissertation introduced the development of material and control for 

electrohydrodynamic inkjet (e-jet) printing system. They include: 1) a method to fabricate 

functional devices; 2) a method to develop novel material for shielding radiation; 3) a method to 

monitor the e-jet printing process to reduce defects; 4) a method to predict the dimension of 

fabricated patterns. 

Firstly, e-jet printing has been recognized as a novel micro/nano-scale direct writing 

manufacturing technique. Delicate patterns could be printed on various flexible substrates with 

conductive silver nanoink material. It is still a challenge to fabricate customized micro/nanoscale 

biomarkers for the application in biomedical area. Meanwhile, although the X-ray responses of 

bulk silver have been investigated, the characterization of silver nanoink is still unknown. Both 

delicate patterns and multi-layer samples were fabricated to demonstrate the robustness of 

fabricating the X-ray marker by e-jet printing. In this study, microstructures of silver nanoink 

were printed and characterized by X-ray. In the future, this effective e-jet printing method will 

enable the tracking of significant devices in the biomedical area such as customized drug 

delivery system. 

Secondly, with the development of e-jet printing, more materials were explored to satisfy 

applications such as aerospace. Tungsten material has the capability of shielding massive X-ray. 

But there is no tungsten ink in the market for the fabrication of micro/nano-scale shield patterns. 

In aerospace, critical areas of electronics need to be protected to avoid radiation damage from 

space. Meanwhile, weight is one of the vital factors to be considered in this situation. Thus, it is 

required to develop a lightweight and effective shielding device to protect the electronics from 
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harmful X-ray radiation. The methods of synthesis and evaluation of new ink materials for e-jet 

printing system would be one of the most critical research areas in this field. 

Thirdly, random defects could happen during the e-jet printing process due to the 

hardware system's limited performance and environmental factors. It is necessary to develop an 

in-situ monitoring system to detect the possible defects. Machine vision and laser scalar systems 

were proposed and established to monitor the printing process, and predict the dimension of 

printed patterns. These methods have proposed automated image processing algorithms to avoid 

the massive, time-consuming, and reliable measured data to monitor the e-jet printing process. It 

was demonstrated to be a robust and practical approach to contribute to the automation of the e-

jet printing technique. 

Fourthly, with the rapid evolvement of the e-jet printing system, it is required to 

understand the quantitative relationship between the e-jet printing parameters and the dimension 

of printed patterns.  It has rarely been explored to print patterns by designed dimension without 

prior experiments. The statistical method was used and proposed for the design of experiments 

and the establishment of models to predict the dimension of printed patterns. This new method 

introduced a new perspective to predict the printing results instead of using the traditional 

simulation method. This research is a critical portion of the e-jet printing process when an 

automated e-jet printing system is used to fabricate high-resolution products in the industry's 

standard manufacturing. 

In this dissertation, the-jet printing technique was further enhanced by establishing 

methods to develop new material, fabricate functional devices, monitor processes, and increase 

controllability. In the future, this micro/nanomanufacturing system will be used in the hybrid 

manufacturing system in the electronics, aerospace, and biomedical industries.
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CHAPTER 1.    GENERAL INTRODUCTION 

Electrohydrodynamic inkjet (e-jet) printing has attracted the researcher's attention as a 

high-resolution micro/nano manufacturing approach to fabricate electronics on various flexible 

substrates. The tremendous potential application in biomedical, aerospace, and flexible 

electronics has been recognized by developing a growing number of high-performance materials. 

E-jet printing utilizes the electrical force to deposit conductive ink material on the substrate with 

a much smaller resolution than the glass capillary in a drop-on-demand manner. E-jet printing 

was proposed in the last ten years, which belongs to the category of inkjet printing. This 

technique's advantage over the traditional silicon-based manufacturing approach is a simple,  

low-cost, and flexible process. In 1951, the first practical Rayleigh break-up inkjet printing 

device was patented by Elmqvist of Siemens (Elmqvist 1951). The invention of this new 

manufacturing technology enables the deposition of ink material in a jetting manner. Although 

this manufacturing approach is practical for printing ink, the printing process's control is not 

promising. After that, Stanford University applied a pressure wave pattern to an orifice and 

realized the ink stream to break into droplets of uniform size and spacing (Sweet 1965). This 

pressure wave signal assisted the printing process in a controlled manner and resulted in 

fabricating high-quality patterns. However, the droplet formation process is still unknown. The 

droplet formation by inkjet printing was discussed and analyzed (De Gans 2004). The high-speed 

camera was used in our lab to capture the droplet formation process. In Figure 1, the ink started 

to detach from the nozzle under the electrical force. The detached ink started to generate a 

spherical droplet and finally deposited it on the substrate. Meanwhile, various inkjet printing 

technologies are based on different mechanisms to deposit droplets of ink on the substrate and 

form a specific pattern. 
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Figure 1. Images of droplets generated by inkjet printing 

While continuous inkjet printing was evolving rapidly, drop-on-demand inkjet printing 

started attracting attention in this field. A drop-on-demand device will enable the ink to deposit 

on the substrate under control such that the fabrication process could happen in designed places 

at expected time slots. Zoltan, Kyser, and Sears have contributed to initiating drop-on-demand 

printers' applications (Zoltan 1974; Kyser & Sears 1976). These commercialized printers can 

print in a highly controlled way. The representative products of the early drop-on-demand inkjet 

printing systems are PT-80 serial printers from Siemens. These printers ejected the ink by the 

mechanical movement of the piezoelectric ceramic. With these drop-on-demand printers' 

development, higher requirements were proposed to address the increasing challenge regarding 

printer head geometry. The geometry of the piezoelectric printhead was discussed (De Jong 

2006). The ink reservoir can maintain a low level of ambient pressure to prevent the ink from 

ejecting out of the nozzle. When the voltage signal is applied to the piezo-element, it will 

increase and reduce the ink channel's volume. Finally, the printer could push and hold the ink to 

be deposited on the substrate. 
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Figure 2. Inkjet printing on the electronic board  

New forms of drop-on-demand printing were proposed based on different mechanisms of 

jetting the ink. Bubble jet printing was among these new types of drop-on-demand inkjet printing 

techniques. The vapor bubble is generated by rapid heating of ink in nozzles; the ink droplets is 

then ejected by the produced high pressure (Hara 1982). After that, more and more companies 

started to work on this type of printer. Canon, Xerox, Asahi Glass, Arkwright, Folex, 3M, and 

Imation represented the typical inkjet printing techniques in this area in late 1990 (Hue 1998).  

Later on, inkjet printing started to expand in broader application areas with the 

development of newly recognized materials for resolving challenges in various research fields. 

Inkjet printing was a powerful tool in a broader range of fields such as structural ceramic, 

polymer electronics, protein chips, and functional material (Rirringhaus 2003).  For example, 
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inkjet printing was used to print cells and biomaterials to allow organ printing in the laboratory 

(Boland 2006; Roth 2004). Inkjet was demonstrated to be helpful to address challenges in 

biomedical areas. Meanwhile, the electronic packaging industry has demonstrated inkjet printing 

technology for flexible production (Mantysalo 2007). For example, in Figure 2, the synthesized 

ink material was printed on a flexible substrate (transparent plastic) and used to shield the critical 

areas of electronics from possible severe radiation in the aerospace. The X-ray image has shown 

the excellent shielding performance of the printed tungsten patterns. 

Electrohydrodynamic inkjet printing 

E-jet printing is a high-resolution, low-cost, and flexible micro/nano-scale fabrication 

technique. E-jet printing uses electrical force to deposit ink, generating a resolution much smaller 

than the capillary glass nozzle. Over the last ten years, it has been evolving rapidly to address 

challenges ranging from aerospace, biomedical to electronics areas. The increasing demand for 

device application in electronics, biotechnology, and microelectromechanical systems proposed 

higher requirements for inkjet printing and resulted in the development of electrohydrodynamic 

inkjet printing (Park 2007). Normally e-jet printing stores the metal ink in a nozzle and ejects it 

through a glass capillary. In Figure 3, the ink was shown in the glass capillary. The glass 

capillary was manufactured in the lab. As shown in Figure 3(b), a voltage was applied between 

the glass capillary and substrate; the ink is dragged by electrical force and deposited on the 

substrate to form a uniform line pattern that is much smaller than the nozzle diameter. Figure 

3(c) shows that sometimes an air pump will be used to provide gas pressure and eject ink 

together with the electric force. With a controlled electrical field and planned tool path, intricate 

conductive patterns were fabricated by the e-jet printing technique. The stage movement has a 

microscale resolution during the printing process. Different substrates could be used for e-jet 

printing, such as glass substrate, PET, and bio-tissue substrates. E-jet printing has provided a 
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flexible and direct-writing method to fabricate electronics on various substrates compared with 

the traditional silicon-based substrate. The development of alternating current (AC) in e-jet 

printing is a milestone for improving the printing quality. It was found that remained charged 

influenced the electrical field and interrupted the flow behavior of droplets. In 2014, ac-pulse 

modulated e-jet printing was proposed by North Carolina State University (Wei 2014). The 

positively charged droplets and negatively charged droplets are neutralized during the printing 

process, which lowers deposited droplets' instability. 

 

Figure 3. (a) Images of glass microcapillary nozzle; (b) Nozzle and substrate configuration for 

printing; (c) Printer setup  

In e-jet printing, printed patterns are controlled and influenced by various printing and 

environmental factors. For example, the printing process was controlled by pulse frequency, 
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pulse width, voltage amplitude, plotting speed, and standoff distance. Pulse frequency is the 

number of the input signal to eject the ink in a unit of time. Pulse width is the time in one cycle. 

The voltage amplitude is the voltage that ejects the ink. Plotting speed is the movement speed of 

the platform. The standoff distance is the distance between the tip of the glass capillary and the 

substrate. Other environmental factors influence the e-jet printing process, such as the dust in the 

air, the nozzle's morphology, electrode shape, and human operation. E-jet printing was 

demonstrated to have enormous potential in fabricating electronics. For example, in North 

Carolina State University, a multi-layer capacitive touch sensor was fabricated on polyethylene 

terephthalate (PET) film. The metal ink was used to fabricate the touch sensor on a flexible 

substrate with a resolution of sub-20 µm (Qin 2017). Electrohydrodynamic inkjet printing is a 

high-resolution, low-cost, and flexible manufacturing approach. The promising future of 

fabricating electronics attracted the researcher's attention to developing e-jet printing as an option 

to address challenges in aerospace, biomedical, and electronic industries. Moreover, it can be 

developed as a hybrid micro/nano-scale manufacturing approach to revolutionize the traditional 

manufacturing industry. 

Motivation  

The e-jet printing could easily deposit nanoink materials on various substrates to fabricate 

delicate micro/nano-level resolution structures. These advantages enable the development of 

functional new materials for resolving challenges in different areas such as aerospace, 

biomedical, and electronic industries. However, sometimes it is required to synthesis new 

material to resolve problems considering the purpose of the research. Secondly, real-time 

monitoring methods such as machine vision and laser scalar approach could be developed to 

notify the possible defects during the printing process. Finally, once a defect is located or the 
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variation in the dimension of printed patterns is detected, the e-jet printing system will reverse 

the trend by knowing how printing parameters could influence the printing results.  

The biomarker is used in biomedical research for tracking the position of marked devices 

for analysis. It is a problem to fabricate micro/nano-scale and flexible biomarkers for biomedical 

diagnosis. In this study, the silver nanoink was used to fabricate the biomarker by e-jet printing 

with an X-ray radiation instrument's assistance. The e-jet printing could easily drag the ink 

material and deposit various substrates to fabricate functional devices with the electrical field.  

However, the X-ray characterization of silver nanoink microstructures needs to be investigated to 

realize the tracking of silver nanoink marked devices such as drug release tablets. Thus, the X-

ray characterization of silver nanoink has to be demonstrated. Functional patterns such as 

barcodes need to be fabricated and demonstrated to mark the device. The e-jet printed samples 

shall be characterized by X-ray for tracking purposes. In the future, e-jet printing could 

contribute to image diagnosis by fabricating micro/nano-scale microstructures on a wide range of 

flexible substrates in the biomedical area. 

In aerospace, there is massive harmful radiation that could damage electronics in the 

spaceship. Tungsten material is a good solution for the protection of these electronics. However, 

it is known that bulk tungsten is difficult to be machined or processed by chemical reactions. It is 

necessary to develop a lightweight and practical device to shield the aerospace's critical 

electronics from damaged. The synthesis of tungsten nanoink material could fill the gap and 

meet the requirement. The printability has to be demonstrated by e-jet printing experiments. The 

X-ray characterization of printed tungsten patterns and commercial bulk tungsten experiment has 

to be conducted to verify the shielding efficiency. In the future, the synthesized tungsten nanoink 
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will contribute to the manufacturing of shielding micro structures for shielding key electronics in 

aerospace with extremely low weight. 

Although e-jet printing has presented enormous application potential in biomedical and 

aerospace areas, there are still random defects during the printing process. It is necessary to 

develop real-time monitoring systems for the e-jet printing system. Machine vision and laser 

scalar are two practical approaches to conduct the monitoring process. The image processing 

could reduce the size of collected information during the e-jet printing process. The droplet 

leaves the capillary nozzle and forms the filament between the nozzle and substrate. The filament 

shall be uniform during the printing process when the printing parameters are constant. The 

dimension information has to be processed and delivered back to a central computer for 

processing the detected defects. Meanwhile, it is necessary to remove the substrate's printed 

patterns to measure the dimension after e-jet printing. A designed laser scalar system could 

collect images and analyze the dimension in real-time. The development of an in-situ monitoring 

system could support observing defects and calculating the dimension in real-time. Still, it could 

also contribute to establishing a digital twin system for the optimization of the e-jet printing 

process nondestructive evaluation of printed samples. 

With the assistance of a monitoring system, both defects and dimensions could be 

observed during the e-jet printing process. However, once an abnormal situation (variation in the 

diameter of filament or difference in the dimension of printed patterns) is detected, it is required 

to reverse the trend by calibrating printing parameters. In sum, there are two general approaches 

to predict the dimension: finite element simulation and statistical analysis.  The statistical 

analysis methods could be an ideal approach to understand how printing parameters could 

influence the e-jet printed patterns. The relationship between the printing parameters and the 
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dimension of printed patterns needs to be established and predicted. The precise control of 

printed patterns using printing parameters and a reliable real-time monitoring system will 

contribute to a highly reliable and automated micro/nano-scale e-jet printing system.  

Research objectives 

The requirement of using e-jet printing to address challenges in the aerospace, 

biomedical, and electronic area has proposed the necessity of developing new nanoink materials, 

in-situ monitoring systems, and control methods. This dissertation has focused on developing 

new approaches to address these challenges. 

In sum, there are several objectives in this research, as summarized below: 

(1) Develop the fabrication process and characterize biomedical devices for 

electrohydrodynamic inkjet printing. 

Fabrication of functional devices in the biomedical area, such as biomarker, would 

require high-resolution and flexible control during the manufacturing process. A method 

needs to be developed to fabricate complex patterns such as the X-ray makers. A method 

needs to be proposed to characterize the X-ray responses of silver nanoink e-jet printed 

microstructures. 

(2) Synthesis of new material for electrohydrodynamic inkjet printing to resolve 

radiation challenges in aerospace. 

There is numerous radiation in aerospace, which could damage the electronics in the 

aerospace. Tungsten material could effectively absorb the radiography, but it is not easy 

to manufacture the bulk tungsten device. Thus a method has to be proposed to synthesize 

tungsten nanoink to fabricate micro/nano-scale structures for protecting the key 

electronics in the spaceship. 
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(3) Establish the machine vision system to provide in-situ monitoring for the 

electrohydrodynamic inkjet printing process. 

The filament generates between the capillary nozzle and conductive substrate. The 

variation of the filament size could happen while a defect occurs. It is also required to 

reduce the size of collected images and reflect the filament information. Thus an image 

processing method needs to be proposed to monitor and calculate the filament diameter 

during the electrohydrodynamic inkjet printing process. 

(4) Propose the laser scalar system to observe the dimension of electrohydrodynamic 

printed patterns in real-time. 

Usually, the printed patterns need to be removed from the platform during the e-jet 

printing process to observe the dimension information. A laser scalar system needs to be 

designed and proposed to monitor the process and calculate the dimension with the image 

analysis algorithm. 

(5) Predict the dimension of the electrohydrodynamic inkjet printed patterns with 

the proposed statistical model. 

Even though an abnormal situation could be realized and reported to the central computer 

during the e-jet printing process, it is still unknown for the relationship between the 

printing parameters and dimension of printed patterns. A statistical method needs to be 

proposed to predict and validate the quantitative model. 

Thesis organization 

In Chapter 1, a general introduction about inkjet printing and e-jet printing, followed by 

the research motivation and objective description is presented. In Chapter 2, the literature review 

about the electrohydrodynamic inkjet printing process is presented. In Chapter 3, a method to 

fabricate and characterize biomedical devices is presented in a journal publication format. In 
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Chapter 4, a method to synthesis tungsten nanoink and fabricate radiation shielding devices is 

presented in a journal publication format. In Chapter 5, a machine vision system is introduced to 

capture the filament size in electrohydrodynamic inkjet printing in a journal publication format. 

In Chapter 6, the laser scalar system is established to monitor the printed patterns during the 

electrohydrodynamic inkjet printing process in a journal publication format. In Chapter 7, a 

prediction model is established based on electrohydrodynamic inkjet printing in a journal 

publication format. In Chapter 8, the summary and future work of the study in this dissertation is 

provided. 
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CHAPTER 2.    LITERATURE REVIEW 

Fabrication of functional devices for biomedical application 

Electrohydrodynamic inkjet printing is a high-resolution, low-cost, flexible, and direct-

write technique. It is shown that the e-jet printing system consists of gas supply, voltage supply, 

translation stage, substrate, ink chamber, and computer control subsystems (Barton 2010). The 

gas supply is a supplementary approach to eject the ink for e-jet printing. The amount of ejected 

material is controlled by the pressure regulator. The ink is prepared in the ink chamber. The ink 

will be stored in the chamber if there is either no air pressure or electrical force. The gas pressure 

or electrical force will eject the ink out. The extracted material will be deposited on the prepared 

substrate. The substrate is usually a reflective and flat surface object such as glass slides. The 

movement of the X/Y/Z stage determined the formation and morphology of printed patterns. The 

schematic of e-jet printing is shown in Figure 4. 

 

Figure 4. Schematic of e-jet printing system 

Ink printing ejects solve ink material onto the substrate and forms 2D or 3D structures. 

Schwann cells were mixed with alginate solvent. The cells were then ejected inside the scaffold 

for peripheral nerve tissue regeneration (Ghilan 2020).  Inspired by the bioink application in 
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tissue regeneration, bioelectronics was designed and fabricated by the e-jet printing technique. 

The flexible, thin-film nitric oxide sensor was fabricated to monitor macrophage depolarization 

events (Ryan 2019). In the research field of cancer, e-jet printing was used to fabricate 

implantable magnetocaloric mats. This device was developed as a cancer treatment approach by 

providing heat for localized hyperthermia cancer therapy (Yang 2017). Meanwhile, e-jet printed 

scaffold is one of the critical biomedical application areas. High-resolution 3D polymeric 

scaffolds were fabricated by the e-jet printing technique for tissue engineering (Wei 2013). 

Meanwhile, the fabrication of biomarker by e-jet printing received limited attention. In 

the biomedical system, a marker needs to enable the communication between the implanted 

device and the external instrument (Boute 1986). In this dissertation, the silver nanoink was e-jet 

printed as a biomarker. It was detected and recognized by an X-ray radiation instrument. 

Although there existed the research of X-ray characterization of bulk silver (Barrie 1976), it is 

still necessary to study the X-ray response of silver nanoink printed microstructures. The 

fabrication on bio-substrate by e-jet printing also needs to be further explored to demonstrate this 

novel manufacturing approach's robustness and feasibility. 

New material synthesis for fabricating micro/nanoscale shielding structure 

Bioink material supports the development of biomedical applications. The development 

of new ink material strengthens e-jet printing as an alternative micro/nanomanufacturing 

technique. In aerospace, critical portions of electronics can be damaged by overexposure to 

radiation. Tungsten material has been evaluated as a useful shielding material in many areas such 

as the nuclear medicine field. It was found to have a high potential to replace lead as new 

radiation shielding material (Kobayashi, 1997).  The tungsten has shown the outstanding 

performance of shielding material such as chemical and physical durability. However, it is 

difficult to manufacture this material into designed morphology.  
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The synthesis of tungsten ink is an option for the micro/nanoscale manufacturing of 

shielding structures for the protection purpose of aerospace electronics. Although there are 

tungsten oxide inks such as WO3 in inkjet printing (Vidmar 2014), tungsten powder ink does not 

appear in the current research field.  In the successful fabrication of tungsten oxide on PET/ITO 

substrate inspired the synthesis of tungsten ink material (Costa 2012). In the presented research 

work, the thickness of the printed film could be around 100 nm.  In this dissertation, commercial 

tungsten powder was mixed with a designed solvent to enable the e-jet printing of micro/nano 

shielding structures. Figure 5 presented printed samples of synthesized tungsten ink. Solvent 

materials are critical for the tungsten ink. The different solvent materials percentage will decide 

the printability, uniformity, viscosity, dragging efficiency, and X-ray absorption rate of the 

synthesized ink. 

 

Figure 5. Microscope images and measurement of tungsten ink printed patterns on glass substrate  

In-situ monitoring system for electrohydrodynamic inkjet printing 

As one of the arising and alternative micro/nanomanufacturing approaches, unexpected 

defects occur during the e-jet printing process. There are various reasons for the generation of 

defects: the resolution/stability of the moving platform, the substrate, particles in the air, 

electrode setup, wave generator issue, the bubble in ink, and variation of the standoff distance. It 

is necessary to monitor the printing process and detect possible defects. Now there is little 

research working on monitoring the e-jet printing process. An electrical force controls E-jet 
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printing. A current sensor is installed to measure the current change during the printing process 

(Mishara 2010). It is assumed that a charged droplet is released from the nozzle when a small 

current is generated. It is demonstrated that the size of the droplet is proportional to the peak of 

the current value, according to research from the University of Illinois Urbana-Champaign. 

Figure 6 presented a feedback control framework of the e-jet printing system. Similar research 

work is presented in Rensselaer Polytechnic Institute (Carter 2014).  The current signal is 

detected as a feedback signal to be sent to the model used to present the droplet's shape.  Based 

on the mapping of ink properties, voltage, and droplet dimension, a voltage calibration will be 

sent to calibrate and input a new voltage signal to print. 

 

Figure 6. Feedback control framework  

Control of electrohydrodynamic inkjet printing process 

Once it is accessible to monitor and detect defects during the e-jet printing process, the 

control of printing parameters to calibrate the system back to normal is a problem. There are 

several printing parameters: plotting speed, voltage amplitude, pulse width, standoff distance, 

printing frequency, which could influence the dimension of deposited patterns. There are two 

approaches to predicting the printing results: finite element analysis and statistical model 

prediction. The finite element analysis method is based on the fluid mechanical calculation, and 

the results will be predicted and presented from theoretical calculation or simulation results. 

There are three stages for the formation of droplets: ejection, droplet formation, droplet steady. 

Starting from 0 ms, the ink is charged and ready to be ejected. Droplet formation started as a 

Taylor Cone shape and then elongated. Once the droplet detached from the nozzle, it started to 
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turn into a steady-state and deposit on the substrate (Chen 2006). The statistical model is based 

on analyzing the physical phenomenon and determining influential factors to establish a 

mathematical model to predict the dimension of printed results. These models take 

comprehensive consideration of influential factors and quantify these factors into a statistical 

model and predict the dimension without involving the systematic inkjet theory. These models 

provide another perspective view to support error-free e-jet manufacturing. The droplet heights 

and diameters were predicted by theoretical calculation (Cater 2014). The average prediction 

errors for droplets' diameter and height are 10.35% and 12.5%, respectively. But it has to been 

mentioned that before applying the correction factor in the equation, the average prediction 

errors for the diameter and height are 28.8% and 30.8%. The variation of environmental 

conditions was claimed to be the main reason. 

However, the theoretical method of predicting the dimension could not always be the best 

option. Environment factors influence it, and the simulation could be challenging if all the 

influential factors are considered in the model. Even now, the simulation software could not 

provide a promising solution for all e-jet printing scenarios. Experiments were designed and 

conducted to predict the diameter of printed silver nanoink dots pattern (Laurila 2017). A total 

number four variables were considered in the research: printing frequency, standoff distance, 

maximum voltage, and bias voltage. A total number of 54 groups of experiments were done, and 

the claimed prediction accuracy of 94.2% was demonstrated. The morphology of the dot and 

times of experiments are not perfect in this situation. However, it has explored to predict the 

dimension in a statistical manner. 
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Abstract 

X-ray markers have been applied for diagnostic purposes in the medical imaging field. 

However, they were not flexible enough to accommodate the fast evolution of biomedical 

applications leading to a considerable performance gap. EHD-Inkjet printing technique as a high-

resolution, low-cost, and flexible approach was used to fabricate a silver X-ray marker to fill the 

gap in the biomedical field. Even though X-ray characterization of bulk silver had been studied, 

silver nanoink has presented a different X-ray absorption response. To understand the X-ray 

characterization of silver microstructures, multiple samples were fabricated. The EHD-Inkjet 

printing system was applied to fabricate silver microstructures under optimized printing 

parameters, including voltage amplitude, pulse width, frequency, and printing speed. To 

understand X-ray characteristic differences between bulk silver and nanoink silver, experiments 
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were designed to print a single layer and multiple layers of silver nanoink lines. Microstructures, 

which were e-jet printed by silver nanoink, presented different X-ray absorption rate to the bulk 

silver under the same radiation condition and thickness. Sub-30 μm microstructures of silver 

nanoink were achieved by e-jet printing; part of them will serve as the X-ray marker in bio-

scaffold. This research proposed a method to bridge the e-jet printing technique with a 

customizable X-ray marker in bio-scaffold, which could effectively resolve the problem of 

flexibility, improve the resolution, and reduce the cost of manufacturing. Moreover, it supported 

the development of biomedical products that were fabricated by silver nanoink material, such as 

in-vivo embedded bio-sensors in computed tomography applications. 

Introduction 

X-ray imaging of bulk silver has been investigated and successfully adopted in a wide 

range of radiographic applications such as calibration of X-ray radiography equipment (Bearden 

1967; Mao 1978). In recent years, silver nanoink has been widely used in micro/nanoscale 

manufacturing for biomedical sensors (Kim 2014; Gnioteck 2011), electronic components (Qin 

2017; Yeo 2016), anti-bacteria agents (Vimala 2009; Lee 2017), etc. However, rare research has 

been conducted to understand the X-ray characteristics of functional silver nanoink 

microstructures. Due to differences in the properties of bulk silver and silver nanoink (usually 

composed of silver nanoparticles or nanowires), radiographic performances of silver 

microstructures made by the two different forms of silver are expected to be different. X-ray 

characterization of silver microstructures fabricated using silver nanoink could contribute to the 

inspection of electronics, computed tomography (C.T.) scanning of biomedical sensors, etc. For 

example, silver nanowire has been applied in observing physical and chemical reactions with the 

help of X-ray knowledge (Sun 2011). Silver-based crystals were embedded in bacteria with 

transmission X-ray microscopy, and this technique could be used for organic-metal fabrication in 
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the thin film (Klaus 1999). Reed et al. conducted X-ray absorption studies with synchrotron 

radiation to measure inter-nuclear distances in iron-sulfur proteins (Reed 1977). X-ray absorption 

data has been reported to prove the atomic origin of the electrophilic oxygen on the catalyst 

surface in experiments (Bukhtiyarov 2011). X-ray photoelectron spectroscopy was used to 

observe the silver nanoparticle on cotton fabric as an antibacterial textile finish (Zhang 2009).  

In general, silver nanoink is used to fabricate functional components in micro/nanoscale 

(Perelaer 2006; Ahn 2009; Lee 2005). To understand radiographic performance and characterize 

the X-ray effect of silver nanoink, high-quality micro/nanoscale patterns need to be fabricated 

first. In our previous works, we used silver nanoink to print touch sensors on a flexible substrate 

and showed high-resolution printing of different patterns with good conductivity and sensitivity 

(Qin 2017). It could also be applied to sensing applications such as eye and skin sensor, and 

pressure detector on a soft substrate (e.g., PDMS) (Prieto 2000; Moqrich 2005). The fabrication 

of micro and sub-micron scale patterns is still a challenge in the field if the resolution, cost, 

accessibility, quality, functionality, and time factors are all considered.  

Traditional approaches such as lithography and etching for fabricating the patterns on 

chips may result in high costs and pollution (Wendel 1994; Park 2007). The fabrication cost 

could be extremely high if electronics or sensors were fabricated in small batches. Moreover, 

traditional, clean-room based fabrication processes have to be finished on top of the silicon 

substrate (Schift 2008). On the other hand, these methods are too complicated for the rapid 

prototyping of sensors, especially when a micro-level functional electronic device is needed 

(Levinson 1999; Ye 2004). E-jet printing technique has provided a promising solution, which is 

both simple and cheap. E-jet printing is a low-cost, high-resolution, fast speed, flexible printing 

approach to fabricate electronics or sensors in normal lab environments instead of requiring 
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high-level cleanroom environments (Mishra 2010; Han 2018). Remarkable physical properties 

and high-resolution patterns are the most outstanding performances of the e-jet printing 

technique. Our previous work used an amplified A.C. voltage signal to fabricate a micro silver 

track with a width of sub-20µm, and this conductive line was demonstrated to have a resistivity 

3.16 times than bulk silver for the first time (Qin 2014). Han fabricated a high aspect-ratio 3D 

structure with a sub-10µm resolution (Han 2014). After that, a functional touch sensor with high 

sensitivity was fabricated using e-jet printing with silver nano ink (Park 2014). Park used AC-

pulsed voltage to fabricate a transparent electrode. These researches discussed the influence of a 

single parameter for solving their engineering problem. However, the intrinsic properties of 

radiographic performance were not discussed for silver nanoink patterns.  

Printing parameters such as voltage amplitude, printing speed, standoff distance, pulse 

width, and frequency could impact the pattern quality in e-jet printing (Onses 2015). A high-

resolution three-axis movement stage was used for the printing of different patterns on the 

substrate. The resolution of the movement was micro/nanoscale, which enabled the accurate 

control of the printing of the pattern. A micro-level nozzle was fixed on the z-axis for controlling 

an optimal standoff distance between the conductive substrate and conductive nozzle (Park 

2014). High voltage was applied between the conductive substrate and conductive nozzle, and 

conductive ink material was then driven by an electrical force. Dong used AC-pulsed voltage to 

fabricate electrical features and connectors to avoid the charge accumulation problem on the 

highly insulated substrate (Wei 2014; Wei 2015). Other than the electrical force, air gas was 

sometimes used to overcome the surface tension at the tip of the nozzle. Lee used a novel gas 

pump system alignment method to control the flow of the ink to realize a highly aligned and 

patterned silver nanowire (Lee 2014). Not only were different approaches applied to improve the 
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printing quality by controlling the relevant printing parameters, but e-jet printing has also been 

studied for simulations, device fabrication, and system integration on various substrates. Han 

used the FEA method and experiment to observe the droplet formation and settlement 

phenomenon during the e-jet printing process (Han 2015). Moreover, the printing could be 

applied to different substrates such as PDMS and PET films (Coppola 2011; Yang 2016).  

Fabrication of silver X-ray marker in bio-scaffold via e-jet printing presented application 

potential in the biomedical research area. Flexibility to print on various substrates and high-

resolution down to sub-30µm are among the significant advantages of e-jet printing for providing 

a solution to fill the technical gap. Silver microstructures were achieved by e-jet printing under 

the control of parameters of voltage amplitude, pulse width, printing speed, and frequency. 

Understanding the X-ray characteristic of silver nanoink was another challenge that could help to 

reflect the silver pattern after radiography. Commercial bulk silver samples were scanned for 

comparison and demonstration of the difference to silver nanoink, which further supports the 

necessity of quantitative X-ray characterization. Through the platform of e-jet printing, a high-

resolution customized silver X-ray marker in bio-scaffold was provided for medical diagnosis 

applications. Moreover, it contributed to the detection of sensors or electronics, which was 

fabricated by silver nanoink material such as embedded in-vivo biosensors. 

Schematic of electrohydrodynamic inkjet printing & setup of X-ray imaging 

Electrohydrodynamic inkjet (e-jet) printing 

The schematic of e-jet printing was shown in Figure 7(a). This system included a 

nanopositioning three-axis stage, a waveform signal generator, a voltage amplifier, a pneumatic 

air supply system, and a syringe holder system. The three-axis stage in this study has a minimum 

resolution of 50 nm. The printing speed could vary from 0.01 mm/s to 15 mm/s. Waveform 



25 

signal generator could provide different signals such as D.C., step signal, sine signal, and triangle 

signal. 

Before the printing process, droplets were charged and then jetted on the substrate. If all 

the charged droplets have the same polar, the electrical field between nozzle and substrate could 

be changed, resulting in defects in the pattern. So direct current (D.C.) voltage was substituted by 

alternating current (A.C.) voltage to generate the electrical field to jet silver nanoink material in 

this research. A voltage amplifier was installed to amplify the signal generated from the signal 

generator. In the study, the pulsed A.C. signal was applied to control the printing, as shown in 

Figure 7(d). A designed holder system was used to hold a syringe of different sizes on the z-axis 

movement motor. Before the printing, the silver nanoink was supplied into the nozzle. Between 

the conductive nozzle and substrate, the electrical field was applied by the high voltage amplifier 

to overcome the surface tension and jet the conductive ink out of the nozzle tip. As shown in 

Figure 7 (b), the upper part of the nozzle was the syringe. The lower part (highlighted as the 

triangle) was the Talyor cone. The bottom of the image computed reflected the upper nozzle and 

printing on the reflective substrate. The diameter of this nozzle was 19.2µm, and the standoff 

distance between the conductive nozzle and substrate was 50µm. Taylor cone was generated, and 

silver nanoink was deposited on the substrate. Figure 7 (c) demonstrated a pad pattern (RFID 

sensor) fabricated on a glass substrate using silver nanoink material. The average width of the 

conductive silver tracks was 15µm.  
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Figure 7. (a) Schematic of e-jet printing; (b) Nozzle and its reflection from the glass substrate; 

(c) Example of printed patterns; (d) Generated signal for printing 

Material characterization of silver nanoink and microstructures 

The deposited silver nanoink pattern was investigated by X-ray Powder Diffraction 

(XRD) equipment to characterize the composition of printed products. According to the XRD 

standard (PXRD, Ref. No. 01-087-0718), the XRD image demonstrated that the peaks with 

(111)(200)(220)(311)(331) had high intensity. Among them, the highest growth orientation of 

silver nanoink pattern was fixed at (111) direction. The peak values match with silver, which 

supported that printed patterns were silver without oxidation. This finding will support the X-ray 

absorption rate analysis in the following part. Figure 8 (b) presented an SEM image of a silver 

nanoink. This silver nanoink was a nanoscale commercial silver ink from Sigma-Aldrich (50 wt 

% dispersion in tripropylene glycol monomethyl ether with a viscosity of 24 cP). From this SEM 

image, the single-particle of silver nanoink could be observed as sub-50 nm, and particles tend to 

aggregate together to form relatively stable nanostructures, which vary from 500 nm to 1000 nm. 
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X-ray radiography imaging system 

 

Figure 8. (a) XRD image of silver nanoink pattern and (b) SEM image of silver nanoink pattern 

(right) 

Figure 8(a) demonstrated the X-ray radiography equipment used to characterize the 

radiographic performance of the sample. This equipment included a microfocus X-ray source, 

three-axis movement stage, sample platform, and flat-panel detector. The three-axis sample stage 

holder mounted the sample between the X-ray source and the detector. The P.C. computer could 

control the stage movement and the intensity of the emitted X-ray to take the radiography image.  

The X-ray source could generate a cone beam X-ray up to 225KeV. The X-ray photons with 

different energy could penetrate the sample with a different probability, according to Beer-

Lambert law (Bunker 2010). Meanwhile, different materials with a different thickness along the 

ray path have different X-ray absorption coefficients. After attenuation, the X-ray signal detected 

through a ray path could reflect this variation with greyscale value. 2D radiography images of 

samples could be acquired with the position information of each pixel. 
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Figure 9. (a) Schematic of X-ray imaging instrument; (b) Model of X-ray absorption; (c) X-ray 

imaging of printed single-layer silver line 

Inside the flat panel detector, scintillator cesium iodides (CsI) convert X-ray photons to 

visible light photons, then CMOS electronics convert them into electrical signals(represented by 

greyscale), which was proportional to the X-ray beam intensity arrive at this pixel. Figure 9(b) 

presented the X-ray absorption model, and it explained three different situations during X-ray 

imaging experiment: X-ray went to flat panel detector without any blocking; X-ray went to the 

detector with blocking by glass substrate; X-ray went to the detector with blocking by a glass 

substrate and pattern of silver nanoink. Figure 9(c) showed the X-ray image of a silver pattern on 

a 1 mm thick glass substrate with X-ray radiography parameters: voltage 30 kV, current 1000 

µA, and exposure time 6500 milliseconds. This image was an average of 8 images taken under 

the same parameters for reducing the white noise. 

Results and discussion 

Influence of printing parameters 

The needle was fabricated from a glass puller, and the manufactured needle diameter 

varied from 10µm to 100µm. The glass needle will be mounted on the metal needle, under 

electrical filed the silver nanoink will form a Tylor Cone on needle tip and finally be dragged on 

a reflective glass substrate. Surface tension 𝛾 = 𝐹/𝑑, where 𝐹 is the electrical force at the 
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nozzle, and d is the length along the force direction, which equals to the diameter of the nozzle. 

The equation could determine the minimum force (related to the voltage applied) required to 

drive a continuous jetting during the EHD-Inkjet printing process.  

A.C. voltage alternatively provided negative and positive voltage during the printing 

process. Pulse width is a parameter that allows some amount of time of voltage applied during 

one signal cycle. Low amplitude of voltage could not generate a strong enough electrical field to 

propel the ink out of the nozzle. The high amplitude of voltage would result in unstable droplets 

and Taylor cone, which could reduce the quality of the pattern. In this research, the optimal 

voltage range, which could drive silver nanoink out of nozzle and print stable microstructures, 

was investigated. At the beginning, 800V A.C. voltage was applied to jet material. After that, 

droplets were printed on the substrate under calibration of reducing the voltage by 30V each 

time. This operation could help to explore the optimal voltage amplitude. From Figure 9(a), 

voltages were applied as 450V, 500V, 550V, 600V, and a growing line width could be seen to 

grow from 10µm to 30µm. 

Table 1. Specification of the e-jet printing process 

 
Pulse width 

(µs) 

Voltage 

amplitude 

(V) 

Voltage 

frequency 

(Hz) 

Standoff 

distance 

(µm) 

Printing 

speed 

(mm/s) 

Layer 

number 

Needle 

diameter 

(µm) 

Group1 200 

450, 500 

550, 600 

200 30 1 1 20 

Group 2 
160,180 

200, 220 
550 200 30 1 1 20 

Group 3 200 550 

50, 100 

200, 300 

30 1 1 20 

Group 4 200 550 200 30 

1, 2 

4, 8 

1 20 
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From Figure 9(b), when the pulse width was increased, the line width grew from 7µm 

under 160µs to 27µm under 180µs. Although the diameter decreased from 38µm under 220µs to 

48µm under 200µs, the line printed under 200µs pulse width was printed at the beginning, so the 

material flow condition may be changed in this period, which could explain the sudden linewidth 

decrease. A.C. voltage was applied in this printing process, and frequency could be controlled to 

generate designated droplets. The higher frequency could contribute to larger droplets, as shown 

in Figure 9(c), line width went from 13µm (50Hz) voltage to 38µm (300Hz). As more droplets 

fell in the same place, the line width increased. As the printing speed started to increase, the line 

width will decrease due to fewer droplets could be placed in the same place. Line width dropped 

from 48µm to 8µm, as presented in Figure 9(d). Detailed parameters for the printed samples 

were shown in Table 1. 

X-ray imaging characterization and absorption analysis 

This research would conduct and design experiments to characterize the X-ray absorption 

rate of silver nanoink printed microstructure. To provide the audience with a reference, 

commercial bulk silver samples were tested under X-ray radiography. Commercial bulk silver 

has a stable thickness, and it has been used for the calibration of X-ray radiation. A commercial 

bulk silver sheet is 10 cm by 10 cm square, while the thickness of this sheet was 25µm. This bulk 

sheet was sliced into 16 pieces of the same size: 2.5 cm by 2.5 cm square. Thus, the different 

bulk silver thickness was tested under X-ray radiography to provide the greyscale value, as 

shown in Figure 10. This curve has characterized the X-ray absorption rate of bulk silver from 

the thickness of 75µm to 225µm. Based on this graph, we could compare the X-ray shielding 

capability of bulk silver and silver nanoink fabricated structure under the same thickness. 
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Figure 10. Bulk silver function of grayscale 𝐼 𝐼0⁄  with different thicknesses together with an X-

ray image of those bulk silver 

Experiments were conducted to fabricate silver nanoink microstructures with different 

thicknesses: multi-layer patterns with layer numbers: 1, 10, 50 were printed, with different 

thickness values. Optical microscopy with a 3D reconstruction function was used to measure the 

thickness of different samples. The measured results were presented in Figure 6. After that, these 

samples were scanned by X-ray radiography.  

From the X-ray imaging results, it was expected to predict the correlation between 

thickness and greyscale value. As shown in the above description, I0 was X-ray intensity 

captured without blocking material along the X-ray path, 𝐼𝑧 was X-ray intensity with ink pattern. 

For intensity evaluation, multiple greyscale scale values were randomly chosen for each sample 

pattern. The intensity 𝐼 was calculated by averaging the greyscale value of those pixel points. 

As shown in Figure 10, 𝐼0 was the value of the pure greyscale value without blocking 

material along the X-ray path. 𝐼𝑧 represented the greyscale value with the silver material. It can 

be found from the curve that as the growth of the thickness of the bulk silver sheet or silver 

nanoink, the X-ray absorption amount was higher. From Equation 1, the detected data of bulk 
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silver could be fed and fitted into a function shown in Figure 10, and the 𝑅2 value presented an 

excellent fitting. 

It was assumed that the greyscale value would be 1 when the thickness of the material is 

0. Taking all these data points into consideration, the equation in Figure 10 was achieved by 

using the Exponential 3P function to fit in JMP software. For the silver nanoink pattern, fifty 

layers thickness was around 4µm, and this 𝐼𝑧 𝐼0⁄  value was 0.97. It indicated that nearly 3% of X-

ray radiation could be absorbed by the printed silver pattern. With the same thickness, 𝐼𝑧 𝐼0⁄  

value calculated from the equation in Figure 5 was 0.88. 

Thus, the printed silver line can absorb more X-ray radiation than the bulk silver at the 

same thickness, exhibiting high X-ray radiation shielding property. This phenomenon was 

convincible and easily explained since a thicker sample could block more X-ray s. The X-ray 

shielding efficiency was determined by the structure density and thickness. At the same 

thickness, higher density structures have much more atoms at the direction X-ray passed through, 

resulting in better absorption ability. The next attempts of our work are building several grating 

masks and print silver nanoink into these grating gaps to generate high aspect ratio and high 

thickness lines and films. 

 

Figure 11. (a) 3D image of printed multi-layer silver patterns using nanoink; (b) X-ray imaging 

of multi-layer patterns from left to right: 1 layer, 10 layers, and 50 layers 
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Designed pattern fabrication and biomedical application 

Spectacles pattern was printed under different voltage, as shown in Figure 12(a) and (b). 

In Figure 12(a), parameters were printed out, which indicate the robustness of this printing 

technique. With voltage control during the printing process, the sunglass pattern could be 

achieved in Figure 12(b). The enlarged part of the spectacle presented a fine printing of the curve 

in Figure 12(c). The curves were uniform, dense, and highly conductive. The circuit pattern was 

printed on a PET substrate, shown in Figure 12(d). It was demonstrated that a delicate pattern 

could be fabricated using e-jet printing techniques on multiple substrates with high resolution for 

sensing. After the fabrication of silver structures and application of X-ray characterization of 

silver microstructure, components in medical applications such as X-ray marker could be 

detected by radiography equipment.  

The silver nanoink pattern of our lab's logo barcode was fabricated to verify the 

effectiveness of this approach to fabricate the X-ray marker. A 30µm nozzle was used to print 

this pattern with the dropping frequency of 100Hz on the glass substrate. The standoff distance 

was 50µm, and the printing speed was 2 mm/s. Each width of the printed line was constant by 

controlling the voltage amplitude and standoff distance. Though the printed lines were not 

perfect, such as the void portion on one line and bumpy part on some lines, this marker pattern 

could still be scanned to show the "feap" letter, representing the flexible electronics and printing 

lab. The fabrication of this pattern proved the precise controllability of the e-jet printing 

approach. 
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Figure 12. (a) Spectacles pattern was printed on a glass substrate; (b) Spectacles pattern was 

printed with the higher voltage on a glass substrate; (c) Amplified microscope image of part of 

glass pattern; (d) Circuit pattern was printed on stretchable PET substrate 

Due to the function of the barcode, it could be used to represent a unique object for 

differentiation purposes.  Thus, it promises to realize the diagnostic through images and 

contribute to the X-ray marker's application in the medical area.  

To verify the effectiveness of marking on bio-tissue, the leaf was selected for attaching 

marker. There are two approaches to fabricate markers for leaf: directly printing on the leaf 

substrate and printing on a flexible substrate attached to the leaf. The second fabrication 

approach is to fabricate a pattern on a transparent and thin flexible substrate, and then the printed 

pattern will be attached with leaf for marking. EHD-Inkjet printing is typically conducted on a 

reflective and flat substrate, which would allow the operator to locate the position of the needle 

and program the printed patterns. It is challenging to print on leaf substrate due to the curved 

nature of the substrate. 
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Figure 13. (a) Microscopic image of "feap" barcode fabricated by silver nanoink; (b) Binarized 

image of the fabricated barcode 

Meanwhile, it is impossible to watch the location of the needle to accurately controlling 

the movement. Thus, the standoff distance was kept at a relatively large value, which is around 5 

mm. It was shown in Figure 14(a) of printing on leaf substrate and Figure 14(b) of X-ray 

scanning result. 

 

Figure 14. (a) Print marker on leaf substrate (b) X-ray imaging of marker on leaf substrate 

To understand the voltage influence on the X-ray imaging greyscale value, experiments 

were conducted under different voltage values, as shown in Figure 15. Each voltage parameter 
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setting was used to print three filaments on the leaf for repeatability purposes. Voltage (D.C. 

signal) range included from 1500V, 1600V, 1700V, and 1800V. From the results, it could be 

seen that the greyscale value decrease with the growth of voltage value. The higher voltage could 

generate a more robust electrical field, thus drags more ink onto the leaf substrate. With a thicker 

printed silver nanoink microstructure, X-ray was absorbed more, which resulted in a smaller 

greyscale value.  

In this research, the X-ray characteristic of silver nanoink fabricated microstructure was 

investigated to provide the instruction of micro/nanoscale marker manufacture by the EHD Inkjet 

printing technique. Bulk silver has been researched over the years and applied to the X-ray 

marker area. It could serve as a reference to compare the X-ray characteristic with the silver 

nanoink fabricated microstructure that was assumed to behave in a different X-ray absorption 

rate. Thus, the commercial silver sheet was bought to calculate and calibrate the X-ray 

absorption rate versus thickness. However, the silver nanoink printed micro-structure was 

assumed to behave in a different X-ray absorption rate. To verify this assumption, different 

layers of silver nanoink micro-structure were fabricated by EHD Inkjet printing with micro-scale 

resolution. It was demonstrated that silver nanoink fabricated structure has a different X-ray 

absorption rate with the same material thickness. These results further impede the development 

of applications in industries such as barcode and biomarkers. The barcode was fabricated and X-

ray scanned in this manuscript, which could be recognized by a barcode scanner. These high-

resolution, low-cost, and flexible characteristics of EHD Inkjet printing combined with reported 

X-ray responses of silver nanoink microstructure could contribute to the marking and detection 

in the packaging industry. The following experiments were also successfully printed on the 

living leaf substrate, and X-ray scanned the precise structure of the printed silver nanoink 
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marker. It paves the way for the development of marking bio-tissue and using X-ray to 

accurately locating the tissue in medical research. 

 

Figure 15. (a) Print marker on leaf substrate under different voltage (b) X-ray image (c) Plotting 

of the greyscale value trend under the influence of different voltage values 

Conclusion 

In this research work, the E-jet printing of silver nanoink material was proposed to 

fabricate functional microstructures. The X-ray characterization of silver nanoink and bulk silver 

was conducted and compared to present the difference in X-ray absorption rate. The influence of 

different printing parameters on the dimension of printed patterns was proved. Meanwhile, 

patterns were printed on bio-substrate to test the potential of application in the biomedical area. 

Here are the main findings of the e-jet printing and X-ray radiation experiments: 

• The e-jet printing system demonstrated the effectiveness of fabricating sub-30µm silver 

nanoink microstructures on the insulating glass substrate and flexible PET substrate. 

• Silver microstructures were fabricated under different printing parameters such as 

plotting speed, frequency, voltage amplitude, and standoff distance to obtain the 

optimized parameters. 

• The silver nanoink material has the same XRD response as bulk silver. 
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• The experiment results have shown that nanoink silver printed microstructures presented 

different X-ray absorption rate to the bulk silver under the same radiation condition and 

thickness. 

• The fabrication of patterns using silver nanoink was successfully conducted on leaf 

substrate, while the X-ray radiation technique could characterize the pattern. The 

greyscale value was found to near linearly grow with the increase of voltage amplitude. 

In conclusion, the e-jet printing system was demonstrated to be capable of fabricating 

delicate silver nanoink microstructures. The X-ray characterization of silver nanoink could 

provide a reference for the design and manufacture of a customizable X-ray marker, which may 

be used in biomedical diagnostic imaging. In future applications, the research work could pave 

the way for developing silver nanoink microstructures such as in-vivo embedded biosensors in 

the biomedical area.  
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CHAPTER 4.    FABRICATION OF MICRO-SCALE RADIATION SHIELDING 

STRUCTURES USING TUNGSTEN NANOINK THROUGH 

ELECTROHYDRODYNAMIC INKJET PRINTING 
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Abstract 

Electronics components used in space and strategic missions are exposed to harsh 

radiation environments, which could cause operational malfunction of the system through lattice 

displacement or ionization effects. One potential solution is to use tungsten as radiation 

shielding. Tungsten is a very effective material in shielding electronic components and 

manufacturing gratings for X-ray imaging. However, intrinsic properties of tungsten (e.g., 

density, chemical/thermal inertness and hardness) post a significant challenge of fabricating the 
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material into micro-scale and delicate structures, especially in electronic device fabrication. To 

address the problem, we designed a new tungsten nanoink and developed a straightforward 

approach to create tungsten micro-structures by 3D printing. Various microstructures down to 

10µm resolution have been patterned and fabricated by electrohydrodynamic inkjet (e-jet) 

printing using tungsten nanoink. By optimizing process parameters (voltage modality) and 

materials properties (ink formulation), the dimension and morphology of the structures can be 

precisely controlled. An AC-modulated voltage was employed during the e-jet printing process 

to make the patterns much more controllable and stable. Multi-layer tungsten lines were 

characterized by X-ray imaging and exhibited excellent absorption of X-ray radiation. With the 

same thickness, printed lines showed nearly 1/3 absorptivity of X-ray radiation of bulk tungsten, 

leading to significant radiation attenuation effectiveness. Tungsten nanoink is a new material 

used in e-jet printing that has not been reported in the literature to the best of authors’ 

knowledge. The study establishes a new methodology of manufacturing micro-nano scale 

shielding components for electronic devices and rapid prototyping of gratings and collimators in 

radiography for medical and inspection applications. The research also provides practical 

guidance to fabricate high melting-point metals via nanoink and micro/nano scale 3D printing. 

Introduction 

Electrohydrodynamic inkjet (e-jet) printing (Park 2007), a method combing 

electrohydrodynamic and inkjet printing, has attracted much interest recently in fabricating 

submicron-to-micron sized structures, including dots, lines, and films (Prasetyo 2013; Jang 2013; 

Tekin 2006). E-jet printing has certain advantages over the traditional lithography based 

techniques, such as direct-writing capabilities without the need of complex fabrication processes, 

extra masks, etching, or developing. In addition, e-jet printing is low-cost and highly versatile 

with a variety of selections of printable materials on diverse substrates (Han 2018; Brossard 
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2017; Yudistira 2013). Many metal inks were employed to generate different structures, 

including silver nanoparticles (Lee 2007), silver nanowires (Cui 2018), quantum dots (Kim 

2015), carbon nanotube (Jeong 2016) and graphenes (An 2015). In e-jet printing, printed patterns 

were deposited onto the substrate layer by layer via nano-scale control of platform movement. 

After solidifying, the patterns could form reliable and diverse structures as designed (Li 2018). 

Based on the flexibility and precision of programmable platform movement, both regular 

patterns and discrete patterns could be fabricated using e-jet printing on various substrates, which 

has led to unique application in particular fields (Kim 2015; Li 2018), including radiation 

shielding patterns on electronic components. However, it is still challenging to determine the ink 

formulations to achieve precise and delicate printing structures. 

Electronic components used in strategic and space missions are exposed to harsh 

radiation environments, which could cause operational malfunction of the system through lattice 

displacement and ionization effects. Current radiation-hardening techniques for electronics, such 

as using radiation-resistant materials in standard semiconductor manufacturing or adopting 

radiation tolerant logical designs, require specially tailored electronic design or manufacturing 

processes. At present, most radiation-shielding techniques require the use of heavy and thick 

enclosures for effective shielding, which significantly increases the structural mass of the system. 

One possible solution is to use precisely printed tungsten structures as radiation shielding. 

Tungsten, one of the most effective radiation shielding materials, has remarkable properties of 

density, robustness, chemical inertness, hardness, and thermal-resistivity (Lee 1981; Shemelya 

2015). However, it is a significant challenge to manufacture designed tungsten structures due to 

such intrinsic properties, especially in electronic device fabrication. To overcome the challenge, 

we developed a new method to fabricate microstructures using with tungsten nanoparticles, 
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which is much easier to control and manufacture compared with bulk modality (Nersisyan 2005; 

Lei 2007). More importantly, nanoparticles could be formulated into nanoink with the help of 

appropriate additives (Ghosh 2015), which has enabled micro/nano manufacturing based on 

inkjet printing and e-jet printing.  

In this paper, we reported the use of e-jet printing method to fabricate micro-scale 

radiation shielding structures of different shapes and thicknesses using tungsten nanoink. The 

printed patterns showed excellent morphology and resolution, as well as good absorption of X-

ray radiation. To the best of our knowledge, the tungsten nanoink used in our e-jet printing is a 

novel formulation that has not been reported in the literature yet. This technology paves the way 

for manufacturing tungsten in micro/nano scale to generate customized patterns for radiation 

shielding and radiography in space mission, medical, and inspection applications. 

 

Figure 16.  (a) Schematic of e-jet printing. A high voltage is applied between the needle and 

plate electrode. (b) Voltage modality and a machine vision of e-jet printing process. (c) A typical 

circuit board partially covered by printed patterns for the radiation shielding concepts 
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Methods and materials 

E-jet printing system 

To print the tungsten micro-patterns, an e-jet printing system was employed, shown in 

Figure 16(a). A plate electrode was set on the nano-positioning platform, which was controlled 

precisely by programs. A high voltage was applied between the plate electrode and needle, 

generating a large electric field to jet out droplets for depositions and printing. The ink was 

printed on the substrate attached on the plate electrode. With the moving of the platform, various 

patterns could be fabricated via given programs. There were several parameters affecting 

printing structures (Qin 2017), including needle size, stand-off distance, voltage modalities, and 

plotting speed. By optimizing these parameters, tungsten structures with different patterns were 

achieved. A charge coupled device (CCD) camera, as well as a lens system, were employed to 

monitor the needle and printed patterns (Qin 2017). The needle with diameter ~30μm in the 

printing process was captured in Figure 16(b) with optical images by CCD. With the real-time 

testing, we could observe the printed pattern quality, Taylor cone, droplet size, and the changes 

of stand-off distance. After printing, a microscope (Hirox RH-2000) was employed to 

characterize the patterns and morphology of printed results. Many substrates were good 

candidates for e-jet printing, such as flexible films, which could be used for radiation shielding 

by covering on the circuit board. Figure 16(c) showed our printed metal patterns on flexible PET 

film covered on the circuit board. Different substrates have different surface roughness and 

surface energy, which leads to different wetting profile during the printing process. The 1.5 mm 

thick glass slides were used for calibration of the nanoink (Fisher Scientific, Waltham, MA). The 

printing on PET films and 36mm Kodak photo films have also been conducted to demonstrate 

the versatility of e-jet printing. This demonstrated that our method could be applied to common 

photography film that requires X-ray protection or marking (e.g., barcode) applications. 
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Nanoink fabrication 

The raw materials used in the ink were tungsten nanoparticles with average particle size 

~70nm (from US research nanomaterial, Inc), solvent Triethylene Glycol Monomethyl Ether 

(TGME, from Sigma-Aldrich), and Polyvinylpyrrolidone (PVP, from Sigma-Aldrich). TGME 

was applied as the solvent in nanoink, and PVP was used as the surfactant and thickener to 

facilitate the dispersing of nanoparticles in the solvent. The mass ratio of PVP to tungsten 

nanoparticles was 1:25, and the concentration of tungsten in TGME was 50% in mass. Because 

of heterogeneous-sized tungsten nanoparticles, PVPs with different molecular weights were 

employed as surfactants for better dispersion of tungsten nanoparticles, including 55K and 360K 

with a mass ratio of 1:1. In the study, fresh nanoinks with tungsten nanoparticles dispersed were 

prepared for printing after mixing. After the patterns were fabricated by e-jet printing, curing was 

not provided for most of the printed samples. Instead, the tungsten nanoink evaporates and dries 

on the substrate. The curing on printed parts does not influence the X-ray absorption 

performance because the presence of tungsten particles is the key to absorb X-ray energy under 

exposure to radiation. Currently, the fabrication is limited to 2D planner feature fabrication. A 

future research direction would be the fabrication of 3D tungsten structures, which will require 

the elevated temperature to increase evaporation rate and instant curing during printing. 

Characterization 

The commercial tungsten nanoparticles were characterized by the transmission electron 

microscopy (TEM, JEOL 2100), and energy dispersive spectroscopy (EDS, Oxford Aztec). In 

order to investigate the tungsten components contained in printed dots which were applied for 

radiation shielding, X-ray diffraction (XRD) with monochromatic CuKα radiation (Rigaku 

MiniFlex 600) was performed to identify the printed tungsten dots. The scan speed and step 

width were 10°/min and 0.02°, respectively. 
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X-ray imaging of printed patterns 

 

Figure 17. Schematic of the lab-built X-ray imaging system 

The radiation characteristic of printed tungsten patterns was taken with a lab-built X-ray 

radiography system setup, including X-ray source, moving stage, a signal detector, control 

system, and analysis system, shown in Figure 17. A 50kV, 1000μA X-ray source was employed 

for scanning of printed tungsten samples, where the exposure time was 6500ms to get a high-

quality image. The detector with resolution 3072×3888 was used in the X-ray imaging system to 

obtain the X-ray transmitted data passing through the sample. Once the X-ray transmitted the 

sample with tungsten patterns, parts of them were absorbed, then the left arrived at the detector 

to form images with different grayscale values (John 1997). 

Results and discussion 

The EDS results (Figure 18(a)) indicate that the commercial nanoparticles are mainly 

pure tungsten. There is a small peak in 0.5keV, which suggests that oxidation exists in the 

nanoparticles. TEM image (Figure 18(b)) of tungsten nanoparticles used in the study shows a 

polydisperse size distribution of nanoparticles. The smallest dimension of tungsten nanoparticles 

is about 20nm. In order to uniformly disperse particles with such size range, two PVPs of 

different molecular weights (55K and 360K) were added into the tungsten nanoink to tune the 

rheology and stability of the ink formulation for e-jet printing.  
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Figure 18. (a) Energy dispersive spectroscopy (EDS) and (b) Transmission electron microscopy 

(TEM) images of tungsten nanoparticles. (c) X-ray diffraction (XRD) results of printed tungsten 

dots 

The XRD was taken to confirm the crystal structures of tungsten in the printed dots 

(Figure 18(c)). The XRD peaks demonstrate that the peaks with (110) (200) (211) have high 

intensities. The peak values match with tungsten peaks W (04-0806), which suggests our printed 

tungsten has a bcc crystalline structure (Ghosh 2015; Maille 2003). The XRD peaks 

corresponding to W3O were also observed as (002) (012) (112) (222) (023) (123) (004), which 

further confirmed the oxidation states of tungsten nanoparticles in the nanoink. The XRD results 

strongly indicate that the printed tungsten is in the crystalline form, which can benefit the X-ray 

absorption analysis in the following part. 
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Figure 19. Printed tungsten dots with e-jet printing in different voltages. (a) Optical microscope 

image, (b) Dots area as a function of printing voltage 

The mechanism of the e-jet printing process was extremely complicated and difficult to 

control, due to the facts that numerous variables are coupled with each other for the printing 

process (Qin 2007). Presented in this work, the control of needle dimension, stand-off distance, 

voltage amplitude, frequency, pulse width, and plotting speed will all affect printing quality of 

designed patterns. Different from thermal/acoustic pressure driven inkjet printing (Sirringhaus 

2000), e-jet printing employees high voltages to drive the metal ink ejection, utilizing the 

electrical force working at Tayler cone mode, and achieve higher resolution. The changes of 

voltage modalities play a significant role in printed patterns morphology, especially the 

dimensions of the features. Figure 19(a) shows a variation of tungsten dots printed at different 
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printing voltages. An explicit size decrease can be observed with the reduction of voltage. With 

higher voltage, a large electric field force was applied to the droplet, resulting in the jet being 

ejected and printed onto the substrate. As the curve shown in Figure 19(b), higher voltage 

yielded dots with a larger size. The trend was fit linearly with the equation 𝑆 =  −0.0011𝑈2 +

3.1774𝑈 − 1247.1, where S is the dotted area in micrometer2 and u is the voltage in volt, 

respectively. The area of the dot is determined by the volume of the droplet in e-jet printing, 

which indicates the gradual changes of droplet volume with altering voltage. Under constant 

needle diameter and stand-off distance, the accumulation of charges in Taylor cone increases 

with higher voltage, generating droplets which have increased volumes and higher speeds to the 

substrate. Dots with a larger size can also be printed. With a ~30μm diameter needle, a small size 

dot with diameter ~10μm can be printed, which serves as the prior control of e-jet printing by 

high voltage (Han 2018). 

 

Figure 20. Optical microscope images of tungsten dots under different (a) Frequencies and (b) 

Pulse widths of high voltage; Optical microscope images of tungsten shaped lines with (c) Low 

and (d) Large magnification 
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The morphology of printed patterns is closely related to the printing parameters. Instead 

of using direct current (DC) voltage (Zou 2019) between electrode and needle which could 

generate many single-size dots, an amplified alternating current (AC) with variable voltage, 

frequency and pulse width was applied for printing in our study. Different parameters resulted in 

different dimensions of dots or lines. Figure 20 shows optical images of printed tungsten dots 

under various frequencies and pulse widths. With high frequency, the increase in jetting 

frequency and spray speed leads to closer separations between two adjacent droplets and line 

coalescence. The distance between two contiguous dots changed from 100μm at 5Hz to 31μm at 

15Hz. Further increasing the frequency produced the dots overlapping with the previous ones, 

which eventually resulted in coupled dots and wide lines, as shown in Figure 20(a). The pulse 

width (Holtz 1992) is the open status of the voltage switch, which allows the supply of high 

voltage for printing. The length of pulse width affects the electrical field force of the ink, such 

that the dots can be printed in different sizes, as shown in Figure 20(b). The diameter of the dot 

decreases from 83μm to 33μm with a pulse width change from 60ms to 10ms. The dot sizes are 

much larger than those in Figure 20(a), since the pulse width of Figure 20(a) was tens of 

microseconds. Larger pulse width resulted in larger dot size. If the pulse width is too small, the 

nanoink could not come out from the needle due to the failure of nanoink forming the fine Taylor 

cone. With the selected parameters, group lines in patterns of excellent fidelity were acquired, as 

shown in Figure 20 (c) and (d). Because of AC voltage application, the droplet can be controlled 

precisely, which produces good patterns even in the turning corner. The line width is about 

6.5μm, shown in Figure 20(d), much smaller than the needle diameter 30μm. It is the result of 

well-defined printing droplet generated by high voltage and optimized frequency (Mishra 2010) 

and speed (Phung 2017). However, there were still several imperfect dots at the cross-points of 
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two lines since the printed nanoinks did not dry immediately. The AC voltage used in e-jet 

printing provided a convenient adjusting method for generating different size and morphology 

dots or lines. As a proof of concept, the capability of patterning is demonstrated here, which can 

be further optimized for future applications in manufacturing radiation shielding components for 

electronics. 

Several interesting patterns were obtained by altering printing parameters, as shown in 

Figure 21. Violent droplets flying behavior was observed when printing using DC voltage. For 

example, the patterns like tadpoles in Figure 21(a) were printed under a pre-programmed pattern 

shown as the dashed lines. The DC voltage was applied between the needle and electrode, and 

the nanoink came out consistently. We observed that due to charges in e-jetted droplets, plotting 

speed, and high viscosity of the ink, a disturbance was generated with the in-flight droplets. At a 

particular plotting speed, a small tip left behind the dot. Large pulse width with AC voltage can 

also lead to tips in the dots, shown in Figure 21(b). While the ink was not fresh (aged ink after 

several days), there were some random patterns emerging in the printing, seen in Figure 21(c). 

This could be due to the particle aggregation so that the nanoink was no longer homogeneous. 

Some particles and solvent came from the needle non-continuously, demonstrating 

electrospinning behavior with a high level of uncertainty. Some narrow lines, as well as large 

dots, could be generated. At this condition, when a high voltage applied, the irregular patterns 

were observed. Enlarged images show structures similar to diffusion-limited aggregation (Figure 

21(d)) (Onses 2015). When the nanoink was not uniform and ejected randomly at high voltage, 

such random drops and curved lines occurred. 

By adjustment pulse width, oscillate frequency and spacing, diameters of printed dots 

were precisely controlled by adjusting the pulsed signal for excitation. Printed line width was 



54 

controlled by cooperating with printing head moving velocity, excitation voltage, pulse width, 

and oscillate frequency (Nguyen 2009). Once the liquid ink was charged enough by the electrical 

potential to overcome the surface energy, a new surface will facilitate the resulting formation of 

the droplet. With controlled pulse width and amplified voltage, the electron prudential energy 

delivered to the ink liquid were controlled; therefore, a means of controlling droplet mass results 

in high printing quality (Zheng 2014). Simulation work on the droplet generation has been 

reported in e-jet printing (Pan 2019). There were several areas with a relatively large quantity of 

tungsten nanoink in Figure 21 (c) and (d). They were high tungsten density patterns and could 

play an important role in radiation shielding. Due to the complication of ink properties and 

interaction with electric fields, the overall mechanisms of pattern formation and line coalescence 

in Figure 21 have not been fully understood yet. A future research direction would be correlated 

with ink formulation and droplet dynamics under the electrical fields. More details of the 

relationship between tungsten pattern quality and printing parameters will be further 

investigated. 

Generally, line patterns with 50-200nm thick have been obtained with e-jet printing after 

multi-layer stackup (Qin 2017). For better radiation shielding application of tungsten, multi-layer 

lines were also required and printed layer by layer. Figure 22(a) showed the optical image of 

printed multi-layer tungsten lines, where a round trip was designed to realize layer-by-layer 

printing. Since the nanoink did not solidify immediately during the printing process, there were 

some outflows of the line, leading to several bulge formation in multi-layer lines. When the 

printing layers increased to 50 layers, the solvent and tungsten regions were clearly observed in 

the magnified optical image Figure 22(c). The dark line represented the tungsten line as marked 

in the picture, while there were also some overflowing solvents with multi-layer printing. With a 
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3D imaging optical system, a general 3D picture was obtained in Figure 22(d). The thickness of 

the line was about 9.5μm, which resulted from the multi-layer printing. 

 

Figure 21. Optical microscope images of tungsten patterns at different conditions: (a) DC voltage 

and the dashed lines were the designed pattern; (b) Large pulse width with AC voltage; (c) and 

(d) are non-fresh ink with normal and high voltage at the designed patterns as dashed lines in 

inset. The dashed lines denote designed printing path 

Figure 22(b) showed the X-ray radiography imaging results, where the designed patterns 

with 20 and 50 printed layers were observed. The pictures were analyzed by Matlab and X-ray 

absorption was calculated. In the study, a grayscale was used to estimate the absorption of X-ray. 

𝐺 =  𝐼𝑧 𝐼0⁄ , where 𝐺 was the grayscale of printed tungsten patterns,  𝐼𝑧 and 𝐼0 was the gray value 

of the tungsten pattern at a thickness 𝑧 and background of the sample, respectively. The gray 

value of each pixel of the patterned area and background by coordinate recognition was obtained, 

and the mean values of them were calculated. The calculated grayscale of the patterns in Figure 

22(b) were 0.99 and 0.97 for the top (20layer) and bottom (50layer) pattern, respectively. 
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Figure 22. (a) Optical image; (b) X-ray radiography image of printed tungsten lines with 20 

layers (top) and 50 layers (bottom); (c) and (d) are magnified 2D and 3D images of the 50 layers 

tungsten line, respectively 

 

Figure 23. Grayscale of bulk tungsten sheet as a function of its thickness. The inset is an X-ray 

radiography image of tungsten sheets with different layers 

The X-ray radiography patterns in the image were the area filled with printed tungsten 

nanoparticles rather than the solvent. The absorption efficiency was affected by tungsten atoms 

thickness and density (Zhou 2014), which was determined by line layers. In order to compare the 
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radiation shielding effect between bulk tungsten and nanoparticles, a group of standard bulk 

tungsten sheets (Eagle Alloys, Co.) was also used for X-ray radiation with the same system. The 

thickness of each sheet was 50μm, and different layers were used to adjust various thickness, 

shown in the inset of Figure 23. Thus, the grayscale under different thickness tungsten sheets 

was calculated in Figure 23. The change rule was matched exponentially of the equation =

0.3632𝑒 − 0.005𝑑 , where 𝐺 was the calculated grayscale and d was the thickness of tungsten 

sheets, respectively. 

Table 2. The comparison of grayscale between bulk and printed tungsten at the same thickness. 

 

The printed lines consist of tungsten nanoparticles. The presence of tungsten function as 

attenuation elements, but attenuation effects cannot be as good as bulk tungsten due to porosity 

existing in the printed structures. The study is in the range of micro/nano scale detection and X-

ray intensity is evaluated by the grayscale of the resulting images. 50-layer, 20-layer and 1-layer 

samples were printed three times each. The thickness of each sample was measured five times to 

calculate the average thickness and its standard deviation for multi-layer printing. The 

acceleration voltage was set at 50 kV considering wide linear mass attenuation response 

(Hubbell 2004) and sufficient energy for high resolution X-ray contrast at micro-scale (20 μm). 

The bulk tungsten at the same thickness of printed sample was calculated using the prediction 

curve in Figure 23. In Table 2, with different printed thickness, the grayscale ratios of printed 

tungsten comparing to bulk tungsten required to provide the same X-ray shielding efficiency 

were calculated. It shows that as the printed tungsten thickness increase, the shielding efficiency 

Printed Lines
Thickness

Avg. / µm  

Thickness 

Std. / µm

Grayscale Ratio 

I z /I 0  Avg. 

Grayscale Ratio 

I z /I 0  Std. 

Bulk Tungsten 

I z /I 0

50-Layer Print 12.5329 0.1154 0.9700 0.0031 0.4333

20-Layer Print 3.6071 0.1642 0.9913 0.0008 0.3461

1-Layer Print 0.0971 0.0269 0.9917 0.0007 N/A
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is close to bulk tungsten sheet. The grayscale of 20-Layer printed lines was 2.77 times smaller 

than bulk tungsten sheet at the same thickness, and 2.26 times smaller for 50-Layer printed lines. 

The small grayscale means low transmittance and high blocking rate of an X-ray through 

the samples. The grayscale results indicate that the printed tungsten lines have good performance 

of X-ray radiation absorption, which is about 1/3 absorptivity of bulk tungsten. The grayscale is 

affected by both particle density and layer width. More radiation absorption and patterns of 

lower grayscale values can be obtained when there are more tungsten layers and higher density 

of tungsten on the substrate. The X-ray radiography imaging results indicate that our printed 

tungsten lines can indeed prevent X-ray radiation in high efficiency. However, it was still lower 

than bulk materials, most likely due to the packing density of tungsten nanoparticles. 

 

Figure 24. (a) Optical image of circuit board. (b) X-ray radiography image of the circuit board . 

(c) Printed capacitor and cover patterns on the circuit board under X-ray imaging 

Figure 24(a) presented the physical appearance of a circuit board from a central server. 

Flexible substrate (PET film) with printed tungsten ink was placed upon the circuit board to 

mimic two scenarios: 1) a shielding, and 2) marker in CT applications. Before the printed pattern 

was placed on top of the board, we can observe the X-ray image under radiation in Figure 24(b). 

After the tungsten pattern was placed on it, four pad patterns could be clearly detected in Figure 
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24(c). In this way, the electronic components in the circuit board (e.g., screen printed conductive 

lines) were covered by the tungsten components, such that shielding function can be achieved or 

X-ray marker (e.g., barcodes) can be detected. The micro/nano e-jet printing based strategy can 

create radiation shielding enclosures for electronics in a highly tailorable manner. More 

importantly, our method can potentially enhance the radiation attenuation effectiveness with a 

lower structural weight. 

Conclusion 

We have successfully developed a new tungsten nanoink for e-jet printing and 

demonstrated different printing patterns, including dots and lines. By adjusting the printing 

parameters (e.g., voltage, frequency, pulse width, and ink formulation), the dimension and 

morphology of printed dots can be precisely controlled. The printed tungsten patterns exhibited 

excellent absorption of X-ray radiation under direct exposure. With the same thickness, printed 

lines showed about 1/3 absorptivity of X-ray radiation of bulk tungsten, exhibiting good potential 

applications for radiation-shielding of electronic components. This work presented a novel and 

convenient path to manufacturing radiation-shielding patterns with tungsten nanoparticles, which 

may find useful applications in the development of micro-nano electronic device for shielding 

protection. 
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Abstract 

Electrohydrodynamic ink-jet printing (e-jet printing) is one of micro/nano scale 3D 

printing techniques that automatically deposit functional materials to form 3D structures on the 

substrate. Unlike traditional thermal or acoustic inkjet printing, e-jet printing utilizes high 

electrical forces that enable the ink to overcome surface tension at the tip of micro needles. The 

filaments/droplets coming out from the needle have dimensions much smaller than the 

dimensions of the nozzle, thus printing geometries in micro and nano scale. Process parameters 

in e-jet printing could affect the final quality attributes of fabricated constructs. Currently, 

assessment of these critical geometries and attributes must be performed offline using optical 

microscopy or scanning electron microscopy. This drawback affected the efficiency of 

micro/nano printing from translation into industrial practice. The research in this paper focused 
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on fundamental research to enable in-situ monitoring of e-jet printing using a real-time image 

characterization technique. In conclusion, the study in this paper investigated using machine 

vision for real-time monitoring of micro scale 3D printing. The method worked well for 

characterization of micro-filaments, and may be further implemented into feedback control 

system of complicated e-jet printing. However, the optical machine vision was limited to micro 

scale detection. One of the future research topic is to develop nano scale in-situ characterization 

mechanism for e-jet printing. 

Introduction 

With the rapid development of the additive manufacturing (AM) industry, highly flexible, 

accurate, and low-cost designs can better satisfy the future requirements of the product which are 

diverse, of high quality, and cheap. E-jet printing is one branch of the promising additive 

manufacturing (AM) technology which has the potential to revolutionize the AM industry (Qin 

2017). A variety of applications, from flexible electronics to high resolution biosensors, can be 

fabricated using e-jet printing (Sutanto 2014). Conventional ink-jet printing faces multiple 

challenges in high resolution surface printing because the dimension of printed patterns is limited 

to tens or even hundreds of micrometers for reliable ink-jet printing (Kuang 2014). E-jet printing 

technique applies electrical field to force conductive material out the nozzle to fabricate even 

smaller characteristic on substrate (Onses 2015; Park 2007; Kim 2015; Wei 2013). In 

comparison, e-jet printing can achieve the printed feature size of as low as hundreds of 

nanometers (Kim 2015; Rogers 2010; Park 2010).  

Although e-jet printing has the ability to fabricate high resolution patterns, automation of 

e-jet printing process has not been realized yet. Therefore, the printed parts are often uneven and 

inaccurate. Moreover, multiple challenges such as inconsistency in the printed material, process 

modeling, and process control, have hindered e-jet printing to be accepted by a wider range of 
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corporations in the AM industry (Mani 2014).  Multiple quality control systems for different 

manufacturing methods have been developed in the last decade. For example, ac-pulse 

modulated e-jet printing solved the slow charge decay rate of the substrate problem to achieve 

high resolution continuous features (Wei 2014). Process monitoring systems are well developed 

in the subtractive manufacturing, however, AM being a relatively new technology lacks such 

well-developed methods for process monitoring and control. Everton et al. reported that the in-

situ inspection approach can be utilized in the AM method (Everton 2016). In the research, the 

infrared temperature sensor detection helps to monitor the fused filament fabrication failure in 

real-time and the required adjustment can be made to correct it (Rao 2015). SK Everton et al. 

found that metal AM with in-situ method was widely used in process monitoring control 

(Everton 2016). 

In order to realize the automated in-situ control over e-jet printing process, optical system 

is a potential solution to ensure the quality control. There exist multiple optical sensing 

techniques including time of flight techniques, interferometric techniques, and diffraction 

techniques (Strand 1985). The optical system captures numerous images of the filament and 

printing parts during the printing process and subsequently, these images are used to extract 

useful information about the filament. This information is fed to the feedback control system and 

the necessary tuning is made. In the real-time feedback system, the main obstacle is the timely 

processing of the data as there are 160 images captured every second which means efficient 

algorithms are sought that can match the time constrain. Notably, Nakabo et al. developed 1 ms 

visual feedback system based on massively parallel processing as well as fast image processing 

algorithms (Nakabo 1997). Moreover, Barton et al. through the adjustment of the e-jet printing 

system, used sensing and feedback system to get high resolution printed parts (Barton 2011).  
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Multiple challenges are faced in processing of images due to the background noise in 

form of the printed material and other sources such as dust particles. In order to extract the 

filament information, such as diameter and tilt-angle, there are two main methods: converting the 

images into binary form or applying edge detection algorithm to get the corresponding edge 

images. To convert the images into binary form, the main challenge is the variations in the binary 

threshold values due to the variations in the lighting and changing position of the nozzle relative 

to the edges of the substrate. Yi et al. optimized the procedure to decide the light source position 

and get a good measure performance (Yi 1995). Tsugawa et al. found the configurations, driving 

control systems, and the machine vision systems contribute to the whole structure of closed-loop 

intelligent system (Tsugawa 1994).   

In this research, the optical system is utilized to collect the material flow information in 

order to monitor the surface quality of the parts being printed. The material flow, in form of the 

filament, can indicate the defects and material property in the printing parts. The complete 

machine vision system as well as the detailed mechanism of e-jet printing is introduced in 

Section 2. In order to prove the effectiveness of the real-time system, experiments of the e-jet in-

situ system were conducted. In section 3, image processing algorithm is described followed by 

the experimental results. It is worth noting that extra benefits will be obtained from the data 

collected during the process that enables us to reconstruct the 3D model of the printing parts. In 

the future, the modeling technology may also be used in the e-jet simulation software for the 

non-destructive evaluation of the printed part which can help the factory to save time and cut 

cost. This work is an effort in the direction of providing a more reliable and controllable e-jet 

printing system. 
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Methodology 

Machine vision theory 

From the appearance of the machine vision system, it is widely applied in manufacturing 

industry. In e-jet printing process, prediction of all the situations by calculation based on 

material, mechanical, and electrical theories is difficult. Machine vision system is an important 

approach to stabilize and control over the system in a random and dynamic environment (Lee 

2002). Even if one can predict the manufacturing process, there are still system and accidental 

errors. The machine vision system can contribute to spot the anomaly during printing process, 

upgrade the traditional manual operation to automatic operation, and enable the measurements to 

be flexible and accurate (Kurada 1997). There are many applications for machine vision system: 

quality and safety detection, process automation, classification and sorting (Chen 2002). Quality 

is one of the most important characteristics of a success product. Surface roughness detection can 

help improve the quality of the product, machine vision system can evaluate and facilitate the 

measurement through non-contact image processing software (Shahabi 2010). Automation helps 

to cut the cost, stabilize the quality, and reduce the labor. Machine vision assisted algorithms can 

automatically accomplish the analysis and the correct identification rate is rather high (Choi 

2015). Meanwhile, constant monitoring also helps to control the quality of product. Excessive 

tool wear and abnormal tool condition will decrease the accuracy of the parts during 

micromachining process, a machine vision system was created to monitor and control the quality 

of the part (Dai 2017). In industry, the versatility is important for a variety of products to be 

manufactured, the machine vision system has been tested for a satisfactory result (Yachida 

1997). Overall, the integration of vison system over ink-jet printer simplifies the printing 

process, improves the accuracy of part, cuts the cost, and makes this technology flexible (Sitthi-

Amorn 2015). 
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However, the benefits of machine vision system accomplishes with difficulties. Harsh 

environment, such as the external illumination (Berger 2016), poses severe influence on the 

machine vision system. To monitor the printing process involving pattern of very small 

dimension is a great challenge. Feature of the products can be used for identification, and thus 

the recognition accuracy rate can be raised (Luo 1999). The machine vision system can work on 

multi features to investigate the quality and result in 100% yield rate (Abdulah 2006). Threshold 

can be used to divide the product into several grades to evaluate the quality is effective 

(Heinemann 1994). Since in real-time e-jet printing, camera can only achieve two-dimensional 

image, computer vision system has been proven to be able to correlate two-dimensional images 

with three dimensional objects (Lowe 1987). Therefore, three dimensional object can be 

constructed through machine vision system. In this paper, we aim to apply machine vision 

system to inspect and control the e-jet printing production. Also, the machine vision system will 

help to reconstruct 3D model for the nondestructive evaluation of e-jet printing parts. 

Experiment setup 

 

Figure 25. (a) Mechanism of image processing; (b) System setup; (c) Working condition; (d) 

Multi-layer printing; (e) Different orientations 

With the development of machine vision monitoring system, adoption of e-jet printing 

can be greatly promoted in the AM industry. The automation of this system is key to improve the 
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quality of the printed product. One way to capture the surface roughness of the product is to 

capture the real-time image. With high speed camera, we can set the camera to a fixed position 

where it is available to take picture during the printing. However, taking picture is the first step 

for the establishment of the system. Then, we need to process the picture. At the same time, the 

feedback system will analysis the information captured by the camera and calibrate the printer’s 

parameter to optimize the printing process. With this system, the e-jet printing process is 

automatic and flexible. The feedback system can not only automatically help to improve the 

quality of the printing product but also the engineer to set the program to control the system. 

What’s more, for quality analysis, the final dimensional parameter of the printing part is required 

most of the time by engineer. By collecting the images of the whole process, we are able to use 

those images to reshape the real printed shape and roughness of the part.  

Figure 25(a) introduces the basic principle and mechanism of the vision-based 

monitoring system. E-jet printer fabricates micro/nano meter scale features during printing 

process which is detected by a CMOS camera with a high magnification zoom lens. The camera 

captures images at a speed of 168 frames per second and subsequently, image processing 

algorithms are utilized to extract the dimensional parameters of filaments recorded in real time. 

The information extracted is then fed to the control system that calibrates the parameters of the e-

jet printer to maintain a uniform diameter of the filament. Additionally, the images captured can 

be used to reconstruct 3D models of the printed part. The E-jet printer set-up is shown in Figure 

25(b). Figure 25(c) shows an image of e-jet printing in a typical working condition, in this 

system images which are associated without too much noises can be easily processed. However, 

the captured images are not always perfect as shown in Figure 25(c). There are also bad images 

like Figure 25(d): multi-layer printing and Figure 25(e): different orientations. Not only the 
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images with too much noise are difficult to analyze, there are also images which are tricky to set 

up a threshold for binarization of images. In the following section, the algorithm for image 

processing are presented to measure image parameters under sophisticated situations 

Processing algorithm and results 

Image analysis 

Figure 26 (a) shows a typical real-time image to be processed. As can be observed, two 

main difficulties arise which prevent accurate measurements of the filament properties such as 

diameter and tilt-angle. The first difficulty is the background noise in form of the printed 

material and the second difficulty is the image quality in terms of the number of pixels 

representing the filament in the image. 

 If we try to threshold the image using Otsu’s method (Otsu 1979) without any 

preprocessing, we obtain the binary image as shown in Figure 26 (b). It can be observed that the 

filament information is not captured in the binary image. Moreover, if we apply Canny edge 

detection algorithm (Canny 1986), we obtain the image shown in Figure 26 (c), which is also not 

very useful to extract the required information about the filament.   

Figure 26. (a) Typical image to be processed; (b) Binary image obtained using Otsu’s method; 

(c) Edge image using Canny edge detector; (d) Typical cropped image; (e) Edge image using 

Canny edge detector 

We also performed the edge detection and thresholding operations on the cropped image 

containing only the filament part. The results are shown in Figure 26 (d) and (e). It can be 

(a)                                       (b)                          (c)                          (d)                                 (e) 

Filament        
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observed that the edge image is still not appropriate for diameter and tilt-angle calculations due 

to the unwanted noise. 

The procedure for the diameter and tilt-angle calculation is depicted in Figure 28. Figure 

28(a) shows a typical edge image of the filament obtained using Canny edge detector. For 

computation of tilt-angle and diameter of the filament, the edge image can be approximated as 

the image shown in Figure 28(b). 

 

Figure 27. Proposed algorithm for information extraction from images 

 

Figure 28. (a) A typical edge image of the tilted filament; (b) Approximate edge image; (c) 

Diameter and tilt-angle calculations; (d) Piecewise approximate edge image 

Diameters and tilt-angle calculations are illustrated in Figure 28(c). The tilt-angle 𝜃 is 

measured with respect to the negative vertical direction and can be found using 

                   𝜃 =  𝑎𝑟𝑐𝑡𝑎𝑛(𝑤 ⁄ ℎ)                                                                                              (1) 

where 𝑤 and ℎ are measured in terms of number of pixels. Moreover, the diameter 𝑑 can 

be computed as 

                   𝑑 =  𝑥 ∗ 𝑐𝑜𝑠(𝜃)                                                                                                     (2) 

where 𝜃 is the tilt-angle given by Equation (1) and 𝑥 is the average number of pixel 

between two white pixels measured along the horizontal direction. For better accuracy, the edge 
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image can also be approximated as shown in Fig. 4(d), where the edge image is broken into three 

pieces. We can compute the diameters and tilt-angles for each of the three segments and then 

find the average angle and diameter. Note that increasing the number of pieces (segments) in the 

edge image will further increase the accuracy of diameter and tilt-angle calculations. 

Results and discussion 

In this section, the image processing results for multiple scenarios are presented. We have 

used MATLAB for the processing of images. The scenarios considered in our experiments are: 

(1) normal printing, (2) change of filament dimensions, (3) tilted micro-filament, and (4) multi-

layer printing. Representative images for each of these scenarios are shown in Figure 29. The 

pixel pitch of the camera set up is 4.8µm × 4.8µm. First, we present the results which contain the 

processed images for each scenario and then tabulate the diameter and tilt-angle calculations in 

Table 3. 

 

Figure 29. Representative images for different scenarios: (a) Normal printing (Scenario 1); (b) 

Change of filament dimensions (Scenario 2), (c) Tilted micro-filament (Scenario 3);  (d) Multi-

layer printing (Scenario 4) 

Scenario 1: normal printing. One representative image for this scenario is shown in 

Figure 29(a) and image processing in the first row of Figure 30. This is a relatively simple 

scenario where the tilt-angle is zero and there is not a significant noise in form of the printed 

material. First, the image is cropped and converted to grayscale as shown in Fig. 6 column (a). 

Then the image is masked using a mask shown in Figure 30 column (b) and the resulting masked 

image is shown in Figure 30 column (c). When we apply Canny edge detection algorithm in the 
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ROI represented by the mask, the resulting edge image is shown in Figure 30 column (d), which 

can be used for diameter and tilt-angle calculations of the filament. 

Scenario 2: change of filament dimensions. When the voltage is increased during printing 

process, the dimensions of the filament also increases. A representative image for this scenario is 

shown in Figure 30(b). The processed images for this scenario, the grayscale cropped image, the 

masked image, and the edge image are shown in Fig. 6 second row. 

 

Figure 30. Scenario 1-4: (a) Cropped grayscale image; (b) The mask; (c) Masked image; (d) 

Edge image 

Table 3. Diameter and tilt-angle for scenarios 1-4 

  Tilt-angle (degrees) Diameter (pixels) Diameter (µm) 

1 0 7.5422 36.2026 

2 0 8.2530 39.6144 

3 10.5392 7.0122 33.6586 

4 20.8068 9.2416 44.3597 

Scenario 3: tilted micro-filament. A representative image for this tilted filament scenario 

is shown in Figure 30(c). As opposed to the vertical filament in Scenarios 1 and 2, the filament in 

most of the images is tilted from the vertical direction due to the movement of the nozzle as the 

ink comes out. When the ink makes contact with the substrate, the filament in the air is lagged 

and dragged as the movement of the nozzle continues. The tilt-angle of the filament is an 
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important parameter because it might affect the printing process at different working speeds. The 

tilt-angle is also used to compute the diameter of the filament from the width of the tilted 

filament along the horizontal direction.  

Scenario 4: multi-layer printing. As the printing continues, multiple layers of the printed 

material are also captured in the image. A representative image for this scenario is shown in 

Figure 30(d). In this scenario, the printed material in the image imposes a great challenge in 

extracting the filament information. The masking of the cropped grayscale image plays a crucial 

part by removing most of the background noise in form of the already printed material. The 

filament part of the image is extracted using the mask shown in Figure 30 column (b). The 

resulting masked image is shown in Figure 30 column (c). The resulting edge image after Canny 

algorithm applied in the ROI represented by the mask is shown in Figure 30 column (d), which is 

used for the diameter and tilt-angle calculations of the filament. An image of a human hair 

captured by our new camera set up is shown in Figure 31(a). The corresponding edge image after 

the masking operation is shown in Figure 31(d). The hair diameter is represented by almost 30 

pixels, which will result in more accurate measurements. 

Table lists the calculated diameter and tilt-angle values for different scenarios described 

before. Note that the diameter values reported here are the average diameters of the 

corresponding filaments in the air and we have used the approximate edge image shown in Fig. 

4(b) for our calculations. Depending on the requirements, the diameter at a specific distance from 

the nozzle can also be calculated from the edge image. Tilt-angles for scenarios 1 and 2 are zero. 

On the other hand, tilt-angles for scenarios 3 and 4 were found to be approximately 10 and 21 

degrees, respectively. We can also observe that the diameter for scenario 2 is greater than that of 
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the scenario 1, which is due to the higher input voltage in scenario 2. For scenario 4, the average 

diameter was found to be 9.2416 pixels which is maximum among the four scenarios considered. 

 

Figure 31. (a) Image of human hair; (b) The mask; (c) Masked image; (d) Edge image 

If we use the piecewise approximate edge image (shown in Figure 29(d)), the tilt-angles 

and diameters for scenario 1 and 2 will be same as listed in Table 1. When using the piecewise 

approximate edge image for scenario 3, the tilt-angle is found to be 10.7441 degrees and the 

average diameter is computed as 6.9827 pixels. Moreover, for scenario 4, the tilt-angle value is 

computed as 18.4208 degrees and the average diameter is found to be 9.5292 pixels when 

piecewise approximate edge image is used. For better accuracy, we can use piecewise 

approximate image with large number of pieces (segments).  

In our experiments, different masks are used for the processing of images of different 

scenarios presented in the previous section. The selection of a particular mask for an image is 

challenging task and we leave this for our future work. Moreover, the pixel pitch for the camera 

set up used in our experiments is 4.8µm × 4.8µm, which is not very large. Usually, the filament 

diameter varies in the range of 30µm to 60µm. As a result of that, the filament width is 

represented by only 6 to 12 pixels range, which is not enough for extracting the filament 

information in a precise manner. Therefore, we are planning to upgrade our camera set up so that 

the filament information is captured with a large number of pixels and we can compute the useful 

parameters of the filament more accurately. 
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Conclusion 

In this paper, a real-time monitor system for e-jet printing was established. The image 

processing results in e-jet printing for the purpose of assessment and quality control. The 

information contained in the filament such as the diameter and tilt-angle are required as the 

feedback in order to control the printing process. The main difficulties in the image analysis were 

identified as the background noise consisting of the printed material and the limited number of 

pixels representing the filament. Although the filament part could be extracted from the image 

using masking and Canny edge detection algorithm, there is a need of better camera set up for 

precise measurements. 

This research not only established a real-time monitor system for printing detection but 

also provided a basis for the automatic fabrication approach for E-jet printing. With the feedback 

information provided by the monitor system, the future e-jet printer system will process and send 

signal to calibrate parameters like the jet speed, jet head distance from the substrate, even jet 

materials to ensure the quality of printing pattern. In order to realize this target, the feedback 

signal processing and transforming to control the printing procedure as well as the mechanical 

system will be further developed to support the automatic printing system. Another benefit from 

this research will be the nonconstructive inspection of printed part. This real-time system can 

monitor and capture the images of the part, the images will be used to construct the real shape 

and roughness of the printed part. The constructed models have the same exact parameters of the 

printed parts which will contribute to simulations in finite element software. The achievement of 

this research in the future will help the cost cut, quality improvement, efficiency raising and 

automation of high resolution e-jet printing process which means the large scale industrialization 

manufacture using e-jet technique is possible. 
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Abstract 

Electrohydrodynamic inkjet (e-jet) printing is a technique which utilizes electrical forces 

to generate droplets in micro/nano scale using conductive inks. Currently, there is no procedure 

in place to measure the printed patterns without taking the sample away from the printer setup. 

Removal of the substrate from the printing stage during the e-jet printing process prevents any 

additional work from being performed on the sample. We investigated the application of scalar 

diffraction for the in-situ measurement and digital reconstruction of opaque material printed on 

transparent substrates. Measurement and characterization of the printed material can be achieved 

in-situ to alter printing condition in process for quality assurance. In order to accomplish the 

sample reconstruction, a digital recording of a scalar diffraction pattern in the image plane was 

employed in this paper with a magnification of 5x with the help of a combination of lenses. The 

reconstructed images were then compared to images captured by an offline high-resolution 
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microscope. The results indicated a submicron accuracy of the feature radii and the locations of 

feature centers. In addition to the quantitative measurements, this method also allows for the 

operator to view the overall form of the printed patterns. Our findings demonstrate an effective 

approach for in-situ monitoring of e-jet printing and printed patterns, which could pave the way 

for the industrial application in printing testing field. 

Introduction 

As the need for flexible electronics grows rapidly, the fabrication of small electronic 

components in micro and nano scale has been significantly necessary (Galliker 2012). 

Traditionally, etching and masks were used to fabricate these structures. These methods face 

drawbacks, however, namely poor customizability and high cost, which are difficult to overcome 

in order to achieve the high-resolution pattern (Onses 2015). Moreover, the requirement of a 

clean room environment further increases the difficulty of quick prototyping for electronic 

components and devices. Electrohydrodynamic jet (e-jet) printing is an emerging method for the 

fabrication of micro/nano structures in electronics and optical fields. This technique has the 

ability to print high-resolution patterns down to sub-micron with stable droplet generation in 

addition to fast fabrication for electronics (e.g., sensors) (Prasetyo 2013). With further 

development of the e-jet printing technique, advanced fabrication of electronics became possible. 

Dong fabricated self-recoverable and stretchable electronics by e-jet printing technique and 

further demonstrated the high-resolution capability of manufacturing these flexible electronics by 

finite element method (Han 2018). Rogers used e-jet printing to form patterns of quantum dots 

for light-emitting diodes (Kim 2015). Our group applied the e-jet printing technique to fabricate 

capacitive touch sensors and achieve sub-20µm conductive pattern on a flexible insulating 

substrate (Qin 2017). For better control of the e-jet printing process, many methods were 

proposed to improve the printing quality further. Dong used modulated ac-pulse voltage to 
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minimize the residual charge issue and overcame the long-predicted charge accumulation 

problem on highly insulating substrates (Qin 2017; Wei 2014; Wei 2015). With better voltage 

control strategy, Mishara demonstrated high-speed printing capability at 1 kHz with 3-5µm 

droplet size for an aqueous ink and 1-2µm for a photocurable polymer ink. High-speed e-jet 

printing method had the additional advantage of reducing the line-pattern width (Mishra 2010). 

Phung reported that the pattern width could be reduced from 20µm to 4µm by increasing the 

speed from 10 mm/s to 50mm/s (Phung 2017). 

In order to improve reliability and quality control of e-jet printing process, many 

approaches were explored to investigate the influence of printing and material parameters. Lee 

investigated the effect of viscoelasticity of typical ink on Taylor cone formation using a two-

model system (Yu 2016). Han applied the e-jet printing process for phase-change wax material; 

both experiment result and FEA models demonstrate agreement with each other (Han 2015). Ink 

characteristics played a large part in the final quality of printed patterns, and one such ink 

characteristic was the solvent used. Je used silver nanoink for printing, which contained a low 

boiling point solvent, and the results were dots and lines with superior quality (Shi 2011). 

However, it was difficult to monitor the results of these altered printing parameters. Many 

researchers focused on the image processing process to instruct the printing process such as 

Gardner reported the operation of optical coherence tomography in a selective laser sintering 

system to monitor the surface feature of the printed part (Gardner 2018). Similar research has 

been done by Grasso, a method was proposed for detection and recognition of spatial defects 

during the selective laser melting process, but challenges remain under different frame rates at 

the same experimental setup (Grasso 2017). During the ink-jet printing process of Liquid Metal 

Inkjet Printing (LMIP), Wang solved the uncertain factors by using vision-based closed-loop 
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control system which achieved stable jetting behavior (Wang 2018). Imani proposed image-

based method to collect nonlinearity, irregularity during the manufacturing process, which link 

the process parameters with in-process images (Imani 2018). Wang applied in-situ droplet 

inspection based on image analysis for liquid metal jet 3D printing, but not for printed parts 

(Wang 2017). Liu developed image-based closed-loop system to diagnosis the fused filament 

fabrication system with captured images and provided the automatic adjustment of the 

parameters to detect the defects (Liu 2019). In previous works, we used machine vision to enable 

real-time monitoring of the e-jet printing process and the implementation of a feedback control 

system to achieve a higher quality pattern (Singh 2018). The quality of manufacturing process 

could be influenced by particle distribution, Kin analyzed the images of particle distribution to 

provide general guidelines to the manufacturing process in nanomanufacturing and 

biomanufacturing (Kin 2013).  A similar machine vision system was used by Lee, who applied a 

vision algorithm to enable in-situ measurement of the e-jet printing process (Kwon 2013). Both 

of these vision processes monitored the Taylor cone formation, but they did not show the pattern 

printed on the substrate in real-time.  

Currently, measurements of printed results are usually performed offline via an optical 

microscope or other similar metrology methods, which results in the removal of the substrate 

from the printing platform. Once the substrate has been removed, additional printing is 

impossible as realignment is difficult and most time is not feasible. An alternative new method 

for in-situ monitoring and characterization of such printed droplets is needed. Inkjet-based 

printing is a droplet driven process. The measurement of dot patterns (formed by droplets) is the 

key step before the realization of printing high quality patterns. Successful dot patterns could be 

used for micro/nano array patterning, and line patterns could contribute to the manufacture of 
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devices such as wearable sensors. Laser diffraction system is flexible for measurement in various 

environments and robust for in-situ characterization. In this contribution, we demonstrated an 

approach using scalar diffraction for the in-situ measurement and digital reconstruction of e-jet 

printing. A digital recording of a scalar diffraction pattern in the image plane was employed to 

evaluate the printed results in process. This approach could open a new way for in-situ 

monitoring and characterization of e-jet printing. 

Methodology 

E-Jet printing setup 

The experimental setup of e-jet printing was shown in Figure 32(a). A commercial silver 

nanoink was used as the printing material for this experiment. A three-axis nano-positioning 

stage was used for the movement of the printer head and substrate. During the printing, the 

movement in x and y direction was programmed in the horizontal plane for printing on the 

substrate. The z direction was programmed to obtain a desired standoff distance from the nozzle 

tip to the substrate. The positional resolution along the x and y direction was 50 nm, and the 

speed of lateral directional movement could vary from 0.001 mm/s to 20 mm/s. The substrate 

used as the printing platform was transparent (e.g., glass slides or PET films) and the standoff 

distance was set to 20µm. A high electric potential was applied between the nozzle and substrate, 

with the voltage ranging between 500V to 1000V. The positive and negative electrodes of the 

voltage supplier were connected with the nozzle and the substrate, respectively. The diameter of 

the nozzle varied between 2µm to 30µm. With such small sizes, the surface tension of ink 

prevented droplet formation at the tip of the nozzle without a voltage supply.  
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Figure 32. (a) Schematic of e-jet printing, and (b) Printed droplet patterns 

The electrical force drove the silver nanoink out of the nozzle onto the substrate and 

served as the primary force for stable jetting the material. A camera was used to monitor the 

region between the nozzle and the substrate. After the settlement of the nozzle on the system, the 

positive and negative electrodes of the voltage supply were connected with the nozzle and the 

substrate, respectively. Via control of process parameters (e.g., voltages, plotting speed, etc.), 

different sizes of silver droplets, dots, and lines were achieved, as shown in Figure 32(b). 

In a traditional setup of e-jet printing, the camera shown in Figure 32(a) was used to 

observe the region between the nozzle and the printing substrate, and to monitor the in-flight 

droplet behavior. The resolution of such optical zoom lens and camera could be as high as 2µm. 

However, this in-situ setup could not observe the pattern being printed. Aligning additional zoom 

lens system on the z stage increased extra load and reduced control resolution of the z-axis. This 

means that the operator could only predict what the printed pattern would look like based on the 

printing parameters established beforehand using a traditional setup in Figure 32(a). These 

parameters included voltage, ink characteristics, standoff distance, translation speed, etc. 

Currently, the method to characterize the printed pattern was to remove the substrate from the 

printing stage and to conduct metrology offline using microscopy (SEM or optical). Removal 
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from the stage eliminated the possibility for any additional future printing as there was no longer 

any point of reference and the small scale of the printing made realignment very difficult. 

Without an effective approach to recognize printed patterns in-situ or establish a point of 

reference for future alignment, quality control of e-jet printing would likely to remain difficult. 

In this paper, a scalar diffraction vision system was developed to resolve the challenge. 

Scalar diffraction vision system 

The following scalar diffraction system was proposed to solve the challenges mentioned 

in previous sections regarding quality assurance and feature recognition for e-jet printing. Figure 

33(a) demonstrated the optical equipment location as it would relate to the e-jet printing setup 

and Figure 33(b) showed the specifics of the components of the optical system setup. 

 

Figure 33. (a) Location of scalar diffraction system in e-jet printing setup, and (b) A schematic of 

the optical components for scalar diffraction: Laser, Step variable neutral density filter (ND), 

Sample, Lens-1, Lens-2, and Charge Coupled Device (CCD) 

The laser as a light source used in this experiment was a 2 mW HeNe laser (wavelength 

632 nm). The light then passed through a step neutral density (ND) filter. The magnitude of this 

filter was set such that the light incident on the CCD did not saturate the camera in order to 

preserve as much information as possible. The sample used in this experiment was silver nanoink 

printed on a transparent substrate via e-jet printing. The ink pattern was on the side opposite the 

incident light. Nemoto investigated the propagation of a Gaussian beam when passing through a 

dielectric material and determined that the waist size of the beam was unchanged when the light 



87 

was normal to the surface of the substrate (Nemoto 1989). Some of the incident beam was then 

diffracted by the sample pattern, and the unscattered light passed through the transparent 

substrate (reference beam). The light diffracted due to the sample was then collimated by Lens-1 

while also focusing the reference beam such that it could be represented by a single point in the 

Fourier plane. The Fourier plane was located behind Lens-1 at a distance equal to the focal 

length of Lens-1. The second lens, Lens-2, focused the collimated diffraction pattern resulting in 

the formation of the original image multiplied by the magnification that resulted from the 

objective lens system. In this optical configuration, the digital sensor (e.g., charge coupled device 

CCD) could record an intensity pattern in either the Fourier plane or the image plane. Each of 

these planes had unique characteristics. The Fourier plane was observed after the incident light 

had been diffracted by the sample and the resulting pattern was observed in the far field. In order 

to satisfy this far field condition, the diffraction pattern resulting from the light incident to the 

sample was collimated by a lens. This collimated pattern effectively described the pattern at 

infinity. This far-field pattern was typically referred to as the Fraunhofer regime, which was 

often described in terms of frequency. An example of a pattern recorded in the Fourier plane was 

shown in Figure 34(a). The image plane contained the reconstruction of the target sample in the 

spatial domain. An example of a pattern recorded in the image plane was shown in Figure 34(b). 

The Fraunhofer diffraction was described as the product of multiple approximations 

made in optics. Initially, the Huygens-Fresnel principle (Miller 1991) was used to describe the 

diffraction of an object through the summation of small wavelets around the contour of an object 

or through an aperture. Later, the Fresnel-Kirchhoff integral theorem (Kirchhoff 1883) expanded 

upon this theory through the implementation of Greens theorems (Green 1828). The resulting 

equations were then approximated and categorized into two fields, Fresnel (near field) and 
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Fraunhofer (far field) diffraction (Born 2013; Jenkins 1958). The integrals associated with 

Fresnel diffraction were computationally challenging to solve outside of several known 

configurations. Thus, the most straightforward approximation (computationally) was the 

Fraunhofer approximation, which utilized the Fourier transform to solve mostly due to the 

implementation of the Fast Fourier Transform (FFT) (Cooley 1965).  

 

Figure 34. Intensity distribution resulting from the printed pattern in the (a) Fourier plane and (b) 

Image plane 

In the Fourier plane, the intensity distribution was a continuous function describing the 

frequency domain, but the device used for digital recording was discrete, which indicated that an 

insufficient sampling rate could result in aliasing of the data. In order to accurately recreate the 

continuous signal, the Nyquist-Shannon Sampling Theorem (Shannon 1998) should be 

implemented, which described the resolution restrictions due to predefined sensor parameters 

and the bandwidth limitations of the system. In addition to resolution limits imposed by discrete 

sampling, the intensity distribution in the Fourier plane had a couple of unwanted components. 

These components were the twin image and zero order image. There have been many methods 

proposed to isolate and differentiate the useful information from the twin and zero-order images. 

These methods required additional processing time however and should be avoided if possible. 
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The alternative to the Fourier plane was the image plane. The resolution of the image 

plane was not restricted by the Nyquist-Shannon Theorem as another lens was added which acted 

as a continuous inverse Fourier transform (Coppola 2004). This resulted in an image of the 

sample plane multiplied by a magnification factor determined by the combination of lenses 

acting as the objective. As a result, recording in the image plane removed the need to 

experimentally or computationally remove the twin and zero-order image. The only calculations 

needed to interpret the image plane were the magnification due to the objective lens combination 

and the conversion from the image plane to the sample plane. The image resulting from the first 

lens was then used as the object for the second lens. The magnification of each lens depended on 

the distance at which the object was being observed.  

The resolution in the image plane was determined as a function of effective magnification 

and the discrete sample sizing of the camera. The resolution of the camera and FOV regarding 

the sample plane could then be determined. There were several factors which may limit 

resolution in the system. The diffraction of light as it passed through a lens was an unavoidable 

problem. This resolution limit was typically calculated and used as an ideal case. In our study, 

the objective lens had a numerical aperture of 1/9.8. This resulted in a resolution limit of 3.096 

μm in the sample plane. The camera pixel corresponded to an area of 0.92 μm in the sample 

plane.  As a result, the resolution limitation was due to the diffraction. A resolution of 3 μm was 

small in comparison to the feature sizes of the sample. In this case, the limiting factor would be 

the camera itself. 

Image processing 

E-jet printing could generate droplet and dot patterns on flexible and transparent 

substrates as shown in Figure 32(b). In this study, in order to utilize scalar diffraction system for 

quality assurance of e-jet printing, we fabricated the patterns with certain common defects (e.g., 
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non-circularity, line coalescence, droplets connection, etc.). Imaging processing algorithms were 

developed to perform feature recognition and quality control.   

Background analysis 

In the image plane, the unscattered light was magnified onto the camera in a Gaussian 

shaped intensity pattern. This Gaussian pattern was constant among all of the images, so it was 

essential to isolate and remove this pattern. Several images were taken when there was no printed 

silver dots on the substrate. The average between these images was used in order to reduce the 

noise caused by any dust that could be on the transparent substrate. The average was found using 

Equation 5, 

B(x, y) =
∑ bi(x, y)n

i=0

n
(5) 

where 𝐵(𝑥, 𝑦)  represented the average pixel intensity for a given pixel. Each individual 

background image was represented by 𝑏𝑖 where the number of images averaged was 𝑛. There 

were several perturbations which were consistent throughout all of the background images which 

did not require to be removed as they would remain in the sample image as well. In Figure 35, a 

reducible disturbance has been circled in red for both images. 

 

Figure 35. (a) Singular background images with a unique disturbance (red circle) and several 

consistent disturbances (red square), and (b) Average of several background images 
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This was an example of how the intensity of the noise, which was inconsistent in the 

images (unique), was reduced. The square indicated several dots which were constant among all 

of the background images taken. This was dust on a lens or the camera itself which would be 

consistent in every image, thus remaining during the average procedure. The sample image was 

then subtracted from the average background image. The sample produced a darker pattern in the 

shape of the sample. Thus any negative values resulting from the subtraction could be set to ‘0’. 

This reduced noise as well as errors caused by an imperfect background image. The result was a 

sample pattern in greyscale without the reference beam. This was shown in Figure 36(a). The 

mathematical representation of this subtractive process was depicted in Equation 6. 

𝐷(𝑥, 𝑦) = max(𝐵(𝑥, 𝑦) − 𝑆(𝑥, 𝑦), 0) (6) 

 

Figure 36. (a) The average background image described by Equation 1, (b) The sample image, 

and (c) The result of the subtractive process described by Equation 2 

Binarization and filtering 

This magnified sample image contained locational and dimensional information for 

identification of reference point and evaluation of printing quality. In order to achieve real-time 

image processing, a binarization technique was used to convert the image from a greyscale into a 

black and white. The black represented the background while the white represented the pattern 

printed on the substrate. The binarization technique used in this experiment utilized local 

adaptive thresholding (Bradley 200734), which created several smaller windows inside the main 
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image. Each neighborhood was approximately one eighth the size of the original image. In our 

algorithms, the mean of the neighborhood intensities was determined, and a sensitivity value was 

assigned by the user. The threshold for each neighborhood was a percentage of the mean value 

based on the sensitivity. The higher the sensitivity, the lower the threshold value resulting in 

more foreground pixels being identified. All of the intensity values of the pixels in the 

neighborhood were compared to this threshold. The greyscale image was then converted to black 

and white based on this threshold value. The value chosen for sensitivity was significant. For an 

image shown in Figure 36(c), a sensitivity that was too low could result in the loss of sample 

information Figure 36(a), and a sensitivity that was too high could result in amplification of 

noise or saturation of the sample Figure 37(b). It was also observed that by increasing the 

number of pixels above the threshold, the size of a feature varied slightly. 

 

Figure 37. (a) Image binarization using a low sensitivity (0.05, assigned by the user) resulting in 

information loss, and (b) High sensitivity (0.55) resulting in the amplification of noise 

Cropping and combining 

The data from image plane could be binarized, but it has been observed that the areas 

with low contrast between the sample images and the background were not always reconstructed 

correctly, which limited the smart feature recognition of the system. In order to combat this, a 
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region of interest (ROI) case study was established. The ROI was positioned over the area with 

the most significant contrast, the center of the Gaussian light. The ROI did not move as the 

background light remains the same while the sample was moving during printing. In this work, 

the ROI has been established to be a 400 x 400 pixel region. The size was determined in order to 

maintain the high quality of information as well as a large physical area covered. The ROI of the 

sample that was used for further investigation was shown in Figure 38. As mentioned in the 

previous section, the patterns were designed to reflect potential defects and to present different 

printing conditions. 

 

Figure 38. (a) The full binarized image with the ROI identified, and (b) Full view of the ROI 

 

Figure 39. (a) Combination of two ROI with its counterpart captured by (b) The microscope 

Once the region of interest has been established, several ROI could be combined in order 

to reconstruct the entire image. Currently, this was achieved through feature matching. An 
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example of a combination of two ROI was shown in Figure 39 in comparison to the same pattern 

under a digital microscope. As previously mentioned in the binarization and filter section, it 

could be seen that when the features were close to each other, some features were combined. 

This was caused by the selection of the binarization sensitivity or the work of the median filter. 

Circle finding 

After image reconstruction of the sample, the reconstructed images could then be 

analyzed to identify key features. The specific sample used in this study aimed to create a dot 

pattern so the feature identification approach will identify circles via circular “Hough” transform 

(Atherton 1999). The method utilized the boundaries of each connected body. A circle was then 

applied to those candidates. These circles corresponded to a cone in the 3D Hough parameter 

space. The theory for the space could be represented as: 

(𝑥 − 𝑎)2 + (𝑦 − 𝑏)2 = 𝑟2 (7) 

where (𝑎, 𝑏) represented the circle center, and r represented the radius. The candidate pixels 

were represented by (𝑥, 𝑦). The intersections of the resulting cones in the Hough space were 

collected in an accumulator matrix. The area was determined by the accumulator matrix which 

counted the intersections. From this matrix, the most suitable circle parameters were determined 

(𝑎, 𝑏, 𝑟). This approach also required a sensitivity threshold that must be set by the user in 

addition to a radius range. With regards to the sensitivity, too low a sensitivity and the program 

would not be able to pick up a feature unless it was a near perfect circle, and too high a 

sensitivity and it would show false alarms (FA). An FA was determined to be anything that was 

identified as a circle by the program which was not determined by the operator to be a circle, 

typically when multiple droplets were deposited too close resulting in one large figure. The 

limitation was due to the unique capability of a circular Hough transform which was the ability 
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to find circles that were partially obscured by other objects or features. Examples of several 

sensitivity values were demonstrated in Figure 40. 

 

Figure 40. The images with user defined circle sensitivity which was (a) Too low, and (b) Too 

high 

Once a circle has been identified, the radius and location of the circle were recorded. The 

accuracy, precision, and reliability of these location and size measurements would be compared 

with those measured by an optical microscope in the following section. In addition to the radius 

and location of the circle size, image processing could delete circles that overlapped. 

Overlapping circles can be seen in the top right corner of Figure 40(b). Depending on the 

preference of the operator, these could be removed in order to reduce the number of FA. Via the 

analysis of printed dots and image processing, the dot quality was easy to estimate, which could 

give direct guidance and feedback of printing parameter optimization. 

Results and discussion 

In the previous section, the selection procedure for the binarization sensitivity, median 

filter size, and the circle finding sensitivity have been discussed. These constants corresponded 

to the imbinarize(), medfilt2(), and imcirclefind() functions in Matlab. A range was set for each 

of these constants, and then each combination was processed and characterized. The binarization 

constant ranged from 0.15 to 0.25 in increments of 0.01. A smaller binarization constant resulted 
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in the loss of dots and a larger constant resulted in additional noise and inflation of the dots (as 

shown in Figure 37(a-b). The median filter size ranged from 3 to 6 pixels in increments of 1. A 

smaller filter size resulted in poor noise reduction, and the larger filter size was more likely to 

combine dots and removed smaller dots entirely. The last constant, the circle finding sensitivity, 

ranged from 0.85 to 0.95 in increments of 0.01. Sensitivities smaller than 0.85 resulted in many 

“misses” and sensitivities higher than 0.95 resulted in a larger number of FA. In total, 484 

combinations were tested. From these 484 variations, any combination which missed a dot was 

removed. In addition, the minimum circle sensitivity was used in order to reduce unnecessary 

false alarms. The result of these constraints were 18 different combinations as shown in Table 4. 

 

Table 4. Different combinations of constants in imaging processing to test the scalar diffraction 

approach for identification of printed dot patterns 

 

Utilizing the combinations in Table 4, size distributions were created which represented 

the size distribution of the dots. These image processing size distributions (IPSD) were then 

compared with the microscope measured size distributions (MMSD).  

When comparing the IPSD and the MMSD, it was noted that the distributions appeared relatively 

normal, as shown in the probability density function in Figure 41(a). Thus, modeling them under 

the assumption that they were normally distributed that allowed for the computation of the mean 



97 

and the standard deviation, both of which could be used to characterize the data as shown in 

Figure 41(b). 

 

Figure 41. (a) Radii comparison between the microscope and image processing algorithm, and 

(b) After normalization 

In addition, the number of false alarms could be easily determined as the remaining 

combinations have no “misses” and the number of “hits” was known. In the study, the defining 

characteristics were the absolute difference between the IPSD μ1 and the MMSD μ2 (denoted 

Δμ), the absolute difference between the IPSD σ1 and the MMSD σ2 (denoted Δσ), and the 

number of false alarms. Each of these 18 combinations was then sorted 1-18 for each of these 

defining characteristics. The lower values being number 1, higher values being 18. Weight was 

given to each combination. The weight of each characteristic was subject to change depending 

on the needs of the operator and specific applications. As one example, Table 2 showed the 

results of an even weight applied to the Δσ, Δμ and the number of ‘false alarms”. The 

performance of each set of image processing parameters was then ranked for each sample group. 

There were six different groupings of dots that were observed in this experiment. The 

first group was shown in the image processing section and can be entirely seen in Figure 40. The 

remaining five groups utilized the same image processing routine using the 18 combinations of 

Filter Size, Binarization Constant, and Circle Sensitivity described in Table 1. Each combination 
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of image processing parameters resulted in a Δμ and Δσ for each of the six dot groups. From 

these, the average absolute difference in the mean could be calculated and that the standard 

deviation of this average was computed as well. This average Δμ could then be plotted as a 

function of the binarization sensitivity as well as the filter size as shown in Fig. 11a and Fig. 11b 

respectively. The circle finding sensitivity was excluded as the lowest value resulting in no 

misses was chosen. 

Table 5. Results of an even weight applied to the Δσ, Δμ and the number of “false alarms” for 

optimization of coefficients and constants 

Filter 

Size 

Binarization 

Constant 

Circle 

Sensitivity 

Group 

1 

Group 

2 

Group 

3 

Group 

4 

Group 

5 

Group 

6 Total 

5 0.24 0.89 7 1 5 2 1 6 22 

6 0.24 0.89 3 2 4 6 3 5 23 

4 0.20 0.88 2 4 8 6 2 4 26 

4 0.19 0.88 8 3 11 1 4 1 28 

3 0.19 0.88 11 10 2 1 4 1 29 

6 0.21 0.90 10 6 3 4 5 5 33 

3 0.20 0.88 5 14 2 3 9 3 36 

6 0.23 0.90 12 5 6 7 6 2 38 

4 0.21 0.88 1 9 13 5 5 8 41 

6 0.22 0.92 13 11 1 8 4 8 45 

3 0.21 0.88 9 8 7 7 8 7 46 

6 0.20 0.94 13 12 10 7 7 7 56 

3 0.23 0.88 6 15 9 9 9 12 60 

4 0.22 0.89 15 7 14 11 6 10 63 

3 0.22 0.89 11 16 12 10 11 8 68 

3 0.24 0.88 4 18 15 11 12 11 71 

4 0.24 0.90 14 17 15 9 10 9 74 

4 0.23 0.90 16 13 14 11 10 12 76 

There were several trends in the values shown in Figure 42. The accuracy and precision 

were a function of the binarization sensitivity and filter size. The size of these error bars was 

representative of the standard deviation of the measured Δμ values, of the 18, with regards to 

binarization sensitivity and filter size respectively. The smaller the quantity, the more accurate 

the IPSD was to the MMSD. The smaller the error bars, the more consistent and therefore more 
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precise the IPSD was. The results shown in Figure 42 indicated that there was very little 

difference in the mean value of this distribution when selecting the binarization constant. When 

looking strictly at the binarization constant, it was only necessary that the operator chose a value 

that did not remove desired data points or generate too much noise when selecting the range. The 

constant should be large enough such that none of the dots were completely removed and small 

enough such that the noise was not an issue. In our study, a binarization constant of 0.19-0.24 

were all sufficient with 0.2 being the most accurate. With regards to precision, 0.19 maintained 

the most similar standard deviation. When comparing the influence of the filter size, it should be 

noted that the smaller the filter size, the less accurate the resulting distribution was. When 

measuring the precision of the system, the largest filter size, 6, had the lowest precision. It was 

concluded that a filter size of 5 was best for the highest accuracy and precision combination. 

This filter size had the second highest accuracy and the best precision. 

 

Figure 42. Average value of (a) Binarization sensitivity (BS), and (b) Filter size (FS) comparison 

There were several ways that the data could be interpreted. First, the operator may be 

looking for settings which resulted in a particle size distribution most similar to the 

measurements given when measured via a microscope. It represented the most accurate settings 
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or the settings which resulted in the smallest deviation (on average) from the actual distribution, 

which can be represented by the smallest Δμ values. Second, another measure of the quality of 

this methodology was the consistency of results between multiple sample areas. The consistency 

and the grouping of the differences was referred to as the precision of the system, which was 

represented in this study, as the width of the curve, Δσ. This variability was not necessarily a 

negative factor as long as it was predictable and could be accounted for. Third, another measure 

was the number of false alarms present. In the case of feedback control for e-jet printing, false 

alarm measurement could be misleading and inconsistent systematically. Typically imperfections 

in this dot printing process were caused by the overlap of multiple dots. This circle detection 

method, by nature, found well-formed circles and those which were partially obscured, or in this 

study, overlapped. The operator could not tell if the dots were independent or connected as they 

were detected the same way in both cases. This made it difficult to draw a conclusion regarding 

the quality of the reproduction of the IPSD, with respect to the number of FA unless it was 

reviewed as it did not contain information regarding connectivity. The number of false alarms 

played a role in the mean and standard deviation of the size distribution; however, so it should 

not be ignored entirely. As a summary, it was ultimately up to the user and application to 

determine how each of these factors should be weighed when determining the “best” set of 

parameters to use for the image processing of scalar diffraction system.   

The system has demonstrated good resolution. One of the advantages is the capability to 

measure sub-30µm features to within several microns, but the overall performance is dependent 

on the parameters, not necessarily the system. The system is based on automated image 

processing with no differences among repeatable tests. We experimented with six different dot 

patterns and compared those to measurements collected via an optical microscope. The limitation 
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of this system is the requirement of a transparent substrate which may restrict the application of 

this system in a wider area. Other than that, there are also many advantages. Due to the 

application of laser source, it has a strong capability to get rid of environmental influences such 

as distance between object and laser source which enable the flexible setup of this system. The 

repeatability of this system could be ensured by the single wavelength of a stable laser source 

which supports the robustness of this laser diffraction system. 

Conclusion 

In this paper, a scalar diffraction system was developed for in-situ monitoring of printed 

patterns in e-jet printing. The approach had the capability to calculate the droplet size 

distribution of a sample without removal from the printing platform with magnification for 

micro/nano scale detection. The focus of this work is an in-process measurement technique, 

specifically for e-jet printing on transparent substrates. There are currently no such processes in 

use, which is an indication that this is the first application of such a system in this field. This 

work also has the capability to automate much/all of the inspection process. The measurements 

made during the image processing were consistent as long as the process parameters were chosen 

correctly. In addition to the measurements, the scalar diffraction system allowed an easy-setup 

and low-cost solution for the operator to monitor the quality of the printed sample, which was 

not currently feasible unless the sample was removed from the workspace and measured offline. 

The binarization constant should be chosen such that the noise was low while maintaining all of 

the feature data. The filter size should be chosen to remove the additional noise while 

maintaining the smaller features and avoiding the combination of dots. The circle finding 

sensitivity should be chosen such that the lowest number of false alarms were present. Several 

combinations of these parameters were demonstrated based on our printing setup, and the 

resulting difference in the size distributions was explained in details.  
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Our future work will be focusing on a digital twin system for e-jet printing based on 

metrology. Using the printing quality information as feedback control signals for e-jet printing, 

the approach could ensure dots were of the correct size for the correct feature and potentially 

spacing. Another significant contribution was that the approach enables the capability for easy 

system lineup with a reference dots on substrates when multiple layers of transparent substrates 

are required for higher dimensional fabrication. 
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Abstract 

Electrohydrodynamic inkjet (e-jet) printing is a novel high-resolution additive 

manufacturing technique for the fabrication of flexible micro and nanoscale electronics such as 

wearable sensors and devices. However, defects exist during e-jet printing, such as inconsistent 

quality (e.g., printed feature width) due to environment uncertainties (e.g., substrates may not be 

flat). This research aims to study multivariable modeling of e-jet printing to help resolve the 

challenge of depositing patterns with designated dimensions under uncertainties through the 

adjustment of printing parameters. The e-jet printing applies an electrical field between a 

conductive nozzle and a substrate to deposit silver nanoink material on the substrate.  It was 

found that the dimension of the deposited pattern could be influenced by several printing 

parameters. In this study, four printing parameters were selected: frequency, standoff distance, 

voltage amplitude, and pulse width. The diameters of the deposited silver nanoink droplets were 

measured by optical microscopy and analyzed by image processing software. The statistical 

regression model was used to quantitatively analyze the influence of those parameters on the 
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printing results. The Multivariable E-jet Printing Supervision (MEPS) prediction model was 

established to predict the printing results with an average prediction accuracy of 87.15% after 

comparing the prediction and experimental results. In the future, if there is a dimension variation 

during the printing, an in-situ monitoring camera system could detect the abnormal situation, and 

the printer could choose corresponding parameters to compensate for this deviation. This 

research could pave the way to the development of a closed-loop control system. 

Introduction 

Electrohydrodynamic inkjet printing (e-jet printing) has the advantages of low-cost, high-

flexibility, and high-resolution. In the e-jet printing, the electrical force was used to drag the fluid 

flow from microcapillary nozzles for inkjet printing functional devices with sub-micron 

resolution (Park 2007). Various functional inks could be used to print intricate patterns by e-jet 

printing, and this idea has envisioned depositing functional inks on the substrate to fabricate 

devices such as bio-sensor, electronics, and functional transistors. With years of development, 

the e-jet printing could enable the fabrication of high-resolution quantum dots light-emitting 

diodes process (Kim 2015). Transistors were printed with resolution down to 1.5µm on SiO2/Si 

wafer (Lee 2012). In the electronics manufacturing industry, circuits were fabricated on the 

silicon-based substrate, which limited the flexibility of electronic products. Our group started to 

fabricate foldable electronics with the e-jet printing technique, and the multi-layer capacitive 

touch sensors were fabricated on polyethylene terephthalate (PET) film (Qin 2017). Ink material 

innovation provided the possibility of e-jet printing applications in the aerospace area. A new 

tungsten ink material was used to fabricate micro-scale radiation shielding structures by e-jet 

printing (Lyu 2019). E-jet printing has attracted attention in the biotechnology area due to the 

high-resolution and flexible operating conditions; functional protein microarrays are useful tools 

for modern research in medical and biology areas. For example, e-jet printing was used to print 
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micro/nanoscale patterns of proteins on different surfaces, such as structured plasmonic crystals 

(Shigeta 2012). E-jet printing was used to fabricate patterned hydrogel substrates for cell culture 

since cells were sensitive to the environment, such as the geometry of the substrate and stiffness 

of substrate (Poellmann 2011). E-jet printing was applied to fabricate 3D functional structures 

such as microcantilever (Pikul 2011), microlens (Sutanto 2014), polymeric scaffold (Wei 2013), 

tendon tissue (Wu 2014), etc. The most recent review paper has summarized the e-jet printing-

related development on the processes, systems on micro/nanoscale manufacturing (Han 2018). 

Meanwhile, the growing applications required better control over the e-jet printing process. 

To fabricate patterns with higher quality, our group used AC-pulse modulated e-jet 

printing to overcome the remained charge of the printed droplet and demonstrated reliable jet 

printing on highly insulated substrates (Wei 2015; Wei 2014; Qin 2017). The printed pattern's 

quality could be improved by changing the voltage type; sensing and controlling system is 

another approach. Iterative Learning Control algorithm was used as a feedforward voltage signal 

and applied feedback controller to compensate for uncertainty in the printing process (Barton 

2011). Machine vision is another powerful tool to provide input information for controlling the 

inkjet printing process with a CMOS camera (Singh 2018; Zhang 2019). Although these methods 

could monitor the printing process, the influence of printing parameters on the dimension of 

deposited features has not been fully understood. 

There are several known printing parameters which could influence the fabricated 

patterns, such as plotting speed (Ding 2017), standoff distance (Tse 2015), nozzle diameter (Graf 

2011), voltage amplitude (Onses 2015), voltage frequency (Choi 2008) and pulse width (Qin 

2016). The e-jet printing parameters' effect on the droplet size was studied, and a model was 

established to predict the droplet size (Laurila 2017). It was apparent that all these printing 
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parameters could influence the deposited pattern's size. The statistical relationship between all 

those parameters and the deposited patterns could enable the e-jet printing to fabricate patterns of 

controllable sizes. The restructured artificial bee colony optimizer was used to predict the droplet 

volume and velocity for the fabrication of high-resolution electronics in the piezoelectric drop-

on-demand inkjet printing process (Jing 2018). Taguchi optimization approach and ANOVA 

method were used to find the best parameters in printing ceramic coatings on a glass substrate. It 

was found that increasing nanoparticle concentration could result in an improvement in the 

thickness of the layer (Rahul 2017). In the design and manufacturing process, statistical analysis 

of the fused deposition process could also contribute to optimization and prediction (Rayegani 

2014). In the novel ultrasonic additive manufacturing process, statistical characterization of 

process parameters such as normal force, oscillation amplitude, weld speed, and the number of 

bilayers contributed to the establishment of a model to predict the bond strength (Hopkins 2010). 

A different statistical model was also applied in the prediction of printed results, such as spatial 

Gaussian process models (Tapia 2016).  

In this research, voltage amplitude, pulse width, frequency, and standoff distance were 

selected as printing parameters to predict the diameter of printed silver nanoink. The statistical 

analysis was provided to present the mathematical relationship between printing variables and 

the dot diameter. A Multivariable E-jet Printing Supervision (MEPS) prediction model was 

established to predict the diameter of printed droplets. The understanding of the printing 

parameters and establishment of the prediction model could contribute to the feedback control of 

the e-jet printing system. 
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Experiment setup 

Mechanism of e-jet printing 

To fabricate intricate patterns on the substrate, the e-jet printer was designed based on the 

particular requirement of depositing liquid material by electrical force, such that it can print with 

high resolution and control the dimensions of the pattern. As shown in Figure 1, the e-jet printer 

has several main components: movement stage, ink supply subsystem, electrical field generation 

subsystem, printing substrate, camera subsystem, and central computer control. The printing 

platform has a resolution of 50 nm. The conductive ink material was stored in the ink supply 

subsystem. Conductive needles were manufactured with a tip diameter ranging from 1µm to 

100µm according to the printing requirements. The signal generator was connected with the 

voltage amplifier to provide a digital voltage signal. In this study, the glass slide was glued on 

the platform as the printing substrate for samples. Thus, a camera with the lens was used to 

monitor the printing process. A central computer was deployed to control the camera, signal 

generator, and stage movement. During the printing, conductive ink started to form a Taylor 

cone shape at the needle tip under the electrical force. As the growing of electrical force, the 

Taylor cone shape was dragged into a long filament. Then the filament separated with the needle 

tip and formed a droplet in the air. The conductive ink material was deposited onto the substrate 

in one pulsed circle when pulsed AC voltage was applied. Voltage amplitude, pulse width, 

standoff distance, and printing frequency significantly influence the diameter of the printed 

droplet. The silver nanoparticle ink contained 50wt. % dispersion in tripropylene glycol, and was 

uniformly dispersed in the solvent for e-jet printing. The average diameter of silver nanoink 

particle is around 50nm. 
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Figure 43. Schematic of e-jet printing system setup: droplets were deposited onto the glass 

substrate by the electrical force 

Printing parameters and data collection  

E-jet printing enables the flexible fabrication of electronics in various fields. It is crucial 

to control the dimension of the printed patterns. Accordingly to our group's previous research 

work: pulse width, voltage amplitude, printing frequency, and standoff distance. However, it is 

still unknown how these parameters are quantitatively influencing the dimension of printed 

results. The physical essence of e-jet printing has enlightened us on selecting major influential 

factors during the printing process. There are other influential factors such as ink properties, 

plotting speed, nozzle diameter, nozzle shape, the setup of the electrode, the printing substrate, 

the resolution of the moving platform, and the operator's human error. Plotting speed refers to the 

movement speed of the stage, which does not have a direct correlation with the size of the 

deposited droplet. A bigger nozzle diameter would tend to generate larger droplets. In this study, 

we selected influential factors to simplify the statistical model for the prediction of the 

dimension. All other variables (including nozzle diameter, nozzle shape, etc.) were already 

optimized. Silver nanoink was selected for in these experiments due to its wide application in the 

e-jet printing area, and the printing substrate is the glass slide for easy measurements of printed 

results. The same operator used the same movement platform in this study.  
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The preparation of e-jet printing, fabrication, and data collection process was presented in 

the flowchart of Figure 44. The ink was prepared and stored in the nozzle for printing. The 

droplet was then dragged by electrical force and deposited on the substrate. A camera with an 

amplification lens was used to observe the needle and printing. The camera was applied to 

monitor the droplet deposition process. After printing, substrates will be removed from the stage 

and observed by optical microscopy. The operating range for each of the printing parameters was 

identified first. After the selection of target parameters, the g-code was programmed for the 

printing. To ensure the repeatability of the experiment, multiple data collections have been 

conducted during measurement.  

 

Figure 44. Chart of e-jet printing and data flow 

Experiment design 

The diameter of the deposited droplet was defined as the dimension of the printing result. 

A pulsed voltage was used in the experiments. Variables are defined as follows: voltage 

amplitude (VO), pulse width (PU), frequency (FR), standoff distance (SD), and diameter of the 

deposited droplet (D). Initial printing experiments were conducted to identify the proper working 
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range of the four key printing parameters. For example, an increase in voltage value could 

increase the dimension of the printed sample. The droplets started to generate when the voltage 

was at 600V. When the voltage reached an upper value (750V), excessive ink will flow out the 

nozzle, and the e-jet mechanism cannot be maintained. A 50V interval was set to be the 

difference between each voltage level until the voltage was 750V. Pulse describes the time of the 

voltage lasts during one cycle of the voltage signal. Pulse width has a similar effect on the e-jet 

printed results as voltage amplitude. When the voltage was 600V, the droplet could barely 

generate when the pulse width was 200µs. When the pulse width was higher than 400µs, too 

much conductive ink tends to flow out on the substrate. Then a 50µs interval was selected to 

ensure good quality of printing results (e.g., the circularity of the printed dots). The plotting 

speed was 10 mm/s. The diameter of the glass needle was 35µm. Table 6 has presented the 

values for each level of printing parameters. The design of experiment is a full factorial 

experiment that takes on all possible combinations of these four levels for each of the printing 

parameters.  

Table 6. E-jet printing parameters 
Parameters/Level L1 L2 L3 L4 

Voltage (V) 600 650 700 750 

Pulse width (µs) 200 250 300 350 

Frequency (Hz) 

SD distance(µm) 

20 

52.5 

30 

61.25 

40 

70 

50 

78.75 

After determining the range of the printing parameters, experiments considering all 

possible combinations of parameters were designed for statistical analysis. The 256 groups of 

experiments were performed based on all combinations of parameters in Table 6. Considering 

the repeatability of the experiment, each printing parameter combination needs to have three data 

points. 768 groups of experimental conditions were tested in this study. 
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Statistical design  

The research question is how the printing parameters influence the dimension of 

deposited droplets. Statistical tools such as multiple regression were used to analyze the 

generated data. Multiple regression analysis could predict the value of one scalar variable based 

on one or multiple variables. The diameter of the droplet is the scalar variable in this study. The 

voltage amplitude, pulse width, frequency, and standoff distance are the multiple variables that 

could influence the dimension of the printed droplet. For each of these variables, there are four 

levels: level 1, level 2, level 3, and level 4. These four levels have covered the full range of 

selected printing parameters. For example, voltage values were selected from 600V to 750V, and 

four levels include the voltage values of 600V, 650V, 700V, and 750V. Theoretically, the 

highest range of droplet dimensions could be achieved under this setup because test experiments 

found the largest values and smallest values of each printing parameters. The multiple regression 

model is as shown as Equation (1). 

𝑦 = 𝑎1𝑋1 + 𝑎2𝑋2 + ⋯ + 𝑎𝑛𝑋𝑛 + 𝑏                                                                                                                             Equation1 

where 𝑎𝑖 represents the coefficient of the variable, the value of the coefficient describes 

to what weight the variable would influence the y-value. 𝑅2 value describes the square 

measurement of association between variable 𝑋𝑖 and y value. The influence of each e-jet printing 

parameter does not necessarily have a linear impact on the dimension of the dimension. Multiple 

linear regression models did not consider the correlation influence between each parameter, and 

it did not include the square of the printing parameter's influence. Thus, the following equation 

was also studied: 

𝑦 = 𝑎1𝑋1 + 𝑐1𝑋1
2 + 𝑑1𝑋1𝑋2 + 𝑎2𝑋2 + 𝑐2𝑋2

2 + 𝑑2𝑋2𝑋3 + ⋯ + 𝑎𝑛𝑋𝑛 + 𝑐𝑛𝑋𝑛
2 + 𝑏                                         Equation 2  
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Results and discussion 

The qualitative trend of printing parameters such as voltage amplitude, standoff distance 

has been investigated by our previous research. However, limited research has been conducted to 

provide statistical analysis for quality prediction. Droplets dimension was used in e-jet printing 

experiments (Laurila 2017). The printing quality in this article was relatively low and the 

dimension was defined as the prediction target since the printed droplet was not a round shape. It 

could be further improved by improving printing quality and defining the diameter of the droplet 

for prediction. To establish a close-loop e-jet printing system, it is crucial to know how the 

system could control the dimension of printed patterns. There are various variables in e-jet 

printing. The experiment data were fitted into the ANOVA to test whether to reject the null 

hypothesis that the model predicted diameter was the same as the experiment data for all of the 

printing conditions. 

E-jet printing results 

The waveform in this study is the pulsed signal, as shown in Figure 45. The pulse peak 

represented the voltage amplitude. The time length of one pulse is the pulse width of the signal. 

The number of pulses in one second is the frequency. Standoff distance is the distance from the 

nozzle tip to the glass substrate. Each printing condition was conducted on three lines, and each 

line was 5mm. The printed substrates were taken images by microscopy under the same light 

condition and the same scale to avoid the possible errors in the measurement. Then these images 

were analyzed in ImageJ for calculation of the diameter by using particle analysis function. 

Droplets would be averaged to represent the diameter at that data point. 
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Figure 45. E-jet printing of signal waveform 

Before finalizing the range of the printing parameters, pre-printing experiments were 

conducted to find the optimized data set. Previous research has provided the information that 

larger voltage amplitude, larger pulse width could generate a larger droplet on the substrate. If 

the frequency number is larger, the printed pattern tends to form the line pattern if the plotting 

speed is fixed. Larger standoff distance could generate smaller droplet diameter because the 

electrical force is weaker if the standoff distance is larger. It was necessary to figure out the 

balanced values of printing parameters, which could cover a larger range for each variable in this 

study. Based on the known mechanism of e-jet printing, several testing rounds of experiments 

were conducted to find both the small droplet and the big droplet. The primary judgment rule is 

that the droplet could still generate to form a dot pattern on the substrate to form a small droplet, 

and the droplet could still be controlled to form a big dot on the substrate without flushing.  Thus 

before the printing experiment started, it could be possible to figure out the values for each of the 

printing parameters. 
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Figure 46. Leverage residual analysis considering the leverage of (a) Standoff distance, (b) Pulse 

width, (c) Voltage amplitude, (d) Frequency 

After the collection and analysis of printed droplet, there were some data points which 

need to be removed. Firstly, there were specific printing parameter combinations that do not 

deposit materials. For example, when the printing happened at a considerable standoff distance 

and low voltage, there was no deposition at all due to low electrical forces. Secondly, some 

printed circle was not round shape. This phenomenon happened in circumstances where plotting 

speed and printing frequency were not tuned properly. There are 492 data points calculated and 

fitted into the multi regression model. Data was fed into the multi regression model and 

generated the leverage residual map for each of the printing parameters. The leverage residual 

reflects the sensitivity of the influence of the variable on the dimension of the deposited dots. 

The diameter of the printed dots was between 50 µm and 200 µm, as shown in Figure 4.  
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From Figure 46, it could be observed that pulse width and standoff distance have a 

relatively larger influence on the dimension. The value of pulse width represents the time of 

voltage exerted on the electrode. A larger pulse width could result in a more extended electrical 

field existed in one signal cycle for printing, then more material would flow out of the nozzle. 

Standoff distance is the distance between the needle tip and the glass substrate. A larger standoff 

distance could influence the distribution of the electrical field. Ultimately, the electrical force 

will be significantly influenced due to the change in the electrical field. The voltage amplitude in 

Figure 46(c) presented a smaller slope, which results in a diameter ranging from 100 µm to 150 

µm. From our previous experiments, voltage amplitude had a significant influence on the 

flowing of the ink material and could easily result in the Siphon phenomenon. However, to 

accomplish the prediction of the dimension, a balanced selection of values has to be determined. 

The frequency has little influence on the printing results. Frequency represents the number of 

signals sent to the voltage amplifier during one second. Theoretically, the larger frequency had 

more times of dragging on the material. However, the actual situation could be different due to 

the physical essence of e-jet printing. Because of the surface tension effect, sometimes, one 

signal may be able to form a Taylor cone, but it could not separate the material from the needle 

and print on the substrate. From these data sets, frequency is not sensitive to the dimension of the 

deposited dots.  

Result of original data calculation 

In Figure 47, the diameter mean and standard error of the diameter mean are plotted 

regarding different printing parameters (standoff distance, pulse width, voltage amplitude, and 

frequency). Depending on this study, a confidence level of 95% is used for the data presented 

below. The mean diameter decreases with the increase of standoff distance. The standoff 

distance determines the intensity of electrical force during e-jet printing. Thus, a higher standoff 
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distance will generate a weaker electrical force, resulting in less material deposited on the 

substrate. Voltage amplitude and pulse width have a positive influence on the electrical force. It 

could be observed that the diameter mean increases with bigger voltage amplitude and pulse 

width.  The plotting frequency defined the number of signals sent in one second. When the 

plotting frequency continues to increase, the printed pattern will be a line pattern. The plotting 

frequency does not conduct an evident influence on the printed results, according to Figure 47 

(d), when the plotting frequency is between 20 Hz to 50 Hz.  

 

Figure 47. Diameter mean plotting of different printing parameters: (a) Standoff distance at 52.5 

µm, 61.25 µm, 70 µm, 78.75 µm (b) Pulse width at 200 µs, 250 µs,300 µs, 350 µs, (c) Voltage 

amplitude at 600 V, 650 V, 700 V, 750 V, (d) Frequency at 20 Hz, 30 Hz, 40 Hz, 50 Hz 

Result of fitted data 

The least square mean plots for each of the four printing parameters have been presented 

in Figure 48. Four plotting groups are sharing the same data set. It is assumed that there is a 

relationship between the printing parameters and the deposited dot diameter. The nature of least 

square mean defines the similar error range for each data point at the least square value. Each 

data point in the graph shows the most probable printed dot diameter under this parameter 

combination.  The least-square means value of the diameter was around 100µm when the voltage 

is 600V. The standard deviation error was around 15µm for all other voltage values at 650V, 

700V, 750V. The LS mean value of diameter becomes larger with the increase of voltage 

amplitude. A larger electrical field could generate a larger electrical force which will finally 
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deposit more ink material on the substrate. The pulse width has a similar effect on influencing 

the trend of the dot diameter. The pulse width defines the length of time used to drag the ink in 

one pulse cycle. The least-square mean value of diameter is similar when the frequency was 

ranging from 20Hz to 50Hz. The variation was in a small range for printing frequency from 

20Hz to 50Hz. In Figure 48(a), the diameter decreases with the increase of standoff distance. A 

higher standoff distance will result in a weaker electrical force for dragging the metal ink. Less 

ink material could be deposited on the substrate, which will form a small dot. Frequency does not 

have an obvious influence on the dot diameter based on this data set.  

 
Figure 48. Least square mean plotting of different printing parameters: (a) Standoff distance at 

52.5 µm, 61.25 µm, 70 µm, 78.75 µm (b) Pulse width at 200 µs, 250 µs,300 µs, 350 µs, (c) 

Voltage amplitude at 600 V, 650 V, 700 V, 750 V, (d) Frequency at 20 Hz, 30 Hz, 40 Hz, 50 Hz 

Multivariable e-jet printing supervision (MEPS) prediction model 

Single parameter influence could assist the explanation of the dimension trend of printed 

patterns. But e-jet printing is a complex physical fabrication process that contains multiple 

influential printing parameters. In Figure 49, the correlation influence of each parameter on 

dimension was analyzed. In each grid, different colors gave the audience the different value of the 

y-axis. For example, the second grid on the first row, voltage amplitude is the y-axis, and the pulse 

width is the x-axis. The diameter of the dot increased when the voltage amplitude started to 

increase from 600V to 750V in Figure 49. From the observation of row 2, all different color lines 

are almost overlapped. This minor difference between each line means that different frequencies 
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of 20Hz or 50Hz did not influence the dimension of the droplet. The difference on the y-axis for 

each line indicates the influence of parameter on the y-axis. The pulse width has the highest 

variation when considering the standoff distance and the rest of the printing parameters. Voltage 

amplitude has a higher variation compared with the frequency if we observe the row 2 and row 4. 

The interval of pulse width was 50µs, and the interval of voltage amplitude was 50V. This variation 

of the diameter was measured under the selected working range. For example, the pulse with values 

was selected from 200µs to 350µs, and voltage amplitude values were selected from 600V to 

750V. The bigger variation in pulse width could due to the absolute increase in pulse width value 

compared with voltage amplitude. When analyzing the second column of Figure 49, it could be 

seen that the voltage amplitude increase could near linearly increase the dot diameter. But it is not 

the same case for pulse width and standoff distance. The third column also reflected the trend for 

the voltage amplitude. On the other hand, if we observe this graph horizontally, it could be seen 

how the x-variable influence the dimension at different y-variable. 

After fitting the data into the model in the JMP, the summary of the model was presented 

in Table 7. The Logworth value represented the effect each printing parameter contributed to the 

dimension. The p-value represents the evidence against the null hypothesis. The null hypothesis 

could provide the reference if the printing variable has a determining influence on the dimension 

of printed results when the p-value is smaller, the more substantial the evidence that should reject 

the null hypothesis. If the p-value is less than 0.05, then it means that there is a significant 

difference exists. 𝑅2 value presents the proportion of variation in the dependent variable that is 

predictable from the independent variable. When the 𝑅2 values are larger, the prediction function 

is more reliable for the calculation of the ink dimension. 
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Figure 49. Interaction plot of pattern diameter versus different e-jet printing parameters 

Table 7. Effect of e-jet printing parameter on the dimension and the square value of the function 

Effect summary Summary of Fit 

Source Logworth Pvalue R2 0.836 

SD 45.516 0 

PU 36.672 0 R2 Adj 0.829 

VO 15.947 0 

PU*SD 8.262 0  

Root Mean Square 

Error 

 

21.706 

 SD*SD 7.493 0 

PU*PU 2.695 0 Mean of Response 129.895 

FR 0.100 0.795 

 

The multivariable E-jet Printing Supervision (MEPS) prediction model was established 

based on multiple printing parameters' effect on the dimension of fabricated patterns. The 

experiment was conducted based on various combinations of different values to set up example 

inputs for the prediction model. The first round of model fitting was prepared by JMP. There are 

four single variables (𝑉𝑂, 𝑃𝑈, 𝑆𝐷, 𝐹𝑅), four square variables (𝑉𝑂2, 𝑃𝑈2, 𝑆𝐷2,𝐹𝑅2), six correlate 

variables (𝑉𝑂 ∗ 𝑃𝑈, 𝑉𝑂 ∗ 𝑆𝐷, 𝑉𝑂 ∗ 𝐹𝑅, 𝑃𝑈 ∗ 𝑆𝐷, 𝑃𝑈 ∗ 𝐹𝑅, 𝑆𝐷 ∗ 𝐹𝑅). After fitting into the 

model, it was found that only part of these variables has t-values lower than 0.05. Thus, another 
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round of fitting models, which considered the 𝑆𝐷, 𝑃𝑈, 𝑉𝑂, 𝑃𝑈 ∗ 𝑆𝐷, 𝑆𝐷 ∗ 𝑆𝐷, 𝑃𝑈 ∗ 𝑃𝑈, and 𝐹𝑅, 

were conducted. 𝑆𝐷 has a weight value of 45.516 from the statistical model analysis. This 

highest-value means that the standoff distance has the most significant influence on the diameter. 

It could be the selection of different standoff distances has a significant variation in the variation 

of dimension. The frequency has a large p-value; there is no significant relationship between the 

frequency and the predicted value of the printed dimension of patterns. If the plotting speed is 

higher, then there will still be a dot generated on the substrate. Thus, only pulse width and 

voltage amplitude influence on generating the droplets under the same standoff distance. 

The data was fed into a variety of modes, which are considered a single parameter 

variable, correlated parameter variable, and the second order of the parameter variable. The 

results were compared and analyzed to reach the optimized fitting of the function. After the 

calculation, the MEPS mathematic function, as shown below: 

𝐷 = 0.283 ∗ 𝑉𝑂 + 0.517 ∗ 𝑃𝑈 − 3.322 ∗ 𝑆𝐷 + 0.083𝐹𝑅 + 0.132 ∗ (𝑆𝐷 − 64.985) ∗

(𝑆𝐷 − 64.985) − 0.002 ∗ (𝑃𝑈 − 278.354) ∗ (𝑃𝑈 − 278.354) − 0.020 ∗ (𝑃𝑈 − 278.354) ∗

(𝑆𝐷 − 64.985)                                                                                          Equation 3 

Ten groups of random data points were randomly prepared for verification purposes. 

These data points were selected from the previous experiments. The values of voltage amplitude, 

standoff distance, pulse width, and frequency were calculated in Equation 3. The calculated 

value of the specific data point would be considered as the prediction diameter under that 

printing condition. All the data were demonstrated in Table 3 for comparison. The smallest error 

was around 0.5%. There were ten groups of data, which were shown in table 3 with a prediction 

number. The average prediction accuracy rate was 87.15% under the current e-jet printing setup. 

Previous research claimed to have a similar accuracy rate (Laurila et al. 2017). Still, as 
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mentioned, the printing conditions were not optimized in the previous article, and printing 

quality (circularity) was poor. Laurila et al. predicted based on the measurement of the width of 

the droplet that may cause significant measurement errors. In this study, there are four levels in 

each printing parameter, which have one more level than the study from Laurila et al. More 

levels of different printing parameters could provide more evidence for the understanding of the 

variable of dimension. 

Table 8. Experiment and prediction data comparison 

Group No. 1 2 3 4 5 6 7 8 9 10 

Experiment 

data (µm) 

205.79 184.59 137.05 208.06 201.48 213.40 197.34 175.33 109.05 86 

Prediction 

data (µm) 

206.88 178.70 133.97 236.84 209.37 188.98 161.51 142.09 149.02 109.05 

Difference 

(µm) 

1.09 5.89 3.08 28.78 7.88 24.41 35.83 33.245 39.974 23.05 

Percentage 

Difference 

(%) 

0.5 3.3 2.3 12.2 3.8 12.9 22.2 23.4 26.8 21.1 

Percentage 

average 

12.85 

Although multiple methods used the finite element method to simulate the e-jet printing 

process and predict the deposited material, the e-jet printing process's physical nature is highly 

complex. It is almost impossible to consider all factors such as the electrode, printing substrate, 

material, nozzle shape, dust in the air, control systems, human operation error, temperature, and 

humidity in the micro/nano-scale printing process.  The statistical approach could still provide 

another aspect for the research to investigate the influence of printing parameters on deposited 

pattern dimension. However, the results are not very consistent for every prediction. For 

example, in table 8, the difference between prediction data and measured data is larger from 

group seven to group ten compare with the first few groups. Each data point was selected for 

verification purposes from group one to group ten in every 10 data points. So data point group 

one was selected when the e-jet printing just started during this full factorial experiment. The 
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data point in group ten was lastly printed out of all these selected data points. Random selection 

was ensured through this process. It has to be claimed that the whole experiment process was 

finished in around six hours. 

The dust could influence the tip of the nozzle in the air. If any dust is attached to the 

nozzle tip, the ink deposition will be different. Usually, the metal is stored in a dark and 

encrypted container. The solvent material in the metal ink could evaporate and then change the 

status of the nozzle tip. The metal ink deposition is a microscale flow process. Thus any variation 

in the nozzle tip will result in a different amount of deposited ink on the substrate. While the 

error could be the claimed reasons, there are other factors, such as the electrode shape. The 

electrode used in this experiment is not parallel. The electrode shape can change the electrical 

field exerted on the metal ink. The linear model could not accurately predict the dimension, 

while the machine learning models would require a super larger data set that is challenging under 

the current e-jet printing experiment setup. The model in this research has revealed the nonlinear 

relationship between multiple printing parameters and the dimension based on a fair amount of 

data set.  This research has presented the statistical approach to predict the e-jet printing printed 

patterns by conducting the full factorial experiment and four printing parameters. In the future, 

optimized experiments shall be conducted to improve prediction accuracy and consistency. 

In this study, the prediction target was defined as the diameter of the printed droplet. The 

accuracy was as high as 87.15% under four levels of each printing parameter were considered in 

the conduction of e-jet printing experiments. The prediction of a dot could help calculate the 

amount of material deposited on the substrate if we assume the thickness of the deposited ink 

was constant. Once a defect was found during the fabrication process, the controller could send 

signals to reverse the trend and fix the problem. This setup of experiments could be used as a 
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reference to establish a statistical model for prediction purposes. For example, different ink 

types, substrate, electrode type, and signal type could be labeled as a different level in the model 

to establish a more comprehensive prediction system. Successful printing of dot patterns could 

contribute to the fabrication of patterns with a regular line width. These uniform lines are the 

necessary components of intricate electronic patterns. By utilizing the MEPS model, a closed-

loop e-jet printing system could be established to print high-resolution, delicate, and defect-free 

patterns for the manufacturing of flexible electronics.  

Conclusion 

E-jet printing has the advantages of high-resolution, low-cost, and flexible characteristics. 

However, limited research was conducted to understand the quantitative influence of printing 

parameters on the dimension of fabricated patterns. The e-jet printing fabrication is a complex 

physical deposition process based on the electrical field to generate droplets. In this research, the 

dot diameter was predicted based on the establishment of a statistical regression model in the e-

jet printing process. The pulse width, standoff distance, voltage amplitude, and frequency were 

selected with each printing parameter under four different levels of values in the e-jet printing 

process. After the analysis of printing results, the least square mean plotting presented the nearly 

linear increase relationship between voltage amplitude, standoff distance, pulse width, and dot 

diameter. The correlated influence of two printing parameters on the dimension was presented in 

the matrix map. A further calculation of the results contributes to the establishment of the MEPS 

function based on a multi-parameter regression model with an average accuracy of 87.15% 

compared with experimental data. In the future, the establishment of the closed-loop system is 

vital for the industrialization of the e-jet printing technique. This research could serve as the 

basic component of the closed-loop e-jet printing system by providing the instruction of 

feedback control. 
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CHAPTER 8.    GENERAL CONCLUSION 

General Conclusion 

This dissertation investigates the development of new material and control process for 

electrohydrodynamic inkjet manufacturing.  This study individually discussed in five different 

parts: design to fabricate/characterize biomedical devices; develop and e-jet print new tungsten 

nanoink material for shielding massive radiation; monitor the e-jet printing process by machine 

vision; monitor the printed pattern’s dimension; and establish a statistical model to predict the 

dimension based on printing parameters.  

In Chapter 3, an approach has been developed to fabricate and characterize the silver 

nanoink printed biomarker. It is challenging to fabricate flexible patterns as a biomarker on 

various substrates for image diagnosis in the biomedical area.  In this study, the silver nanoink 

was used to fabricate micro/nano-scale patterns such as the barcode. The X-ray characteristics of 

silver nanoink printed structures were studied and compared with commercial bulk silver. E-jet 

printing has been demonstrated to use silver nanoink material to print on flexible and bio-based 

substrates with a micro/nano-scale resolution. E-jet printing has enormous potential to provide 

biomedical applications by its direct-writing, low-cost, and high-resolution characteristics.  

In Chapter 4, a new method to develop tungsten nanoink and e-jet print microstructures 

for shielding radiation in aerospace were presented. It is a problem to fabricate low-cost, low-

weight, and flexible microstructures to protect critical electronics from damage by massive 

radiation in the spaceship. Tungsten material could be an ideal option to resolve this challenge. 

However, it is challenging to machine the bulk tungsten into the desired shape. The tungsten 

nanoink was proposed in this study for e-jet printing such structures in a highly controlled 

manner. Bulk tungsten was used to calibrate the X-ray characterization of tungsten nanoink. The 
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X-ray shielding performance of tungsten nanoink microstructures was excellent compared to 

bulk tungsten under the same thickness and radiation condition. This study resolved the 

aerospace's radiation challenge by providing a synthesized material and e-jet printing delicate 

protective shielding structures in a microscale resolution.  

In Chapter 5, a machine vision monitoring system was proposed to observe the filament 

during the e-jet printing process. Random defects could happen during the e-jet printing process. 

The filament exists between the capillary glass nozzle tip and the conductive substrate. The 

filament dimension is supposed to be maintained at a specific size under the same printing 

parameters unless an abnormal situation happens. This study aims to collect and measure the 

filament's diameter in real-time to avoid possible defects during the e-jet fabrication process. 

Different modes of filament formation situation were studied. During the printing process, the 

filament's captured images were sent back to the central computer for image processing and 

calculation. Once an abnormal situation is detected, the e-jet printing system will input the new 

control signal to reverse the trend.  

In Chapter 6, a laser scalar in-situ monitoring system for e-jet printing was discussed. 

Previously it was challenging to measure the dimension of e-jet printed patterns during the 

fabrication process. The printed samples will need to be removed from the substrate for 

measurement purposes. Thus it is impossible to find the defects or variation of the dimension 

during the e-jet printing process. This study proposed a laser scalar system to monitor and record 

images during the e-jet printing process. An image analysis algorithm was developed to calculate 

the dimension information of printed filament during the printing process. This new proposed 

approach could help detect dimension variation during the e-jet printing process with reduced 

labor effort, adequate accuracy, and high reliability.  
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In Chapter 7, a statistical model was proposed to predict the e-jet printed sample’s 

dimension based on various printing parameters. However, there are promising futures of 

applying e-jet printing to address the challenge in the aerospace, biomedical, and electronic areas 

with the assistance of in-situ monitoring systems. But how does the e-jet printing system reverse 

the trend once a variation of the dimension is detected during the printing process remains a 

problem. This research has conducted a full factorial experiment considering many control 

printing parameters to predict the dimension by proposing a statistical model. In the proposed 

method, the dimension of printed patterns could be predicted based on input printing parameters. 

This study has proposed another aspect to control and predict the printed sample’s dimension by 

establishing a statistical model. This research could contribute to the building of a closed-loop 

control system by providing the relationship between the printing parameters and dimension. 

In summary, this dissertation has studied the new material development and process 

control for the e-jet printing manufacturing approach. E-jet printing has presented the enormous 

potential to be applied in the biomedical, aerospace, and electronics industries. This study has 

discussed using e-jet printing to address challenge in the fabrication of flexible biomarkers for 

image diagnosis and the challenge in manufacturing extremely low weight, high-resolution 

tungsten microstructures for shielding massive X-ray from critical electronics in aerospace. The 

in-situ monitoring systems were proposed in this study to measure the filament dimension and 

printed pattern’s size in real-time. The exploration of using statistical methods to predict the 

dimension based on printing parameters was presented. This research could support developing a 

reliable, low-cost, automatic, and high accurate e-jet printing system in broader areas. The e-jet 

printing system's digitalization based on these studies could contribute to establishing the next-

generation digital twin e-jet printing system.   
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Future Work 

E-jet printing is a high-resolution, low-cost, and flexible micro/nanomanufacturing 

approach. It was presented as a critical tool to address the challenge in aerospace, biomedical, 

and electronics in this study. However, there are still many other problems in the medical areas 

that remain to be resolved. Now high-resolution patterns were mostly e-jet printed on flat and 

reflective substrates such as glass substrate in this field. Bio-substrate could not be reflective. 

Thus, it is not easy to control the capillary nozzle close to the substrate to fabricate high 

accuracy. For example, uneven substrate e-jet printing such as cloth material to develop different 

wearable devices for the human health industry is still challenging. E-jet printing is controlled by 

g-code based coordinate system, and the tool path planning could be an exciting research topic.  

This study has envisioned the application of tungsten nanoink material to address the 

challenge in aerospace. Tungsten ink was synthesized to print microstructures for shielding the 

radiation in aerospace. The ink was used to fabricate 2D novel patterns to shield and protect the 

electronics. However, the fabrication of complex 3D microstructures still needs to be 

demonstrated. There are challenges such as the evaporation rate of the solvent material in 

tungsten nanoink.  This question's possible solution could be a proposal of additional material in 

the nanoink or replacing the substrate with a temperature-controlled substrate for removing extra 

solvent material.  

The in-situ monitoring system could observe abnormal printing conditions by checking 

the variation of filament dimension and printed pattern’s size. Although the printing process 

could be monitored, the digital twin system will be required to provide quality control and 

nondestructive evaluation to enable the high-quality e-jet printing process. The collected image 

data and calculated dimension information could be combined with each deposited ink dot's 

coordinate information to reconstruct the 3D model of printed patterns. Finally, it could enhance 
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the reliability and automation of the e-jet printing approach. The proposed statistical model in 

this dissertation has contributed to predicting the dimension of fabricated patterns. However, 

both hardware subsystems and statistical methods could be optimized to predict the printed 

pattern’s dimension. In hardware subsystems, the electrode could be redesigned as a parallel 

electrode to enable a uniform electrical field in the control system. Meanwhile, the simulation of 

e-jet printing could also predict the dimension based on the electrohydrodynamic mechanism's 

physical essence. Future research could focus on predicting the printed pattern’s dimension 

considering both the finite element and machine learning methods under solid theory and modern 

statistical tools. 

In summary, e-jet printing will be developed as an automated micro/nano-scale 

manufacturing process to target challenges in aerospace, biomedical, and electronics. This 

technique will be further recognized based on developing new materials, process control 

methods, hardware systems, and software control systems. It will combine other 

micro/nanomanufacturing methods such as laser drilling as a hybrid micro/nano-scale approach 

in the next 5-10 years. There will be numerous opportunities in the biomedical interdisciplinary 

research areas related to micro/nano-scale e-jet printing. I am motivated and interested in 

working in the academic area. Thus, my career plan would align with my understanding of this 

area. I will start to work on addressing challenges in e-jet printing wearable devices as the 

starting point. I would continue working in this area and hopefully establish my hybrid 

manufacturing lab shortly. 

 


