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ABSTRACT 

Inkjet printing techniques, a good alternative of the traditional MEMS techniques, can be 

utilized to fabricate flexible and stretchable electronics, which can be used for healthcare 

applications. Therefore, the objectives of this study are 1) Providing proof of concept for the 

inkjet printing parameters for silver (Ag) and polyimide (PI) inks, 2) understanding the 

relationship between the dynamics of inkjet-printed patterns and surface energies of the 

substrate, and 3) demonstrating printing a flexible circuit on a PI coated substrate. During 

experiments, the effects of the printing parameters including jetting voltages, cartridge 

temperatures, and drop spacings of both the Ag and PI inks via the drop size and line width 

measurements were explored. The surface energies were manipulated by applying O2 and CF4 

plasma for different durations using Reactive Ion Etching (RIE) that were measured by the means 

of contact angle measurements and ink drop size and line width measurements. Our results 

indicated that 1) the drop sizes increase as jetting voltages and cartridge temperatures increase, 

respectively, 2) the line widths decrease with increasing drop spacings, and 3) the CF4 plasma 

increases the hydrophobicity of the surface while O2 increases the hydrophilicity of the surface. 

Collectively, we successfully demonstrated accurate printing of multi-layered ECG circuit with a 

drop size of 40 µm for the Ag ink and PI ink. The next goal will be to demonstrate wireless 

continuous monitoring of reliable ECG signals using the printed ECG circuit.  
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1 CHAPTER I: INTRODUCTION 

Printed electronics (PE) is a combination of printing methods that are used to develop 

functional devices on different types of substrates. Some of the common printing techniques 

are offset lithography, flexography, screen printing, and inkjet. The conventional methods such 

as screen printing and flexography require a mask for printing and have a high startup cost. 

However, digital printing methods such as inkjet printing do not require the use of a mask. In 

addition, inkjet printing is non-invasive method and does not require any contact with the 

substrate during the process. During inkjet printing, inks with specific properties are deposited 

on the substrate to create active or passive devices. PE has many advantages including its low 

manufacturing cost, generating flexible circuit components, and the ability to print large surface 

areas. Inkjet printing also gives accurate positioning of the ink on the substrate with an 

extremely precise volume of the drop of the functional ink which allows printing tracks very 

close to each other with no interaction. This results in minimizing the size of the device and the 

production cost as well as the material waste. In comparison to the conventional techniques, 

inkjet printing is still being developed and has many challenges in reference to the availability of 

the functional materials, the reproducibility of the developed devices, and its functionality. 

However, there is a high potential in this technology as it increases the production of new 

designs that are small in size and low in cost. 

There is a high demand for high quality electronic components that are low in cost such 

as flexible sensor and devices, a thin film transistor, super capacitor, RFID tags, etc that are 

developed with fabrication techniques which are cheaper and faster than the traditional 

techniques.  
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In this Thesis, inkjet printing techniques was studied and utilized to develop a very 

accurate, precise, and sensitive ECG circuit monitor that is small in size and low in cost. This was 

done by first developing the design of the wearable and flexible sensor which is the ECG 

monitor. Second, the best parameters of the inkjet printer (DMP-2800) were obtained for the 

used inks to give accurate printing with the desired resolution. Third, the condition of the 

substrate’s surface which gives the best result was found. Fourth, the two layers of the ECG 

monitor were aligned and printed on top of each other which will allow the components to be 

mounted in the designed places.    

The objectives of this study are 1) developing the ECG circuit design that is small in size 

and low in cost, 2) Providing proof of concept for the inkjet printing parameters for silver (Ag) 

and polyimide (PI) inks to give accurate printing with the desired resolution , 3) understanding 

the relationship between the dynamics of inkjet-printed patterns and surface energies of the 

substrate, and 4) demonstrating printing a flexible circuit (ECG circuit) on a PI coated substrate. 

2 CHAPTER II: BACKGROUND 

2.1 Epidermal Electronics 

Epidermal electronics (EE) are integrated electronics that are extremely small, thin, 

stretchable, bendable, durable, and reliable which match the physical properties of the 

epidermis. Epidermal electronics depend on the great capability of the skin since it provides 

uninterrupted access to important biological signals from the body organs, blood vessels, and 

other parts. The signals from the body help to measure the physiological status based on 

temperature, hydration levels, blood pressure, blood oxygen level, wound healing, and other 
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biomarkers in sweat [1]. EE adhere perfectly on the skin through van der Waals forces [2]. The 

result is “a natural interface that is capable of accommodating the motions of the skin without 

any mechanical constraints, thereby establishing not only a robust, non‐irritating skin/electrode 

contact but also the basis for intimate integration of diverse classes of electronic and sensor 

technologies directly with the body” [2]. There has been a great progress in developing skin-

integrated electronic devices with the recent technology facilitating their construction using 

multilayer thin-film structures with ultrathin polymeric membranes. The structures are 

laminated onto the surface of the skin by soft contact using van der Waals forces that make it 

possible to have mechanically invisible electronic interfaces that are fitted with sensors, power 

supplies, memory, processors, and communication components [3].  

The human skin is the largest organ that offers excellent diagnostic capability due to its 

biological signals from the inner organs, blood vessels, epidermis, and muscles that are 

interfaced on the surface. Due to the diagnostic nature of the skin; soft, flexible, and 

stretchable electronic devices can be used to interface with the soft tissues of the skin to 

facilitate feedback and control and continuous health monitoring. The skin also has 

temperature sensing capabilities that enables a person to understand the surrounding and 

avoid damaging temperatures [4]. It is kind of a ‘lab-on-skin’ mechanism that enables electronic 

devices with some properties that resemble the skin to work efficiently on it [3]. The design and 

fabrication of soft sensors that can work effectively on the skin has led to their wide use in 

cardiology, dermatology, and electrophysiology and may eventually replace the conventional 

clinical tools.  



4 
 

 EE have emerged as reliable devices for wearable personal healthcare applications. The 

electronic devices with skin-like properties provide a platform for continuous as well as real-

time monitoring of most of the physiological signals [5].  Some of them include tissue pressure, 

motion, temperature, metabolites, electrolyte balance, and a variety of disease-related 

biomarkers. There are various wearable health monitoring devices that are applicable in 

cardiology, dermatology, electrophysiology, and sweat diagnostics, which indicates the 

immense opportunities in this field. Epidermal electronics technology is useful in building 

miniature devices that can non-invasively monitor the vital physiological and metabolic 

functions of the body by interfacing with the skin [6]. A patient’s quality of life can be improved 

by the use of the EE devices, which are advanced technologies for bio and health signal 

monitoring [7]. 

Epidermal electronic devices have properties such as thickness, thermal mass, elasticity, 

and fluid permeability, which are similar to those of the skin. The devices can withstand any 

motion effects and still provide accurate, non-invasive, long-term, and continuous health 

monitoring [3]. There are certain features that make epidermal electronics good for health 

monitoring. One of the key aspects is the need to withstand external mechanical forces due to 

the stretchability property as applicable in monitoring pressure, temperature, and humidity 

levels. For the epidermal electronics technology, there are additional functionalities including 

chemical sensors and energy generation that function like the mechanical properties and 

temperature sensing abilities of the human skin. Due to the outlined features, EE are being 

widely used for monitoring physiological diagnostics and monitoring the health and wellness 

[2]. 
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There are several advantages of the epidermal electronics technology. They offer great 

flexibility in device positioning since it only requires an area for the patch to be attached. This is 

a relevant advantage especially when the sensor requires to be placed in a position that is close 

to a particular body part for effective sensing and monitoring of vital signs. Secondly, the patch 

offers a consistent method of contact between the device and the human body.    

The conventional medical electronics used in clinical applications have complex wiring, 

do not effectively integrate with the skin, are not comfortable, and do not offer precision 

monitoring. The challenges experienced in electronic-skin interface of the conventional 

electronics led to the development of skin-integrated electronics that have been found 

effective in healthcare monitoring and clinical evaluation of disease conditions. The major 

challenge of epidermal electronics technology is to make it be friendly to the skin. In the 

process of interfacing a patch-like electronic device with the human skin, the nature and extent 

of its adhesive properties is a necessary consideration. Some of the traditional monitoring 

devices require the use of power supply connected to the electrodes via wires which can cause 

inconvenience to patients due to its limitation such as not being able to do any activities while 

it is being used. However, EE provide a wireless connection which is extremely convenient 

comparing to the traditional method. In addition, the interaction between the skin and 

epidermal electronics is smooth such that users cannot feel it at all as it perfectly sticks to the 

skin like a tattoo as shown in Figure 1.  
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Figure 1. An epidermal electronic patch attached to the skin [8]. 
 

2.1.1 Conformal Versus Non-Conformal Contact  

Epidermal electronic systems (EES) can be easily stretched, folded and bent and still 

maintain their characteristics [6, 9, 10]. The systems can also be laminated onto the skin by 

direct interaction, thereby forming a conformal contact with the skin using van der Waals 

interactions. The process requires no mechanical pressing or use of adhesive tapes. The benefit 

of conformal contact is improved accuracy of measurements due to minimal signal noises and 

also strong electrical contacts with the skin [6]. The conformal contact is essential in ensuring 

clinical-grade measurements of the various indicators of physiological health in real-time. This 

ensures that critical insights into different levels of disease and clinical conditions are made 

[11].Traditional types of electronics had several challenges including giving inaccurate 

measurements since they attached to the skin surface using caps, belts, conductive glues, and 

tapes [12]. On the contrary, epidermal electronic systems form strong adhesion forces and 

contact with the skin. The EES contact with the skin is made possible by the work of 



7 
 

adhesion γdevice/skin  whereas the contact between silicone and skin is characterized by work 

of adhesion γdevice/skin.  

The effective work of adhesion between EES and the skin is averaged asγ =

 αγdevice/skin + (1 − 𝛼)γsilicone/skin, in which 𝛼 is the fraction of the device area. This simplifies 

as 𝛾 ≈ (1 − α)γsilicone/skin because there is a relatively weak adhesion force between the 

device and the skin.  

Skin surface can be expressed using a sinusoidal form of an equation (1) as shown 

below:  

                                          𝑦 (𝑥) = ℎ𝑟𝑜𝑢𝑔ℎ[1 + cos (
2𝜋𝑥

𝜆𝑟𝑜𝑢𝑔ℎ
)] / 2                                            (1) 

In which ℎ𝑟𝑜𝑢𝑔ℎ 𝑖𝑠 the skin roughness amplitude and wavelength is 𝜆𝑟𝑜𝑢𝑔ℎ.  

There exist two different types of contacts, conformal and non-conformal as shown in 

Figure 2.  
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Figure 2. Mechanics model analyzing the contact between EES and the skin where top is non-
conformal Contact State and bottom is conformal contact state [1]. 

 

The first type of contact between EES and the skin is non-conformal, and its total energy 

is determined as  𝑈𝑛𝑜𝑛−𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑎𝑙 = 0  as the former surface is almost flat and has a minimal 

contact area of approximately zero (0). The second type of contact is conformal, in which both 

the electronic device and the skin are totally deformed thereby making their total displacement 

similar to the skin roughness 𝑦 (𝑥). The displacements of EES as well as the skin surface can be 

well explained based on the equations (2) and (3) below [1].  

𝜔 (𝑥) =
ℎ

2
 (1 + cos

2𝜋𝑥

𝜆𝑟𝑜𝑢𝑔ℎ
)                                                   (2) 

and 
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𝑢𝑥(𝑥) = 𝑦 − 𝜔 =
ℎ𝑟𝑜𝑢𝑔ℎ−ℎ

2
 (1 + cos

2𝜋𝑥

𝜆𝑟𝑜𝑢𝑔ℎ
)                                       (3) 

 Conformal contact is formed when the adhesion energy supersedes the sum of 

the bending and elastic energies. The obtained critical membrane thickness for the EES is as 

shown in Figure 3, which is approximately 25 𝜇𝑚 as obtained in the study depicted by Figure 3.  

 

Figure 3. (A) Angled and cross-sectional image showing degree of conformal contact between a 
silicone replica of the surface of the skin (grey) and various thickness of elastomer membrane 

substrate (blue) for EES. (B) Analytical calculation of the energy associat [13]. 
 

This implies that, EES made of a membrane thickness which is less than the critical value forms 

a conformal contact with the skin. The obtained results are qualitatively consistent with those 

obtained from the experiment. The membrane with a 5 𝜇𝑚 -thickness forms a great conformal 
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contact with a polymer surface that is molded to take the shape of a human skin. For the 

membranes with a thickness of 36 𝜇𝑚, there are some air gaps that are evident at the interface 

between EES and the skin, whereas those membranes with a thickness of 100 𝜇𝑚 and 500 𝜇𝑚 

tend to have minimal contact, and especially on the sections with wrinkles and holes on the 

surface of the skin. 

2.2 Fabrication Techniques for Skin Wearable Electronics 

Skin electrodes have unique characteristics that enable them to collect high-quality 

electrophysiological signals. This is made possible by the various fabrication techniques 

available for skin wearable electronics. The mechanical properties of electrode materials have a 

major impact on the measurement of performances of on-skin electrodes, which has been 

facilitated by the synthesis and fabrication of high-performance electrode materials [14]. In this 

section, the fabrication techniques and materials used in making on-skin wearable electronics 

have been discussed. They include; metal thin film electrodes, carbon materials electrodes, 

electrodes based on metallic nano-materials, and conductive polymers and hydrogels. 

Some of the properties of on-skin electrodes that enable their functionality are as shown 

in the schematic illustration Figure 4. The essential features for the on-skin electrodes include 

conductivity, stretchability, softness, adhesion to the skin, breathability, and biocompatibility.  

There is need for conductivity of the electrodes due to the high charge carrier density and 

surface electric displacement field required. Improving conductivity of electrodes is necessary 

[15]. Rigid metal electrodes made of silver, silver chloride or stainless steel have been found to 

have excellent conductivity, though not good for wearable electronics due to lack of stretchable 
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properties. Thus, highly conductive electrode materials are necessary, but they should also be 

flexible and stretchable.  

Stretchability is the ability to withstand high levels of deformation. The devices put on 

the skin may be subject to mechanical strain due to external loading conditions including 

bending, stretching, and twisting [16, 17]. The human skin can withstand such mechanical strain 

without significant damage, hence the need for the electrodes to have comparable mechanical 

properties to that of the human skin [18]. On-skin electrodes are required to maintain high 

levels of stretchability for them to maintain effective contact with the skin and ensure smooth 

monitoring even with skin deformation.  

Softness property of the electrodes helps to prevent skin and tissue damage as it 

contributes to the comfort of the wearer. Softness is related to the Young’s modulus of the 

material [19], and hence can be determined by comparing the modulus of the human skin and 

that of the material [20]. Since the skin has low Young’s modulus, on-skin electrodes should 

have similar modulus for easy compliance with the skin to avoid damage.  

Adhesion to the skin is a necessary property due to the need for robust contact between 

electrodes and the skin [21, 22]. The skin should not be severely deformed, and the electrode 

should not be placed on a skin surface with sweat. Hence, adequate adhesion is necessary to 

reduce the interface impedance of the electrode and for enhanced accuracy.  

Breathability is also a crucial property of consideration especially in ensuring continued 

usability of the electrodes. The human skin loses about 500 mL of water through evaporation 

on the skin daily [23]. Hence the water should not be held stagnant between the electrode and 

the skin as it causes a signal drift and also results to allergies and inflammation [24]. At present, 
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most of the electronics used on the skin are made of materials without effective breathability 

properties.  

Lastly, biocompatibility of the electrodes is also a necessary property to help in reducing 

irritation for long term use. Conductive electrodes may cause skin irritation when used for long 

[25], hence the need for biocompatible on-skin electrodes to reduce the underlying health 

concerns [26-28].    

 

Figure 4. Showing the schematic illustration of some of the properties of on-skin electrodes [29]. 
 

2.2.1 Metal Thin Film Electrodes 

The reason that makes metals suitable for use as electrode materials is their superior 

conductivity and mechanical properties. Metal electrodes can be made using micro and (or) 

nanofabrication technologies at very low costs. Most metals have low breakage strain and large 

modulus, and thus, their flexibility and stretchability when used as electrodes, can be enhanced 

by fabricating them in the form of thin-film on stretchable substrates with meander patterns. 

There have been several researches to investigate metal-based electrodes for use in skin 
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wearable electronics which helped to enhance understanding in this field. A study by Xu et al. 

explained the use of electrodes made of sputtered layers of Au/Cr and silicone substrate with a 

Young’s modulus of 60 kPa [30]. The device had a thickness of approximately 20 micrometers 

and the maximum strain on the metal electrode was less than 0.3% when subjected to a 21% 

tensile deformation. 

A composite substrate consisting of ultralow modulus silicone and elastic fabric was 

developed to help in enhancing the softness, stretchability, adhesion, and breathability of the 

thin-film metal electrodes [31]. The ultrathin modulus silicone provided an adhesive surface 

that integrated with the skin to achieve conformal contact even on surfaces with concentrated 

hair. The Au/Cr film electrode was found to have excellent stretchability as evident that the 

device could not fracture up to a tensile strain of 220%. 

Other than the use of low modulus elastomer substrate to enhance the softness and 

stretchability of metal film electrodes, there are also structural designs that have been 

advanced such as the tattoo-like epidermal electronic systems [32]. The designs of electrodes 

are in the form of filamentary serpentine (FS) nano-ribbons structures. The microstructure 

design enabled the epidermal electronic system to achieve effective elastic moduli of 

approximately 140 kPa. Kim et al. had a proposal of compliant interconnect designs that do not 

have additional backing layers for Au/Ti electrode array [32]. Upon applying the electrode array 

on human skin, the compliant interconnect moves freely. When the electrode is applied on 

human skin, the compliant interconnect absorbs the deformation of the electrode and achieves 

a conformal contact. 
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Studies have also revealed that, metal film electrodes cause skin irritation and allergies 

after getting exposed to the skin for a long time [14]. Though electrodes are essential in 

capturing and analyzing signals, some of them have several limitations such as the effect on 

skin. The gel used in commercial electrodes to reduce contact impedance may likely cause skin 

irritation especially after long term use. For intimate contact with the skin when in motion, a 

very thin capacitive gold electrode with a silicone insulation layer was designed [9]. Although 

metallic thin film electrodes were found to record signals effectively, their manufacturing 

processes require photolithography, high temperature, and tend to operate in high levels of 

vacuum environment. This makes it necessary to develop low-cost and facile manufacturing 

processes for mental thin film electrodes. 

2.2.2 Carbon Material Electrodes  

Carbon nanotubes (CNTs) are crucial in development of on-skin electrodes due to their 

flexibility and high electrical conductivity features. The method used to fabricate carbon 

nanotubes-based electrodes involves mixing CNTs with silicone substrate to ensure balanced 

conductivity and stretchability. The strong van der Waals interaction between CNTs makes it 

challenging to mix the CNTs in silicone.  

A research by Jung et al. (2012) led to the development of a CNT/PDMS electrode in 

which the results indicated that the composite electrode had nearly constant electrical 

conductivity even when the tensile strength was not fixed [33]. There is also another method 

used to create an even dispersion which involves creating additional wetting of CNTs, which 

makes the surface energy of CNTs to decrease, which results to easier dispersion of CNTs in a 

viscous fluid. Ethanol can be used to wet the CNTs before adding a PDMS and this result to 
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homogeneously diffused CNTs into the mixture without any empty spaces. Stretchability and 

conductivity of CNT-based electrodes can be enhanced by preparing a CNT/Graphene filled 

nanocomposite. Studies also show that, when composite electrodes are made by mixing 

graphene with CNT (1:9 ratio), there is minimal volume resistance and a 33% increase in 

conductivity in comparison to CNT electrodes without fillers. The stretchability of the composite 

electrodes reached more than a 100%.  

The reduction of graphene oxide (GO) is also an effective method of fabricating 

graphene electrodes on textiles. The process involves dipping nylon fabric into graphene oxide 

solution and then thermal treatment to form a graphene oxide cladding on the textile surface. 

Reduction of the GO cladding is then done by chemical treatment with hydrogen iodide/ 

hydrazine. This led to an increase in the conductivity of nylon after coating with the reduced 

graphene oxide. The only challenge is the use of hydrogen iodide or hydrazine, which are highly 

poisonous and facile, hence the need for environmental-friendly fabrication methods. The 

solution to this is the use of thin copper film sputtered on silicon substrate to reduce GOES into 

reduced graphene oxide due to its low redox potential. It was found out that reduced graphene 

oxide electrodes have a better capturing ability of EP accurate signals, and also EOG, EEG, and 

EMG. The created electrode can remain attached on skin surface for some days without 

inflammation, hence showing its biocompatibility.  

2.2.3 Electrodes Based on Metallic Nanomaterials  

Researchers have reported that metallic nanomaterials have high electrical conductivity, 

and also can function as building blocks for on-skin electrodes. There have also been reports 

that some metallic nanomaterials can be highly brittle with approximately 1% strain at 
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breakage point. Hence it is necessary to enhance the conductivity and flexibility of the metallic 

nanomaterials, and one of the methods involves depositing metallic nanomesh onto elastic 

polymer substrate to enhance flexibility. Nanomesh-based elastomer has an excellent 

stretchability of approximately 80% and a highly thin thickness of 1.2 micrometers. The 

electrodes have a high softness and a low interfacial impedance, which results to high on-skin 

EP signal monitoring. Electrospinning has been commonly used to fabricate metallic 

nanomaterials-based stretchable electrodes since it provides a versatile process of creating 

functional nanofiber layer in support of the conductive nanomaterials.  

Stretchable electrode materials can be synthesized as conductive composites using a 

mixture of metallic materials with elastic polymers to attain a balance of flexibility and 

conductivity. Electrically conductive composites can be synthesized in three steps: surfactants 

on commercial silver flakes are iodized using potassium iodide; silver iodide nanoparticles are 

then converted to silver nanoparticles by photo exposure and stretchable ECCs are then 

synthesized by mixing treated silver flakes with a polymer matrix. Flexible/ stretchable 

structures are also proved to be effective in promoting the flexibility of on-skin electrodes.  

2.2.4 Other Materials for On-skin Electrodes 

Other than the materials discussed, there are other materials such as conductive 

polymers, hydrogel and others which have been adopted for fabrication of on-skin electrodes. 

Poly-polystyrene sulfonate has high biocompatibility, ease of deposition and relatively high 

conductivity, which makes it useful for use in on-skin electrodes. Hydrogels have also been 

found useful in the field of bioelectronics due to their similarity to biological tissues. A hybrid 

Au/hydrogel composite was made to help in fabricating EP sensors, and the electrode consisted 
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of three layers; Au conductive layer, an adhesive PEDOT layer, and a double-network (DN) 

hydrogel layer from top to bottom [34]. There are preformed cracks in Au array layers that 

promote the stretchability of the electrode resulting to stable resistance even during a stretch 

of 20% strain.  

A study on skin-interfacing electrodes fabricated by different materials including 

conductive composites and conductive particles such as carbon, silver, and tattoo-like adhesive 

polyvinyl alcohol coated films electrodes; revealed comparable performance to the rigid 

electrodes such as commercial Ag/Ag Cl and stainless steel electrodes [35]. Tattoo and hydrogel 

electrodes were found to have low contact resistance among other types of electrodes 

analyzed. However, hydrogels are found to be highly effective electrode materials.  

2.2.5 Other Microfabrication Techniques   

There are also other nano/ microfabrication techniques used for making skin wearable 

electronics which include physical vapor deposition, chemical vapor deposition, 

electrodeposition, lithography, and printing [36]. Physical vapor deposition (PVD) which also 

includes thermal evaporation, electron-beam evaporation, and sputtering are used for 

repositioning of metal and metal oxide materials on thin films on substrates. There are also 

polymer solutions and dispersions of different materials (such as metal particles, wires, and 

graphene) which can be deposited on various substrates using spin-coating, vacuum filtration, 

and spraying techniques. Electro-deposition involves forming thin films of metal-based 

materials or polymers by the application of electric current on conductive material which is 

immersed in a solution with precursors such as metal salts, or polymetric materials.  
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In patterning of deposited layers, the applicable techniques include photolithography 

(UV exposure), wet etching or dry etching steps, and e-beam lithography. The techniques allow 

high-resolution patterning with nano-scale feature sizes for lithography and other lower scale 

feature sizes for photolithography. However, the methods have a disadvantage of high-cost and 

small patterning area.  

Printing techniques including screen printing, roll-to-roll printing, and inkjet printing are 

commonly used for nano/ microfabrication of flexible and stretchable devices. Skin printing 

method is compatible with textiles, elastomers, and paper and can be in the minimum feature 

sizes [36]. 

2.3 Inkjet Printing Techniques for Stretchable/Wearable Electronics  

Over the recent past, wearable electronics have experienced major development due to 

the promising applications in fields of human-interactive sensors, displays, and energy devices 

[37]. Inkjet printing is a method that produces a rapid, precise, and reproducible deposit of a 

variety of functional materials in non-impact and addictive patterning approach, which is an 

effective tool for the fabrication of wearable electronics. Due to its low cost, easily changeable 

digital print patterns, and low material consumption, inkjet printing has been used in 

fabricating electronics such as thin film transistors, transparent electrodes, sensors, solar cells, 

electroluminescent displays and complementary ring oscillators [37]. There are several aspects 

for consideration when using inkjet printing technique; the use of non-toxic, highly soluble, 

chemically stable, low temperature inks for smooth printing, uniform and high-resolution 

patterns for excellent electrical properties, use of flexible and stretchable substrates for 
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electronic devices, and certain design of the device structure to prevent cracking and slipping 

for high durability of the device use.  

Inkjet printing is a versatile manufacturing tool for the applications in materials 

fabrication with the basic method being the dispensing and precise position of very small 

quantities of fluid (less than 100 Pico liters) on a substrate before transformation to a solid [38]. 

It is important to understand the physical processes involved during inkjet printing and their 

interactions with the properties of fluid precursors used. A review of the current state of 

mechanisms of drop formation and how it defines the fluid properties required for a given 

liquid to be printable also helps to understand the technique better. The main commercial 

application for inkjet printing remains in graphics and also in the common printing operations. 

In the recent past, inkjet printing has been perceived as a fabrication tool in the areas of 

technology in displays, plastic electronics; solder dispensing for flip-chip manufacture, rapid 

prototyping, ceramic component manufacture, enzyme-based sensors, and tissue engineering 

[38]. At present, inkjet printing is just about to be confirmed as a standard fabrication tool in 

materials science applications. The technique is highly versatile and facilitates accurate 

positional placement of picolitre volumes of fluid on an arbitrary substrate. There are several 

physical operations that define and constraint inkjet printing. The operations include 

generation of droplets, position of and interaction of droplets on a substrate, and drying or 

solidification mechanisms to produce a solid deposit. 

2.3.1 The Development of Inkjet Print-heads  

Inkjet printing technology has attracted attention from various fields due to the 

advantages of depositing exact amounts of functional material on the required substrate. 
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Continuous inkjet (CIJ) and drop-on-demand (DOD) inkjet are the two main types of inkjet 

printing. Though CIJ has been considered for printed electronics, most of the applications are 

limited to conventional applications. Most of the printed electronics applications are based on 

DOD inkjet. Thermal and piezo inkjet print-head technologies have been commonly used for 

DOD printing. For most of the printed electronics applications, piezo-inkjet printing has been 

commonly used since it can print different solvent-based inks [39]. 

2.3.2 Drop Generation   

The two methods in which inkjet printers generate droplets include (CIJ) printing and 

DOD inkjet printing [38]. The methods produce fluid drops with small diameters in the range of 

10 to 150 μm. CIJ is preferred for coding and marking applications (drop diameter of 100 μm), 

whereas DOD printing is used in graphics and text printing with smaller drop diameter (20-50 

μm).  

2.3.2.1 Continuous Inkjet (CIJ) Printing  

CIJ printing involves the release of a stream of drops that is formed by the Rayleigh 

instability of liquid column produced under pressure through a small nozzle as shown in Figure 

5. The nozzle is placed at a level above the ground to help in directing and positioning the 

drops, which in turn imparts a small charge on the drops as they form. The drops in the stream 

are propagated by applying additional potential to deflector plates. Drop diameters are larger 

than nozzle diameter, and it has been accepted as a typical practice to impose a small pressure 

change on the liquid behind the nozzle through a piezoelectric transducer. This helps to 

synchronize drop formation if several nozzles are operating in parallel.  
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CIJ printing produces a continuous stream of liquid drops even without printing. 

Unwanted drops are diverted by the electric field to a gutter, and in many applications, the 

unused ink is recycled. The recycling is a risk factor in contaminating the ink, which makes CIJ 

printing a wasteful process. The positioning of the drop is controlled through steering a drop in 

motion or by positioning the substrate where a deposit is needed and printing a drop. The 

process is called binary printing, since the drop is deposited into two locations (substrate or 

recycling gutter) [38].  

 

Figure 5. Showing CIJ Inkjet printing in action [38]. 
 

2.3.2.2 Drop-On-Demand (DOD) Inkjet Printing  

DOD inkjet printers produce single drops and are more economical with ink delivery 

than CIJ systems. Drop positioning is done by manual location of the printer nozzle above the 
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desired location on the substrate before drop ejection. The formation of drops is through 

propagating a pressure pulse in the fluid placed behind the printing nozzle as evident in Figure 

6. When the pulse exceeds some threshold at the nozzle, a drop is released. Without a pressure 

pulse, liquid is positioned by surface tension at the nozzle. Static pressure at the nozzle can be 

controlled to ensure that the drop at the nozzle is stable. In most of the DOD systems, drops are 

produced at acoustic frequencies, and resonances within the chamber behind the nozzle 

influence the pressure pulse and drop generation. It is possible to control the drop size and 

ejection velocity by managing the pressure pulse used to form the drops.  

 

 

Figure 6. DOD Inkjet technique with (a) showing a vapor bubble produced by a thin film heater 
and (b) showing a mechanical actuation from a piezoelectric DOD inkjet [38]. 

 

There are two methods used to create pressure pulse and also promote drop formation 

and ejection which are thermal DOD and piezoelectric DOD printing as shown in Figure 7 [38]. 



23 
 

Thermal DOD printing involves a small thin-film heater that is located in the fluid chamber. 

Once a current is passed through the heater, the fluid in immediate contact is heated to a level 

higher than the boiling temperature to form a small vapor bubble. After removal of current, 

heat transfer results to rapid bubble collapse. The fast expansion and collapse of the bubble 

create the required pressure pulse. For piezoelectric DOD printing, the pressure pulse is 

produced through direct mechanical action by use of a piezoelectric transducer [38]. This can 

also be achieved through electrostatic forces.  

 

Figure 7. The process of ink jetting for (a) piezoelectric printing and (b) thermal printing [40]. 
 

 In DOD printing, drop merging in flight is facilitated by printing at a stand-off distance 

from the target material. The stand-off distance is between 2-3 millimeters. The stand-off tends 

to influence drop placement accuracy since the drag from the air currents within the printing 

location can deviate the drops from their desired path. Thus, the effect ought to be minimized 

through setting the stand-off distance at the minimum to ensure single drops.  

Thermal DOD systems are small in size and most of the domestic printers use this 

technology. However, in industrial printers, piezoelectric DOD technology is the most preferred. 
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This is because the bubble generated in thermal DOD printers needs to limit the fluids that are 

of high vapor pressure under room conditions. In piezoelectric DOD printing it is easy to change 

the actuation pulse to help in controlling the drop size and velocity of the fluid. The shape and 

amplitude of the actuating pulse can influence printing behavior. Most of the published work 

using inkjet technology for materials fabrication has been done using piezoelectric DOD 

printing. However, there are some applications that use thermal DOD printing. CIJ printing has 

not been widely used in materials science due to the contamination and waste issue and also 

due to a limited range of fluids that can be deposited using CIJ printing than can be deposited 

using DOD printing. Also, spatial resolution of drops on substrate is lower for CIJ than the one 

achieved through DOD printing. That notwithstanding, CIJ printing has been successfully used 

to print 3-D ceramic objects and silver conducting tracks [38]. 

A review of inkjet printing as a tool for fabricating flexible and stretchable wearable 

electronic devices and sensors was discussed in a study and its findings provide important 

insights in this project. As highlighted, there are different modes of operation, different 

substrates and inks, as well as commercially available inkjet printers which all affect the printing 

process [41]. Much of the focus has been on the DOD printing mode, which is a strong printing 

technique for creating patterns of conductive lines on flexible and stretchable substrates. There 

are various variables that influence inkjet printing patterns such as conductivity, resistivity, 

durability, dimensions of the printed patterns, and the main printing parameters. The 

technology of inkjet printing has become a major competitor to the traditional lithography 

fabrication methods, due to the advantage of being low cost and also being less complex in its 
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use. Inkjet printing has made several strides in the field of flexible and stretchable electronics 

and sensors.  

2.4 Piezoelectric DOD Printer 

A DoD Dimatix DMP-2800 inkjet printer (Fujiflm Dimatix Inc., Santa Clara, USA) can print 

patterns which have an area that is over 200 X 300 mm with a thickness up to 25 mm. It is 

equipped with a disposable piezo inkjet cartridge. The nozzle plate consists of 16 nozzles that 

have a diameter of 21.5 µm spaced 254 µm with typical drop diameter 27 µm and 10 pl drop 

size [42].  

Some of the main parts of the DMP 2800 inkjet printer are the ink cartridge, the 

substrate, the platen where the substrate is placed, the drop watcher, the fiducial camera, and 

the cartridge mounting angle which is calculated by the system once the drop spacing is 

specified. Figure 8 shows the DMP 2800 inkjet printer and some of its main parts.  

 

Figure 8. The main parts of the DMP 2800 inkjet printer [43]. 
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2.4.1 Drop Watcher  

DMP-2800 consists of a video camera which provide a clear view of the jetting nozzle, 

faceplate surrounding the nozzles, and the actual jetting of the fluid as shown in Figure 9. This 

allows for observing the effect of the jetting voltage, the jetting waveform, the cartridge 

temperature, and other parameters. This is a necessary step prior printing processes to select 

the nozzles which will be used to print the desired pattern as there can be misdirected nozzles 

or non-jetting nozzles. It also contains the drop watcher pad which is located in the center of 

the drop watcher mechanism and acts as the receptacle for fluid during jetting. It absorbs fluid, 

so it needs to be changed periodically. This usually occurs when fluid is covering the side of the 

pad holder or stray drops deposited on the nozzle surface during drop watching. 

 

Figure 9 . The camera’s view of the drop watcher showing the nozzles while firing the ink. 
 

2.4.2 Fiducial Camera  

The fiducial camera is sued when printing on a pre-patterned substrate, when printing 

another layer with a different ink, and when visualizing or inspecting the printed pattern. The 
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fiducial camera allows for aligning multiple layers on top of each other by the use of the 

reference point. The reference point feature allows the user to specify the reference point on 

the pre-patterned substrate which was defined on the second layer image which will align the 

second layer image with the pre-patterned substrate to get the desired outcome. 

2.4.3 Waveform Basics 

The printing mechanism is controlled by controlling the waveform. The change in the 

waveform parameters such as jetting voltage, frequency, amplitude level, pulse-duration, and 

slew-rate changes the acoustic pressure acting on the fluid [44]. The waveform needs to be 

developed based on the fluid properties in order to form and jet the droplets out of the nozzles. 

The typical basic waveform is divided into two segments, and each segment has three 

parameters which are level, duration, and slew rate as shown in Figure 10. The 0 segment is 

connected to the last segment of the waveform and is not another segment that can be 

controlled independently [45].  

The concept of the 0 segment is included to show the transition between the end of a previous 

jetting waveform sequence and the beginning of another. The level value is the amplitude of 

the applied voltage to the nozzle which show how much the transducer bends [45]. The 1 

segment has the highest effect on the formation of the droplet, and it can be controlled by 

changing the duration of the segment. The applied voltage is directly proportional to the 

volume of the pumping chamber. This means bigger applied voltage leads to bigger volume. 

The slew rate, which ranges from 0 to 2, determines how fast the transducer is bending. This 

property has minimal impact on drop formation. The duration is the time that the transducer 

will stay in the same position. Phase 0 which is shown in Figure 10 is the start or the standby 
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position of the pumping chamber of the piezo-electric printhead. It occurs before the beginning 

of the jetting pulse. At phase 1, the jetting pulse begins, and the voltage decreases to zero 

which maximize the volume of the chamber as the piezo goes to the relaxed position. The fluid 

goes into the chamber in this phase. During phase 2 of the pulse, the chamber gets compressed 

which results in a drop ejection due to the generated pressure. Then, the voltage goes back to 

the start position to be ready for the next cycle. 

 

 

Figure 10. The typical basic waveform which works best with the Dimatix Model Fluid [45]. 
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2.5 Surface Properties 

2.5.1 Drop-surface Interaction 

The impact of the drop onto the surface can be spreading, bouncing, or splashing as 

shown in Figure 11 [46]. Spreading occurs when the drop’s kinetic energy is extremely low, and 

it is dominated by the intermolecular forces [46]. A drop with a small velocity result in 

spreading of the drop which is influenced by the kinetic energy. A smooth motion of the 

spreading can be seen as a result of the small velocity [46]. On the other hand, splashing occurs 

when the velocity of the drop is high as the kinetic energy of the drop is high. 

 

 

Figure 11. The impact of a drop on a solid surface are spreading, splashing, or bouncing [46]. 
 

2.5.2 Surface Energy  

The surface energy of the substrate significantly impacts the spread of the drop on the 

substrate. Hydrophilic surfaces have a high surface energy which leads to the spread of the ink 

drop. However, hydrophobic surfaces have a low surface energy which prevents the ink drop 

from spreading. 

2.5.3 Contact Angle 

The contact angle between the drop and the surface is a way to measure the wettability 

of the surface via the Young Equation [47]. Young Equation is ɣSG = ɣSL + ɣLG cos θ, where θ is 
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the contact angle on the solid surface, ɣSG is solid-gas surface tension, ɣSL solid-liquid surface 

tension, and ɣLG liquid-gas surface [48]. The contact angle and all of the equation’s terms are 

shown Figure 12. 

 

Figure 12. The equilibrium state of a liquid drop that is surrounded by a gas when deposited on 
a solid surface [48]. 

 

The surface wettability can be divided into four categories based on the contact angle 

which are super hydrophilicity, hydrophilicity, hydrophobicity, and super hydrophobicity as 

shown in Figure 13 [49]. 

 

Figure 13. The contact angle of super hydrophobic, hydrophobic. Hydrophilic, and super 
hydrophilic surface [50]. 

 

Superhydrophilicity occurs when the contact angle is less than 10°, or when the drop spreads 

completely on the surface. Hydrophilicity occurs when the contact angle is less than 90°, which 
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is a less extreme version of superhydrophilicity. Hydrophobicity occurs when the contact angle 

is greater than 90°, or when the surface is repelling the fluid. Finally, Super hydrophobicity 

occurs when the contact angle is greater than 150°, which is a more extreme version of 

hydrophobicity. 

2.5.4 Surface Treatment 

There has been advancement in the printing technologies on wearable electronics with 

a focus on thin film deposition of functional nanomaterials. The different printing technologies 

seek to achieve high performance, efficiency, and durability of the wearable electronics. The 

substrates used for printing require surface treatments to make them ideal for producing a 

uniform thin film deposit and pattern on the surface. A comparative study reviewed the 

treatment techniques for flexible polymeric substrates and identified the commonly used 

treatments methods include corona discharge, plasma treatment, and use of chemical-based 

surface modifications [51]. Surface treatments are applied to modify the polymer surfaces for 

them to have enhanced properties including adhesion, wettability and printability. Among the 

listed techniques, there are both mechanical and chemical treatments including exposure to 

flames, photons, ion beams, and other radiations. Chemical treatments have problems in 

uniformity and reproducibility, whereas plasma treatments have been shown to be the most 

effective and with high uniformity as well as environmentally-clean [52]. 

Corona discharge technique is used for ionizing entrapped gas in closed chamber with 

electric field applied between the conducting electrodes as shown in Figure 14 [53]. The energy 

from the ions is transferred to the surface molecules, which makes them suitable for the 

functional nanomaterials to work properly. The different functional groups developed on the 
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surface of the substrate include hydroxyl, peroxyl, carbonyl, ester, and carboxylic acid, which 

play a major role in preparing the properties of the receiving surface for the nanomaterials to 

be deposited on it [54]. 

 

 

Figure 14. Scheme of corona discharge technique [55]. 
 

Oxygen plasma is used for surface treatment of the substrates and has several 

advantages over other methods. This is evident in Figure 15 in which a schematic diagram of 

oxygen plasma is shown with hydrophobic surface as well as the modified surface after oxygen 

plasma treatment. The features that make the technique more appealing include the ease in 

operation, safety, use of less regents, use of a wide range of substrates and also developing 

uniform modification of the surface energies.  

 

Figure 15. Schematic diagram of oxygen plasma treatment (a) and the resultant modified 
surface (b) after treatment [56]. 
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Chemical based surface treatments are cheap and readily available for surface 

modifications. It is suitable for water-based solution for binding biomolecules on polymeric 

substrates [57]. Carboxylic acid groups develop on the surface of polymer substrates due to 

chemical modification which in turn, enhances the binding of bioactive molecules on the 

surface. The different chemicals used such as 2-(butoxyetoxy) ethanol, KMnO4, NaOH, K2Cr2O7, 

and H2SO4 are mixed with different concentrations [58]. 

Researchers have reviewed the treatment of polymers using low pressure plasmas and 

they have demonstrated that plasmas are used extensively to activate polymers and also 

deposit plasma polymerized coatings [59] [60]. The method has been found important in 

modifying polymer surfaces properties due to advantages such as being dry, clean, and fast.  

2.6 Inks 

Printed electronics is not a new concept, though it has been having immense attention 

due to the increasing awareness of its likely benefits. There are several factors considered in 

commercial large-scale printed electronics devices such as the capabilities of the conductive 

grids, finger lines, shunt lines and bus bars. Due to various shortcomings, no single deposition 

method has been found absolutely appropriate [61]. In the applications where passage of 

current is the major conductor requirement, there are some recent advances in the low 

temperature screen printable and extrudable inks that produce narrow and high aspect ratio 

grid lines that have great line control. There are also recent advances in inks that are 

compatible with thermal processing techniques such as photonic sintering. Also, the advances 
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in particle and binder technology have led to increased performance of inks on aspects of 

conductivity, flexibility, line resolution as well as compatibility with different substrates [61].  

Inks play an important role in creating printed electronic devices. There are many inks 

that can be used to provide such devices, so there is a high interest in this area. Based on 

electrical conductivity, materials can be categorized into conductors, insulators, and 

semiconductors. Most of the inks that are used for printed electronics are conductors and 

semiconductors. Some of the most common types of inks are organic, inorganic, and 

nanocomposite materials.  

Conductive inks are perceived as important for fabrication of all types of stretchable, 

flexible, and wearable electronic applications. The required properties of conductive inks 

include high electrical properties, long term stability, good dispersion, environmental friendly, 

good adhesion to the substrate, optical transparency, low cost, and rheology properties [62].     

Silver is a primary material for printed electronics since it has high conductivity, 

performance stability, and also allows high volumes of manufacturing [63]. Several of the silver 

inks available contain micron size flakes, though there are recent nano-silver compositions with 

the capability of lower temperature sintering and fine line printing.  

The inks made of silver nanoparticles (AgNPs) are the most promising materials for 

conductive inks due to their unique physical, chemical properties, electrical conductivity and 

strong anti-oxidant characteristics [64]. The main challenge of using AgNPs is the requirement 

for high level of temperature sintering of printed film for them to have excellent conductivity 

[65].  
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Applications that are of low cost may use carbon conductors that are printed by 

flexographic printing. In most instances, carbon conductors may serve as overprints on silver 

inks to protect and (or) prevent silver migration. There is also polymer thick film conductive ink 

comprising of powder, resin, and solvent. Powder is the active element which determines the 

electrical properties of ink, and is usually made of silver, carbon or gold. Silver is the preferred 

choice since it has high conductivity and of relatively low cost, in comparison to carbon and 

gold [61]. 

3 CHAPTER III: MATERIALS AND METHODS 

3.1 Printer Setup 

3.1.1 Pattern Development 

A simple pattern needs to be designed to explore the interaction between the ink drops 

and the surface of the substrate. A pattern consisting of 7 X 6 dots which have a diameter of 40 

𝜇𝑚 and a line of 40 𝜇𝑚 in width was designed using the printer software as shown in Figure 16. 
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Figure 16. A pattern consists of 7X6 dots and a line. 
 

This small pattern was then duplicated into a large 4 X 4 pattern. The dots were created by 

specifying the location of each dot. This can be done by selecting the X Start and Y Start 

positions under Drop Position Array in Pattern Editor. The X Width and Y Height are zero when 

creating dots as only one dot is desired at each location. The X Count and Y Count is the number 

of dots on the x-axis and y-axis at the specified location, and this will be automatically set to 1 

in X Count and Y count as there is only one dot at each location. The line was created by 

specifying the X Start and Y Start position of the line. The line was drawn horizontally as seen in 

Figure 16. Therefore, the Y Height was set to zero, so that only one drop is achieved on the Y-

axis which gives a line of 40 𝜇𝑚 in width. The Width option under the Drop Position Array will 

define the length of the line on the X-axis which is 1 mm as shown in Figure 17.  
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Figure 17. Pattern editor which allows for developing patterns using DMP-2850. 
 

Once the X Width is set to the desired value, the X Count and Y Count will be automatically set 

to the values that correspond to the X Width and Y Height that were specified. The drop spacing 

in Pattern Editor, which is the distance between the centers of the drops that are deposited by 

DMP-2850 to create the desired pattern, was set to 20 𝜇𝑚 as the dot size is 40 𝜇𝑚. Once the 

desired pattern is designed, it was duplicated into a 4 X 4 pattern. Finally, the completed 
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pattern was previewed using the Preview Drops option in Pattern Editor to make sure that the 

desired pattern is developed as shown in Figure 16. 

3.1.2 Printing Process  

Figure 18 shows the process of printing the pattern on the substrate. The printer was 

first turned on. Then, the desired ink was inserted inside the cartridge reservoir using a needle. 

A decent amount of ink needs to be added which does not exceed the maximum point of the 

reservoir. Once the reservoir contains the ink, it was firmly connected to the cartridge. The 

cartridge along with the reservoir was then connected inside the printer.  

 

Figure 18. The flow chart shows the printing process. 
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Next, the pattern was loaded and the drop spacing was set. The angle was then adjusted to the 

value that correspond to the selected drop spacing. After that, the cartridge settings including 

jetting voltage, cartridge temperature, etc. were set to the desired values. Next, the substrate 

which will be used for printing was loaded, and the print location on the substrate was selected. 

Once the substrate is loaded, the jetting waveform was adjusted to match the waveform which 

comes with the ink by the manufacturer. The cleaning cycle was set to purge at the beginning of 

the printing process and spit during the printing process. Purge refers to the action of pushing 

the ink out of the nozzle with pressure which is used to remove any air inside the nozzle, and 

spit refers to jetting the ink out of the nozzle smoothly to avoid any misfired ink or ink clog and 

to keep the nozzle’s performance consistent. After that, the drop watcher was used to visualize 

the ink drops coming out of the nozzles which helps in selecting the nozzle that accurately fire 

the ink as shown in Figure 9. This is because some nozzles do not fire the ink or fire it at the 

wrong direction. The ink drop should have a tail which allows it to keep firing for the duration of 

the printing cycle. However, the length of the tail should not be too long or too short because 

long tails will produce a larger drop while short tail might not keep firing until the end of the 

printing process. Once the best nozzle is selected, the pattern was printed by pressing the print 

button. 

3.2 Sample Preparation 

The PI substrate was prepared using a glass slide (3” x 2” 1.0 mm thick; Premiere; Inc.,) 

and Polyamide (PI-2545; HD MicroSystems, Parlin, NJ; Inc.,), and the PDMS substrate was 

prepared using a glass slide (3” x 2” 1.0 mm thick; Premiere; Inc.,) and PDMS. The PDMS was 

developed by mixing the base… and the curing agent… with a weight ratio of 10:1 for about 5 
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min. A total of 4 g of PDMS is needed to make one PDMS substrate. Firstly, the glass slide was 

cleaned with Acetone by placing in a beaker that contains Acetone. This was done to get rid of 

the dust accumulated on the slide. Next, the beaker was placed in an ultrasonic device, and 

sonic waves were applied to the substrate for 1 min. Once the glass substrate became clean, 

the substrate was dried with N2 gas.  

Secondly, the substrate’s surface was then treated with O2 plasma for 2 min to make the 

surface hydrophilic using Reactive Ion Etching (RIE; March Instruments Jupiter III; Inc.,). In order 

to use the RIE, one needs to first make sure that there is no vacuum inside the reactor 

chamber, and that all valves for N2 and O2 gases are closed. Then, turn on the vacuum pump 

and wait for 2 min until it becomes stabilized. Next, turn on the system by pressing the AC 

button on the front panel, and then load the sample into the reactor chamber and close the lid. 

The fifth step is to press the vacuum button on the front panel to begin evacuating the chamber 

and wait for 5 min. The gauge should reach 0.1 Torr, and the timer on the front panel should 

light up. Open the O2 valve and press the Gas button, which corresponds to the O2 gas, this will 

then introduce O2 gas into the chamber. Be sure to wait for 2 min until the pressure displayed 

on the front panel is between 300 and 400 mTorr. Press the RF button on the front panel to 

turn it on and wait for the desired treatment time, 2 min. The power displayed on the front 

panel should be 150 W once the RF button is pressed and the plasma should be seen through 

the chamber window. Once the 2 min are passed, press RF button followed by the Gas button 

to turn them off. Then close the O2 valve. After closing the O2 valve, wait for approximately 2 

min to get rid of all the impurities on the sample and then press the Vacuum button to turn it 

off. Then, open the N2 valve to introduce it to the chamber to release the vacuum and open the 
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lid. At this point, if the RIE is not going to be used for further experiments, the vacuum pump 

and the RIE need to be turned off.  

Thirdly, the glass substrate was placed on the spinner (Laurell Techniques Corporation; 

Model WS-400A-6NPP/LITE; Inc.,) to coat it with the desired material which is either PI or 

PDMS. Once the substrate was placed in the center of the spinner, the vacuum was applied to 

hold the sample in place. Then, the glass substrate was coated with a small amount of the 

desired material which can completely cover the substrate after spinning. The material was 

placed on the center of the glass substrate to evenly spread it and then spin-coated at 2000 

rpm for 30 sec. Next, the substrate was soft and hard baked. When preparing the PI substrate, 

the substrate was soft baked at 150 °C for 5 min and hard baked at 250 °C for 50 min 

respectively. Some experiments require the use of PI substrate that has a thick layer of PI, so 

some think PI substrates were developed for these experiments. This was done by coating the 

substrate with the PI at 500 rpm for 30 sec. Then, it was soft baked and hard baked at 150 °C 

and 250 °C for 10 min and 50 min respectively. For the PDMS substrate, the substrate was soft 

baked and hard baked at 150 °C and 250 °C for 10 min and 50 min respectively. Finally, the 

substrate was cooled down at room temperature for approximately 30 min. 

3.3 Printing Parameters Effect 

Table 1 shows some of the main printing parameters which were used for this project. 

These parameters will be used for printing process unless specified otherwise. A microscope is 

used for taking the measurements due to the small feature size of the printed pattern. The 

eyepiece reticle has an installed ruler which allows the user to take measurements of the 
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desired pattern. Most of measurements which are taken using the compound microscope are 

between 0.2 µm and 25 mm [66].  

Table 1. Some of the printing parameters used for Ag ink and PI ink printing. 

Ink Ag PI 

Drop Spacing  20 µm 15 µm 

Jetting Voltage  17 V 21 V 

Substrate Material Glass Coated with PI 

Meniscus Vacuum 
(inches H20) 

5.0 

Cartridge 
Temperature  

28 °C 

Substrate 
Temperature  

28 °C 

Nozzle Number 1 

Maximum jetting 
Frequency (kHz) 

5 

Substrate’s 
Thickness 

1000 µm 

 

3.3.1 Jetting Voltage Effect  

Since the jetting voltage is one of the printing parameters that can significantly affect 

how the pattern is printed on the substrate, several voltages were explored and tested to see 

how the drop size is changed with changing the jetting voltage while keeping all other 

parameters unchanged as shown in Table 19 in Appendix D. Jetting voltages of 15, 16, 17, 18, 

19 V were used when the Ag ink (JS-B40G Silver Nanoparticle Ink; NovaCentrix; Inc.,) was used 

to print the pattern at 28 °C and a drop spacing of 30 𝜇𝑚. 

https://www.novacentrix.com/product/js-a221ae-silver-nanoparticles/
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These voltages were used to print the pattern on the PI substrate to see the effect of 

the jetting voltage on the PI substrate. The drop size for each voltage was observed and 

measured using a light microscope. For each voltage, the diameters of 30 drops were 

measured. The experiment was repeated two more times, and the average of the drop size and 

its corresponding standard deviation were calculated. Once all the averages and standard 

deviations were found, they were entered in a table. After that, a graph that shows the jetting 

voltages and the resulted drops that correspond to these voltages was prepared to show the 

relationship between the jetting voltage and the drop size. Also, a plot that shows the jetting 

voltage versus the drop size was created to further illustrate the change in drop size with 

changing the jetting voltage. The same experiment was repeated on the PDMS substrate using 

the same printing parameters used when printing on the PI substrate. 

After that, the jetting voltage effect on the drop size when using PI ink was found. The 

jetting voltages which were used when the PI ink was used are 19, 20, 21, 22, and 23 V at a 

temperature of 28 °C and a drop spacing of 15 𝜇𝑚 as shown in Table 20 in Appendix D. The 

pattern was then printed on the PDMS substrate using the same printing parameters. 

3.3.2 Temperature Effect  

The temperature effect was conducted using 28, 30, 32 °C, and 34 °C as shown in Table 

21 in Appendix D. The temperature effect on the drop size when using the Ag ink was first 

examined by printing the pattern on the PI substrate using a voltage of 17 V and a drop spacing 

of 20 𝜇𝑚.  

The drop size for each temperature was observed and measured using a light 

microscope. For each temperature, the diameters of 30 drops were measured. The experiment 
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was repeated two more times, and the average of the drop size and its corresponding standard 

deviation were calculated. Once all the averages and standard deviations were found, they 

were entered in a table. After that, a graph that shows the temperature and the resulted drops 

that correspond to these temperatures was prepared to show how the relationship between 

the temperature and the drop size. Also, a plot that shows the temperature versus the drop size 

was created to further illustrate the change in drop size with changing the temperature. The 

same experiment was repeated on the PDMS substrate.  

After that, the temperature effect on the drop size when using PI ink was found. The 

same temperatures were used when the PI ink was used as shown in Table 22 in Appendix D. A 

voltage of 21 V and a drop spacing of 20 𝜇𝑚 were used. After that, the pattern was printed the 

PDMS. 

3.3.3 Drop Spacing Effect 

Since the drop spacing, which defines the space between the drops, can significantly 

impact the pattern when printed on the substrate, several drop spacings were explored and 

examined to see how the line width is changed with changing the drop spacing while keeping all 

other parameters unchanged. Drop spacings of 15, 35, and 55 𝜇𝑚 were used when the Ag ink 

was used to print the pattern using a voltage of 17 V and a temperature of 28 °C as shown in 

Table 23 in Appendix D.  

These drop spacings were used to print the pattern on the PI substrate to see the effect 

of drop spacings on the PI substrate. The line width for each drop spacing was observed and 

measured using a light microscope. For each drop spacing, the width of three lines from the 

same substrate were measured, and each line was measured from three different spots which 
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are the left, middle, and right side, and then the averages of these three measurements were 

taken. The experiment was repeated two more times, and the averages of the line widths of the 

three trials and their corresponding standard deviations were calculated. Once all the averages 

and standard deviations were found, they were entered in a table. After that, a graph that 

shows drop spacings and the resulted lines that correspond to these drop spacings was 

prepared to show the relationship between the drop spacing and the line width. Also, a plot 

that shows the drop spacings versus the line width was created to further illustrate the change 

in line width with changing the drop spacing. The same experiment was repeated on the PDMS 

substrate using the same printing parameters except the drop spacings. The used drop spacings 

are 5, 15, and 25 𝜇𝑚.  

After that, the drop spacing effect on the line width when using PI ink was found. The 

drop spacings which were used when using the PI ink on the PI substrate were 10, 20, and 35 

𝜇𝑚 with a voltage of 21 V and a temperature of 28 °C as shown in Table 24 in Appendix D. The 

same experiment was done on the PDMS substrate using the same parameters except the drop 

spacings. The drop spacings used are 5, 10, and 15 𝜇𝑚.  

3.4 Surface Energy Effect  

The surface energy of the substrate has a significant effect on how the pattern is formed 

on the substrate. The surface energy indicates whether the drops spread on the surface or not. 

Therefore, O2 and CF4 treatments were done on the substrate to find the best condition for Ag 

ink and PI ink which can lead to printing the pattern with the desired resolution.  
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3.4.1 O2 Treatment Effect  

O2 plasma was used to treat the surface by the use of RIE. The PI substrate was treated 

with O2 plasma for 5, 30, and 120 sec. For each treatment, contact angle measurements were 

taken at three stages which are immediately, after 30 min, and after 60 min of the treatment.  

For each measurement, 5 drops of water were dropped on the substrate and measured. This 

was done by using a 20 𝜇L pipette and DI water, camera, substrate holder, and a laptop. Each 

drop was created by taking 9 mL of water by the pipette and then pipetted the water into the 

substrate. The way of pipetting the water was consistent as the water was jetted from the same 

distance for accurate measurements. Once the drop is formed on the surface, a photo of the 

drop was taken using a camera. Then, the contact angle was measured from the right and left 

sides of the drop. The average of these two measurements was taken. After that, the average 

of the 5 measurements was calculated. The contact angle measurements for each case were 

performed 5 times, and the averages with their standard deviations were calculated. 

3.4.2 CF4 Treatment Effect 

CF4 plasma was used to treat the surface by the use of RIE. The PI substrate was treated 

with CF4 plasma for 10, 30, and 60 min. For each treatment, contact angle measurements were 

taken at three stages which are immediately, after 30 min, and after 60 min of the treatment.  

For each measurement, 5 drops of water were dropped on the substrate and measured. This 

was done by using a 20 𝜇L pipette and DI water, camera, substrate holder, and a laptop. Each 

drop was created by taking 9 mL of water by the pipette and then pipetted the water into the 

substrate. The way of pipetting the water was consistent as the water was jetted from the same 

height for accurate measurements. Once the drop is formed on the surface, a photo of the drop 
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was taken using the camera. Then, the contact angle was measured from the right and left sides 

of the drop. The average of these two measurements was taken. The contact angle 

measurements for each case were performed 5 times, and the averages with their standard 

deviation for the 5 trials were then calculated.  

After that, drop size and line width measurements were taken from all treated 

substrates, which are 10 min, 30 min, and 60 min treated substrates, by printing the pattern 

that consists of lines and dots to see treatments effect on pattern printing. The pattern was 

printed using the obtained printing parameters for Ag ink which are shown in Table 25 in 

Appendix E. 

Once the pattern is printed, the drop size was measured to know the drop spacing that 

needs to be used for that specific treatment as the drop spacing is supposed to be half of the 

drop size to form a uniform line. Once the drop spacing is determined, the pattern was printed 

again. Then, 6 drops and 1 line were measured. The line width was measured from three 

different locations which are the right, middle, and left side. After that, the averages of the 6 

drops and the three measurements of the line width were calculated. Next, these 

measurements were taken from two other samples to verify the accuracy of these values. Then, 

the average drop size and line width of these three samples were calculated along with the 

corresponding standard deviations for 10 min, 30 min, and 60 min treatments. All 

measurements were taken immediately after printing to get the most accurate measurements. 

Once all the measurements are obtained, graphs that show the relationship between the drops’ 

sizes and lines’ widths for these treatments were created.  
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Then, the treatment that produces a drop spacing which is very close to 40 𝜇𝑚 and a 

line that is uniform was further explored. Since the 60 min treatment with CF4 produced a 

promising result, it was further explored to find the best drop spacing that produces the 

smoothest lines. The drop spacing which were used for this experiment are 16, 18, and 20 𝜇𝑚 

with a voltage of 17 V and a temperature of 28 °C as shown in Table 26 in Appendix E. For this 

experiment, a new pattern was developed which has multiple lines of 5 mm in length to 

confirm the lines can be consistent and uniform for longer tracks. All the measurements and 

calculations were done exactly the same way that was done previously. The only difference is 

that 6 measurements of the line width were taken as the line was too long comparing to the 

line in the previous patten.  

3.4.3 Surface Material Effect 

Since different materials have different properties which can significantly affect the 

behavior of the ink drop on its surface, another material which is PDMS is used to find its effect 

on the surface energy. Also, it is used for material comparison purposes. The pattern that 

consists of lines and dots was printed on the PI and PDMS substrates using the same printing 

parameters to find the effect of the surface material on the drop and line formations. A jetting 

voltage of 17 V, a cartridge temperature of 28 °C were used when Ag ink is used, and a jetting 

voltage of 21 V, a cartridge temperature of 28 °C were used when PI ink is used. The drop 

spacing was set to half of the drop size.  

The drop size and line width for each material were observed and measured using a light 

microscope. For each material, the diameters of 30 drops printed on the substrate and the 

widths of 3 lines printed on the same substrate were measured, and the averages were then 
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calculated. The line width was measured from three different spots which are the left, middle, 

and right side, and then the average of these three measurements was taken. All experiments 

were performed 3 times, and the averages and the corresponding standard deviations were 

calculated.  

3.5 The Development of the ECG Circuit Design  

KiCad and AutoCAD Softwares were used to develop the ECG Circuit Design. Kicad is a 

software that provides an easy way of designing schematics for electronic circuits using its large 

collection of libraries. The schematic of the ECG design is shown in Figure 19. The circuit design 

was then converted to Bitmap image which can be read by the DMP-2850 inkjet printer which is 

shown in Figure 20. The ECG circuit design consists of two layers which are the conductive layer 

shown in Figure 20A and the insulating layer shown in Figure 20B. Ag ink was used to print the 

conductive layer (first layer), and PI ink was used to print the insulating layer (second layer). The 

leading bar in the first layer was added to correct any misfired ink which happens at the 

beginning of the printing process.  
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Figure 19. Circuit Schematic Design. 

 

Figure 20. (a) First Layer of the ECG Circuit AutoCAD Design. (b) Second Layer of the ECG Circuit 
AutoCAD Design. 

 

Some of the important components used to develop the ECG Circuit Design are the RF 

Antenna, Bluetooth, Power, and low power analog front-end. RF Antenna is the component 

that allows for communication in electronic transmission system as it converts the received 
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electrical signal into a radio frequency which can move through air [67]. The nRF52 DK is a 

versatile single board development kit used for Bluetooth Low Energy which helps in 

transmitting the data with the connected device. ADS1291 is a component that provide all the 

features including portable, low-power medical electrocardiogram (ECG), sports, and fitness 

applications which are needed to develop medical instrumentation systems at significantly 

reduced size, power, and overall cost [68].  

3.6 ECG Circuit Printing 

FUJIFILM Dimatix Materials Printer (DMP-2850) was used to print the ECG Circuit Design 

with a 20 picolitre cartridge. The best printing parameters and the best surface energy of the 

substrate were found and used to achieve a very precise ECG circuit with the highest possible 

resolution. The highest resolution was achieved when 40 𝜇𝑚 drops were obtained as this is the 

value that was used while creating the design using AutoCAD. Since the drop size is around 40 

𝜇𝑚, The drop spacing was set to 20 𝜇𝑚 which requires the angle of printing to be set to 4.5 °. 

This is because every drop spacing requires a specific angle which is given in the printer 

manual.   

3.6.1 First Layer 

The first layer of the circuit is the conductive layer which was printed using the Ag ink. 

The first layer was printed on the CF4 plasma treatments (10, 30, and 60 min) to find its effect 

on the actual circuit design. Measurements were taken from all designs and compared to know 

if the difference is significant. The printing parameters shown in Table 25 Appendix E were used 

to print the design. Since the treatment time affects the quality of the printed circuit, the 60 
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min which provides the most accurate measurements which leads to obtaining the desired 

resolution was used. 

For printing the first layer on the 60 min CF4 treated substrate, the first step was to 

bring the surface into the desirable zone. This was done by treating the PI substrate with CF4 for 

60 min. Once the treatment is completed, the contact angle was measured and verified that it 

is between 95 ° and 105 ° as this angle corresponds to a drop size of 40 𝜇m. The pattern that 

contains three lines and 8 X 8 dots was first printed on a spot of the substrate that will not be 

used for ECG printing using the printing parameters shown in Table 25 Appendix E. Then, some 

drops were measured to verify that the drop size is around 40 𝜇m. After that, the first layer of 

the ECG circuit was printed using the printing parameters shown in Table 25 in Appendix E. 

Finally, some tracks were measured under the microscope and compared with the ones on the 

digital design. Note that this layer needs to be printed within 60 min of treatment as the 

hydrophobicity of the surface decreases with time.  

Once the circuit is printed on the substrate, the substrate was baked at 200 °C for 20 

min and then cooled down for 30 min at room temperature. The resistance was then measured 

across the leading bar on the printed circuit design to verify the conductivity of the circuit. The 

resistance should be around 0.6 ohms. The same experiment was repeated on the 30 min and 

10 min CF4 treated surface to find the effect of the ECG treatment time on the printing quality. 

Some measurements were taken from the ECG circuit printed on the 30 min and 10 min CF4 

treated surfaces and compared with the 60 min CF4 treated surface.  

 Once the best treatment is selected, which is the 60 min treatment, the circuit was 

printed on the treated surface at different drop spacing to find the effect of drop spacing on the 
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printed ECG circuit. The drop spacing which were used are 16, 18, and 20 𝜇𝑚. The same 

printing parameters were used for this experiment as shown in Table 26 in Appendix E.  

3.6.2 Alignment Procedure 

Since printing the circuit consumes a lot of time and ink, an alignment mark that is small 

was designed and used to align the second layer with the first layer. The first layer of the 

alignment mark was first printed on the 60 min CF4 treated surface. Table 31 in Appendix E 

shows the parameters used to print the first layer of the alignment mark. Then, the substrate 

was baked at 200 °C for 20 min and then cooled down for 30 min at room temperature.  

The two layers have to be aligned perfectly align with at least an accuracy of 75%. 

Before doing the alignment procedure, the surface was treated with the needed treatment 

based on its surface energy. The CF4 and O2 plasma were used to increase the hydrophobicity 

and the hydrophilicity of the surface such that we bring the surface energy to the value that 

results in a drop size of approximately 40 𝜇𝑚. In this experiment, the substrate which has the 

first layer of the alignment mark printed on it was treated with O2 for 30 sec immediately after 

completing the previous step which is printing and baking the first layer of the alignment mark. 

Then the drop size was measured from the 8 X 8 dots pattern to confirm it is around 40 𝜇𝑚. 

The pattern was printed on an unused spot on the substrate. 

After that, the alignment procedure was done using the reference point prior printing 

the second layer. The reference point was selected on the second layer design which was the 

center of the alignment mark since it is easy to be calculated and identified on the second layer 

design and on the first layer using the fiducial camera. Once the reference point is selected on 

the second layer design, the drop offset was set to compensate for the error between the point 
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that the fiducial camera is looking at and the position that the cartridge is printing to using the 

fiducial camera. After that, the same reference point was selected on the first layer. Finally, the 

second layer was printed by clicking Print. Table 32 in Appendix E shows the parameters used to 

print the second layer of the alignment mark.  

3.6.3 Second Layer  

The second layer is the insulating layer which was printed using the PI ink. Figure 20B 

shows the second layer of the ECG circuit design. This was printed using the obtained printing 

parameters for the PI ink as shown in Table 32 in Appendix E. The best parameters which were 

found are a jetting voltage of 21 V, a cartridge temperature of 30 °C, and a drop spacing of 20 

𝜇𝑚. The surface energy was modified prior printing this layer by treating the substrate which 

has the first layer of the ECG circuit printed on it with O2 for 30 sec immediately after 

completing the previous step which is printing and baking the first layer of the ECG circuit. 

Then, the drop size was verified to be around 40 𝜇𝑚. 

This layer will be printed on top of the first layer using the alignment procedure which 

was mentioned in the previous section. The center of the upper-left alignment mark on the ECG 

circuit design was selected as the reference point. The detailed alignment procedure is 

mentioned in Appendix C. Once the two layers are aligned, the second layer was printed. Once 

the second layer is printed, some measurements were taken from the printed design and 

compared with the AutoCAD design. 
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4 CHAPTER IV: RESULTS AND DISCUSSION 

4.1 Printing Parameters Effect  

The printing parameters can influence the drop formation on the substrate and hence 

influence the printed pattern. In this experiment, some of the main printing parameters such as 

the jetting voltage, the cartridge temperature, and the drop spacing will be studied to find their 

effects on the printed pattern. This is needed to find the printing parameters that allows for 

stable printing and results in a small drop size which helps in obtaining the small pattern with 

the desired measurements. All PDMS results for this experiment are shown in Appendix G. 

three trials were conducted for each experiment to confirm the accuracy and reproducibility of 

the results.  

4.1.1 Jetting Voltage Effect  

The purpose of this experiment is to find the jetting voltage effect on the drop size. This 

is because the jetting voltage is one of the printing parameters that needs to be specified 

before printing. The jetting voltage defines the velocity of the fired ink which means higher 

voltage produces ink with higher velocity. The drop size is expected to increase when increasing 

the jetting voltage as the ink is going to drop with a higher velocity, and this will result in 

increasing the spread of the ink on the substrate. In addition, a higher voltage produces more 

ink which will result in a larger drop. This is evident in a recent research which focused on high 

precision printing on electronic devices in which different types of voltage were found to lead 

to various jet modes and also droplet sizes [69]. The effect of applied voltage was accurately 

determined, in which results indicated that, the diameter of the printed droplets decreased 

with an increase in the applied pulse amplitude, and increased as the applied direct current was 
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increased. The change of voltage was found to either enlarge or reduce the diameter of the 

droplet based on the applied ink formula. Thus, the diameter of the obtained droplet increased 

slightly with the increase in the applied voltage, up to a particular level. This makes it necessary 

to adjust the applied voltage based on other optimized parameters to generate the desired 

output. The results concur with the experimental findings in this research that, an increase in 

voltage results to an increase in the printed drop size.   

The experiment was designed by varying the voltages and keeping all other parameters 

constant which will allow in determining the effect of jetting voltage. Since a pattern that has a 

small feature size is desirable, a small ink droplet needs to be achieved as it allows for printing a 

pattern with an extremely high resolution. Therefore, one of the variables which is the jetting 

voltage was selected by finding the voltage that provides stable printing and smallest drop size. 

This was done by finding the lowest voltage that jets the ink out of the nozzle and is stable 

enough to keep jetting the ink for the duration of the printing. Once the lowest voltage is 

obtained, the highest voltage was obtained by increasing the voltage until a drop with a very 

long tail is produced. This is because a drop which has a very long tail generates a very large 

drop on the substrate that is not desirable.   

There are various factors which ensure a stable printing process and also high-resolution 

printing results [70]. It is paramount to optimize the process parameters including electric field 

strength, flow rate, distance between the nozzle and the substrate, and also the moving speed 

of the stage. However, the main factor of consideration is the applied voltage, in which 

increasing the voltage results to a better resolution of the droplet. Thus, varying the voltage 

helps to determine the most suitable drop size.   
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In this experiment, the jetting voltage effect when printing the pattern using the Ag ink 

on the PI substrate was first conducted. The voltages that were used for this experiment are 15, 

16, 17, 18, and 19 V. These voltages were selected under the observed basis that any voltage 

below 15 V was not sufficient enough to fire the ink. While observing the nozzle as it fired the 

ink, the ink that was jetted had a very short tail and it got clogged after a short period of time. 

This concludes that voltage will not fire the ink until the pattern has fully developed. However, 

any voltage that is higher than 19 V had a very long tail which resulted in a significantly large 

drop which is more potent than what was desired.  

The voltages 15 V and 16 V provided the minimal drop size, but the quality of printing 

was not good. The printed pattern was not reliable as the printing was not stable for the 

duration of printing. Therefore, 17 V was the best option among the other voltages as it 

provides a reliable printing with a small drop size comparing to 18 V and 19V.  

Table 2 provides the drop sizes (𝜇𝑚) resulted by different voltages (V). The values found 

in Table 2 were calculated by measuring the diameters of 30 drops and finding the standard 

deviation corresponding to them. The expected relationship between the jetting voltage and 

the drop size can be seen in Table 2. The drop size increases with increasing the voltage where 

the voltage 15 V produced the smallest drop which is 56.9±0.9 𝜇𝑚, and the largest drop 

71.6±0.9 𝜇𝑚 is produced by the voltage 19 V. It can be seen that the jetting voltage is positively 

correlated with the drop size, and this was demonstrated as shown in Figure 21. Figure 21 

presents each voltage with its representative drop to show how the drop size increases with 

increasing the jetting voltage. 
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Table 2 . The table displays the average drop size and its standard deviation for each varying 
voltage when printing Ag ink on the PI substrate, where the sample size is N=3. 

Voltage (V) Average Drop Size (µm) 

15 56.9±0.9 

16 63.8±0.9 

17 66.4±1.1 

18 71.5±1.0 

19 71.6±0.9 

 

 

Figure 21. The plot graph depicts the jetting voltage (V) effect on the drop size (µm) when 
printing Ag ink on the PI substrate, and the graph displays each drop with its corresponding 

jetting voltage. 
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Secondly, the jetting voltage effect when printing the pattern using PI ink on PI 

substrate was conducted. The voltages that were used for this experiment are 19, 20, 21, 22, 

and 23 V. These voltages were selected based on the same justification that is mentioned 

above. 21 V was the best option among the other voltages as it provides a reliable printing with 

a small drop size. 

Table 3 provides the drop sizes (𝜇𝑚) resulted by different voltages (V). The values found 

in Table 3 were calculated by measuring the diameters of 30 drops and finding the standard 

deviation corresponding to them. The expected relationship between the jetting voltage and 

the drop size can be seen in Figure 22. The drop size increases with increasing the voltage. It 

can be seen that the jetting voltage is positively correlated with the drop size, and this was 

demonstrated as shown in Figure 22. Figure 22 presents each voltage with its representative 

drop to show how the drop size increases with increasing the jetting voltage. 

Table 3. The table displays the average drop size and its standard deviation for each varying 
voltage when printing PI ink on the PI substrate, where the sample size is N=3. 

Voltage (V) Average Drop Size (µm) 

19 33.3±0.6 

20 35.2±0.3 

21 36.2±0.5 

22 38.1±0.6 

23 39.6±0.5 
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Figure 22. The plot graph depicts the jetting voltage (V) effect on the drop size (µm) when 
printing PI ink on the PI substrate, and the graph displays each drop with its corresponding 

jetting voltage. 
 

4.1.2 Cartridge Temperature Effect  

The purpose of this experiment is to find the cartridge temperature effect on the drop 

size. This is because the cartridge temperature is one of the printing parameters that needs to 

be specified before printing, and it could influence the drop size. The drop size is expected to 

increase when increasing the temperature as the viscosity of the ink might be changed, and this 

will result in increasing the spread of the ink on the substrate.  

The experiment was designed by varying the cartridge temperature and keeping all 

other parameters constant which will allow in determining the effect of the cartridge 

temperature. The cartridge temperature was selected by finding the temperature that provide 
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a stable printing and the smallest drop size. Since the lowest temperature that could be 

selected is 28 °C, this was the start point of this experiment. The temperature was increased in 

an increment of 2 until the undesired outcome was achieved. 34 °C was the ending point of this 

experiment because the ink tail which is observed by the drop watcher was too long, and any 

temperature exceeds 34 °C will be undesirable.  

The cartridge temperature effect when printing the pattern using Ag ink on the PI 

substrate was examined. Table 4 provides the drop sizes (𝜇𝑚) resulted by different 

temperatures (°C). The values found in Table 4 were calculated by measuring the diameters of 

30 drops and finding the standard deviation corresponding to them. The expected relationship 

between the cartridge temperature and the drop size can be seen in Table 4. The drop size 

increases with increasing the cartridge temperature where the temperature 28 °C produced the 

smallest drop which is 71.4±1.0 𝜇𝑚, and the largest drop 78.2±0.9 𝜇𝑚 is produced by the 

temperature 34 °C. It can be seen that the cartridge temperature is positively correlated with 

the drop size, and this was illustrated in Figure 23. Figure 23 presents each cartridge 

temperature with its representative drop to show how the drop size increases with increasing 

the cartridge temperature. 

Table 4. The table displays the average drop size and its standard deviation for each varying 
temperature when printing Ag ink on the PI substrate, where the sample size is N=3. 

Temperature (°C) Average Drop Size (µm) 

28 71.4±1.0 

30 75.6±0.9 

32 76.4±0.9 

34 78.2±0.9 
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Figure 23. The plot graph depicts the temperature effect on the drop size (µm) when printing Ag 
ink on the PI substrate, and the graph displays each drop with its corresponding temperature. 

 

Then, the cartridge temperature effect when printing the pattern using PI ink on the PI 

substrate was examined. Table 5 provides the drop sizes (𝜇𝑚) resulted by different 

temperatures (°C). The values found in Table 5 were calculated by measuring the diameters of 

30 drops and finding the standard deviation corresponding to them. The expected relationship 

between the cartridge temperature and the drop size can be seen in Table 5. It can be seen that 

the cartridge temperature is positively correlated with the drop size, and this was illustrated in 

Figure 24. Figure 24 presents each cartridge temperature with its representative drop to show 

how the drop size increases with increasing the cartridge temperature. 
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Table 5. The table displays the average drop size and its standard deviation for each varying 
temperature when printing PI ink on the PI substrate, where the sample size is N=3. 

Temperature (°C) Average Drop Size (µm) 

28 34.4±0.8 

30 35.6±0.5 

32 36.6±0.4 

34 37.6±0.5 

 

 

 

Figure 24. The plot graph depicts the temperature effect on the drop size (µm) when printing PI 
ink on the PI substrate, and the graph displays each drop with its corresponding temperature. 
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4.1.3 Drop Spacing Effect  

The purpose of this experiment is to find the drop spacing effect on the line width. This 

is because the drop spacing is one of the printing parameters that needs to be specified before 

printing as it has an effect on the printed pattern. The Line width is expected to decrease when 

increasing the drop spacing within a small range. The amount of ink deposited on a unit area is 

determined by the dot spacing [71]. This is explained as the distance between centers of two 

droplets. The effect of varying the droplet spacing on the printing surface is that; if the drops 

are very far apart at a distance greater than their diameter, this result to formation of isolated 

drops. A reduction in the dot spacing results to merging of the drops thereby forming scalloped 

lines. A further reduction in the drop spacing leads to formation of uniform lines with straight 

edges [71]. If the droplet spacing is decreased even further, there is increased overlap between 

droplets and possibility of bulging along the line. The findings indicate that, drop spacing has an 

effect on the printed line, in which, an increase in drop spacing results to formation of isolated 

drops, and a reduction in the drop spacing results to formation of uniform lines with straight 

edges. The desired line width is expected to occur when the drop spacing is half of the drop size 

as the overlap between each two drops will be sufficient to provide a uniform line throughout 

the pattern. 

The experiment was designed by varying the drop spacing and keeping all other 

parameters constant which will allow in determining the effect of the drop spacing. Since a 

pattern that has uniform lines with a defined width is desirable, different drop spacing were 

explored to find the best drop spacing that needs to be used for printing. Therefore, the values 

of drop spacing which were used for this experiment were selected by finding the drop spacing 
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that results in the line width specified in the design, and then try a value that is above and a 

value that is below the optimal drop spacing to see the effect of drop spacing. The optimal drop 

spacing is half of the drop size as seen in the manual and previous researches. Therefore, the 

pattern needs to be printed first to measure the drop size as it defines the drop spacing that 

should be used for printing. 

The drop spacing effect when printing the pattern using Ag ink on the PI substrate was 

conducted. Table 6 provides the line widths (𝜇𝑚) resulted by different drop spacings (𝜇𝑚). The 

values found in Table 6 were calculated by measuring the widths of 3 lines and finding the 

standard deviation corresponding to them. The expected relationship between the drop 

spacing and the line width can be seen in Table 6. The line width decreases with increasing the 

drop spacing where the drop spacing 15 produced the widest line which is 104.5±8.8 𝜇𝑚, and 

the drop spacing 35 𝜇𝑚 provided a thinner line which is 73.6±2.9 𝜇𝑚. Since the pattern has 

lines with only one drop on the y-axis. The line width should be similar to the drop size when 

using the optimal drop spacing which is 35 𝜇𝑚 in this experiment. It can be seen that the line 

width when using the drop spacing 35 𝜇𝑚 is the one that is closest to the drop size. The small 

difference could be resulted from some errors during printing as this is an extremely sensitive 

experiment which could be affected by many factors. The largest drop spacing which is 70 𝜇𝑚 

did not form a line as the distance was not small enough to form it. Figure 25 shows how 

multiple drops that are next to each other with no connection are formed when large drop 

spacing is used. It can be seen that the drop spacing is negatively correlated with the line width, 

and this was demonstrated as shown in Figure 25. Figure 25 presents each drop spacing with its 

representative line to show how the line width is changing with changing the drop spacing. 
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Table 6. The table displays the average line width and its standard deviation for each varying 
drop spacing when printing Ag ink on the PI substrate, where the sample size is N=3. 

Drop Spacing (µm) Average Line Width(µm) 

15 104.5±8.8 

35 73.6±2.9 

70 N/A 

 

 

Figure 25. The plot graph depicts the drop spacing effect on the line width (µm) when printing 
Ag ink on the PI substrate, and the graph displays each line with its corresponding drop spacing. 
 

Then, the drop spacing effect when printing the pattern using PI ink on the PI substrate 

was conducted. Table 7 provides the line widths (𝜇𝑚) resulted by different drop spacings (𝜇𝑚). 

The values found in Table 7 were calculated by measuring the widths of 3 lines and finding the 

standard deviation corresponding to them. 
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Figure 26 shows how multiple drops that are next to each other with no connection are 

formed when large drop spacing is used. It can be seen that the drop spacing is negatively 

correlated with the line width, and this was demonstrated as shown in Figure 26. Figure 26 

presents each drop spacing with its representative line to show how the line width is changing 

with changing the drop spacing. 

Table 7. The table displays the average line width and its standard deviation for each varying 
drop spacing when printing PI ink on the PI substrate, where the sample size is N=3. 

Drop Spacing (µm) Average Line 
Width(µm) 

10 56.7±0.6 

20 39.5±1.0 

35 18.8±0.5 
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Figure 26. The plot graph depicts the drop spacing effect on the line width (µm) when printing PI 
ink on the PI substrate, and the graph displays each line with its corresponding drop spacing. 

 

4.2 Surface Energy Effect 

The purpose of this experiment is to find the effect of different plasma treatments on 

the PI substrate, and the effect of different materials on the surface energy. The surface tension 

of a fluid and the surface material affect the shape of the droplet [72]. Since the desired drop 

size which leads to a high-resolution circuit was not achieved by only controlling the jetting 

voltage, temperature, and drop spacing, further experiments which lead to the desired drop 

size is needed. Surface treatments are useful in this Thesis because they control the surface 

energy which indicates the degree to which the ink spreads on the surface. Surface treatments 
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can either increase the surface energy or decrease it. The two gases which were used in this 

experiment are O2 and CF4.  

The experiment was designed by varying the treatment time for each plasma treatment 

to determine the effect of treatment time of each gas on the PI substrate. A small ink drop 

needs to be obtained as it allows for printing a pattern with an extremely high resolution. 

However, there has to be some spread which allows the drops next to each other to form a 

smooth line with no discontinuity. Each plasma treatment was performed 5 times for accuracy 

purposes. Contact angle measurement are expected to have a high uncertainty as the angle can 

be easily changed due to many factors including the way of measuring the angle, the way of 

pipetting the water drop, and the movement of the sample. The contact angle cannot be easily 

read as there is a high tolerance when measuring the contact angle. The pressure applied to the 

pipet to drop the water on the surface can influence the drop formation at the substrate as it 

will affect the velocity of the pipetted drop and hence influence its spread on the surface. The 

substrate needs to be moved during the measurement process to show the desired drop in the 

camera.  

4.2.1 O2 Plasma Treatment 

The purpose of this experiment is to find the effect of O2 plasma treatment on the PI 

surface. This experiment was done by treating the surface with O2 plasma at three durations 

which are 5, 30, and 120 sec. The expected outcome of this experiment is obtaining a small 

contact angle and a large drop as O2 treatment increases the hydrophilicity of the surface. In 

other words, the surface energy is expected to decrease when treating the PI surface with O2 

plasma.  
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Contact angle is “a measure of the ability of a liquid to wet the surface of a solid” [73]. 

Therefore, the contact angle measurements were taken to know the degree of hydrophilicity of 

the PI surface. The contact angle measurements were taken at three stages which are 

immediately after treatment, 30 min after treatment, and 60 min after treatment. At each 

stage, new water drops should be used for measurements because the water drops evaporate 

with time and will result in wrong measurements. The measurements were taken by dropping 5 

different drops of water on 5 different spots of the substrate. This is because once the water 

drops reach the surface, the surface will be contaminated and should not be used for any other 

measurements. 

This experiment resulted in a super hydrophilic surface at all treatments’ times. It can be 

seen in Table 8 that the contact angle significantly decreases when the PI surface is treated with 

O2 plasma. The effect of the treatment time on the contact angle is nearly negligible. There is 

not a noticeable decrease in contact angle with increasing treatment time as shown in Figure 

27. Also, the surface stays hydrophilic for a long time as shown in Table 9. The contact angle 

decreases with time, but it is still considered as hydrophilic because the decrease is insignificant 

as illustrated in Figure 27. This is because the contact angle for the untreated surface is about 

61.0°.  
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Table 8. The table displays the average contact angle and its standard deviation for different O2 
treatment time, where the sample size is N=5. 

Gas type Treatment time (sec) Average contact 
angle  

 
 
 
 
 

O2  

0 61.0° ± 1.3° 

5 8.2° ± 0.33 

30 7.8° ± 0.14 

120 6.3° ± 0.82 

 

 

Table 9. The table displays the average contact angle and its standard deviation for different 
after O2  treatment waiting time, where the sample size is N=5. 

Gas type Treatment 
time 
(min) 

After treatment time 
(min) 

Average 
contact angle 

 
 
 
 
 

 
 

O2  

5 0 8.2° ± 0.33 

30 10.0° ± 0.62 

60 11.2° ± 0.26 

30 0 7.8° ± 0.14 

30 9.7° ± 0.29 

60 11.2± 0.29 

120 0 6.3° ± 0.82 

30 8.4° ± 0.75 

60 9.8° ± 0.33 
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Figure 27. Illustration of the effect of O2 treatment on the contact angle. (a) The plot shows the 
contact angle of the 0 sec, 5 sec, 30 sec, and 120 sec treatments after 0 min, 30 min, and 60 

min. The graph displays each water drop with its corresponding ( 
 

Since the O2 treated surface is extremely hydrophilic, the pattern was not printed on the 

surface as the ink droplet spreads when it lands on the surface and results in a very large drop 

which is not desirable in this project. 
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4.2.2 CF4 Plasma Treatment 

The purpose of this experiment is to find the effect of CF4 plasma on the PI surface. This 

experiment was done by treating the surface with CF4 plasma at three durations which are 10, 

30, and 60 min. The expected outcome of this experiment is obtaining a large contact angle and 

a small drop as CF4 treatment increases the hydrophobicity of the surface. In other words, the 

surface energy is expected to increase when treating the PI surface with CF4 plasma. 

Since the surface energy of the untreated PI substrates are higher than the required 

level, the used nanoparticle ink experiences cohesion and adhesion forces on the substrate 

[74]. The two forces tend to attain equilibrium and the contact angle between the printed 

droplet and the substrate has an inverse relation to the surface energy of the substrate. Hence, 

for reliable inkjet-printed features, there is need for appropriate surface energy. Untreated 

Kapton PI has low contact angles, and any angle lower than 70 ° makes the ink to spread badly 

and non-uniformly. Thus, to bring the surface energy down to a printable range, the PI surface 

was treated with CF4 plasma. The treatment lowers the surface energy, and in turn increases 

the contact angle to over 90 °. 

The contact angle measurements were taken to know the degree of hydrophobicity of 

the PI surface. The contact angle measurements were taken at three stages which are 

immediately after treatment, 30 min after treatment, and 60 min after treatment. At each 

stage, new water drops should be used for measurements because the water drops evaporate 

with time and will result in wrong measurements. The measurements were taken by dropping 5 

different drops of water on 5 different spots of the substrate. This is because once the water 
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drops reach the surface, the surface will be contaminated and should not be used for any other 

measurements.  

This experiment resulted in a hydrophobic surface at all treatments’ times. It can be 

seen in Table 10 that the contact angle increases when the PI surface is treated with CF4 

plasma. The contact angle increases with increasing treatment time as shown in Figure 28. Also, 

the surface stays hydrophobic for a while as shown in Table 11. However, the contact angle 

could insignificantly decrease with time, but the surface remains hydrophobic for at least the 

duration of the experiment which is 1 hour as illustrated in Figure 28. Therefore, the minor 

decrease in the contact angle should not impact the printing quality. 

 

Table 10. The table displays the average contact angle and its standard deviation for different 
CF4 

Gas type Treatment time (min) Average contact 
angle  

 
 
 
 
 

CF4  

0 61.0° ± 1.3 

10 80.1° ± 1.54 

30 90.3° ± 0.59 

60 100.3° ± 1.63 
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Table 11. The table displays the average contact angle and its standard deviation for different 
after CF4 treatment waiting time, where the sample size is N=5. 

Gas type Treatment 
time 
(min) 

After treatment time 
(min) 

Average 
contact angle 

 
 
 
 
 
 
 

CF4  

10 0 80.1° ± 1.54 

30 77.5° ± 5.39 

60 74.3° ± 5.55 

30 0 90.3° ± 0.59 

30 86.2° ± 1.07 

60 83.9° ± 2.65 

60 0 100.3° ± 1.63 

30 95.3° ± 2.73 

60 93.9° ± 2.77 
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Figure 28. Illustration of the effect of CF4  treatment on the contact angle. (a) The plot shows 
the contact angle of the 10 min, 30 min, and 60 min treatments after 0 min, 30min, and 60 min. 

The graph displays each water drop with its corresponding (b) tre 
 

Since the goal of this experiment is to find the surface energy that can be used to print 

the circuit with the desired resolution, the pattern that consists of lines and dots was printed on 

the CF4 treated surface to find the appropriate treatment that gives the desired drop size and 
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line width. To further explore the best condition which gives the most reliable lines, different 

drop spacings were tested to find the most promising treatment time. The pattern was printed 

immediately after the treatment to make sure the pattern is printed on the desired condition. 

Since a 40 𝜇𝑚 drop is desired for printing the circuit, only Ag ink will be used for this 

experiment as a 40 𝜇𝑚 drop was achieved for the PI ink in previous experiments. The pattern 

was printed at all CF4 treatments which are 10 min,30 min, and 60 min treatments using the 

same parameters except the drop spacing as it needs to be adjusted every time based on the 

drop size. Then, the three different drop spacings which are 16 𝜇𝑚, 18 𝜇𝑚, and 20 𝜇𝑚 were 

used on the most reliable treatment as the drop spacing impacts the line width. The drop size is 

expected to decrease with increasing CF4 treatment time while the line width decreases with 

increasing CF4 treatment time. This is because the hydrophobicity of the surface increases with 

increasing CF4 treatment which minimize the spread of the ink on the surface. The line width 

decreases with increasing the drop spacing as shown previously, so this concept was used to 

manipulate the drop spacing to obtain the desired results. 

The CF4 treatment effect on the PI substrate when printing the pattern using Ag ink was 

examined. Table 12 provides the drops’ sizes (𝜇𝑚) resulted by different CF4 treatment times 

(min). The expected relationship between the CF4 treatment time and the drop size, which is 

the decrease in drop size with increasing the treatment time, is shown in Figure 29. Figure 29 

shows each CF4 treatment with its representative drop.  

Table 13 provides the lines’ widths (𝜇𝑚) resulted by different CF4 treatment times (min). 

The expected relationship between the CF4 treatment time and the line width, which is the 
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decrease in line width with increasing the treatment time, is shown in Figure 29. Figure 29 

shows each CF4 treatment with its representative line.  

Table 12. The table displays the average drop size and its standard deviation for different CF4 

Treatment time (min) Average Drop Size (µm) 

0 66.4±1.1 

10 40.34 ± 1.57 

30 38.22 ± 0.071 

60 37.90 ± 1.26 
 

Table 13. The table displays the average line width and its standard deviation for different after 
CF4 treatment time, where the sample size is N=3. 

Treatment time 
(min) 

Drop Spacing 
(µm) 

Average Line 
Width (µm) 

10 20 46.22 ± 1.94 

30 19 43.65 ± 0.85 

60 18 44.23 ± 3.69 
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Figure 29. Illustration of the effect of CF4 treatment on the drop size and line width. (a) The plot 
shows the drop size and line width of the 10 min, 30 min, and 60 min treatments. The graph 

displays each (b) drop and (c) line with its corresponding treatment time. 
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Table 14 provides the lines’ widths (𝜇𝑚) resulted by different drop spacings printed on 

the 60 min CF4 treated surface. Figure 30 shows the relationship between the drop spacing and 

the line width, which is the decrease in line width with increasing the drop spacing. Figure 30 

shows each drop spacing with its representative line. The drop spacing 20 𝜇𝑚 resulted in the 

smoothies and most consistent line comparing to the other two. 

Table 14. The table displays the average line width and its standard deviation for different drop 
spacing when printing on the 60 min CF4 treated surface , where the sample size is N=3. 

Drop Spacing (µm) Average Line Width(µm) 

16 48.64±3.53 

18 44.23±3.69 

20 39.32±1.21 
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Figure 30. Illustration of the effect of  drop spacing on the line width on the 60 min CF4 treated 
surface. (a) The plot shows the line width for the drop spacing of 16 (µm), 18 (µm),and 20 (µm). 

(b)The graph displays each line with its corresponding drop spacing. 
 

4.2.3 Surface Material Effect 

The purpose of this experiment is to find the surface material effect. This is because 

different materials have different properties which can definitely affect the printing quality as 

the ink might behave differently when it interacts with the surface. For the case of PDMS 

substrate, its material properties are different from those of PI. PDMS surface has low 

interfacial free energy, is chemically inert, and with good thermal stability [75]. The expected 
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outcome of this experiment is some aggregation of the ink on the surface as the prosperities of 

PDMS surface will not allow any spread of the ink. This is because PDMS substrate surface has 

properties that pose challenges when working with many solvents. PDMS is highly hydrophobic 

which makes it to collect bubbles since solutions tend to dewet from the surface rather than 

forming lines on the surface. The low surface energy of PDMS make it challenging to deposit 

other types of materials on it [75]. In other words, the drop is expected to be smaller than 

when printing on the PI substrate and no lines are expected to be formed on the substrate as 

the ink will aggregate and will be prevented from spreading on the surface. 

The experiment was designed by printing the pattern that has some lines and dots on 

the PI substrate and PDMS substrate using Ag ink and PI ink. The same printing parameters 

were used to print the pattern on both substrates for comparison purposes except the drop 

spacing as it needs to be set to half of the drop size. The obtained printing parameters which 

are shown in Appendix E were used for this experiment. The drop size and line width 

measurements of both substrates were taken from the printed pattern and compared. 

Table 15 and Table 16 Show the drop size and line width with their standard deviation 

resulted when printing Ag ink on the PI substrate and PDMS substrate. Figure 31 and Figure 32 

show each drop and each line with their corresponding surface material. They display the 

difference in drop size and line width when printing on PDMS substrate comparing to PI 

substrate.  

It can be seen that the drop size when printing on the PDMS substrate is too small 

comparing to printing on the PI substrate, and the line was not formed on the PDMS material. 

Some large drops formed when trying to print the line on the PDMS substrate which are larger 
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than the drop size as shown in Figure 32. This is because these large drops are resulted from 

multiple drops on top of each other. The size of these drops is not consistent because the 

surface prosperities are not constant throughout the substrate. Some areas of the substrate 

allow for a larger aggregation of the drops that produce a large drop. The reason is the PDMS 

properties are different. The PDMS substrate aggregate the ink on its surface which prevents 

the line from forming and resulted in a smaller drop size as it does not allow any spread of the 

ink on its substrate. 

Table 15. The table displays the average line width and its standard deviation for different 
surface materials when printing using Ag ink, where the sample size is N=3. 

Surface material Average Drop Size (µm) 

PI substrate 66.4±1.1 

PDMS substrate 23.7±0.5 
 

 

Figure 31. The graph displays each drop with its corresponding surface material when printing 
using Ag ink. 
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Table 16. The table displays the average line width and its standard deviation for different 
surface materials when printing using Ag ink, where the sample size is N=3. 

Surface material Drop Spacing (µm) Average Line Width (µm) 

PI substrate 33 73.6±2.9 

PDMS substrate 12 N/A 

 

 

Figure 32. The graph displays each line with its corresponding surface material when printing 
using Ag ink. 

 

The same results were found when printing the pattern using PI ink. Table 17 and Table 

18 Show the drop size and line width with their standard deviation resulted when printing PI ink 

on the PI substrate and PDMS substrate. Figure 33 and Figure 34 show each drop and each line 

with their corresponding surface material. They display the difference in drop size and line 

width when printing on PDMS substrate comparing to PI substrate.  
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Table 17. The table displays the average line width and its standard deviation for different 
surface materials when printing using PI ink, where the sample size is N=3. 

Surface material Average Drop Size (µm) 

PI substrate 36.2±0.5 

PDMS substrate 16.2±0.2 
 

 

Figure 33. The graph displays each drop with its corresponding surface material when printing 
using PI ink. 

 

Table 18. The table displays the average line width and its standard deviation for different 
surface materials when printing using Ag ink, where the sample size is N=3. 

Surface material Drop Spacing (µm) Average Line Width(µm) 

PI substrate 18 39.5±1.0 

PDMS substrate 8 N/A 
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Figure 34. The graph displays each line with its corresponding surface material when printing 
using Ag ink. 

 

4.3  ECG Circuit Printing 

The purpose of this experiment is to print the functional circuit with the inkjet printer 

(DMP-2850). Printing the circuit is the Final goal of this Thesis. This was done by using the 

previously obtained printing parameters and substrate’s surface condition. Since the ECG 

Circuit consists of two layers, Two AutoCAD circuit designs were created and printed on top of 

each other. This was done by the use of good alignment techniques which allow for multiple 

layers printing. The ECG circuit is expected to be printed with a high resolution as proof of 

concept for the factors which have an effect on the printing quality was completed.  

4.3.1 Surface Energy Effect on the First Layer of the Printed ECG Circuit Quality  

The purpose of this experiment is to print the first layer of the ECG circuit and find the 

surface energy effect on the printing quality. Since it was found in the previous experiment that 

the surface energy has a significant impact on the printing quality, the ECG circuit design was 

printed on 60 min, 30 min, and 10 min CF4 treated substrates to see if there will be a significant 

effect on the printing resolution. The purpose of investigating the 30 min and 10 min 
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treatments is to see if they provide a reliable printing which will result in decreasing the cost 

and time. The expected outcome of this experiment is having lower resolution when the 

treatment time is less than what is needed for the used ink.  

Figure 35 shows the printed ECG circuit on the 60 min, 30 min, and 10 min CF4 treated 

substrates respectively. It can be seen the ECG circuit design was printed successfully on the 

three substrates, but the resolution decreases with decreasing the treatment time. All printed 

ECG circuits were observed under the microscope to further investigate the effect of treatment 

time on the printed ECG circuit. The width of the tracks was increasing with decreasing the 

treatment time as shown in Figure 35. The change in line width with respect to the change in 

treatment time was significant. This means 60 min CF4 treatment is needed to achieve a high-

resolution ECG circuit printing. Part c of Figure 35 shows the high-resolution ECG circuits where 

all tracks were printed successfully with the desired dimensions provided by the digital ECG 

circuit design.  
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Figure 35. The first layer of the ECG circuit printed on the (a) 10 min, (b) 30 min, and (c) 60 min 
CF4 treated substrate. 
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4.3.2 Sintering Effect 

The sintering process is extremely important as it solidify the ink and help to attain the 

acceptable conductivity levels [76]. Figure 36 shows the ECG circuit before and after sintering. It 

can be seen that the ECG design dimensions and the resolution do not change with sintering 

which is expected as sintering only solidify the ink and increase the conductivity of the ECG 

circuit. Figure 36 Shows how the sintering process help in making the ECG circuit conductive.  

 

Figure 36. The first layer of the ECG Circuit before sintering Vs. after sintering. 
 

The resistance measured across the leading bar was infinity before sintering, and 

gradually decreased to 0.6 ohms after sintering as seen in Figure 37. This resistance is a good 

resistance that provides a high conductive circuit.   
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Figure 37. The resistance reading of the first layer of the ECG Circuit before sintering Vs. after 
sintering. 

 

Printing by use of nanoparticle inks causes low electrical conductivity of the printed 

materials [76]. Direct melting of the nanoparticles to help in increasing the conductivity would 

require very high temperatures for most of the printed substrates to survive. Thus, sintering 

process is necessary to help improve the conductivity. Sintering temperature is usually 50% to 

80% of the melting temperature of the used material [76].  

Before sintering process, the ink contains the solvent and silver nanoparticles and also a 

capping agent. Hence, ink deposition is necessary to remove the solvent and the capping agent 

through sintering to enhance conductivity. In a previous experiment, the lowest resistivity 

recorded was 5.25 μ-cm for 3L printing and 120°C heat-treatment. With an increase in the 

printed layers, the thickness of the printed pattern increases. However, a think pattern does 

not necessarily improve the conductivity [77]. 

4.3.3 Layers Alignment  

Since the ECG circuit design consists of two layers, these layers have to be printed on 

top of each other with an acceptable alignment. This is critical as all the components’ openings 
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need to be free of PI to allow for components mounting. A simple alignment mark which 

consists of two layers was developed and used for the alignment procedure. This is a necessary 

step as this design consumes less ink, area on substrate, and time. The expected outcome of 

this experiment is the ability two print both layers with a good alignment which will allow for a 

successful alignment of the ECG circuit layers.  

Figure 38 Shows the digital and printed alignment mark. Both layers of the alignment 

mark were printed successfully. The first layer was printed with Ag ink on the 60 min CF4 

Treated PI substrate, and the second layer was printed with PI ink on the 30 sec O2 treated PI 

substrate which was done immediately after baking the first layer. This is because the 

hydrophobicity of the surface decreases with time which may require a different treatment. 

The goal of the surface treatment is to bring the surface energy to the desirable zone where the 

surface results in drop size of 40 𝜇𝑚. Therefore, the treatment time cannot be fixed as it differs 

from one case to another. 

 

Figure 38. AUTOCAD design Vs. printed alignment mark. 
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4.3.4 Second Layer Printing 

The purpose of this experiment is to finally print the second layer of the ECG circuit 

design on top of the first layer with a reliable alignment. Since the substrate cannot be placed in 

the exact location and at the exact angle after baking the first layer due to the small size of the 

ECG circuit design, some techniques need to be used to print the second layer with a reliable 

alignment that allow for components’ mounting. All components’ openings need to be visible 

and free of PI to allow for components’ mounting which will lead to the functional device. Some 

of the necessary techniques for second layer printing are surface treatment, sintering process, 

and alignment process which allow for printing the two layers of the ECG design with a high 

accuracy and desired resolution. The expected outcome is to have a successful second layer 

printing which allow for components’ mounting.  

Figure 39 shows the printed first layer versus both layers of the CG circuit design. It can 

be seen that the second layer was successfully printed with a reliable printing where all the 

components’ openings are visible and clear of PI for components mounting. The second layer of 

the ECG circuit will cover the whole area of the first layer except the components’ opening. The 

first layer and both layers of the ECG circuit design were observed under the microscope for 

comparison purposes as shown in Figure 39. It can be seen that the second layer was 

successfully printed on the first layer with a reliable alignment. Some measurements of 

components’ openings were taken from the first layer and both layers of the ECG design and 

compared to find the accuracy of our design. The measurements confirm the accuracy of the 

design as they are very close to each other. The small difference in measurements lie within the 
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acceptable range as it still allows for components’ mounting without any issue. Some of the 

measurements from both layers were smaller than the original measurements which were 

measured from the first layer. This is because it is not possible to have 100% alignment when 

printing the second layer as the alignment techniques can result in some errors.  

 

Figure 39. The ECG Circuit after printing the first layer Vs. printing both layers. 
 

In addition, the printed design that contain both layers was compared with the AutoCAD 

design that contain both layers as shown in Figure 40. The printed design is almost identical 

with the AutoCAD design. Some measurements were also taken from the AutoCAD design to 

compare it with the printed design. This also confirms the accuracy and reliability of the printed 

design as all measures were in the acceptable range which allows for components’ mounting 

leading to the functional device.   
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Figure 40. AUTOCAD Vs. printed ECG Circuit. 
 

Inkjet printing system can effectively print the same pattern multiple times or print 

multiple layers on top of each other. In a previous experiment that focused on micro-scale 

silver electrodes on polydimethylsiloxane (PDMS) microchip, multiple layer printing was done 

with DS 5 µm [78]. After printing the initial line and drying it, the second layer was printed using 

similar conditions. The produced additional ink drops exceeded the line’s equilibrium contact 

angle, thereby causing ink outflow along the lines, and consequent rounded bulges. This could 

undermine the printing quality and also affect the electrical properties. Thus, the formation of 

bulges was prevented through using bigger drop spacing (DS = 10 µm.) for the second printing 

layer. With a reduced DS for the second and subsequent layers, they seem to be more 

effectively confined within the peaks of the first layer. The electrical resistances of the multiple 

layers were observed to reduce as additional layers were printed with reduced DS. 
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5 CHAPTER V: CONCLUSION AND FUTURE RESEARCH 

5.1 Conclusion 

This project was successful in printing the two layers of ECG circuit design on top of each 

other with appropriate alignment for use in epidermal electronic systems using inkjet printing 

techniques. The success of the printed the two layers of the circuit was attributed to providing 

proof of concept of several parameters including the jetting voltage, cartridge temperature, 

drop spacing, surface material, and surface energy among others. Experimental results 

indicated that drop size increased with increase in the jetting voltage with the optimum voltage 

identified as 17 V. Similarly, the drop size increased with an increase in the cartridge 

temperature. Drop spacing was found to affect the line width in which, the decrease in drop 

spacing resulted in the increase in the line width rather than isolated drops which are resulted 

from increasing the drop spacing. Uniform lines occurs when the drop spacing is set to half of 

the drop size. For the first layer printing, Ag ink was used and to make it attain the appropriate 

surface energy and drop of 40 µm, CF4 treatment was done prior printing the first layer of the 

ECG circuit. After printing the first layer, it was baked (sintering process) to help in solidifying 

the ink to enhance its conductivity for use in epidermal electronic systems. The second layer 

printing was done using PI ink and it was necessary to perform alignment techniques to ensure 

that the second layer is positioned above the first layer without interference. When using PI ink, 

the surface was treated using O2 to increase the hydrophilicity of the surface to bring it to the 

desirable zone which results in a drop size around 40 µm.  

Epidermal electronics systems have gained significant attention due to its wide range of 

applications in various fields. From the experimental results obtained, it is evident that skin-
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wearable devices can be made by printing circuits’ designs on the PI substrate using Ag and PI 

inks and the obtained printing parameters and surface properties. This Thesis forms a basis for 

future projects on epidermal electronics because of the marked success in printing the ECG 

circuit design, hence can be used to inkjet print any circuit for use in epidermal electronics 

devices.      

5.2 Future Research 

The main goal is to develop an ECG monitor that captures any abnormal ECG signal and 

send an alert or alarm to family members and caregivers to response in a timely manner. 

Furthermore, when an individual heart signal is not constantly stable, real-time monitoring using 

a skin-wearable device can identify the abnormal ECG signals, and an emergency alert is rapidly 

sent for immediate assistance which prevents any sever problems that could lead to death. In 

addition, the emergency alert will include all the necessary information related to the emergency 

including the location of the user which allow for having an immediate help. If the abnormal heart 

signal is identified immediately, severe heart problems will be prevented as the patient will get 

the needed help. Since the ECG circuit was successfully printed using inkjet printing techniques, 

the functional ECG design could be developed by mounting the components on the printed circuit 

and creating the flexible and stretchable ECG monitor using elastomer. The biopotential can then 

be collected from the ECG monitor. Figure 40 Shows the inkjet printed ECG design which will help 

in continuously monitoring the user’s heart signal in an extremely comfortable environment. This 

wearable and stretchable ECG monitor would open up new opportunities in the electronics 

devices and wearable healthcare fields. Moreover, this study will improve the quality of life and 

the convenience of the user as it minimizes heart-related problems and increase the comfort of 
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the user while being monitored. This is because the early detection of abnormal heart signal can 

be crucial for the survival of a person or for providing the necessary support.  

There has been successful research in constructing wearable electronics with great 

sensitivity, flexibility, and stability, and with good outcomes. Flexible sensing devices coupled 

with factors such as high sensitivity and accuracy, low cost, mobility, and long-term stability have 

been successfully fabricated in the recent past. This indicates that flexible and wearable 

electronics will essentially become popular in various fields and especially the medical care field 

in the future. 
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APPENDIX A 

Sample Preparation 

1. Prepare a 3” x 2” glass substrate by cleaning it with acetone and drying it with N2 gas. 

2. Treat the substrate with O2 plasma for 2 min using RIE. 

3. Apply a small amount of polyimide (PI) or polydimethylsiloxane (PDMS) on the center 

and spincoat the polyimide (PI) or polydimethylsiloxane (PDMS) using the spinner at 

2000 rpm for 30 sec when preparing a thin PI layer, or 500 rpm for 30 sec when 

preparing a thick PI layer, or 2000 rpm for 30 sec when preparing a PDMS substrate. 

4. Soft bake on a hot plate at 150 °C for 5 min or 10 min when preparing a thin or a thick PI 

layer respectively. For PDMS, soft bake on a hot plate at 150 °C for 10 min. 

5. Hard bake on a hot plate at 200 °C for 50 min.  

6. Cool down at room temperature. 
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APPENDIX B 

Reactive Ion Etching (RIE) Use 

1. Make sure that all valves of N2 and O2 gases are closed and there is no vacuum inside the 

reactor chamber.  

2. Turn on the vacuum pump (Oerlikon Leybold Vacuum; Germany; Inc.,) and wait 2 min 

before moving to the next step until the pump becomes stabilized. 

3. Turn on the chiller (Industrial Chiller; CW-5200; Laguna Hills, CA; Inc.,) and wait for 2 min 

before moving to the next step. 

4. Turn on the RIE system by pressing the AC button. Check that the switches are displays 

light up as shown below. 

5. Load a sample in the reactor chamber and close the lid. 

6. Press the vacuum button on the front panel to begin evacuation the chamber. Then, wait 

for 5 min. In the meantime, the Pressure Display on the front panel will reach a desired 

pressure (100 mTorr, red indicator) and the timer will light up.  

7. Open the valve for the desired gas (O2 or CF4 gas) and then press the GAS button (Gas 1 

for O2 or Gas 2 for CF4) to introduce the gas into the chamber. Then, wait for 2 min. when 

using O2 or 10 min. when using CF4. In the meantime, the Pressure Display on the front 

panel will reach a desired pressure (300 – 400 mTorr).  
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8. Press the RF button on the front panel. Make sure the power is 150 W. You are supposed 

to see a plasma (light blue color for O2 and purple for CF4) through the chamber window.              

9. Run the system for the desired operating time. 

10. Press the RF button to shut down the RF power.  

11. Press the GAS1 or GAS2 button and close O2 or CF4 gas valve to stop O2 or CF4 gas flow. 

12. Wait for 2 min before turning off the vacuum button such that all byproducts in the 

chamber are removed. 

13. Slowly open N2 gas valve to bleed the chamber back to atmospheric pressure. 

14. Once you confirm that the chamber is ready to open, close N2 gas valve.  

15. Unload the sample and close the lid. 

16. Press the AC button to turn off the system. 

17. Turn off the chiller. 

18. Turn off the vacuum pump.  
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APPENDIX C 

ECG Circuit Printing 

Printing the First Layer:  

1- Treat the PI Substrate for 60 min with CF4. 

2- Turn on the printer. 

3- Load the cartridge which contains the Ag Ink (JS-B40G). 

4- Select the cartridge settings. 

5- Load the treated PI Substrate. Make sure the sample is placed at a well-defined angle 

(This is critical for printing the second layer). 

6- Select the first layer’s pattern which is shown in Figure 41.  
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Figure 41. The first layer of the ECG circuit design is uploaded. 
 

7- Find a good nozzle by observing the nozzles from the Drop Watcher. 

8- Open the cartridge settings and select the nozzle that you picked. 

9- Click Print. 

10- Bake the sample at 200 Degrees for 20 min. 

11- Cool down for 30 min at room temperature. 

Printing the Second Layer including Alignment Procedure:  

1- Turn on the printer. 

2- Load the cartridge which contains the PI Ink. 

3- Select the cartridge settings. 
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4- Load the ECG sample which is treated with O2 for 30 sec. Make sure you put the 

substrate at the same exact angle to make sure all the components’ openings are 

printed at the designated spots. 

5- Select the second layer’s Pattern which is shown in Figure 42. 

 

Figure 42. The second layer of the ECG circuit design is uploaded. 
 

6- Set the reference point on the pattern by clicking on set reference point and selecting 

the point of interest as shown in Figure 43. 
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Figure 43. Reference Point is set 
 

7- Find a good nozzle by observing the nozzles from the Drop Watcher. 

8- Open the cartridge settings and select the nozzle that you picked. 

9- Open the Fiducial Camera and change the focus until you can clearly see the surface of 

the substrate (It will be around Z= 7.8). 

10- Set the drop offset by clicking on Set drop offset from the tools menu and following the 

given instructions which are shown in Figure 44, Figure 45, and Figure 46.  
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Figure 44. Confirming the accuracy of the Head Angle and the Cartridge Settings. 
 

 

Figure 45. The location used to print the Drop Offset pattern is selected 
 

 

Figure 46. The location of the single drop located 1 mm from the right end of the line is selected. 
 

11- Set the reference point by clicking on Set Reference Point and then finding the same 

point which was set on the pattern as shown in Figure 47. 
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Figure 47. The reference point is selected 
 

12- Click Print Current to start printing the second layer. 
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APPENDIX D 

Printing Parameters 

The Jetting Voltage Effect: 

Table 19. Some of the printing parameters used for Ag ink printing to find the voltage effect on 
the drop size. 

Ink Material Ag 

Substrate Material Glass Coated with PI 

Drop Spacing  30 µm 

Jetting Voltage  15‐19 V 

 

 

Table 20. Some of the printing parameters used for PI ink printing to find the voltage effect on 
the drop size. 

Ink Material PI 

Substrate Material Glass Coated with PI 

Drop Spacing  15 µm 

Jetting Voltage  19‐23 V 
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The Temperature Effect: 

Table 21. Some of the printing parameters used for Ag ink printing to find the temperature 
effect on the drop size. 

Ink Material Ag 

Substrate Material Glass Coated with PI 

Spacing  20 µm 

Cartridge’s Temperature  28-34 °C 

Jetting Voltage  17 V 

 

 

Table 22. Some of the printing parameters used for PI ink printing to find the temperature effect 
on the drop size. 

Ink Material PI 

Substrate Material Glass Coated with PI 

Spacing  20 µm 

Cartridge’s Temperature  28-34 °C 

Jetting Voltage  21 V 
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The Drop Spacing Effect: 

 
Table 23. Some of the printing parameters used for Ag ink printing to find the drop spacing on 

the line width. 

Ink Material Ag 

Substrate Material Glass Coated with PI 

Drop Spacing  15,35,55 µm 

Jetting Voltage  17 V 

 
 

Table 24. Some of the printing parameters used for PI ink printing to find the drop spacing on 
the line width. 

Ink Material PI 

Substrate Material Glass Coated with PI 

Drop Spacing  10,20,35 µm 

Jetting Voltage  21 V 
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APPENDIX E 

Surface Effect 

The Surface Treatment Effect: 

Table 25. Some of the printing parameters used for printing the Ag ink on the treated PI 
substrate to find the treatment effect on the drop size and the line width. 

Ink Material Ag 

Substrate Material Glass Coated with PI 

Treatment Gas CF4  

Treatment Time 10, 30, 60 min 

Jetting Voltage 17 V 

Cartridge’s Temperature  28 °C 

Drop Spacing  Set to half of the drop size  
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Table 26. Some of the printing parameters used for printing the Ag ink on the 60 min treated PI 
substrate to find the drop spacing effect on the drop size and line width. 

Ink Material Ag 

Substrate Material Glass Coated with PI 

Treatment Gas CF4  

Treatment Time 60 min 

Jetting Voltage 17 V 

Cartridge’s Temperature  28 °C 

Drop Spacing  16, 18, 20 µm 
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The Surface Material Effect:  

Table 27. Some of the printing parameters used for printing the Ag ink on the PI substrate to 
find the surface effect on the drop size and the line width. 

Ink Material Ag 

Substrate Material Glass Coated with PI 

Drop Spacing  33 µm 

Jetting Voltage  17 V 

  

Table 28. Some of the printing parameters used for printing the Ag ink on the PDMS substrate to 
find the surface effect on the drop size and the line width. 

Ink Material Ag 

Substrate Material Glass Coated with 

PDMS 

Drop Spacing  12 µm 

Jetting Voltage  17 V 
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Table 29. Some of the printing parameters used for printing the PI ink on the PI substrate to find 
the surface effect on the drop size and the line width. 

Ink Material PI 

Substrate Material Glass Coated with PI 

Drop Spacing  18 µm 

Jetting Voltage  21 V 

 

Table 30. Some of the printing parameters used for printing the PI ink on the PDMS substrate to 
find the surface effect on the drop size and the line width. 

Ink Material PI 

Substrate Material Glass Coated with 
PDMS 

Drop Spacing  8 µm 

Jetting Voltage  21 V 
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Appendix F 

ECG Printing Parameters 

First layer of the ECG: 

Table 31. Some of the printing parameters used for printing the Ag ink on the CF4 treated PI 
substrate to print the first layer of the ECG circuit. 

Ink Material Ag 

Substrate Material Glass Coated with PI 

Treatment Gas CF4  

Treatment Time 60 min 

Jetting Voltage 17 V 

Drop Spacing  20 µm 

Cartridge’s Temperature  28 °C 
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Second layer of the ECG: 

Table 32. Some of the printing parameters used for printing the PI ink on the 60 min CF4 treated 
PI substrate which has the first layer of the ECG circuit following 30 sec O2 treatment to print the 

second layer of the ECG circuit. 

Ink Material PI 

Substrate Material Glass Coated with PI 

Treatment Gas O2  

Treatment Time 30 sec 

Jetting Voltage 21 V 

Drop Spacing  20 µm 

Cartridge’s Temperature  28 °C 
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Appendix G 

Printing Parameters Effect on the PDMS Surface 

The Jetting Voltage Effect 

 

Figure 48. The plot graph depicts the jetting voltage (V) effect on the drop size (µm) when 
printing Ag ink on the PDMS substrate, and the graph displays each drop with its corresponding 

jetting voltage. 
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Table 33. The table displays the average drop size and its standard deviation for each varying 
voltage when printing Ag ink on the PDMS substrate, where the sample size is N=3. 

Voltage (V) Average Drop Size (µm) 

15 22.3±0.3 

16 23.0±0.3 

17 23.7±0.5 

18 24.1±0.3 

19 25.2±0.3 
 

 

 

Figure 49. The plot graph depicts the jetting voltage (V) effect on the drop size (µm) when 
printing PI ink on the PDMS substrate, and the graph displays each drop with its corresponding 

jetting voltage. 
 

 



127 
 

 

Table 34. The table displays the average drop size and its standard deviation for each varying 
voltage when printing PI ink on the PDMS substrate, where the sample size is N=3. 

Voltage (V) Average Drop Size (µm) 

19 14.9±0.4 

20 15.7±0.4 

21 16.2±0.2 

22 16.7±0.3 

23 17.3±0.3 
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The Temperature Effect 

 

Figure 50. The plot graph depicts the temperature effect on the drop size (µm) when printing Ag 
ink on the PDMS substrate, and the graph displays each drop with its corresponding 

temperature. 
 

Table 35. The table displays the average drop size and its standard deviation for each varying 
temperature when printing Ag ink on the PDMS substrate, where the sample size is N=3. 

Temperature (°C) Average Drop Size (µm) 

28 22.2±0.4 

30 24.0±0.2 

32 24.7±0.2 

34 25.4±0.2 
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Figure 51. The plot graph depicts the temperature effect on the drop size (µm) when printing PI 
ink on the PDMS substrate, and the graph displays each drop with its corresponding 

temperature. 
 

Table 36. The table displays the average drop size and its standard deviation for each varying 
temperature when printing PI ink on the PDMS substrate, where the sample size is N=3. 

Temperature (°C) Average Drop Size (µm) 

28 19.0±0.4 

30 20.6±0.5 

32 20.2±0.3 

34 20.6±0.5 
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The Drop Spacing Effect 

 

Figure 52. The plot graph depicts the drop spacing effect on the line width (µm) when printing 
Ag ink on the PDMS substrate, and the graph displays each expected line with its corresponding 

drop spacing. 
 

 

Table 37. The table displays the average line width and its standard deviation for each varying 
drop spacing when printing Ag ink on the PDMS substrate, where the sample size is N=3. 

Drop Spacing (µm) Average Line Width(µm) 

5 N/A 

15 N/A 

25 N/A 
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Figure 53. The plot graph depicts the drop spacing effect on the line width (µm) when printing PI 
ink on the PDMS substrate, and the graph displays each expected line with its corresponding 

drop spacing. 
 

Table 38. The table displays the average line width and its standard deviation for each varying 
drop spacing when printing PI ink on the PDMS substrate, where the sample size is N=3. 

Drop Spacing (µm) Average Line Width(µm) 

5 N/A 

10 N/A 

15 N/A 
 


