
 

 

 

ABSTRACT 

ZHOU, YING. Printing of Barium Titanate Nanoparticles for Smart Textile Applications. (Under 

the direction of Dr. Jesse S. Jur). 

 

Smart textiles have shown tremendous growth over the past decades. Antennas and capacitors are 

two essential components of electronic textiles. Antennas serve as a communication platform to 

transmit data between sensors, actuators, and processors wirelessly. Capacitors function as energy 

storage devices and sensors. One thing in common for these two devices is the need for high-

dielectric materials in order to achieve good device performance and size reduction. In this 

research, barium titanate (BT) nanoparticles (NPs) were explored due to the high dielectric 

constant and low dielectric loss. Printing is a promising method for fabricating wearable 

electronics. Various printing methods (e.g., spray coating, screen printing, inkjet printing) were 

also investigated to fabricate antenna and capacitors with high-dielectric BT NPs inks.    

 

Next-generation wearable devices demand lightweight, flexible, and breathable antenna designs. 

Ultraviolet (UV)-curable BT NPs dielectric ink was prepared and printed on a textile substrate 

with spray coating. By optimization of the printing process, the dielectric constant of the textile 

substrate was enhanced. The patch and ground layer fabrication relied on traditional screen 

printing methods. The final textile antenna can operate in a full-duplex mode while presenting a 

relatively high gain of 9.12 dB at 2.3 GHz and a bandwidth of 79 MHz for each port. The 

performance of the textile antenna was improved by using inject printing method as the prior 

design required dense screen-printed ground and path layer, impairing breathability and flexibility. 

An all inkjet printed antenna was realized by printing reactive MOD (metal–organic-

decomposition) silver ink and the UV curable BT NPs dielectric ink. The fabricated patch antenna 



 

 

 

showed a low return loss of 24.98 dB in free space and preserved its performance even when bent 

to >300°.  

 

The potential of using inkjet printing of BT NPs for textile electronics was further demonstrated 

by preparing a flexible capacitor array pressure sensor. The UV curable BT NPs ink was printed 

on a textile substrate to improve the dielectric constant, and Ag MOD ink was printed for electrode 

layers. The resultant flexible capacitor array pressure sensor is highly sensitive (11.4 kPa-1) with a 

low detection limit (50 Pa).   

 

The above works provide an innovative strategy for flexible and breathable textile electronics 

through various printing methods. In addition to using flexible textile substrates, devices that are 

lightweight and miniature in size are also preferred for wearable applications, such as miniature 

capacitors.  

 

A fully inkjet-printed silver capacitor was prepared by printing a newly developed high-

concentration large-size BT/polymer ink and commercial silver MOD ink. After optimization of 

drying temperature and printing settings, uniformly printed layers were achieved. The printed 

nanocomposite dielectric layer with a thickness of 5 µm showed a high dielectric constant of 100 

at 100 Hz. A high-temperature sintered inkjet-printed nickel capacitor was also prepared. The 

inkjet-printed capacitor contained printed Nickel (Ni) NPs electrodes and a dielectric layer 

consisting of 200 nm BT NPs. The sintering temperature and partial oxygen pressure were 

optimized. The resultant capacitor (1.5 mm x 2.5 mm) showed capacitance of 1.15 nF at 100 Hz 

with a 7 µm BTO layer.  



 

 

 

The success of this project was built on the development of various BT nanoparticles ink. In the 

end, the fabrication of ceramic ink containing high concentration BT NPs was explored 

systematically, including the selection of surfactants, solvents, and processes. The prepared stable 

BT NP ink with high nanoparticle concentration (20 wt.%) was inkjet printable, and the printed 

layer shows good uniformity.  

 

The research covered the whole process of printing both an antenna and capacitors, including 

fabricating of inks, substrate selection, optimization of printing parameters, and device fabrication.  
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1 Introduction 

The term ‘smart textile’ is derived from intelligent or smart materials, which can sense stimuli 

from the environment, react to them and adapt to them by integrating of functionalities in textile 

structure.2  Smart textiles can be fabricated by using textile materials with additional functions 

(e.g., conductive fibers), embedding with electronics (such as integrating light-emitting diodes to 

textile cloth), or hybrid approaches combined with commercial electronics and functional textile 

materials.3, 4 Key functions of smart textiles include sensors, data processing, actuator, storage, 

and communication.5  The antenna is a vital wireless communication device for receiving and 

transmitting relevant signals at specific frequencies.6 For wearable applications, it is desired that 

antennas be flexible enough to be suitable for the human body curvature shape and arbitrary 

directions of body movement.  Another key device is a capacitor that can store electrical energy in 

an electric field.7 Wearable capacitors should be flexible or small enough to be integrated into the 

cloth without impacting comfort. Capacitor and antenna have at least one thing in common: they 

both require high dielectric constant materials to guarantee good performance.8, 9 Barium titanate 

(BT) has a high dielectric constant of 5000 and a low dielectric loss, and this material is very stable 

with temperature fluctuations.10 BT can be one of the best choices for antenna and capacitor 

fabrication.  

 

Printing, such as screen printing, spray coating, inkjet printing, and gravure, is one of the most 

widely used fabrication methods to produce electronic circuits and devices, for the reason of 

robustness, cost-effectiveness, and high resolution.11,12 The enormous growth in wearable 

electronics and the need for lighter, smaller, and lower-cost electronics have resulted in great 
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demand on printing methods. As a result, the printing of BT NPs has great potential to fabricate 

capacitors and antennas with desired properties (small size, high performance, flexibility, etc.).  

  

While at present, printed electronics  have been dominated by organic or conjugated polymers ink 

to meet the printability requirements.13 However, such inks’ conductivity and dielectric properties 

are worse than inks based on metallic nanoparticles or BT NPs. The first challenge is to fabricate 

metallic nanoparticles conductive inks and BT NPs dielectric inks. Apart from inks design, other 

challenges including printing parameters, interface between ink and substrate, interfacial 

properties between different printed layers, selection of curing conditions, etc., will be researched 

in order to make high-performance antenna and capacitor by printing BT NPs.  

 

The goal for this work was to explore the opportunities of using high dielectric constant BT 

nanoparticles to fabricate wearable electronics devices (antennas and capacitors) by various 

printing methods. (Figure 1-1) To reach this goal, the following objectives need to be achieved:  

 

1.1 Research Objectives 

The first objective of the research is to prepare flexible and breathable textile antennas and 

capacitor sensors by printing UV curable BT NPs. Specific tasks include: 

a. Designing barium titanate nanoparticles ink for spraying and inkjet printing, which can 

alter the dielectric constant of highly porous textile fabrics.  

b. Using screen printing, spray coating, and inkjet printing to design flexible all-textile 

antennas for wearable application. 
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c. Investigating the influence of inkjet printing settings on the different substrates with 

different porosity and chemical components.  

d. Preparing novel breathable antenna and matching the simulation result.   

 

The second research objective research is to fabricate small-size capacitors by inkjet printing of 

high-concentration BT NPs inks. Specific tasks include:  

a. Designing high concentration BT NPs dielectric ink for the fabrication of high energy 

density capacitor using inkjet printing. 

b. Fabricating high-concentration large-size (200 nm) nickel NPs conductive ink for 

inkjet printing to reduce the roughness of the printed layer. 

c. Printing silver capacitor and nickel capacitor.  

d. Optimization of the co-firing condition of Ni/BT capacitor.   

 

The research presented in this thesis covers the whole process of printing both an antenna and 

capacitor, including fabricating inks, substrate selection, optimization of printing parameters, and 

device fabrication. In Chapter 3, a flexible antenna by spray coating and screen printing was 

fabricated for wearable application. In Chapter 4, a capacitor array was designed via inkjet printing 

BT UV curable ink for the highly sensitive pressure sensor. In Chapter 5, a breathable and flexible 

inkjet-printed antenna was used by Ag MOD ink and BT UV curable ink for wearable application. 

In Chapter 6, an all-inkjet-printed Ag capacitor was achieved with high dielectric permittivity. In 

Chapter 7, an all inkjet-printed co-fired Ni capacitor was gained. In Chapter 8, the high 

concentration BT NPs ink was optimized to be suitable for inkjet printing. This study will provide 

better understanding of the pros and cons of different printing methods for smart textile 
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applications. This research will provide insight into the novel fabrication of all-textile flexible 

antennas, and high-resolution and high-energy-density capacitor using printing methods, and it 

will be a great reference for industry and academia.   
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Figure 1-1. Research approach 
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2 Literature Review 

2.1 Barium Titanate (BT)  

Dielectric materials are insulators that can get polarized and store electric energy in an applied 

electric field. 14 They are essential for electronic devices, such as antenna and capacitor. Dielectric 

materials are categorized into four parts: polymer, ion-gel, solid-state, and inorganic oxide. 

Inorganic material, also called ceramics, is the most widely used dielectric material. The ceramics 

are composed of oxides and minerals, including silicon oxide, alumina, and titanate oxide, etc.14 

Among the inorganic oxides, perovskites that have the structure of the ABX3 group (A=transition 

metal or alkaline earth, such as Na1+, K1+, Ca2+,  Sr2+, Ba2+, Y3+; B=small cations, such as Ga3+, 

In3+, Ti4+, Mn4+, Sn4+, Zr4+, Nb5+; X= non-metallic anions, such as O-2, F-1, Cl-1) are the most 

known and widely used in electronics. The phase of the perovskites can be cubic, orthorhombic, 

tetragonal, or trigonal structure.15 Oxygen is the most common atom in the position X. Examples 

of perovskites include barium titanate(BaTiO3) (BTO) 15, sodium bismuth titanate (Bi0.5Na0.5TiO3, 

BNT)16, BaSn0.15Ti0.85O3 (BTS) 17, Ba0.6Sr0.4TiO3 (BST)17, and barium titanate hafnate 

(BaTi(1−x)HfxO3, 0≤x≤0.25).18  

 

BaTiO3 (BT) was discovered in the 1940s, and has been an important electronic ceramic material, 

being incorporated into billions of capacitors every year.19 During World War II, mica was used 

in most capacitors.  BT was designed to replace mica by doping titanium dioxide (TiO2) with 

barium oxide (BaO) at a proper combination. The resultant material showed an extreme high 

dielectric permittivity over 1000. 20 
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Figure 2-1. The crystal structure of BaTiO3 at cubic phase (left) and tetragonal phase (right). 

Displacements of the Ba2+ (white), Ti4+ (black), ions relative to the O2- (red) ions are indicated by 

the arrows.21 

 

BT adopts a crystal structure with a cubic and tetragonal phase at room temperature. The unit cell 

is be shown in Figure 2-1. In its bulk form, BT is cubic above its Curie temperature (Tc=120 °C). 

Below 120° C, it changes to tetragonal phase. After cooling to 0° C and  -90 °C, orthorhombic and 

rhombohedral phase is reached, respectively. 1 The structures of different crystal phase along with 

the spontaneous polarization vectors can be seen in Figure 2-2. Except the cubic phase, all the 

phases are ferroelectric.  

 
 

Figure 2-2. Conventional unit cell of BT in polymorphs.22 
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Table 2.1. Dielectric permittivity of commonly used ceramics and polymer for capacitors.23 

Composition Dielectric Permittivity 

BaTiO3 1700 

PMN-PT (65/35) 3640 

SiO2 3.9 

Al2O3 9 

TiO2 80 

SrTiO3 2000 

Fluorinated polyimide 2.6-2.8 

Poly(phenyl quinoxaline) 2.8 

Polystyrene 2.6 

Poly(vinylidene fluoride-co-hexafluoropropylene) ~12 

 

The dielectric constant of ceramics and polymers commonly used in the capacitor are shown in 

Table 2.1. The perovskite structure materials (BaTiO3, PMN-PT (65/35), SrTiO3) have much 

higher dielectric constant than polymer materials. This is due to the polarization ability in ceramic 

crystal structure.  

 

In comparison with polymer, ion-gel and solid-state electrolytes dielectric materials, perovskites 

materials have a high dielectric constant and are very stable at high frequency. However, the need 

for high-temperature sintering limits the applications into textile materials. In addition, if used in 

printing methods, ceramic materials can be hard to print out and tend to have cracks in printed 

layer. Therefore, in order to use the BT material in the smart textile area by printing, ceramic and 

polymer material combination can be used, which is also called the polymer-matrix composites 
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(PMC). The PMC systems can have high dielectric constant permittivity of ceramics and good 

mechanic strength of polymer materials.24  

 

2.2 Printing Method 

Printing is one of the most promising methods in the field of flexible and wearable electronics due 

to the advantages in pattern-versatility, cost-reduction, automation, and scalability25, 26 Electronic 

components have previously been demonstrated to be readily patterned on textiles via printing 

processes that dispensing conductive, semiconducting and insulating materials.27 Example of 

electronic textiles (e-textiles) components that have been studies include wearable solar cells28, 

supercapacitors29, 30, biomonitoring sensors31, energy storage materials32, and wearable antennas 6, 

33-35.   

 

Figure 2-3. The classification of common printing technologies. 

 

Common printing methods can be divided into two categories: contact printing and non-contact 

printing, as shown in Figure 2-3. Gravure (Figure 2-4a), offset (Figure 2-4b), microcontact printing 

(Figure 2-4c), and flexography printing (Figure 2-4d) are examples of contact printing, which 

allows for the direct formation of a pattern. Noncontact printing processes includes spray coating 
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(Figure 2-4e), screen printing (Figure 2-4f), inkjet printing (Figure 2-4g), and slot-die printing 

(Figure 2-4h), etc. The characteristics of various printing techniques can be found in Table 2.2 , 

including ink requirement, printing resolution, thickness, etc.   

 

 

Figure 2-4. Schematic of (a) gravure processes,36 (b) roll offset printing process,37 (c) microcontact 

printing process,38 (d) flexographic ink splitting process.,39 (e) spray coating process,40 (f) screen 

printing, 41 (g) inkjet printing process42, and (h) slot-die process. 43 
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Table 2.2. Comparison of various common printing techniques 

Printing 

Techniques 

Ink 

Viscosity 

(Pa.s) 

Ink 

Surface 

Tension 

(mN/m) 

Material 

Wastage 

Controlled 

Environment 

Print 

Resolution 

(µm) 

Print 

Thickness 

(µm) 

Print 

Speed 

(m/s) 

Gravure26, 36, 

40, 44-48 
0.05-2 30-200 Yes Yes 50-200 0.02-80 1-15 

Offset37, 49-52 20-100 22-42 Yes Yes 0.6-300 0.3-17 0.01 

Flexographic40, 

52-56 
0.05-0.5 13,9-39 Yes Yes 50-100 5-200 0.2-14 

Micro-

contact38, 57, 58 
1.5-75 26.5-47.5 Yes No 0.1-20 0.05-0.4 / 

Screen40, 52, 53, 

56, 59, 60 
0.5-20 38-47 Yes No 40-150 0.5-500 ≥0. 2 

Inkjet38,61-68 40, 

56, 69, 70  

0.001-

0.025 
25-50 No Yes 15-100 0.01-2 0.05-6 

Spray coat27, 40, 

71 27, 72  

0.0007-

1000 
/ Yes No 150-2000 0.3-500 1.5-20 

Slot-die40, 43, 73 
0.001-

1000 
25-500 Yes No 10-100 5-250 0.02-10 

 

It can be found from Table 2.2 that inkjet printing has relatively good resolution and thin printing 

thickness, and less material waste. This technique appeals to the industry and academia due to its 

high total automation, high resolution, mask free and environmental friendliness. Thus, it was 

selected as the main printing method in this research and will be investigated extensively. For 

comparison, screen printing and spray coating will also be addressed briefly.  

 

2.2.1 Inkjet Printing 

Inkjet printing, developed in 1970s, is regarded as a potential candidate to reduce cost and 

environmental impact of electronics manufacturing.74, 75 Inkjet printing is a non-contact technique 

that enables material deposition based on a layout designed in computer. As compared to vacuum 

deposition, which requires post processing for pattern construction, inkjet printing provides a 
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single step process for patterning.  In comparison to screen printing, a widely used industrial 

patterning process, inkjet provides an avenue for improved sustainability by lowering waste and 

use of harmful solvents.  Due to the viability of automated process, pattern versatility, and ultrathin 

coatings, the application of inkjet process on electronic materials in flexible electronics,76, 77 61, 78-

80  high-resolution and flexible conductor62, textile capacitors81 and flexible transistors82 have been 

reported.  

 

 

Figure 2-5. The two operation modes of inkjet-printing: (a) continuous inkjet-printing (CIJ) and 

(b) drop-on-demand (DOD) system.83 

 

 

Figure 2-6. Schematic diagram showing the principles of DOD inkjet printing system. (a) a vapor 

pocket or bubble generated by a thin-film heater (thermal inkjet), (b) a mechanical actuation by a 

piezoelectric transducer (piezoelectric inkjet). 84 
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There are two main inkjet printing modes: continuous and drop-on-demand. (Figure 2-5Figure 

2-6) Thin film electrical heater (Figure 2-6a) is used to form vapor bubble to push ink out. This 

method has a super-fast printing speed. However, there is significant limitation in ink composition 

and printing size. In high temperature, the nanoparticles inside inks aggregate heavily, which may 

impact ink properties and clog nozzles. Thus, nanomaterials are not suitable in this type printer. 

The DOD system uses piezoelectric actuator (Figure 2-6b) to push ink out by applying voltage. 

Piezo actuator has better control over the droplet. More materials and higher resolution can be 

printed through DOD printing. 84 

 

In inkjet printing process, inks are dispensed via openings or nozzles (10-50 m) on the patterned 

surface of printhead.83 Inkjet process with fully automated DOD system uses low viscosity inks 

(≤25 cps), which would lead to the formation of ultrathin coatings on substrates and patterns with 

high resolution. A fundamental challenge is the need for functional materials inks within the 

printable range for inkjet printing. Furthermore, the spreading of low viscosity inks on a substrate 

challenges the ability to form devices with high resolution and low surface roughness. It is 

necessary to understand the printing process and mechanism in order to obtain desired film 

thickness and roughness. Printing of function materials with ultrathin coating thickness is integral 

to maintaining flexibility in substrates.  
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2.2.1.1 Voltage and waveform 

 

Figure 2-7. Waveform of the piezoelectric printing. 

 

When printer is powered, the print head maintains a specific voltage, causing PZT deformation.  

Some ink is inside chamber, but it is still in a non-jetting position. In segment 1 (Fill), voltage is 

decreased and the PZT returns to a resting state, causing the expansion of chamber volume. In 

segment 2 (Fire), voltage is applied to PZT and cause deformation. At this stage, ink comes out 

from the nozzle. (Figure 2-7) When the chamber volume shrinks, the excessive ink is ejected. The 

waveform can control ink printing time, and it needs to take ink's physical property into account 

in order to push ink out.85-87 Higher voltage can induce heavier PZT deformation, and more ink 

can be pushed from the chamber. Increase in droplet volume can be achieved by increasing voltage.  

 

From what have been discussed above, waveform and voltage together control the formation of 

inkjet droplet. The waveform synchronizes the viscosity and surface tension of ink to print each 

droplet repeatedly, and voltage controls single droplet volume. Extend the firing stage could also 

increase droplet volume, but the synchronism of the ink drops out and fill in can be complicated. 

Normally, droplet volume is manipulated by adjusting voltage instead of waveform.87 
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2.2.1.2 Printing speed and frequency 

Frequency can directly affect printing speed, which can decide outcome efficiency. Different types 

of printers have different frequency ranges. The continuous inkjet-printing (CIJ) systems have 

drop generation rates in the range of 20-60kHz and drop velocity at the nozzle over 10 m/s, while 

the DOD printing is usually at acoustic frequency of 1-20 kHz. Printing time is not only controlled 

by nozzle printing speed, but also influenced by printed area. The time tP to coat an area A is88: 

tp = A/[d2fNjNH] 

where d is the drop spacing for the chosen printing grid size, f is the ejector firing frequency, Nj is 

the number of ejectors in a print head, and NH is the number of heads.88 

 

Figure 2-8. Time sequence photographs for the ejection of a 60 µm diameter drop from a nozzle, 

showing the tail that eventually releases and merges with the main drop. 88 

 

In Figure 2-8, single droplet ejects from nozzle with a long tail that eventually releases and merges 

with main drop.88 If frequency is not matched with the final droplet formation, droplets merges 

before contacting the substrate. For every ink, it is crucial to optimize the frequency and voltage 

to get stable and repeatable droplets. Limitation of frequency and printer head motion speed decide 

the maximum printing speed for different types of printers. For Fuji film Dimatix (model DMP-

2850), printer head motion speed is 300 mm/s.87 For other types of printers, print speed can reach 

6 m/s.70 High speed would benefit large scale fabrication. However, printing high resolution 

pattern is the priority for inkjet printing. The post-processing, such as drying and sintering steps 

of printed layer, would cost more time compare to the whole printing process.89  
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2.2.1.3 Height 

 

Figure 2-9. Inkjet printing process. 

 

Inkjet process can be divided into the droplet formation process and the contact process between 

a single droplet and substrate.90 Waveform and voltage applied to printing head chamber generate 

the single droplet. Then each droplet leaves the nozzle and hits the substrate until it is dried. The 

height between printer head and substrate plays an important role in this process. Because of the 

relative movement of the printer head and substrate, the height may cause the deviation in droplet 

drop position.88 As shown in Figure 2-9, the inkjet printing can be divided into five processes. 

Contact process happens when the ink hits the substrate and it can be influenced by the height 

between the nozzle and substrate; in ~0.1 ms after the droplet contacts the substrate, the ink droplet 

clashes on the substrate.77 After a few milliseconds, the ink will be wetting the surface and 

evaporating.77 For glass substrate, the droplet deposition process can be divided into five time-

sequential phases: kinematic, spreading, retracting, wetting, and equilibrium. (Figure 2-10)  
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Figure 2-10. Schematic illustration of the single droplet impinges on glass substrate. (a) Spreading 

process, Dmax is the maximum diameter of the droplet; (b) Equilibrium state of a droplet, De is the 

diameter of the droplet.66 

 

If substrate is rough or porous, the inks can evaporate, penetrate, and be absorbed on the substrate. 

During this time, the surface spreading competes with capillary absorption, which is influenced by 

the coating layer's surface chemistry and geometrical properties of the substrate. Then the ink will 

dry on the substrate, which may take hours. The interaction between ink and substrate is more 

affected by surface energy for smooth substrate, and pore size and volume for rough substrate. 

During drying processes, ink evaporation rate is critical to the inkjet results. 11, 77 If the ink 

evaporation rate is too fast, the ink formation process may be impacted negatively. The droplet 

may dry before it totally leaves the nozzle, which may cause the blocking. 

 

2.2.1.4 Drop space 

The frequency decides the drop velocity of droplets, while drop space controls the droplets position 

in the printing area. The resolution is defined by the Dots per Inch (DPI), which is decided by the 

drop space of the inkjet printer. Figure 2-11 shows the effects of droplet number and drop space 

on droplet mergers. For two droplets to merge, drop space needs to be less than 57 µm. The droplets 

merging would be difficult when drop space increases. And for more droplets to merge with each 

other, the drop space needs to be reduced. Ning et al. fabricated a 2.4 µm channel by altering the 
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drop space of vertical and horizon space.66 Sowade et al. used drop space to control the transistor 

effects, and invested the influence of the channel width to channel length ratio (W/L) on the 

transistor performance.82  From these, it can be found that drop space is very important for high-

resolution pattern printing. 

 

Figure 2-11. (a)Contact phenomenon of two droplets, three droplets, four droplets and five 

droplets; (b) the least number of droplets for the forming of larger droplet. 66 

 

 

2.2.1.5 Ink printability 

At a given voltage and waveform, the printing fluids with different viscosity, density, and surface 

tension may have different drop size and formation process. Navier-Stokes equations can be used 

to predict the droplet ejection for inks with different physical parameters at certain inkjet setting.91 

The influences of waveform, voltage, height, etc., on inkjet printing are taken into consideration. 

To ensure that every ink droplet can be printed in the same status, some characteristic numbers can 

be used to predict the inkjet behavior. Such as Reynolds number (Re), Weber number (We) and 

Ohnesorge number (Oh)92: 

𝑅𝑒 = 𝑣𝜌𝛼 𝜂⁄  

𝑊𝑒 = 𝑣2𝜌𝛼 𝜎⁄  

𝑂ℎ = √𝑊𝑒 𝑅𝑒 = 𝜂 √𝜌𝛼𝜎⁄⁄  
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𝑍 = √𝜌𝛼𝜎 𝜂 = 𝑅𝑒 √𝑊𝑒⁄⁄  

where, ρ represents density, α represents characteristic length (typically drop diameter), v 

represents velocity, η represents viscosity, and σ represents surface tension. 

 

Re refers to the ratio of the inertial force to the viscous force. We relates to inertial force and 

surface tension. Oh relates the viscous force to the inertial force and surface tension.93 Parameter 

Z=1/Oh is used to indicate printability, which should be in the range from 1 to 10.94 

 

 

Figure 2-12. Representative photo sequence of drop formation for fluids with values of Z ranging 

from 2 to 17 at a constant driving voltage of 25 V: (a) Z =2.17, (b) Z =3.57, (c) Z =4.08, (d) Z 

=6.57, (e) Z =7.32, (f) Z =13.68, and (g) Z =17.32.94 
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The influence of printing parameter Z on the droplet formation is illustrated in Figure 2-12. The 

formability of single droplet with different Z values can be clearly observed. When Z is from 1 to 

4, viscous dissipation prevents drop ejection. When  Z is over 14, the droplet is accompanied by 

satellite droplets. 94  

 

Figure 2-13. Representative trajectories of the ejected droplets as a function of the elapsed time 

for fluids with values of Z ranging from 2 to 17 at a constant driving voltage of 25 V: (a) Z=2.17, 

(b) Z=3.57, (c) Z= 4.08, (d) Z= 6.57, (e) Z= 7.32, (f) Z=13.68, and (g) Z= 17.32. 94 

 

The droplet formation process can be divided into these stages: the droplets ejected from the 

nozzle, filament stretch, rupture, liquid recoil, and the formation of a single droplet or satellite. 94 

(Figure 2-13) When Z is in the range of 2-4, the filament elapse time is around 50 µs, the stretched 

time is approximately 120 µs, and filament rupture time is about 140 µs. With high Z values (>14), 
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the droplet will be divided into two droplets after 130 µs. This information would be useful to 

predict the inkjet printing process. 

 

2.2.1.6 Ink drying 

 

Figure 2-14. Confocal laser scattering microscopic 3D images for inkjet printed single dots 

obtained from conductive inks with varying solvent compositions: (a) 0, (b) 16, and (c) 32 wt% 

ethylene glycol.95 

 

The droplet drying process is a vital factor for the surface roughness of printed pattern. Yanlin et 

al. used photonic crystal ink with different water and ethylene glycol ratio to control the ink's 

dynamic wettability. The range of the surface tension is 0.77-1.5 mN/m. Figure 2-14 shows the 

surface tension affects the roughness of the printed patterns.95  
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Figure 2-15. (a) Three typical coalescing cases of the neighboring ink droplets induced by different 

dynamic wettabilities of ink droplets on the substrates;96 (b) the effect of drop spacing and time 

delay on the behavior of a printed line at an intermediate temperature, and the principal printed 

line pattern with the decrease of drop spacing.97 

 

For massive droplets interaction, surface tension and nanoparticle concentration dominate the 

dynamic wettability of droplets on the substrate, as shown in Figure 2-15. In  Figure 2-15a, the 

surface tension droplet 1 is similar to droplet 2 in case A, while the surface tension of droplet 1 in 
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case B and C is smaller than droplet 2 due to the fast evaporation of water. In case A and B, the 

nanoparticle concentration is lower than case C. In case A, two droplets coalesce with each other, 

and a spherical cap pattern is formed after drying. In case B, some nanoparticles of the droplet 1 

assemble and pin on the substrate during the coalescing and drying, and a straight line can be 

formed. In case C, plenty of nanoparticles assemble and pin on the substate, which leads to 

dumbbell formation. 

 

As a complex computer-controlled process, inkjet printing has control over substrate temperature, 

print delay time, drop space, etc. Soltman et al. used poly (3.4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT/PSS) (1.3 %) in water to print out fine lines. The drop spacing 

and delay time were controlled to observe different primary morphologies, such as a scalloped 

line, a smooth line, a bulging line, and stacked coins, which are shown in Figure 2-15b.97 

Increasing the substrate temperature will lead to fast evaporation of ink, which can yield coffee 

ring. When the ink drops on cold substrate, the formation of coffee ring can be avoided.97 In Figure 

2-15b, the effect of drop spacing and time delay on the behavior of a printed line at an intermediate 

temperature is shown. By adjusting the drop spacing and delay time, a uniform line can be 

obtained. 97   

 

2.2.2 Screen Printing 

Due to the simplicity and scalability, screen printing is widely used in electronics.41, 59, 98 Screen 

printing process is shown in Figure 2-16. Screen masks are used to deposit materials onto large-

area substrate by pressing ink through a patterned stencil with a squeegee.59, 99 Screen printing inks 

viscosity ranges from 0.1 to 10 Pa·s and can form films with a thickness from 500 nm to 500 µm. 
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40,95 Screen printing method has low requirement on the substrate and printing materials, so it is 

widely used in smart textiles. 40 

 

 

Figure 2-16. (a) Schematic process of screen printing using the silicone stencil and a pristine 

graphene ink. (b) Cross-sectional illustration of the screen printing method.59 

 

2.2.3 Spray Coating 

Spray coating is a high throughput non-contact printing method. There are mainly three types of 

spray techniques: electrostatic spray technique, air pressure spray technique, and hybrid spray 

technique. The electrostatic spray technique utilizes high voltage that is applied to the nozzle to 

generate microdroplets.72 The droplet size can reach nanometer scale by this method. Air pressure 

technique use dual-nozzle system with high air pressure which generate the droplets. This method 

can avoid the nozzle clogging and have a much higher speed than electrostatic spray technique. 

However, the flow velocity is unstable, due to the collision with air. Hybrid spraying involves both 

the electrostatic spraying and air pressure spraying techniques.71 This method is expected to have 

a low turbulence from air pressure which can improve the stability.71 The process will make the 

colloidal suspensions or chemical precursor solutions into numerous 2-5 µm droplets.40 The 
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thickness of the printed layer can be altered by printing speed and voltage. The different spraying 

techniques can be found in Figure 2-17. 

 

 

Figure 2-17. (a) Electrostatic spraying,71 (b) air pressure spraying,71 and (c) hybrid spraying.72 

 

2.3 Wearable Antenna  

In general, antennas are of great importance for wearable electronics in Internet of Things (IoT) 

applications, serving as a communication platform to convert radio waves as information signals 

to wirelessly transmit data between sensors, actuators, and processors.  For wearable applications 

specifically, antennas may be distributed across the body for body area networks.  It is desired that 

the antenna be flexible enough to conform to the human body curvature shape and arbitrary 

directions of bending during the body movement. 
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Various manufacturing techniques for wearable antennas have been developed, such as screen 

printing, 99, 100 metalized adhesive tape101-104, liquid metal 105, embroidered textiles 106-111, and 

inkjet printing.112-114 (Figure 2-18) Among these techniques, printing methods, such as screen 

printing and inkjet printing, are considered as promising methods for the antenna design due to the 

advantages in pattern-versatility, cost-reduction, automation, and scalability.25, 26 

 

 

Figure 2-18. Wearable antennas by different fabrication methods. (a) Antenna embroidered 

conductive fibers and yarns.115 (b)Screen printed textile antenna.99 (c) Inkjet printed textile 

antenna.116 (d) Inkjet printed paper antenna.114 (e) Antenna by copper sheet.117 (f) Antenna by 

conductive fabric.118  

 

Significant progress in the processing of flexible printed antennas have been previously 

achieved.114, 116, 119-123 Sa’don et al. fabricated a screen-printed graphene antenna for 5G 

application.124  Ryberg et al. presented a patch antenna and a quasi-yagi antenna by inkjet printing 

of silver nanoparticles on photo-paper. Both antennas demonstrated good matching and acceptable 

efficiency at frequency of 2.4 GHz.114 The above mentioned antenna are impermeable and not 

preferred for wearable applications. Due to a textile substrate’s inherent flexibility, breathability, 
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and their ubiquitous use in our daily lives the use of textiles as a building block for electronics is 

perceived as logical means for wearable antennas.  

 

For wearable antennas, the flexible conductive materials in the patch and ground plane have been 

widely researched, while flexible dielectric materials for antenna is rarely noticed. The dielectric 

property of the antenna substrate (dielectric constant and dielectric loss) can decide the bandwidth 

and the efficiency of the antenna.125 For textile material, the dielectric properties are dependent on 

the constitution of polymer fibers, and packing density.126 Considering the high porosity structure 

of textile materials, the relative permittivity is very low (between 1 and 2). Due to this reason, 

downsizing antenna materials can be a great challenge. The antenna length needs to match one 

quarter of the radio-wave wavelength, to ensure efficient transmission and reception of  resonance 

between the radio wave and element.6 The wavelength will decrease when transfer from air into 

high dielectric constant materials.127, 128 Therefore, high dielectric constant is very essential to 

minimize the antenna size.  

 

 Even though high dielectric constant materials are essential for small-size patch antennas, the 

efficiency is poor due to the surface-wave excitation and narrow bandwidth.111, 129, 130 The low 

dielectric constant reduce the surface wave losses which are tied to guided wave propagation 

within the substrate, gaining acceptable efficiency and high gain. The relations between the size 

of antenna, width, length, effective length, effective dielectric constant, height and width of the air 

boundary can be shown as follows131-133: 

𝑊 =
c

2𝑓𝑟

√
2

𝜀𝑟 + 1
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𝐿𝑒𝑓𝑓 =
c

2𝑓𝑟√𝜀𝑒𝑓𝑓

 

𝐿 = 𝐿𝑒𝑓𝑓 − 2𝛥𝐿 

𝐿𝑔 = 6ℎ + 𝐿 

𝑊𝑔 = 6ℎ + 𝑊 

where W is the width, L is the length, 𝛥𝐿 is increment in length and 𝐿𝑒𝑓𝑓 is effective length. 𝐿𝑔 

and 𝑊𝑔 are the length and width of air boundaries. 𝜀𝑒𝑓𝑓 is the effective dielectric constant, and 𝜀𝑟 

is the dielectric constant. 𝑓𝑟 is the desired frequency, and c is the light velocity.  

 

Knit fabrics with large loops structure show excellent flexibility and is widely used in the 

commercial textiles. However, due to the high porosity, the dielectric constant of knit fabric 

usually is much lower than woven and nonwoven fabric. If we could print high dielectric constant 

BT NPs onto the knit fabric and increase the dielectric constant, the knit fabric can be used as 

antenna substrate.  
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2.4 Capacitor  

 
 

Figure 2-19. Schematic sketches for (a) electrostatic, (b) electrolytic and (c) electrochemical 

capacitors.7 

 

The capacitor is important passive electronic component in a circuit for storing electrical energy 

in an electric field. There are three types of the capacitors, including electrostatic capacitors, 

electrolytic capacitors, and electrochemical capacitors, as shown in Figure 2-19. Electrostatic 

capacitors consist of a pair of conductors separated with dielectric material, such as air, mica, 

polymer, ceramic material, etc. The capacitance (C) is expressed as7: 
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𝐶 = 𝜀0𝜀𝑟

𝐴

𝑑
 

where proportionality constant 𝜀0=8.9×10-12 F/m. 𝜀𝑟  is the dielectric constant of the dielectric 

layer. A is the capacitor area. d is the distance between conductors.  

 

Electrolytic capacitor is made of a metal that forms an insulating oxide thin layer through 

anodization. A solid, liquid, or gel electrolyte covers the dielectric layer, acting as the negative 

plate of capacitor. There are three families of electrolytic capacitors include aluminum electrolytic 

capacitor, tantalum electrolytic capacitor and niobium electrolytic capacitor.134, 135 The electrolyte 

capacitor has very high capacitance, but suffer from the poor tolerances, high instability, and 

gradual loss of capacitance especially when subjected to heat and high voltage.136 Electrochemical 

capacitor is also called supercapacitor, which includes electrochemical double-layer capacitor that 

relies on the charge storage of ion adsorption, and pseudo-capacitor that are based on the charge 

storage involving fast surface redox reactions. 137 The supercapacitor has much higher capacitance 

value, however, the lower voltages limits.  

 

At present, the wearable capacitors mainly belong to electrochemical capacitors, such as 

CNTs@SF core-sheath fiber supercapacitor,138 and other  capacitor fibers139, 140. For wearable 

application, the capacitors should be robust and stable. Therefor the electrostatic capacitors are 

more advantageous.  The capacitance of the electrostatic capacitors is mainly decided by the 

dielectric layer. The BaTiO3 with a perovskite structure has high dielectric constant, and low cost, 

which can be one of the best options for the capacitors.  
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To be suitable for low temperature application, BT nanocomposite materials have been widely 

researched. Konno et. al fabricated BT nanocomposite films by dispersing BT NPs into polyimide 

(PI) matrix through in situ polymerization.141 Chiang et. al designed BT/polymer composites 

which can be used from 100 Hz to 10 GHz and -140 to 150C.142 To get the BT NPs well dispersed, 

most of the BT NPs have surface treatment. 24, 143-146 The size of the BT NPs is also an essential 

factor for dispersion and dielectric properties.147, 148  

 

The dielectric constant for the two-phase composite (BT/nanocomposite) can be calculated by 

Lichtenecker equation:149, 150 

𝑙𝑜𝑔𝜀𝑒𝑓𝑓 = 𝑣ℎ𝑙𝑜𝑔𝜀ℎ + 𝑣𝑓𝑙𝑜𝑔𝜀𝑓 

where 𝜀𝑒𝑓𝑓, 𝜀ℎ, and 𝜀𝑓 are the dielectric constant of the composite, host (polymer), and filler (BT 

NPs), respectively. 𝑣ℎ, and 𝜀𝑓 are the volume fractions of the host and filler, respectively. 

 

The high concentration of the BT NPs would increase the dielectric constant greatly at low 

temperature. A considerable need exists for capacitors with small size and large capacity, 

especially for wearable electronics. Capacitor printed with high-concentration BT NPs ink would 

have higher energy capability and will be preferred for smart textile applications.   

 

Apart from single layer high-capacity capacitor with small size, multilayer ceramic capacitor 

(MLCC) is a potential candidate to be used as wearable capacitor. MLCCs are fabricated with a 

base metal electrode, where successive layers of dielectric and electrodes are stacked151, as shown 

in Figure 2-20.  MLCCs have received increasing attention in energy-storage applications due to 

the advantages of high-power density, and fast charge/discharge rates.152 The BaTiO3-base 
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MLCCs with high capacitance density are widely used in the electronic devices, and more than 

two billion pieces are manufactured every year.153, 154 Conventional printing method for the 

MLCCs is shown in Figure 2-21.  

 

 

Figure 2-20. Schematic of multilayer capacitor ceramic.155 

 

 
Figure 2-21. Simplified MLCC Manufacturing Process. 156 
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The capacitance of multilayer capacitor can be expressed as follow157: 

𝐶 = 𝑛𝜀0𝜀𝑟

𝐴

𝑑
 

where n is the number of ceramic layers, 𝜀0 is the dielectric permittivity in air, 𝜀𝑟 is the dielectric 

constant of ceramic, d is the thickness of the dielectric layer and A is the electrode area. It can be 

found that thickness is an important factor for capacitance. A major challenge is to obtain the 

thinnest possible dielectric layers.158 Inkjet printing is a promising method to replace traditional 

process as it is capable of printing ultrathin layers. 

 

The energy storage performance of MLCCs is greatly influenced by the morphologies of the 

internal electrodes.157 Printing smooth metal electrodes and dielectric layers is very critical.159 To 

achieve MLCCs with high capacitance and reliable performance, inks and printing parameters 

needs to be optimized. Another essential aspect for the capacitor design is to control the sintering 

condition for BT in order to increase its dielectric constant. 151, 153, 154, 157, 160 

 

2.5 Summary of Critical Gaps in Current Knowledge 

Previous studies demonstrated that printing methods is widely used in the smart textile area and 

industry. The use of printing in wearable electronics is quite challenging, as it requires ink 

formulation, substrate selection, optimization of printing parameters and curing conditions. Failed 

to meet any requirement would impact the device performance negatively.   

 

BT nanoparticles with high dielectric constant and low dielectric loss have great potential to be 

used in wearable antennas and capacitors. There are some research gaps need to be filled: 1. use 

BT to improve the dielectric properties of textile materials by printing and make them suitable for 
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antenna substrate; 2. prepare high-concentration BT dielectric ink for high-energy density 

capacitors. 3. study the influence of inkjet printing parameters on the roughness of printed pattern.  
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Zhou, Y.; Soltani, S.; Li, B. M.; Wu, Y.; Kim, I.; Soewardiman, H.; Werner, D. H.; Jur, J. S., 

Direct-Write Spray Coating of a Full-Duplex Antenna for E-Textile Applications. Micromachines 

2020, 11 (12), 1056. https://doi.org/10.3390/mi11121056 

 

Abstract  

Recent advancements in printing technologies have greatly improved the fabrication efficiency of 

flexible and wearable electronics. Electronic textiles (E-textiles) garner particular interest because 

of their innate and desirable properties (i.e., conformability, breathability, fabric hand), which 

make them the ideal platform for creating wireless body area networks (WBANs) for wearable 

healthcare applications. However, current WBANs are limited in use due to a lack of flexible 

antennas that can provide effective wireless communication and data transfer. In this work, we 

detail a novel fabrication process for flexible textile-based multifunctional antennas with enhanced 

dielectric properties. Our fabrication process relies on direct-write printing of a dielectric ink 

consisting of ultraviolet (UV)-curable acrylates and urethane as well as 4 wt.% 200 nm barium 

titanate (BT) nanoparticles to enhance the dielectric properties of the naturally porous textile 

architecture. By controlling the spray-coating process parameters of BT dielectric ink on knit 

fabrics, the dielectric constant is enhanced from 1.43 to 1.61, while preserving the flexibility and 

air permeability of the fabric. The novel combination textile substrate shows great flexibility, as 

only 2 N is required for a 30 mm deformation. The final textile antenna is multifunctional in the 

sense that it is capable of operating in a full-duplex mode while presenting a relatively high gain 

of 9.12 dB at 2.3 GHz and a bandwidth of 79 MHz (2.260–2.339 GHz) for each port. Our proposed 

manufacturing process shows the potential to simplify the assembly of traditionally complex E-

textile systems. 

https://doi.org/10.3390/mi11121056
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3.1 Introduction 

In the past decade, wireless body area networks (WBANs) have garnered significant attention as 

a way to wirelessly communicate between wearable devices placed at various locations across the 

human body 35, 161, 162. These wearable devices can sense physiological signals, such as 

electrocardiogram (ECG), electroencephalogram (EEG), and electrooculogram (EOG) 163. 

Moreover, these devices, when coupled with WBANs, create wearable health monitoring systems 

that enable a paradigm shift away from traditional, in-person healthcare towards remote 

telemedicine. A primary challenge to WBANs is that they primarily rely on conventional stiff and 

heavy antenna designs to wirelessly relay information between devices, which limits practical 

applications of WBANs in wearables. Having a wearable antenna that is flexible and lightweight, 

with the same efficiency as a conventional, rigid antenna, is critical for realizing WBANs for 

telemedicine applications 80, 164. It is also important that there is a pathway to fabricating 

multifunctional wearable antennas, which typically require more complex geometrical features. 

 

The antenna is a necessary wireless communication device for receiving and transmitting relevant 

signals at specific frequencies 6. Various wearable antennas with flexible properties exist in the 

literature, using a range of polymer- and paper-based substrates with permittivity values often 

ranging from 1.5 to 13 34, 165. Textile materials, made of fibrous polymer materials, are ubiquitous 

in our daily lives, and they offer a light and flexible substrate for wearable systems and devices. 

The textile antennas 166-168 can be light, flexible, and readily integrated into smart clothing, 

communicating with other wearable electronics and transmitting the body health data 35. Design 

criteria, such as durability, functionality, and usability, need to be met in order to design convenient 

and safe textile antennas 169. The safety impact of a textile antenna is defined by its specific 
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absorption rate (SAR) 117, which measures the rate of absorption of radio-frequency (RF) 

electromagnetic radiation per unit mass by a human body to evaluate the RF dosimetry 170. Ideally, 

all wearable antennas should exhibit low SARs to ensure a low negative impact on human tissues 

171, 172. 

 

With these design criteria in mind, researchers have explored multiple textile designs, materials, 

and manufacturing methods to realize textile-based antennas. For example, researchers have used 

conductive yarns embroidered into non-conductive woven fabrics to create wearable patch 

antennas 173. These embroidered textile antennas are easy assemble and integrate into wearable 

systems. However, embroidery can be challenging for large-scale manufacturing processes. In 

addition, these embroidered antennas show low patch resolution and low wash durability, as the 

conductive yarns are susceptible to degradation during washing and handling. Nonwoven textiles 

serve as an alternate material substrate for textile-based antennas 174. However, these types of 

antennas employ copper tape as the patch and ground, which make them very fragile, and they are 

easily broken after a few bending cycles 102. Printing methods, such as screen printing, are currently 

the best processes to design textile-based antennas with excellent wash and mechanical durability 

100, 102, 109. In our previous work, we reported the use of a nonwoven fabric assembly laminated 

with a thermoplastic polyurethane (TPU) web to create a porous, flexible, and washable antenna 

174. Employing the breathable TPU web in the screen-printed antenna can work as a protection 

layer by mechanically entrapping the dielectric materials to enhance their durability 174. Moreover, 

the micro-fiber TPU web with an open gap structure enabled breathability. The TPU web 

encapsulated silver printed on textiles, protecting the conductive area of the antenna from being 

washed and mechanically deformed 100, 174. A recent textile antenna made of screen-printed 
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nonwoven fabrics laminated with a TPU web was reported, and a novel dual-port design was used 

to improve the isolation with enhanced bandwidths 99. The antenna showed a low profile and an 

SAR < 0.37 W/kg 99. However, there is still room for improvement regarding the flexibility of 

these antennas. Current literature focuses on the metallic layers in textile-based antennas rather 

than the substrate itself. The essential dielectric layers in textile-based antennas play a big role in 

the antennas’ performance. Since the inherent porous structure of textiles limits the ability to 

achieve a high dielectric constant, it is necessary to reduce the surface wave losses and improve 

the antenna’s bandwidth 111. A higher substrate dielectric constant is also needed for the 

downsizing of antennas 6. Although knit fabrics constructed with yarn loops and large air voids 

are widely used in daily clothing due to their flexibility and comfort, they typically have very low 

dielectric constants due to the highly porous structure 126. This characteristic limits their 

application as substrates for wearable antennas. 

 

In this work, a multifunctional full-duplex textile-based antenna is introduced with dual ports and 

a highly flexible nonwoven and knit composite antenna substrate. The antenna is fabricated with 

a screen-printed patch and ground on a nonwoven fabric and sandwiched onto knit fabrics with a 

spray-coated dielectric layer. Spray coating is a high-throughput direct-write method that can drive 

film deposition on a printed substrate to change its dielectric properties. It has been widely used 

due to its high speed (up to 200 mm/s). Additionally, inks with a wide range of viscosities from 

0.7 to 2500 mPa s can be printed 175, 176. To overcome the low dielectric constant of the knit fabric, 

a dielectric-particle-loaded ink was applied to the fabric by spray coating. The measurement results 

show that the radiation performance of the fabricated antenna is robust to structural deformation 

and agrees with the simulated results. 
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By employing a new fabrication process and material system, a much more flexible antenna 

substrate can be achieved while, at the same time, its equivalent relative permittivity is increased. 

As a consequence, for the same design area, the effective wavelength is larger compared to our 

previously published work 99. The fabricated antenna exhibits a 79 MHz bandwidth at a center 

frequency of 2.3 GHz with a remarkable 30 dB isolation between ports, which represents a 15 dB 

improvement in isolation compared to 99, and a relatively high gain of 9.12 dB compared with 

other textile antennas 107, 109, 112, 118, 177.  

 

3.2 Materials and Methods 

3.2.1 Preparation and Characterization of the Barium Titanate Ultraviolet (UV) Curing Ink 

A dielectric ink for direct-write spray coating was prepared by mixing 4 wt.% BaTiO3 (BT) 

nanoparticles (200 nm, purchased from Nanostructured Amorphous Materials Inc., Houston, TX, 

USA) with a urethane and acrylate UV-curable dielectric ink (C3-D1–1032 Dielectric 

photopolymer, Chem3, LLC, Stony Brook, NY, USA). The mixture was then stirred at 400 rpm 

for 24 h in order to disperse the nanoparticles, followed by an ultrasonic homogenizing process for 

30 min. The solid BT content in the ink was fixed at 4 wt.% in the entire experiment. 

 

The viscosity of the ink under different shear rates was tested using a rheometer (MCR 302, Anton 

Paar). Surface tension of the ink was tested by a contact angle goniometer (First Ten Angstroms 

Europe; Cambridge, UK) with an automated syringe to form the pendant drop. The nanoparticle 

crystal structure phase was tested using a Rigaku SmartLab X-ray Diffractometer (XRD) with a 

CuKα X-ray radiation source (λͅ = 0.154 nm). The XRD pattern was recorded from 2-theta = 10 

to 60 at a scanning rate of 3/min with a step size of 0.05 
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A 3D laser-scanning confocal microscope (Keyence, model VK-X1000) and a field emission 

electron microscope (FESEM) model FEI Quanta 650 were used to characterize the morphology 

of fabrics printed with conductive ink and BT dielectric ink. 

 

3.2.2 Configuration of Antenna 

The flexible antenna design had two separated ports with a high isolation between them to enable 

transmitting (Tx) and receiving (Rx) functions (i.e., full-duplex operation). shows the 

configuration of the proposed wearable antenna, which is similar to the design in our previously 

published work 99. The thickness of the textile substrate was 2 mm, which was much thinner than 

other wearable antennas published in the literature 112, 114, 130, 178, 179. In comparison to a large 

majority of patch antenna designs, our antenna design used a strip line placed perpendicularly 

across the two feeds to enhance the bandwidth and isolation between the two ports. The active and 

ground conductive layers show thicknesses of around 40 μm and conductivity of 1.3 × 106 s/m. 

The dielectric constant of the antenna is 1.78 and dielectric loss is 0.021. Based on this information, 

the optimized design parameters listed in Figure 3-1 were determined using an ANSYS High-

Frequency Structural Simulator (HFSS). In Figure 3-1, when Port-1 is excited, the electromagnetic 

energy couples to the strip near Port-2. This feature not only significantly suppresses the mutual 

coupling between the two feed ports, but also improves impedance matching of the patch antenna 

and broadens the bandwidth 99. The same coupling effect can also be observed on the other strip 

load when Port-2 is excited, but with the orthogonally aligned surface current distribution. The 

unidirectional radiation patterns were also similar when either Port-1 or Port-2 was excited. The 

antenna design has a high isolation of more than 30 dB via the strip load coupling. 
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Figure 3-1. Geometrical parameters of the dual-port full-duplex textile-based patch antenna. (a) 

Top view. (b) Side view. Design dimensions: H = 2 mm, L = 80 mm, Lpatch = 45.8 mm, Lstr1 = 

19.1 mm, Lstr2 = 25.5 mm, Lstr = 53.6 mm, Lf = 6 mm, Wf = 7 mm, L1 = 4.5 mm, W1 = 1 mm, 

W2 = 0.8 mm, and dgap = 7 mm 99. 

 

3.2.3 Dielectric Constant Test 

Traditional techniques for permittivity measurements at microwave frequencies can be divided 

into non-resonant methods and resonant methods 103. Non-resonant methods mainly use 

transmission/reflection measurements, but have limited resolution. For our analysis, we used the 

split post dielectric resonator (SPDR) method to test the permittivity of the samples without 

damaging them. A 2.45 GHz SPDR was connected to a two-port vector network analyzer (VNA) 

by high-precision coaxial cables to analyze the samples 180. The device resonates at a specific 

frequency with a quality factor (Q-factor) over 2000. Because of the high Q factor, it is more 

sensitive to the dielectric samples than a conventional coil-and-capacitor resonant circuit 181. The 

sample size requirement for the SPDR test is at least 5 cm × 5 cm, and the sample thickness should 

be less than 2 mm. The dielectric constant measurements were repeated five times. This method 

can provide rapid and accurate results at high frequency. 
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3.2.4 Antenna Fabrication 

Nonwoven Evolon® fabric (30 wt.% polyamide and 70 wt.% polyester) was obtained from 

Freudenberg Performance Materials. This nonwoven fabric is an excellent choice for electronics 

printing due to the numerous condensed fibers exhibiting a high surface area and low surface 

roughness compared to conventional textiles. Single jersey-knit fabrics composed of 100% 

polyester (PET) with a basis weight of 145 g/m2 were obtained from Hanesbrands Inc. Both the 

nonwoven and knit fabric thicknesses were ~0.3 mm, as shown in Table 3.1. Prior work has 

demonstrated that stacking the nonwoven layers can result in a good substrate for antenna 

fabrication 99. The commercial knit structure is generally too flexible to keep the antenna stable. 

Therefore, a combination structure with alternating layers of printed knit fabrics and nonwoven 

fabrics was chosen for the antenna fabrication. The structured device was assembled with six layers 

of printed knit fabrics adhered together by a porous TPU web (0.057 mm). The layered knit fabric 

and TPU structure were heat laminated at 150 C for 5 min. The TPU web softens above 65 C 

and melts under higher temperatures. 

 

Table 3.1. Specification of the fabric for antenna design. 

Fabrics Material 
Thickness 

(mm) 

Weight 

(g/m2) 

Nonwoven 

Fabric 

70 wt.% Polyester/30 wt.% 

Polyamide 
0.33 95 

Knit Fabric Polyester 0.31 145 

 

An Asymtek C-341 conformal coating machine fitted with an EFD-781 s series spray valve was 

used to print the BT dielectric ink on the knit textile to modify the dielectric constant of the 

substrate. The BT dielectric ink was loaded into a syringe and capped with a plunger. The 

dispensing pressure was 20 psi, and the air-assist pressure was set to 60 psi. These settings enabled 
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uniform ejection of ink from the spray valve. The processing included a dispensing velocity of 40 

mm/s and a gap of 1 mm between the nozzle and substrate. 

 

Figure 3-2 shows the assembly process of the textile-based antenna. The first step in the fabrication 

process was to heat press six knit fabrics adhered to TPU webs. Then, the BT dielectric ink was 

spray coated onto the knit fabric composite to enhance its dielectric constant and was matched to 

the nonwoven fabrics (Figure 3-2b). Finally, the fabric coated with the BT dielectric ink was cured 

under a UV radiation machine for 300 s to make sure the photopolymer was completely cured. 

 

Figure 3-2. Fabrication of the textile-based antenna. (a) Screen printing of the Ag paste from 

Dupont onto nonwoven fabrics to fabricate the patch and ground. (b) Direct-write spray coating of 

barium titanate (BT) UV curable dielectric ink onto the knit fabric substrate assembly (six layers 

of knit fabric laminated with a thermoplastic polyurethane (TPU) web) to modify the dielectric 

constant. (c) Final assembly of the printed textile-based antenna (two layers of nonwoven fabric 

and six layers of knit fabric spray coated with BT dielectric ink). Exploded views indicate the 

different layer compositions. (d) Final product image of the printed textile-based antenna. 

 

The patch and ground patterns were screen printed using a DuPont 5064 H conductive screen-

printing silver ink on individual nonwoven fabrics (Figure 3-2a). The nonwoven Evolon® fabric 
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had a low surface roughness (Ra = 18 um) and a high surface area (2.19 mm2 mm−2 of fabric area), 

allowing the ink to penetrate evenly into the fiber bulk due to the strong capillary wicking force. 

 

The patch design requires very high resolution for the transmission lines (~1.2 mm) and the gaps 

(~1.5 mm), which can be challenging for fabrication on a textile surface. To achieve the high 

resolution, we used a vinyl mask placed onto the nonwoven fabric and applied uniform pressure 

and velocity during screen printing to ensure a uniform printed area for the patch design. The 

printed nonwoven fabric was then cured in an oven at 130 °C for 15 min. The same process was 

repeated for the ground design (i.e., conductive backing). To form the final antenna assembly, the 

nonwoven patch design, nonwoven ground design, and dielectric printed knit fabrics were heat 

laminated together with the TPU webs (Figure 3-2c). 

 

A separate TPU web was used as an encapsulation layer to protect the antenna. Two standard 

SubMiniature version A (SMA) connectors with a 50 Ω characteristic impedance were soldered 

with Chipquik SMDSWLTLFP32 (a low-melting-temperature solder) onto the patch and ground 

patterns to form a connection. The metal in the solder melted at 170 °C, which enabled robust 

connections without damaging the textile component of the antenna. An additional UV-curable 

encapsulation (Dymax 9001-E-V 3.5) was applied to the edges of the solder areas between the 

textile antenna and connectors. The encapsulation protected the antenna from breaking and ensured 

a strong mechanical and electrical connection between the textile antenna and SMA connectors. 

The final product can be seen in Figure 3-2d. 
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3.2.5 Characterization of the Antenna 

A buckling test was conducted with a commercial tensile tester (Instron, model 5566) to compare 

the flexibility of different substrates. The sample (8 cm× 8 cm) was gripped between two claps, 

where the lower clamp was fixed while the upper clamp moved at 50 mm/min. The tested distance 

between the two clamps was 70 mm. 

 

The performance of the assembled antenna was tested with Agilent E5071C VNA. The antenna 

was connected to a VNA using two coaxial cables with SMA connectors to measure the reflection 

coefficient and mutual coupling. The radiation test was conducted in an anechoic chamber. 

 

3.3 Results and Discussion 

3.3.1 Characterization of BT Dielectric Ink 

BT nanoparticles were added to a blend of urethane and acrylates (C3-D1-1032 Dielectric 

photopolymer, Chem3, LLC, USA) to fabricate the polymer/ceramic ink. Processability at room 

temperature is essential for use in E-textiles, as textile materials cannot sustain high processing 

temperatures 182. The ink with the photoinitiator using ultraviolet radiation can be polymerized 

after UV curing, and forms a thin film on the textile substrate (Figure 3-3a). Moreover, the small 

molecules with low viscosity can help prevent the BT dielectric ink from blocking the spray nozzle 

(Figure 3-3a). Figure 3-3b displays a scanning electron microscopy (SEM) image of the BT 

nanoparticles, where it was found that the nanoparticles were a mixture of cubic and polyhedric in 

shape. The size distribution of the BT nanoparticles shown in Figure 3-3c was obtained by 

measuring more than 200 particles. The BT nanoparticles used in the dielectric ink exhibited an 

average size of 211 nm. The size distribution of the BT dielectric ink was tested by a dynamic light 
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scattering (DLS) method. The main peak of the ink is at less than 1000 nm, indicating that the ink 

dispersed well only with slight aggregation (Figure 3-3d). This is an indication that the 

nanoparticle ink will not block the spray nozzle. The viscosity of the BT-UV curing ink may affect 

the rheological characteristics through printer nozzles, where a high-viscosity ink could lead to 

nozzle clogging. The BT dielectric ink exhibited Newtonian behavior with a low viscosity of 12 

cps, which ensured that the ink could be easily spray coated. The ink surface tension was 37.53 

mN/m, and the pendent volume was 3.43 μL. Ink with low surface tension can prevent nozzle 

dripping and guarantee decent wettability 183, 184. e shows the X-ray diffraction (XRD) pattern of 

BT dielectric ink after UV curing. The BT dielectric ink shows XRD peaks at 25.85° from the 

photopolymer. The peaks at 31.50° and 38.85° indicate that the BT nanoparticles exhibit a 

tetragonal crystal structure, which has a higher dielectric performance compared to cubic BT phase 

185.  
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Figure 3-3. Fundamental characteristics of UV-curable ink with BT nanoparticles. (a) Chemical 

reaction mechanism of acrylate and urethane UV-curing process 186. (b) Scanning electron 

microscopy (SEM) of BT nanoparticles (50,000×; 1 μm of scale bar). (c) Size distribution of the 

BT nanoparticles. (d) BT nanoparticle size distribution according to intensity of UV-curable ink 

tested by DLS. (e) X-ray diffraction (XRD) result of the BT dielectric ink after UV curing. 

 

3.3.2 Dielectric Properties of the Printed Textile-Based Antenna 

Table 3.2 provides a list of the dielectric properties of various assembly methods with textile layer 

combinations and the inclusion of spray-coated BT dielectric ink. In the previous study, the textile 

antennas were made from eight-layer nonwoven fabrics 187, with a dielectric constant and dielectric 

loss tested by SPDR of 1.75 and 0.008, respectively. The newly designed textile antenna substrate 
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made of six knit fabrics spray coated with BT dielectric ink sandwiched between two nonwoven 

fabrics (Figure 3-2) showed a similar thickness (1.97 mm) and dielectric constant (1.78) to those 

of the previous study. The direct-write spray-coating process of BT dielectric ink successfully 

increased the dielectric constant of the six-layered knit fabric structure from 1.43 to 1.61. This 

demonstrates the potential of using BT dielectric ink to manipulate the dielectric properties of 

porous materials. As previously mentioned, the dielectric loss can influence the radiation 

efficiency of the antenna, for which a smaller value is preferred 188. Although the dielectric loss 

increased from 0.009 to 0.013 by adding the BT dielectric ink into the knit structure, this is still 

low compared to the previous studies on textile antennas 126. 

 

Table 3.2. Fabric dielectric properties. 

Fabric Assembly Dielectric Constant  Dielectric Loss 
Thickness 

(mm) 

Knit Fabric, six Layers 1.43 0.009 1.68 

Knit Fabric, six Layers 

w/BT Dielectric Ink  
1.61 0.013 1.60 

Knit Fabric, six Layer 

w/BT Dielectric Ink + 

two Layers Nonwoven 

Fabric 

1.78 0.021 1.97 

Nonwoven Fabric, eight 

Layers 
1.75 0.008 1.94 

 

 

3.3.3 Characterization of the Printed Textile-Based Antenna 

The dielectric-ink-sprayed knit fabric is very flexible, as can be observed in Figure 3-4a. Figure 

3-4b shows the BT nanoparticles deposited on the textile fiber after spraying. Nonwoven fabric 

screen printed with silver conductive ink is shown in Figure 3-4c, d. The silver conductive ink 

was successfully deposited on the nonwoven fabric and forms a uniform layer around 40 μm 

thick. 
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Figure 3-4. (a) Flexibility of the knit fabric assembly with BT dielectric ink and (b) an SEM image 

of the BT with acrylate and urethane UV-curable dielectric ink coated on a single fiber within the 

fabric after UV curing for 5 min (10,000×, 350 nm of scale bar). (c) Cross-sectional microscope 

image of Ag screen-printed patch section of the antenna (20×, 100 μm of scale bar). (d) Cross-

sectional SEM image of Ag screen-printed patch section of the antenna (150×, 120 μm of scale 

bar). 

 

The buckling analysis of the antenna substrate under compression was executed to compare the 

flexibility of the nonwoven substrate (eight layers of nonwoven fabric), knit substrate (eight layers 

of knit fabric), and combination substrate (two layers of nonwoven fabric and six layers of knit 

fabric spray coated with BT dielectric ink). Figure 3-5a displays the shape of the fabric deflection 

during the test. The buckling of the fabric under the continuously increasing compression loading 

force was recorded in Figure 3-5b. A total of 4 N is needed to cause 30 mm displacement for the 

nonwoven fabric assembly, while only 0.7 N is necessary for the knit fabric substrate. The larger 
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force required to deform the nonwoven fabric by 30 mm indicates that the nonwoven fabric is 

more rigid than the knit fabric, since it takes more mechanical energy to displace the nonwoven 

fabric. Regarding the combination substrate (two layers of nonwoven fabric and six layers of knit 

fabric spray coated with BT dielectric ink), only 2 N was required. The lower force required for 

the amalgamated substrate indicates that it behaves like a composite structure and demonstrates 

superior flexibility compared to the nonwoven substrate. 

 

Figure 3-5. Buckling test of the nonwoven substrate (eight layers of nonwoven fabric), knit 

substrate (eight layers of knit fabric), and combination substrate (two layers of nonwoven fabric 

and six layers of knit fabric spray coated with BT dielectric ink). (a) Photography of experimental 

setup. (b) Buckling force displacement curve with fixed–fixed ends. 

 

3.3.4 Simulated and Measured S-Parameter Results for the Printed Textile-Based Antenna 

Full-wave simulations of the antenna were performed using an ANSYS HFSS (Figure 3-6). A 

prototype of the complete antenna design was been constructed and tested to verify its impedance 

matching and mutual coupling performance. SMA connectors were used to feed both antennas. 

Two-port reflection coefficient measurements of the prototype antenna were performed using a 

VNA. The simulated and measured S-parameter results of the proposed two-port antenna with 

optimized dimensions (Figure 3-1) are provided in Figure 3-6. The antenna exhibits a −10 dB 
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bandwidth around 79 MHz from 2.26–2.339 GHz, with mutual coupling of less than -30 dB over 

the entire band. The experimental and simulated results show good agreement for this antenna. 

 

Figure 3-6. Simulated and measured S-parameters of the proposed full-duplex textile antenna with 

the combination structure (two layers of nonwoven fabric and six layers of knit fabric spray coated 

with BT dielectric ink). Experimental data are represented by solid curves, while simulation data 

are represented by dotted curves. 

 

3.3.5 Radiation Pattern and Far-Field Results for the Printed Textile-Based Antenna 

The radiation pattern of the antenna was measured in an anechoic chamber (Figure 3-7a). The 

measurement chamber system was controlled by a computer and equipped with a closed-circuit 

television camera to visualize the measurements. According to previous work 99, a diagonally 

directed surface current can be predicted as a combination of both the surface current of the 

conductive patch and the orthogonally polarized current of the load strips. This yields diagonally 

polarized far-field radiation, which differs from a conventional patch antenna. The broadside gain 

profile is provided in Figure 3-7b. Clearly, a 9.12 dB maximum gain was measured at the on-
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resonance frequency, around 2.3 GHz. This result is a significant improvement over the gain (5.5 

dB) of typical textile patch antennas that have been previously reported 110. The E-plane radiation 

pattern at 2.3 GHz for the proposed textile antenna with the amalgamated structure (two layers of 

nonwoven fabric and six layers of knit fabric spray coated with BT dielectric ink) is provided in 

Figure 3-7c, while the corresponding 3D radiation pattern is shown in Figured. These results 

indicate that the antenna exhibits a uni-directional radiation performance. 

 

Figure 3-7. (a) Experimental setup for the textile antenna with the combination substrate (two 

layers of nonwoven fabric and six layers of knit fabric spray coated with BT dielectric ink) for 3D 

radiation pattern measurements in an anechoic chamber. (b) Maximum gain plot at φ = 0°. (c) 

Two-dimensional radiation pattern of the textile antenna at 2.3 GHz and φ = 0°. (d) Three-

dimensional radiation pattern of the textile antenna plotted in dB at 2.3 GHz. 
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3.4 Related Work 

Table 3.3 shows the comparison between the proposed antenna and recent work reported in the 

literature, including antenna material, size, bandwidth, and gain. It can be seen from Table 3.3 that 

our proposed antenna has a relatively high gain. Knit fabric is the most widely used fabric in our 

daily clothing due to its superior flexibility and breathability, but its poor dielectric properties limit 

its applications in wearable antennas. In this work, the dielectric constant of knit fabric was 

enhanced by the printing of BT dielectric ink. Instead of using densely woven fabric, filter paper, 

and PDMS (Polydimethylsiloxane), as shown in Table 3.3, we employed a combination textile 

substrate (six layers of knit fabric and two layers of nonwoven fabric) that shows great flexibility 

and is more suitable for wearable applications. The success of using BT dielectric ink to modify 

the dielectric properties of porous materials could expand the options of textile materials as 

antenna substrates.  
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Table 3.3. Comparison of the antennas proposed in previous works. 

Reference Material 

Substrate 

Dielectric 

Constant 

and Loss 

Volume 

(mm3) 

Bandwidth 

(MHz) 

Gain 

(dBi) 

189 
Screen-printed Ag ink and 

PDMS  
- 60 × 60 × 2  105 6.987 

190 

Inkjet-printed Ag layer 

and 65/35 polyester 

cotton woven fabric  

1.229 and 

0.001 

37.4 × 28.1 × 

1.6 
24.5 5.09 

191 
GO film and cellulose 

filter paper 
3.06, - 

119.4 × 70 × 

0.46 
100 12 

167 
Copper sheet and jean 

fabric  
1.7 and 0.025 40 × 20 × 0.3 300 4.48 

192 
Copper sheet and jean 

fabric 
1.7 and 0.085 

100 × 100 × 

6 
240 2.42 

193 

Nickel-/copper-plated 

textile and thick felt 

textile material 

1.2 and 0.044 
150 × 150 × 

4 
120 3.5 

Proposed 

Screen-printed Ag layer 

and nonwoven/knit fabric 

spray coated with BT 

dielectric ink 

1.78 and 

0.012 
80 × 80 × 2 79 9.12 

 

3.5 Conclusions 

In this work, a flexible textile-based full-duplex antenna that employs both knit and nonwoven 

fabrics was demonstrated. The dielectric constant of the flexible knit fabric assembly was 

enhanced by a direct-write spray coating of BT nanoparticle dielectric ink, making it suitable for 

integration into a textile-based antenna. This has demonstrated the potential of using BT dielectric 

ink and spray coating to manipulate the dielectric properties of porous materials. The resultant 

flexible antenna is dual-mode (i.e., able to simultaneously operate in transmit and receive modes 

with very high isolation), is robust to bending, and exhibited a gain of 9.12 dB, which is better 

than typical textile antennas. The textile antenna in this work shows great promise for use as a 

multifunctional flexible antenna in E-textile systems. 
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In future studies, we propose exploring additional knit structures that can further reduce the 

porosity of this layer as well as more dielectric inks, which can aid in increasing the dielectric 

constant beyond what is reported in this work. In terms of manufacturing, we also propose the use 

of alternative direct ink writing technologies, such as inkjet printing, in order to enable more 

customized design. Finally, the incorporation of these devices into textile panels that can be easily 

implemented in standard cutting and sewing processes would enable their application. 
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4 All-Inkjet-Printed Barium Titanate Nanoparticles Ultraviolet Ink and Silver Metal-

Organic-Decomposition Ink Large-Area Textile Pressure Sensors  

Abstract 

Printing electronics is a promising method for fabricating electronic textiles (e-textiles) for 

wearable technology applications. It is essential printed electronics have high electrical 

conductivity, high dielectric constant, and interfacial compatibility with conductive materials, 

especially in multi-layered device structures. The inkjet printing process can be used to fabricate 

ultrathin coatings on flexible and porous textile surfaces by depositing a myriad drops of low 

viscosity inks (≤ 25 cps), enabling conductive patterning. The thin-film coating process maintains 

the textiles’ flexibility and breathability, which is crucial for enhanced comfort and wearability for 

e-textiles. In this work, the inkjet process is used with a UV curable urethane-acrylate/barium 

titanate (BaTiO₃) ink which significantly improved the dielectric constant of the textile and Ag 

MOD, which fabricated high resolution high conductive (0.014 Ω/sq) pattern. Nanoparticles are 

deposited on the fiber through inkjet printing without damaging the flexibility and air permeability 

of the fabric. We used the fast, low-cost inkjet printing process to fabricate a capacitor array 

pressure sensor, printing a large area that is highly sensitive (11.4 kPa-1), with a low detection 

limit (50 Pa), and flexible and mechanically stable.  The all-textile fabricated pressure sensor array 

has great potential in future smart textile applications. 

 

 

4.1 Introduction 

The rapid development of wearable electronics has promoted the need for flexible, durable, 

washable, comfortable, and lightweight electronic components such as conductors,194 

capacitors,195 and transistors196.  Electronic textiles (E-textiles) which uphold the fabrics inherent 
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wearable characteristics, such as flexibility, durability, breathability, lightweight, and washability, 

make it the ideal platforms for future wearable electronics.9, 32, 80, 138, 197-201  E-textiles can sense 

stimuli from the environment, react to them and adapt to them by integrating electronic 

functionalities in the textile structure.2 Wearable pressure sensors are essential components of e-

textiles that can respond to environmental stimuli. These e-textiles satisfy the need for specific 

functions and mobility and comfort for the user. The sensors should be flexible, comfortable, 

lightweight, breathable, highly sensitive in the low-pressure range.202 The majority of current 

pressure sensors are rigid with low sensitivity, typically fabricated as silicon-based strain sensors 

by micro-electromechanical techniques, which do not meet the desired  requirements.202 There 

have been ongoing developments fabricating highly sensitive and flexible sensors based on 

Poly(ethylene terephthalate) (PET) film,203 however, the films’ properties make it unsuitable for 

integrating the sensors for wearable applications. Fabric sensors serve as the ideal platform for 

integration into wearable products. 

 

E-textiles should provide the need of the specific sensing functions while providing mobility and 

comfort to the user. Ideally, the electronics would be inconspicuous to the users.  The integration 

of smart fibers within the textile is usually carried out in separate processing procedures, making 

the construction complex, arduous and time-consuming.204, 205 Additionally, the e-textiles should 

also meet the needs of commercial industry of fast, simple, and low cost manufacturing.206 Inkjet 

printing is a promising manufacturing technology for producing state-of-the-art thin-films on 

textile substrates, it is an efficient approach to coat at the fiber level maintaining the flexibility, 

breathability, robustness while making the fabric functional.80  Inkjet printing provides an avenue 
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to extend the functionality and usefulness of everyday fabrics by thin coating layer of conductive 

material and dielectric material to have a diverse spectrum of functionalities.194, 207 

 

Inkjet is a revolutionary innovation, providing a number of advantages compared to conventional 

textile printing. It can achieve high resolution, free pattern, thin-film deposition with less material, 

and high efficiency. However, inkjet printing can be inhibited from the nozzle clogging, hindering 

its application in smart textiles.208 Among various conductive ink, metal-organic-decomposition 

(MOD) is one of the best choices for the conductive textile layer ink to limit nozzle clogging and 

print the conductive textile layer. Silver MOD ink shows outstanding electrical, and liquid physical 

properties, as well as durability for inkjet printing. This high metal loading ink has low viscosity, 

low sintering temperature, and high stability, which attracts huge interest in inkjet printing. The 

Ag MOD ink is usually cured by heat to evaporate the binding liquid of the ink and sinter the 

particles to form the Ag film, which can be easily coated on the surface.80, 84, 209, 210 

 

The dielectric ink used in e-textiles by inkjet printing is usually made of polymer material with 

high printability and low sintering temperature. However, polymer materials usually have low 

dielectric constants (2-13) and high dielectric losses.  The poor dielectric properties limit the 

applications. Inkjet-processible polymer ink with ceramic nanoparticle filler, called the polymer-

matric composites (PMC), can be a solution.211 The ceramic filler would enhance the dielectric 

property of the polymer. This system has a low sintering temperature but better dielectric 

properties than polymer materials. Moreover, the polymer material can be cured by many 

technologies, and UV irradiation is one of the most popular methods.212 In order to solve the nozzle 

clogging problem, we use monomer and oligomer mixture with photoinitiator as the solvent, which 
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can avoid polymer entanglements. With the addition of the BT NP, the BT UV curing ink would 

enhance the dielectric property of the textile material. The oligomers and monomers are stable 

with excellent fluidity for inkjet printing.208 Once under UV radiation, the oligomers and 

monomers are able to polymerize and form a film on the fabric surface, achieving an expected 

surface coating that modifies the dielectric property. UV-radiation curing has been widely used in 

industry because of its distinct advantages; the fast-drying of printing inks, quick setting of 

adhesives, and solvent-free formulation curability at low temperature. The solvent-free 

formulation can make full use of the material. These make the oligomers and monomers are the 

ideal substitutes for polymeric binders. 

 

Although more minor of the particles' size, the thinner dielectric film may have a higher dielectric 

capacitance density. However, small ceramic nanoparticles may have the crystal structure of cubic 

or pseudo cubic phases instead of the tetragonal phase.  Hence, the permittivity decrease with the 

particle size.213 Nanoparticle dispersion in polymers as dielectric inks could result in 

inhomogeneous films, creating significant defects on the coatings because of the rapid 

agglomeration of the nanoparticles.214 Layer-by-layer lamination is a promising technique used to 

produce nanocomposites based on nanoclay.215 This method can prevent nanoparticle aggregation, 

and it requires a one-step process to create a nanocomposite film. 

 

Recent studies have taken a similar approach to fabricate functional nanomaterial with UV curable 

ink. Rosa’s group formulated a UV-curable ink for inkjet printing of yttria-stabilized-zirconia 

(YSZ)216 Hakeim’s group designed pigmented UV-curable inks for inkjet printing of textiles.217 

Ho’s group also analyzed the effect of UV-curable inkjet printing parameters on knit fabrics with 

pigment UV curable ink.218 There is could find a lot of research on the pigment UV curable ink on 
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a textile substrate; however, there are significant research gaps on inkjet printing ceramic UV 

curable on different textile substrates. 

 

This paper fabricated textile dielectrics via inkjet printing and UV curable urethane-acrylate/BT 

NP ink. We demonstrated how inkjet-printed UV curable urethane-acrylate/BT NP ink could 

improve the dielectric constant of textiles through fiber-level interfacial studies within the 3D 

textile structures. Additionally, the diffusion of the inks was thoroughly analyzed on different 

textile structures, including woven, knit, and nonwoven fabrics.  We developed a porous and 

highly sensitive capacitance sensor based on nonwoven fabric. A capacitive sensor constructed 

from three different layered materials, a silver-coated nonwoven fabric for the top and bottom of 

the structure, a BT/UV curable ink coated Nonwoven fabric for the dielectric layer that is between 

the two electrodes.   

 

4.2 Experiments 

4.2.1 Material 

BT dielectric UV curable ink is fabricated by 200 nm BT with UV curable ink. More details on 

the process can be found in our previous paper.8 Liquid X Printed Metal supplied the Ag MOD 

ink. 

 

4.2.2 Inkjet Printing BT Ink on Woven/ Knit/ Nonwoven Structures 

A Fujifilm Dimatix inkjet printer (model DMP‐2850, Fujifilm Dimatix) was used to print the BT 

inks on the textile substrates. The voltage of the piezoelectric actuators at each nozzle was 20 V, 

the frequency of the drop generation was 23 kHz, and the resolution was 1016 dpi. A laboratory 

cartridge printer head with 16 nozzles each with a nozzle size of around 21.5 µm was used in the 
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inkjet printer at a nominal drop volume of 10 pL throughout the entire experiment. The print 

distance was 1 mm from the print head to the textile substrate. The textile substrates used were 

woven fabric, knit fabric, and nonwoven fabric.   

 

The woven fabric was made of polyethylene terephthalate (PET) with a plain weave structure 

manufactured by Hanesbrand Inc.. The knit fabric had jersey structure and made of PET by 

Hanesbrand Inc.. The nonwoven fabric contained 70% PET and 30 % polyamide (PA) and was 

manufactured by Evolon.  

  

The two main variables in the process conditions were the number of print passes and the selection 

of an ex-situ or layer-by-layer annealing process. The three different textile substrates were printed 

with multiple passes creating different thickness of coated layers. The inkjet-printed textiles were 

UV cured for 5 minutes at 175 mW/cm2 intensity with an IntelliRay 400W Lamp UV curing 

machine (Part #: UV0338) The dielectric property of the inkjet printed square pattern (5 cm *5 

cm) on the textile substrates was measured using a LCR meter (Keysight E4980A Precision LCR 

meter) which was connected with a parallel-plate test fixture with the electrode diameter of 38 mm 

(Keysight 16451B Dielectric Test Fixture). The dielectric constant and dielectric loss of the fabric 

in the fabric thickness direction was calculated from the measured capacitance and dissipation 

factor by following the ASTM standard D150. 

 

4.2.3 Inkjet Printing Ag MOD Ink on Nonwoven Structures 

The Fujifilm Dimatix inkjet printer was also used for the conductive textile fabrication. The same 

print settings were used with a printing frequency of 23 kHz, a printing voltage of 20V, and a drop 

space of 25 µm (1016 dpi). The printing distance between the nozzle and substrate surface was 1 
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mm. The ink was filtered through a 4 µm polytetrafluoroethylene (PTFE) syringe filter before 

loading into the cartridge.  The fabrics were heated to 60 ℃ during the printing process. After 

printing 17 passes, the samples were then heated to 150 ℃ in an oven for 30 mins to reduce the 

silver get the conductive fabrics.9 

 

4.2.4 Optical Photothermal Infrared (O-PTIR) Spectroscopy  

The FTIR and Raman spectra data were collected using a mIRageTM Infrared and Raman (IR+ 

Raman) instrument (Photothermal Spectroscopy Corp, Santa Barbara. CA). A 532 nm cw probe 

laser was coaligned with the IR laser beam and focused on the sample, the spot size was around 

500 nm. The absorbed IR light caused the sample to heat up, and when the excited molecules return 

to the ground vibrational state it resulted in a temperature fluctuation at the source modulation 

frequency.32, 33.  

  

4.2.5 Characterizations 

The ink liquid properties were tested by a cone-plate rheometer (MCR 302, Anton Paar) and a 

goniometer (First Ten Angstroms Europe: Cambridge, UK) to determine the viscosity and surface 

tension. 

 

Nanostructure and microstructure analysis of the Ag coated fabric and BT cured polymer coated 

fabric were performed using a Field Emission Scanning Electron Microscope (FEI Verios 460L), 

a 3D laser scanning confocal microscope (Keyence, model VK-X1000). The conductivity of the 

Ag coated fabric was measured with a multimeter (Keysight Model 3441A). The durability of the 

textile capacitor was tested using a commercial tensile tester (MTS Criterion Model 43). 
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4.3 Results and Discussion 

4.3.1 Ink Characterization  

In order to solve the nozzle clogging problem, we use the BT NP with the acrylates and urethane 

monomer UV curing ink to enhance the dielectric property of the textile material. UV-radiation 

curing has been widely used in industry because of its distinct advantages, the fast-drying of 

printing inks, quick setting of adhesives, and solvent-free formulation curable at any temperature. 

The solvent-free formulation can make less waste and full use of the material. The UV curable 

monomer ink does not need the solvent, so we can directly use it as the solvent for the 

nanoparticles. Silver MOD ink was selected as the conductive ink because it is stable at room 

temperature and can be cured at 150 ℃ to reduce the silver. 

 

To assess the printability of the ink, the viscosity and surface tension were measured. The UV 

curable BT ink is used to alter the fabric dielectric constant. The viscosity is around 12 cps, and 

the surface tension is 37.53 mN/m.9 The Ag MOD ink has a viscosity of 17.5 cPs, and surface 

tension is 28.3 mN/m. The inks match the well-studied viscosity and surface tension range which 

are 1-25 cps and 25-50 mN/m, respectively.80 We can then study the ink distribution difference of 

the UV ink on different textile structures. 
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4.3.2 Barium Titanate UV Ink Wetting, Absorption and Diffusion on Different Textiles 

 

 

Figure 4-1. (a) Schematic of inkjet printing layer-by-layer lamination process. (b) Compared 

mechanisms of the BT UV curable ink for inkjet printing on three different textile structures: 

woven, knit and nonwoven fabric with zoomed cross-sectional images.   

 

The ink and printed substrate interactions during the ink setting and dry process would contribute 

to different morphology and application after printing. The ex-situ polymerization method would 

cause the pattern bleeding phenomena which make it difficult to control the printing quality. 

(Figure S 1.) Therefore, here we chose the layer-by-layer fabrication process of the BT UV curable 

ink. The ink would cross-link quickly after printing, and form higher viscosity polymer chains on 

the fiber. In this way, the ink can fix on the textile substrate quickly, instead of spreading along 



 

65 

 

the fiber directions. The UV curable ink consists of three basic components, which are the 

photoinitiator, functionalized oligomers (Urethane and acrylate oligomer) and acrylates 

monomers.219  Under the UV light, the photoinitiator generates free radicals. The functionalized 

oligomers form the backbone of the polymer network, and the monomers act as a reactive diluent 

to adjust the system viscosity.220 (Figure 4-1) After the droplets leave the nozzles, they will settle 

on the substrate surface.  For the smooth substrate, the ink would experience the wetting, 

spreading, and drying process. The wetting process usually happens in 0.1 ms; spreading happens 

in seconds while drying needs hours.77 The UV irradiation would greatly reduce the drying 

process. However, the ink during the spreading process would also penetrate the porous structure.  

When ejected drops land the surface of the fibrous substrates, the ink drops show the following 

behavior in different phases. (Figure 4-1)  First, individual drops contact and clash on the surface 

of the fibers. The inks wet the surface of the fibers and evaporate, which is dependent on multiple 

factors. The surface energy of the inks and the substrates and vapor pressure of the inks influence 

this process. The inks penetrate the microstructure to be absorbed into fibers.11 Therefore, the pore 

size, porosity, and chemical component of the substrate has a tremendous impact. Textiles, as 

porous substrates, vary significantly from non-porous substrates such as films, silicon wafers, etc. 

The polymerization of the UV curable urethane and acrylates monomer inks show different 

penetration morphology into the cross-section of fibrous structures. The three different structures 

of conventional textiles, woven, knit, and nonwoven fabrics, are compared in this study (Table 

4.1). 
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Table 4.1. Specification of fabrics for inkjet printing e-textiles. 

Fabric Polymer Weight [g/ m2] Thickness (um) 

Woven PET 63 110 

Knit PET 145 310 

Nonwoven 
70 wt% polyester 

30 wt% polyamide 
95 390 

 

                                  Porosity: P=
𝑉𝑉𝑜𝑖𝑑

𝑉𝑇𝑜𝑡𝑎𝑙 
                                                                         (1) 

 

                                    P= (1-
𝑤

𝜌∗ℎ
)* 100%                                                                      (2) 

 

Where: h is fabric thickness (µm); ρ is density of the material (g/cm3); W is fabric weight (g/m2). 

 

The main difference between these structures is the fibers organization method and chemical 

composition. Woven fabric usually has a highly compact structure due to larger number of 

filaments per yarns and the tightly interlocked yarn structure. Usually, woven fabric has very low 

porosity and small pore size. The woven fabric is usually made of thigh-packed yarn, and the 

porosity usually contains 50-80 % of air by volume, and knitted structures usually have a higher 

porosity.221  Knit fabrics are composed of loops, which have slight tension between the yarns, and 

the loops typically provide large void spaces. The large loop structure is what contributes to the 

large pore size in knit fabrics. Nonwoven fabrics are not made from yarn but directly from 

randomly organizing fibers. Knit fabrics and nonwoven fabrics usually have high porosity. The 

ink spreading behavior can be different on these substrates. Equation (1) provides the definition of 

porosity. Based on Table 4.1 and equation (2), the three fabrics' porosities can be calculated. The 

porosity of the fabrics used to analyze the ink distribution were 58.5%, 72.46%, and 81.42% for 
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the woven, knit and nonwoven respectively. Here, we choose three widely used textile fabrics to 

discuss the ink modification on the textile substrates. 

 

The dense PET woven fabric with low porosity and pore size accumulates more ink on the surface 

and dent area. The ink penetrates the fabric more in the loose PET knit fabric because of its high 

porosity and large pore size. The high porosity PET/PA nonwoven fabric with small pore size, the 

ink shows more penetration and spread on the surface due to high porosity and hydrophilic 

component. (Figure 4-1) In comparison, the hydrophobic polyester material has an adverse effect 

on ink penetration. 
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Figure 4-2. Microscopic images of BT UV curable ink inkjet printed by layer-by-layer process of 

(1L)6 textile structures; (a) woven fabric, (b) knit fabric, (c) nonwoven fabric. 

 

Figure 4-2 shows the BT UV curable inkjet-printed layer-by-layer lamination of 6 layers of ink on 

different substrate surface morphology and cross-sectional penetration. The ink shows yellow 

color, which can be very clear on the optical microscopy. According to the cross-sectional optical 

microscopic images, the ink penetrates into the knit fabric and nonwoven fabric. While the ink 
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accumulated on the woven fabric, where the top woven fibers also were coated. Further 

characterization will be proved by O-PTIR.  We observed that the ink forms layer to block the 

fabric voids, which can damage the mechanical property and flexibility of the fabric. We also 

observed more ink fixed by ex-situ polymerization on the woven fabric surface. (Figure S 2) For 

the nonwoven structure, the voids distribute randomly and are mostly in the micrometer size. 

Moreover, the hydrophilic of PA fibers contributes more to the ink penetration and distribution on 

the fabric. In both methods, we observed the ink penetration on the top and back of the material. 

(Figure S 3). The voids in the knitted structure can reach 100 µm, which is much larger than the 

droplet size. So even on the hydrophobic fibers, the ink still can penetrate on the knit fabric. We 

found that the chemical composition of the fabric, pore size, and porosity play an important role 

in the ink penetration and spreading. 

 

4.3.3 Characteristics of Barium Titanate UV Inks 

(a) (b) 

Figure 4-3. (a) mIRageTM optical images of woven fabric with dielectric ink, (b) IR spectra of the 

woven fabric with dielectric ink. (blue line means the higher region of the fabric; red line means 

the lower regions of the fabric)      
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Figure 4-3 shows the FTIR spectrum gathered from the mIRageTM optical image where the blue and 

red lines represent the higher and lower regions of the PET woven fabric, respectively. Ideally, the 

higher regions of the woven fabric will show less accumulation of the dielectric ink compared to 

the lower regions of the fabric due to ink mobility through the porous woven structure (Figure 

4-3a). Observation of the FTIR results in Figure 4-3 confirms the accumulation of the dielectric 

ink to occur in the lower regions of the woven fabric. The FTIR peaks at 1728 cm-1, 1412 cm-1, 

1342 cm-1, 1264 cm-1, and 1023 cm-1 all correspond to the different chemical functional groups of 

the PET woven fabric (Figure 4-3b-blue line, Figure S 4). For example, the peak at 1728 cm-1 

represents the stretching of the of the carbonyl group (C=O) along the PET polymer backbone 222. 

The peaks at 1412 cm-1 represents the ring semi-circle stretch and the peak at 1342 cm-1 relates the 

CH2 wag. The peaks at 1267 cm-1 represents the C-O stretch and the peak at 1023 cm-1 represents 

aromatic ring in-plane CH bend. Unlike the peaks for the PET woven fabric, the dielectric ink 

shows different peaks in its FTIR spectrum (Figure 4-3b-red line). The peaks at 1733 cm-1, 1453 

cm-1, 1376 cm-1, 1264 cm-1, 1199 cm-1, 1102 cm-1 correspond to the functional groups of the 

polymers used in the dielectric ink. Although the peak at 1733 cm-1 for the dielectric ink is close 

to the PET woven fabric peak at 1728 cm-1, the dielectric layer is thick enough to essentially mask 

any contribution of the PET signal during the mIRageTM analysis. So the peak at 1733 cm-1  

corresponds to the deformation vibrations of inner CH groups, terminal CH groups and skeletal 

stretching vibrations of the dielectric ink.223  The other absorption bands between 1445-1480 cm-1  

correspond to the CH scissoring mode vibrations and the CH deformation vibrations of end 

groups.224  The peak at 1199 cm-1 corresponds to the υ (C-C) acrylic chain vibration.225 The peak 

at 1102 cm-1 coincide with the peaks reported for νas(C–O–C)226. Overall, the FTIR signals 
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confirm the accumulation of the dielectric ink in the lower regions of the woven fabric which 

correspond to the joints of the individual fibers of the textile.  

 

(a) (b) 

(c) (d) 

 

Figure 4-4. (a) mIRageTM image at 1202 cm-1 of woven fabric with dielectric ink (845*974 µm) (b) 

A zoomed in mIRageTM single frequency ratio (1202/1412 cm-1) image of woven fabric with 

dielectric ink (97*121 µm), Simultaneously collected (c) IR spectra and (d) Raman spectra. 

 

To further confirm the accumulation of dielectric ink in the PET woven fabric, simultaneous 

acquisition of FTIR and Raman were acquired using the mIRageTM instrument (Figure 4-4). Figure 

4-4a and b show O-PTIR images of the dielectric ink distribution on the woven fabric. The images 

show the intensity differences between the PET woven fabric and dielectric ink. The O-PTIR 
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image in Figure 4-4a confirms the accumulation of dielectric ink (yellow regions) in the lower 

jointed regions of the woven fabric and PET fabric regions (blue regions). However, the Z planes 

of the test may greatly influence the data. Single frequency imaging is hard to tell the difference 

between PET and BT UV cured polymer. From previous data, we can find PET has a strong peak 

at 1412-1 cm, while BT UV cured polymer has a strong peak at 1202-1cm. Single frequency ratio 

(1202/1412 cm-1) image can better tell the differences between PET and BT cured polymer.  

Interestingly, the single frequency ratio O-PTIR image in Figure 4-4b shows that the dielectric ink 

(yellow regions) is also located in the higher regions of the woven fabric. The blue regions in 

Figure 4-4b represent the uncoated PET fibers of the woven fabric. We confirmed that the inherent 

porous structure of the woven fabric allows the dielectric ink to penetrate into the lower regions of 

the fabric, but the results in Figure 4-4b indicate the dielectric ink does not fully penetrate through 

the woven fabric and can accumulate on some of the higher regions of the fabric. Figure 4-4c and 

4d show the simultaneous FTIR and Raman spectrums that correspond to the O-PTIR images. The 

Raman spectrum in Figure 4-4d and Figure S 5 shows peaks at 625 cm-1, 856 cm-1,994 cm-1, 1096 

cm-1, 1286 cm-1, 1611 cm-1, 1724 cm-1, 2965 cm-1, 3079 cm-1. In the lower areas of the woven 

fabric, the peaks show more peaks associated with the dielectric ink, and in the higher areas of the 

fabric the peaks shift from 3079 cm-1 to 3074 cm-1, and 2965 cm-1 shift to 2932 cm-1 indicating the 

presence of the PET woven fabric. The 2932 cm-1 is due to asymmetric CH-stretching from 

methylene in short segments. 227 The band of the C-O stretching (1100 cm-1) confirms the presence 

of dielectric ink on the fibers in higher regions of the fabric. According to the high resolution of 

the O-PTIR, we could easily tell the dielectric ink distribution on the fiber, unlike with 

conventional IR methods which are difficult to achieve spatial phase resolution at the micron level. 
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Overall, with the O-PTIR, we could prove the dielectric ink was successfully coated on the fiber 

surface instead of only the joints of the fibers.  
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4.3.4 Characteristics of Ag MOD ink 

The nonwoven fabric is made of PET and PA, and biocomponent polymers are randomly 

oriented in the nonwoven microstructure. We choose the different positions of the pristine 

nonwoven fabric and Ag inkjet-printed nonwoven fabric, which is shown in Figure 4-5a, 

magnified pristine nonwoven fabric in Figure 4-5b, and magnified Ag modified nonwoven in 

Figure 4-5c. The different positions 1, 2, 3, 4 show the result of its Raman and IR spectra. The 

peaks at 1639-1 and 1546 cm-1 are the typical peaks of the explaining amide Ⅰ of C=O stretching 

and amide Ⅱ of N-H, which can represent the PA content. While the peak at 1739 cm-1 in the IR 

spectra represents the ester group (C=O) of PET. While we can also observe the 1712 cm-1 peak, 

which means the ketone (C=O), suggesting the PA polymer is mixing with the PET in this 

position. In positions 3 and 4, from the IR spectra, we can still observe the PET peaks and PA 

peaks which means the Ag may be mixed with the fiber. In Figure S 6, we can observe the no 

peaks in the IR spectra, which prove the total elements.  While in the Raman spectra, we can also 

further prove the Ag coated on the PET and PA fiber. (Figure 4-5e) The Raman singles have 

obvious enhancement due to the Ag NPs.228, 229 From O-PTIR, we see the thin Ag coated on the 

PET and PA fibers, and also the thick Ag layer without any PET and PA signals in IR spectra. 

(Figure S 6) This method is a very effective way to trace the ink modification of the porous and 

rough substrate. 
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Figure 4-5. Simultaneous IR/Raman analysis of inkjet-printed nonwoven e-textiles with laser 

confocal microscopy of pristine side of PET/PA nonwoven fabric, and inkjet-printed Ag nonwoven 

fabric with Raman and IR spectra respectively.  
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4.3.5 Layer-by-Layer BT UV Cured Nonwoven Fabric Dielectric Properties. 

 
 

Figure 4-6. a) Dielectric constant and b) dielectric loss of the layer-by-layer inkjet-printed 

nonwoven fabric. 

 

A LCR meter was used to measure the dielectric constant by calculating the capacitance in the 

range 1kHz -1M kHz. Because the fabric contains a lot of air gaps and is very soft, we choose the 

air gap method to measure the dielectric constant. The dielectric fabric thickness can have a large 

influence on the result. 10 measurements of the thickness were tested, the mean and error are 

shown in Figure S 7. When the printing and curing is repeated more than 10 times, the film 

thickness can enhance. When done less than 10 times, the film thickness can be regarded as 

unchanged. 

 

With inkjet printing, the dielectric constant increases when more ink is deposited on the fiber, and 

the dielectric constant decreases with the frequency increase. (Figure 4-6) Even printing the same 

printing pass on the fiber, the curing method can play a big role in the results. Following the BT 

UV curable ink layer-by-layer lamination polymerization, this enhances the dielectric constant 
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more than the ex-situ polymerization. (Figure S 8) This further proves the layer-by-layer 

lamination helps the ink fixate on the printed area and reduces the ink mobility on the fibers.   

 

4.3.6 Textile Capacitor Array 

 

Figure 4-7. Mechanism BT ink inkjet printing on fabric process.  

 

The all-textile capacitor array is based on a structure proposed in Figure 4-7, which consists of a 

sandwich made of two inkjet printing Ag nonwoven fabric at top and bottom with an inkjet-printed 

BT UV curable nonwoven fabric by the layer-by-layer process between the conductive layers. Due 

to the high resolution and mask-free inkjet printing, the conductive layer was printed with 4 lines 

with a size of 1 cm* 5 cm, with gaps of 1 mm. The inkjet-printed Ag nonwoven fabric shows good 

conductivity, with a surface resistance lower than 0.014 Ω/sq and a maximum thickness of 0. 39 

mm. The two conductive sheets are placed with a layer-by-layer BT UV cured nonwoven fabric 

with a maximum thickness of 0. 39 mm and a dielectric constant of 2.7 at 1 kHz, which is much 

higher than the pristine nonwoven fabric (k=1.3). 
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4.3.7 Microscopic Analysis of the Inkjet Printed E-Textiles 

 

Figure 4-8. Optical microscope images of Ag coated nonwoven fabric (a) surface image with a bar 

of 100 µm, (b) cross sectional image with a bar of 100 µm, (c) surface image of the conductive 

line gap with a bar of 500 µm, (d) surface image of the conductive line gap with a bar of 200 µm. 

SEM image of (e) the BT UV cured polymer coated fiber by a layer-by-layer process. (5000x, 10 

µm bar), (f) the Ag coated fiber. (5000x, 10 µm bar). 
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In order to characterize the functional material diffusion on single fibers, microscopical and SEM 

images are shown in Figure 4-8. The Ag ink penetrated the nonwoven PET and PA fibers without 

blocking the gaps between the fibers.  (Figure 4-8a, 8b, 8f) This means the functional fabric shows 

good conductivity while preserving the textile structure. The narrow gap between the conductive 

lines shows a gap around 800 µm, (770-860 µm) which shows the high concentration and control 

of inkjet printing. (Figure 4-8c and 8d) The SEM image of the BT UV cured polymer-coated fiber 

also proves the thin film coating at the fiber level and preserves the textile structure. We could see 

the BT NPs are coated on the fiber and embedded with the photopolymer.  (Figure 4-8e) 
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4.3.8 Smart Sensor of the Textile Capacitor Array 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9. (a) An all-inkjet-printed textile array. (b) Bended textile array sample. (c) Schematic 

illustration of textile array structure. (C1 mean connector 1.) Real-time detection of different 

mechanical forces using the textile capacitor (d) Sensitivity of textile-based sensor under different 

pressure. (e) Finger taping on textile capacitor. (f) Standard weights applied on the textile capacitor 

(g) Sensor performance taping 1000 times for the textile capacitor.  
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The final pressure sensor maintains the mechanical flexibility of the pristine textiles with the BT 

UV cured polymer and Ag film coating. As a demonstration of the textile capacitor array, the 

textile-based capacitor shows good flexibility. (Figure 4-9a-9c). To explore the pressure responses 

of the capacitor array, we measured the capacitance responses to different pressures applied to the 

sensor. The sensitivity of the pressure sensor is defined as S= δ (∆C/C0)/ δP, where ∆C is the 

change in capacitance, C0 is the capacitance without allied pressure, and P is the applied pressure. 

S= 11.4 kPa-1 for the pressure below 0.3 kPa. The capacitor array shows high sensitivity at low 

pressure. Once the force is applied to the capacitor, the distance between the fabric is greatly 

reduced, leading to the corresponding rise in the capacitance. (Figure 4-9d) The pressure sensor 

can be used to detect the finger tapping and weights that are applied on the top. (Figure 4-9f) After 

1000 repeated cycles compressing the textile capacitor, the capacitor still maintains capacitance 

profile changes of more than 20%. (Figure 4-9g) The capacitance change profile was tested for 

each capacitor sensor in the textile array (Figure S 9) during a 200 repeated pressure loading-and-

uploading process. 

 

4.4 Conclusion 

In this study, a novel ink for inkjet printing smart textile was used to analyze the ink diffusion on 

the different textile substrates, considering porosity, pore size, and chemical components. A 

versatile and facile approach was used to fabricate a highly sensitive and flexible textile pressure 

sensor array on a textile substrate. A pressure sensor with a multipixel array structure was 

constructed using inkjet printing of UV Curable ink in a layer-by-layer lamination process and Ag 

MOD ink through an in-situ curing process on nonwoven fabric, allowing it to maintain the 

porosity and flexibility of the textiles. The resulting sensor achieves high sensitivity (11.4 kPa-1) 

at a low-pressure range, stable cycling performance (1000 cycles). Moreover, the low-cost and 
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high resolution of the inkjet printing method makes it possible for large-area and instant fabrication 

on textile substrates. These features provide device capabilities for easy integration with textiles, 

enabling future e-textiles or wearable electronic applications.  
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5 All-Inkjet-Printed Wearable and Breathable Textile Antenna 

Abstract 

Next-generation wearable devices demand lightweight, flexible, and breathable antenna designs 

that are provide facile integration for compatibility with the consumer and manufacturing 

requirements. This paper presents the design of an all inkjet-printed antenna operating at 2.45 GHz 

and optimized for human body performance for next-generation wearable antennas. This 

processing study and demonstration represents a milestone compared to prior printed textile 

antenna designs that required dense screen-printed interface due to the fabric roughness, impairing 

breathability and flexibility. The antenna design in this work is realized through inkjet printing of 

a reactive MOD silver ink on the surface of nonwoven fabric to form the patch and ground. These 

nonwoven materials were then laminated upon a porous knit fabric in which a barium titanate 

nanoparticle-based ink was also inkjet-printed to increase the dielectric constant 14.3%. The 

fabricated patch antenna shows a low return loss of 24.98 dB in free space and preserves its 

performance even when bent to >300°. When applied on in close proximity to the human body, a 

-10 dB bandwidth was observed from 2.38-2.55 GHz. The breathability of the antenna is retained 

after inkjet printing. More importantly, after consecutive 1000 bending cycles, the conductivity 

and return loss of the antenna remained unchanged with excellent stability in signal acquisition 

and mechanical durability. Moreover, the use of knit fabric makes it easy to integrate into the cloth. 

The knit fabric allows for a simple integration into a cut and sew process. This work provides an 

innovative strategy for flexible and breathable textile antennas through inkjet printing for the 

applications in the field of integrated wearable electronics.  
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5.1 Introduction 

Printing is one of the most promising methods in the field of flexible and wearable electronics due 

to the advantages in pattern-versatility, cost-reduction, automation, and scalability25, 26. Due to a 

textile substrate’s inherent flexibility, breathability, and their ubiquitous use in our daily lives, the 

use of textiles as a building block for electronics is perceived as logical means for wearable 

electronics.  Electronic components have been demonstrated previously to be readily patterned on 

textiles via printing processes that dispensing conductive, semiconducting and insulating 

materials.27 For example, electronic textiles (e-textiles) can be developed into wearable solar cells 

28, supercapacitors29, 30, energy harvesters,200, 201 biomonitoring sensors31, energy storage 

materials32, and wearable antennas 6, 33-35, 161.  Often, the e-textile devices underperform their hard 

component-based devices, and planar flexible film device counterparts due to the non-planar 

surface of the textile that results in poor mechanical performance of printed electronics. Therefore, 

a poor dielectric behavior of the porous textile substrate can lead to low dielectric constant devices. 

These challenges can be overcome by the lamination of flexible silicone or urethane-based film on 

the textile to create a smooth, high density surface.190, 230 These processing solutions, while 

effective for device performance, limit the surface porosity of the textile which is a major expected 

benefit of breathability for user comfort.  

 

The latest standardization of WBANs from IEEE 802.15.6 is developing a communication 

standard for low power devices and operation short range (within the human body) to provide 

timely data including medical, consumer electronics, personal entertainment and others.231, 232 

Such networks are essential for collecting healthy data to diagnose the disease before experiencing 

the symptoms. Moreover, the wearable monitoring systems such as heart rate signals, blood 
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pressure rates, can respond chronic or fatal diseases timely to save lives. Instead of in-hospital 

monitoring, WBAN can greatly reduce health costs and improve the quality of life. 232  Antennas 

are of great importance for wearable electronics and non-wearable Internet of Things (IoT) 

applications, transducing radio waves to electronic signals to allow wireless data transmission 

between sensors, actuators, and processors For wearable applications specifically, antennas may 

be distributed for body area networks.233, 234  For all wearable applications, and some IoT 

applications, it is desired that the antenna be flexible enough to conform to the human body 

curvature shape and arbitrary directions of bending during the body movement.126, 234  

 

Various manufacturing techniques for e-textiles, specifically for antennas, have been developed, 

such as screen printing,99, 100 metalized adhesive tape101-104, liquid metal105, embroidered textiles106-

111, and inkjet printing112-114. Among these techniques, inkjet printing is considered as a promising 

method for the antenna design considering the automation of processing, the computer aided 

design (CAD) capability, and environmental friendliness.235  These key attributes of inkjet printing 

therefore promotes simplicity of the process, time and cost efficiency, and the formation of high 

resolution of patterns.27 Inkjet printing with drop-on-demand (DOD) system requires no masking 

process while the flexibility to change the device pattern design benefits automated and customized 

device manufacturing.116 

 

In the inkjet printing process, ink solutions are dispensed via openings or nozzles (10-30 µm) from 

the printhead in a pixelated pattern on a surface.83  The inkjet process with fully automated DOD 

system uses low viscosity inks (≤25 cps), which would lead to the formation of ultrathin coatings 

(0.01-1 µm)40 on substrates and patterns with high resolution.  The control of the ultrathin coating 
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thickness is integral to maintaining flexibility in substrates after the deposition of functional 

materials. This is highly important in flexible printed electronics since the functional materials are 

mostly metals and ceramics that are a high modulus in their bulk form. Due to the viability of the 

automated process, pattern versatility, and ultrathin coatings, the application of the inkjet process 

to electronic materials has drawn tremendous attention in flexible electronics.76 As such, numerous 

researchers have demonstrated the uses of inkjet process for flexible electronics, such as high-

resolution and flexible conductor62, textile capacitors81 and flexible transistors82. DOD system 

benefits pattern versatility and low-materials waste processing, implying a great potential for e-

textile fabrication.77  In previous studies, our research has developed the inkjet process for 

conductive patterns on textiles using particle-free organometallic inks on knit, woven and 

nonwoven fabrics.80, 183, 236 It is important to note that due to the low viscosity of the inks used in 

inkjet printing, the ink may penetrate the surface of the textile and provide a fiber level coating in 

the interior of the textile cross-section.  This internal coating within the fiber interstices is depended 

on the similarity of the surface energy of the polymer to the surface tension of the ink. This is 

relevant when comparing this technique to the broadly used screen-printing of conductive inks (or 

pastes) that have a higher viscosity and have low penetration into textile and fill the porosity voids 

to form a composite-like structure.   

 

In previous studies, diverse processing strategies of flexible inkjet-printed antennas have been 

demonstrated.114, 116, 119-123  Budimir et al. reported an inkjet-printed antenna for 5G application (28 

GHz) using silver nanoparticle ink on Kapton film with a copper sheet as the ground plane. The 

device exhibited a return loss of more than 16 dB at 27.75 GHz.123 Ryberg et al. presented a patch 

antenna and a quasi-yagi antenna by inkjet printing of silver nanoparticles on photo-paper (photo 
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paper is a paper coated with a light-sensitive chemical formula, which used for inkjet printing237). 

Both antennas demonstrated good matching and acceptable efficiency at frequency of 2.4 GHz.114 

The aforementioned antenna substrates has poor breathability and wearability. A textile antenna 

was proposed by Tudor et al.116 , through printing silver ink onto polyester cotton fabric, and 

efficiency of over 60% was achieved. However, an interfacial layer via screen-printing was 

required to create a smooth surface, resulting in low breathability and flexibility.   

 

This work seeks to resolve the challenge of making a functional wearable antenna while 

maintaining its flexibility and breathability. In this study, a flexible, wearable fabric patch antenna 

was fabricated to operate between 2.38-2.55 GHz when applied to a human body. In printing 

process, the reactive silver ink was in-situ cured on the surface of nonwoven fabric to form a patch 

and a ground.  This layer was then applied upon either side of a knit fabric. The nonwoven layer 

in this case provides a relatively smooth surface for maximizing the conductive print while 

retaining porosity. The knit fabric, characterized by a porous and yarn loop, provides high 

structural integrity and ease of integration in many common garments through panel sewing. 

However, knit fabrics possess low dielectric constant and geometrical inaccuracy, limiting its 

applications in wearable antenna.126  To resolve this, the dielectric constant of the knit fabric was 

increased by inkjet printing of a barium titanate (BT) nanomaterial ultraviolet (UV) curable ink. 

The resulting antenna showed excellent flexibility and stable performance even under extreme 

bending at 331, maintaining the performance and shape of the antenna. There are not any cracks 

on the conductive and dielectric layers.  Moreover, this antenna shows a high level of durability 

with up to 1000 cycles of bending from 60 mm to 30 mm.   
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Table 5.1. Comparison of Flexible Antenna Reported in the Literature 

 

Table 5.1 shows the comparison between the proposed antenna and the work reported in the 

literature, including antenna volume, dielectric property (relative permittivity and dielectric loss), 

Ref. Substrate 

Material 

Volume 

(mm3) 

 εr δ Conductive 

Material 

Bandwidth 

102 Textile fabric 120×120×3 1.48 0.02 Copper tape 105 MHz 

99 Nonwoven 

fabric 

80×80×2 1.7 0.01 Ag paste by screen 

printing  

150 MHz 

 

100 Cotton/PET 

with screen 

printed 

interface layer  

42.5×48.5×

2.81 

1.64 0.02 Ag particle 

conductive ink by 

screen printing 

~ 124 MHz 

       

238 PET fabric 80×80×2.4 1.9 - PEDOT: PSS by 

screen printing 

200 MHz 

 

239 PET/Cotton 

with screen 

printed 

interface layer  

37.4×28.1×

1.6 

  Ag ink by inkjet 

printing  

24.5 MHz 

240 PET fabric 101×96×2 1.6 0.01 copper- and nickel-

plated 

~ 125 MHz 

This 

work 

PET knit 

fabrics plus 

two 

nonwoven 

fabrics  

60×70×2 1.7 0.001 reactive Ag ink by 

inkjet printing 

160 MHz 

 



 

89 

 

bandwidth, and gain. It can be observed that the proposed antenna has a comparable or higher 

bandwidth. It is an impressive performance as extreme porous knit fabric was used as the antenna 

substrate with a small size (60×70×2 mm).  

 

5.2 Experimental Section/Methods  

5.2.1 Conductive and Dielectric Inks 

Reactive silver ink was obtained from Liquid X Printed Metal (Pittsburgh, PA).80  The solution 

was particle-free, containing a mixture of silver carboxylates with an aqueous proprietary ammonia 

ligand and silver salt that was stable at room temperature. At higher temperature (<200 °C), the 

solvent begins to volatilize, and silver can be formed by the reaction of the reducing agent with 

the silver salt. A dielectric ink was prepared by mixing 4 wt.% barium titanate nanoparticles (200 

nm, Nanostructured Amorphous Materials Inc., USA) with acrylates and urethane oligomer UV 

curable dielectric ink (C3-D1-1032 Dielectric photopolymer, Chem3, LLC, USA). More details 

can be found in. 9  

 

5.2.2 Fabric Selection  

Evolon® nonwoven fabric (Freudenberg Performance Materials, USA) is made of 70/30 polyester 

polyamide fibers, with a thickness of 0.33 mm, and a weight of 95 g/ m2.  This nonwoven fabric 

features a high surface area (∼2.05 mm2 mm-2 of fabric area) and low surface roughness (Ra=∼18 

μm). The suitability of using this nonwoven for antenna fabrication was demonstrated in our 

previous studies. 99, 174 100% polyester (PET) single jersey knit fabric (Hanesbrands Inc, USA), 

with a thickness of 0.3 mm and weight of 145 g/ m2, was used as the antenna substrate due to its 

flexibility and breathability.  
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5.2.3 Morphology of the Antenna 

The microscopy images of the textile antenna were observed through 3D laser scanning confocal 

microscope (Keyence, model VK-X1000) and field emission scanning electron microscope 

(FESEM).  

 

5.2.4 Dielectric Constant Test  

Split post dielectric resonator (SPDR) was chosen to test the dielectric constant properties of the 

fabrics due to its high accuracy. 241 The SPDR test can resonate at a specific frequency with a 

very high quality factor (Q- factor). Once the fabric samples were inserted into the device, the 

resonant frequency shifts. The shift and Q-factor can be measured by a 2-port Agilent 

programmable vector network analyzer (HP 8720D) at aimed frequency (2.45 GHz). The S-

parameters (S11, S22, and S21) were adjusted to S11=S22= -40 dB by locating the coupling loops 

within the resonant cavity.  

(3) 

5.2.5 Inkjet Printing Antenna Process 

This section outlines the process of inkjet printing the conductive and dielectric ink on fabrics. A 

Dimatix DMP-2850 inkjet printer was used for inkjet printing. The Dimatix printer head employs 

piezoelectric actuators and a cartridge with an ink capacity of 1.5 mL. The printer has 16 nozzles, 

and each nozzle has a size of 21.5 µm. The resultant droplet volume was 10 pL. The voltage of the 

piezoelectric actuators was 20 V, frequency of the printer was 23 kHz, and resolution was 1016 

dpi for the drop space of 25 µm.  It is noted that these operating conditions are highly subjective 

to the ink viscosity and the drop spacing was optimized for complete coverage of the textile 

between subsequent drops.   
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The first step was to print reactive silver ink on the nonwoven substrate heated at a constant 

temperature of 60 °C during the printing process. After that, the printed samples were annealed at 

150 °C for 30 mins.  At this temperature, the silver salt in the conductive ink could be reduced to 

Ag and deposited on the fiber surface. Even though the nonwoven fabric has a relatively low 

surface roughness, the surface without interface-treating still needed 15 printing passes to achieve 

high conductivity and sufficient coating on the fiber that resulted in washability of up to 15 

laundering cycles.80 The BT dielectric UV curable ink was printed on the knit fabric assemble at 

room temperature. After printing each pass, the sample was sent into the UV curing machine for 

2 mins for each side. The printing-curing process was repeated for 20 times.  

 

5.2.6 Antenna Fabrication 

The Ag printed nonwoven and BT dielectric UV curable ink printed knit fabrics were laminated 

with porous TPU web under 150 °C for 5 mins.  An SMA connector with a 50 Ω characteristic 

impedance was soldered to the patch and ground conductors using Chipquik SMDSWLTLFP32 

low melt solder. A Dymax 9001-E-V3.5 encapsulate was applied to the edges of the antenna and 

the connector-antenna interface, then UV curing was conducted for 5 mins on each side to harden 

the glue. The purpose was to protect the antenna from delamination and strengthen the bond 

between the SMA connector and textile antenna. 

 

5.2.7 Antenna Measurement   

The return loss and impedance of the antenna in free space was evaluated by using VNA (Agilent 

E 5071C). For bending test, the antenna was taped on the different radius cylinder (R1=21.13 mm 

cylinder, R2=17.52 mm cylinder; R3=13.85 mm cylinder) in horizontal and vertical direction and 
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the return loss and impedance was measured. During the test, high precision coaxial cable was 

used to connect the SMA connector with an Agilent E5071C VNA. Radiation test was measured 

in an anechoic chamber with a computer to control and a closed-circuit television camera to 

visualize the measurements. The durability of the conductive layer and the whole antenna was 

evaluated by bending samples 1000 times with a commercial tensile tester (Instron, model 5566). 

The sample was gripped between two claps, where the lower clamp was fixed while the upper 

clamp moved 30mm at a speed of 50 mm/min. The tested distance between the two clamps was 

60 mm. The resistance of the ground layer was monitored during bending with Keysight 34410A.  

 

5.2.8 Air Permeability 

Air permeability was carried out on an air permeability testing apparatus (Frazier Air Permeability 

Tester) according to ASTM D 737–18, Standard Test Method for Air Permeability of Textile 

Fabrics. The air permeability was expressed in cm/s/cm2. During the test, a constant pressure drop 

of 125 Pa was applied across the textile sample. The test area was 38.3 cm2. 

 

5.3 Results and Discussion 

5.3.1 Inkjet Printing Process on Textiles 

The inkjet process of conductive ink and dielectric ink on the textile surface is crucial for achieving 

high electrical conductivity, dielectric property, and human body comfort. One of the challenges 

in printing a flexible and conductive layer on a textile platform is a difficulty in conformal layer 

fabrication due to the inherent roughness and topographical microstructures of textiles. At present, 

when using metal nanoparticle ink to print an antenna patch and ground layer on a textile substrate 

via inkjet-printing, a smooth interfacial layer is normally needed. 78, 79, 239 113, 235 Without interfacial 

layer, the nanoparticle ink would diffuse into the rough textile surface and distribute unevenly, 
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which may influence the surface conductivity needed for a high-performance antenna design. 

However, the addition of interfacial layer, normally performed by screen printing, impacts the 

flexibility and breathability of textile substrate and deteriorates the fundamental advantages of 

using textile material in wearable applications.  

 

Inkjet printing with silver MOD ink was used to fabricate the patch and ground layer in this 

research. An in-situ curing was applied through heating of the substrate as the ink was printed to 

minimize spreading and increase pattern accuracy during the print process of large area patterns. 

An important feature of the particle-free inks is the ability to minimize clogging in the printhead, 

especially the in situ curing process affects the temperature of the printhead due to the proximity 

to the substrate. Heating the substrate during printing allows for improved deposition control of 

the inkjet printed pattern through the evaporation of the ink solvent. In general, the reactive silver 

ink can endure a substrate temperature of 60 - 80C during the printing process.80, 183 When printing 

at 60 C, the silver reactive ink’s solvent volatilizes quickly, reducing the ink penetration into the 

textile material and producing a uniform silver coating on the fiber surface. As a post-printing 

process, an annealing at 150 C in a thermal oven let the ionized silver reduce back to the elemental 

form, creating a conductive layer, as shown in Figure 5-1.  The in-situ heat-curing inkjet printing 

process can deposit silver ink onto porous textile substrates without an interfacial layer and achieve 

high conductivity. Our previous studies have demonstrated the use of this conductive ink to 

fabricate an array of flexible textile electronics.80, 183, 198  When the reactive silver ink is printed 

onto nonwoven fabric with in-situ curing, a conductive layer can be formed on fiber surface and 

the resulting conductive fiber bundles structure is similar to the high-frequency “Litz-wires”242, 
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which can maximize the conductive path’s surface area.238 The resulting structure compensates the 

skin effect to reduce sheet resistance at high frequency.238  

 

 

Figure 5-1.  Antenna fabrication process (a) Printing of conductive ink on nonwoven fabric and 

dielectric UV curable ink on knit fabric assemble. (b) All-inkjet-printed antenna structure.  

 

In addition to the need for a highly conductive surface, the dielectric constant and dielectric loss 

of the substrate impacts the antenna performance.  For a textile substrate, the dielectric properties 

depends on the polymer type, porosity, yarn density, and fabrication methods (woven, nonwoven, 

knit)243  To get suitable dielectric properties, the inclusion of high dielectric materials can be 

employed. But, added high k dielectric materials ultimately limits the flexibility and porosity of 

textile substrate.  In our previous research, the dielectric constant of knit fabric was increased by 
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spray coating a BT dielectric UV curable ink and the resultant composite knit fabric was used as 

antenna substrate. 9 Inkjet printing is a more precise method for even distribution of the dielectric 

materials on the textiles, particularly for complex antenna designs. In this research, we used inkjet 

printing to apply a 200 nm BT particle-based ink with a UV curable binder on a polyester knit 

fabric. The solvent-free UV curable ink includes acrylates, urethane oligomers, and photoinitiator. 

Under UV light, the initiator produces free radicals, which subsequently initiate cross-linking of 

acrylates and urethane oligomers by a chain growth. The ink has a low surface tension of 37.53 

mN/m and a low viscosity of 12 cps,9 permitting high wetting ability on the fabric surface. The 

spreading of the ink prevents the blocking the porous structure between the yarns. After UV curing, 

the BT NPs are embedded by the cross-linked polymer network (Figure 5-1). The formation of the 

polymer film incorporated with BT NPs is demonstrated to control the textile fabric’s dielectric 

property.  
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5.3.2 Morphology of Inkjet-Printed Textile  

 
Figure 5-2. Optical microscope images of (a) Ag printed nonwoven fabric and BT dielectric UV 

curable ink printed knit fabric. (b) Ag printed nonwoven fabric. (c) BT dielectric UV curable ink 

printed knit fabric. SEM images of (d) cross sectional Ag printed nonwoven fabric. (e) surface of 

Ag printed nonwoven fabric.  (f) BT dielectric UV curable ink printed knit fabric. 

 

Both nanoscale and microscale characterization of the conductive layer on nonwoven fabric and 

BT dielectric UV curable ink on knit fabric were conducted by 3D laser scanning confocal 

microscope and scanning electron microscope (SEM), as provided in Figure 5-2,  
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Figure S 10 and Figure S 11.   Figure 5-2a shows the cross section of Ag printed nonwoven fabric 

and BT dielectric UV curable ink printed knit fabric, bonded with thermoplastic polyurethane 

(TPU) web. The geometrical information of fabrics after inkjet printing shows that the silver ink 

was printed evenly on top of the nonwoven fabric, with a depth of 44 µm (Figure 5-2b). A thin 

film of Ag was deposited on fiber surface, as revealed by Figure 5-2d, 2e and S10. A conductive 

fiber bundle structure can be observed from Figure 5-2d and Figure S 10a.  The gaps between the 

fibers are still apparent (Figure 5-2e). The morphology of the BT dielectric UV curable ink inkjet-

printed knit fabric is shown in Figure 5-2c, 2f and S11. We can find that the fibers in knit fabric 

are coated with the dielectric UV curable ink, and the BT nanoparticles are incorporated in the 

photopolymer layer. (Figure 5-2f and Figure S 11).  

 

The jersey knit fabric printed with BT dielectric UV curable ink still shows large voids and gaps 

between the yarns (Figure 5-2c), indicating that the fabric’s air permeability would be retained.  

Keeping the textile breathability promotes water evaporation in the cloth’s microclimate. Water 

evaporation from the skin helps regulate body temperature in response to environmental changes. 

Microclimate of the clothing includes the environmental parameters such as the temperature, 

humanity, and micro-air flow between human skin and textiles. For the comfort of textiles, water 

vapor and air permeability play an important role in controlling heat loss in terms of the 

microclimate.244, 245 Table S 1 listed the air permeability of the antenna substrate with or without 

the printing of dielectric ink. The air permeability of knit fabric assemble is 9.43 ±0.21, and after 

printing the dielectric ink the fabric assemble is 9.18 ±0.21. After inkjet printing of dielectric ink 

on the knit fabric assembly, no obvious change in air permeability was observed. The inkjet-

printed dense nonwoven fabric is less air-permeable. However, final antenna with two conductive 
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nonwoven fabric and BT curable ink coated knit fabric assemble dielectric layer still has 4.17 

±0.01.  The final antenna is still air permeable. This demonstrates the advantages of using inkjet 

printing in wearable applications.  

  

5.3.3 Electrical Properties of the Inkjet-Printed Textile 

The sheet resistance of inkjet-printed Ag conductive layer is 0.014 Ω/sq measured with four-probe 

test. It shows good conductivity compared with other antennas.246, 247 When used in garments, 

textile antenna would be subjected to numerous bending cycles, and it is essential to investigate 

its durability. The resistance of the ground layer in antenna was monitored during repetitive 

bending by a tensile tester. During cyclical bending test in Figure 5-3, the antenna sample was 

fixed with two clamps and the distance was moved from 6 cm to 3 cm during bending, with a 

speed of 4 mm/sec. The force during bending was recorded by the tensile tester and the results are 

shown in Figure S 12 and Figure S 13.  Approximately 7 N is required to bend the antenna from a 

height of 6 cm to 3 cm, indicating a superior flexibility. The resistance changes were recorded 

every 0.044s with a multimeter (Keysight 34410A). Because the fibers of the nonwoven fabric top 

layer were coated with Ag, the changed in fibers’ interactions during bending can affect resistance, 

as reflected by Figure 5-3. After bending 1000 cycles, the printed layer's resistance is in the range 

of 3.5-5 Ω. The average resistance of the first and the final 20 bending cycles is 4.25 Ω and 4.33 

Ω, respectively, corresponding to a percent change of 1.88%. The average resistances of the first 

200, 400, 500, 700, 900, and 1000 bending cycles are 4.20 Ω, 4.39 Ω, 4.62 Ω, 4.66 Ω, 4.56 Ω, 

respectively. The resistance changes mostly not influence by the bending behaviors. In contrast, it 

was reported that the screen printed Ag layer on a textile fabric was fractured after 200 bending 

cycles. 248   
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Figure 5-3. Resistance changes of Ag inkjet-printed nonwoven ground of antenna during bending 

1000 cycles and picture of the setup for bending test in the right.  

 

5.3.4 Dielectric Properties of the Inkjet-Printed Textile 

The values of the resonant frequency (𝑓0) and quality factor of the resonator were recorded. When 

the sample was inserted, the resonant frequency 𝑓𝑠 was measured. Based on the shift in resonant 

frequency(𝑓0 − 𝑓𝑠), Q-factor and sample thickness(h), the dielectric constant( ε𝑟) was calculated 

by equation (3)249. (𝐾𝑠 is a function of the specimen’s dielectric constant and thickness which can 

be computed and tabulated for each SPDR after fabrication.) 

ε𝑟 =
1+𝑓0−𝑓𝑠

ℎ𝑓0𝐾𝑠(𝛆𝒓,ℎ)
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Table 5.2. Dielectric Property Data Archived for Different Fabric Assembly with SPDR Test 

Samples Dielectric Constant Dielectric Loss 

Knit Fabric 

Assembly 1.40±0.03 0.009±0.001 

Knit Fabric 

Assembly with 

BT Dielectric UV 

Curable Ink 

1.61±0.06 0.013±0.001 

Antenna Substrate (Nonwoven 

Fabric/Knit 

Fabric Inkjet-

Printed BT 

Dielectric UV Curable Ink) 

1.70±0.01 0.016±0.002 

 

 

Table 2 lists the dielectric constant and dielectric loss of textile antenna substrate as the material 

layers are constructed on the based knit fabric. It can be found that the polyester knit textile has a 

very low dielectric constant due to the high porosity and large voids (Figure 5-2c). BT dielectric 

UV curable ink was successfully used to alter the dielectric constant of the knit fabric. After 

printing, the dielectric constant of knit fabric assembly increased from 1.40 to 1.61. For the 

resultant antenna substrate composed of the knit fabric assembly with BT dielectric UV curable 

ink and two nonwoven fabrics heat laminated with TPU (Figure 5-1), a dielectric constant of 1.70 

and dielectric loss of 0.016 is observed. The substrate dielectric constant is essential to the 

microstrip antenna bandwidth and efficiency.111 The dielectric properties obtained here are good 

enough for a practical textile antenna.  
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5.3.5 Antenna Simulation and Return Loss 

 

 

  

Figure 5-4. (a) All-inkjet-printed textile antenna design. (b) All-inkjet-printed textile antenna 

simulation and experiment result.  

 

The antenna was first modeled with ANSYS HFSS simulation software using the pattern listed in 

Figure 5-4a. The simulated and experimental results of the reflection coefficient S11 of the 

fabricated antenna is shown in Figure 5-4b. It can be found that the measured resonant frequency 

(2.55 GHz) is close to the simulation result (2.56 GHz) by HFSS. A return loss of 25 dB and a 

bandwidth of 160 MHz from 2.47-2.63 GHz is obtained, which agrees with the simulated result.  

In the durability test, the antenna was bent 1000-cycles with a tensile tester, and the performance 

of the antenna is displayed in Figure 5-4c. The inkjet-printed textile antenna retains its sensitivity 

after the 1000-cycles bending test, indicating high durability. The antenna gain is only 2.5 dBi, 

which is comparable with other wearable antennas, such as a compact metamaterial-inspired 

a) 
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antenna (1.86 dBi)250 and wearable antenna (1.47 dBi)251 and adhesive-bandage-like antenna (2.01 

and 1.1 dBi)252. 

 

5.3.6 Antenna Bending Test 

Due typical human motion, textile antennas employed within wearables are subjected to bending 

and deformation under human movements. The bending tests were conducted by bending antennas 

around three paper cylinders with radii of curvature of 21.16 mm, 17.52 mm, and 13. 85 mm, as 

depicted in Figure 5-5. The flexible antenna length equals to 60 mm in the vertical direction and 

80 mm in the horizontal direction. According to equations (1)(2), the antenna bending angle can 

be calculated, and the results are listed in Table 2. The performance of the antenna was 

characterized under bending up to 248° in the vertical direction and 331° in the horizontal direction.  

 

 

Figure 5-5. (a) All-inkjet-printed textile antenna bending at vertical direction with R1=21.13 mm 

cylinder, R2=17.52mm cylinder; R3=13.85mm cylinder; (b) antenna bending at horizontal 

direction with R1=21.13 mm cylinder, R2=17.52mm cylinder; R3=13.85mm cylinder. 

 

The textile antenna bending results in vertical direction are provided in Figure 5-5a. A consistent 

-10 dB bandwidth (2.43-2.62 GHz) is shown under bending of 163° (R1= 21.13 mm), 196° 
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(R2=17.52 mm), and 248° (R3=13.85 mm), resulting in a matching bandwidth of 190 MHz. The 

reflection coefficient slightly increases with the bending angle as the input impedance changes due 

to the deformation.238 When bent in the horizontal direction, under the bending angle of 217° and 

261°, a -10 dB bandwidth (S11) is observed between 2.43 to 2.62 GHz, resulting in a matching 

bandwidth of 190 MHz (Figure 5-5b). When bending at 331°, even though bending shifts the 

resonance frequency, the bandwidth is wide enough to secure a -10 dB of 208 MHz from 2.40 to 

2.61 GHz. The bandwidth and resonant frequency have a slight change at the bending angle of 

331°, and such a small variation can be ascribed to the fabric compression under extreme 

conditions. The thickness of the dielectric layer may be slightly modified which may influence the 

impedance of the antenna.105 Compared with other antenna bending tests99, 174, 253-255, a bending 

angle of  331° is a significant improvement. Even at this condition, the antenna still shows good 

isolation and bandwidth which proves the robustness of the antenna.   

 

5.3.7 Antenna Body Test 

Since the textile antenna is targeted for use in wearable applications, it is essential to evaluate the 

influence of human body loading on antenna performance. To demonstrate the wearability of 

antenna, the antenna was attached to a human arm, chest, back and abdomen and tested with tape. 

(Figure 5-6a) The results of the on-body antenna return loss are shown in Figure 5-6b. As can be 

observed, when the antenna was mounted on the arm, chest, abdomen, and back, the measured S-

parameters are similar to that in free space, indicating a robust performance in the wearable 

application. (Figure 5-6b) Ferreira et al. 240 developed textile antennas using copper and nickel 

plated polyester fabric and examined the effect of bending on the performance. When used on arm, 

the antenna only showed a bandwidth of 130 MHz with a return loss of 15 dB. In comparison, our 

antenna can reach 206 MHz with a return loss of 24 dB.  
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Figure 5-6. (a)  All-inkjet-printed textile antenna mounted on arm, chest, abdomen and back. (b) 

Measured S-parameters of the textile antenna on arm, chest, abdomen and back.  

 

a) 

b) 
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5.4 Conclusion 

In this study, for the first time, a flexible and breathable all textile antenna for next-generation 

wearable devices is prepared by all inkjet printing method without an interface layer by screen 

printing. The antenna’s patch and ground were fabricated with inkjet printing of reactive silver ink 

on the surface of nonwoven fabric through in-situ curing method. In addition, BT dielectric UV 

curable ink was printed on the knit fabrics to increase the dielectric constant without blocking the 

porous structure. The success of using nanoparticle dielectric ink to manipulate the dielectric 

properties of porous antenna substrate without compromising breathability would have a great 

impact on textile antenna fabrication. The fabricated antenna successfully radiated at 2.55 GHz 

with a return loss of 25dB. The flexible textile structure demonstrated a reliable and consistent 

performance at 2.45 GHz under extreme bending and deformation. This work lays a strong 

foundation for work in low-cost, wide bandwidth, durable, flexible antenna fabrication with porous 

textile substrates using inkjet printing process.  
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6 Fabrication of Barium Titanate Nanocomposite Film with High Permittivity Using 

Inkjet Printing for Metal-Insulator-Metal Capacitor Application 

Abstract 

The preparation of fully inkjet-printed capacitor containing ceramic/polymer dielectric layer was 

presented. A novel high-concentration large-size barium titanate (BT)/polymer ink for inkjet 

printing was developed, showing a homogenous dispersion and good printability. The influence of 

drying temperature and printing settings such as drop space, voltage, and printing pass, on the 

morphology of printed layer was explored. After optimization, uniform printed layer can be 

achieved. In the end, an all-inkjet-printed capacitor was fabricated using the high-concentration 

ceramic/polymer ink and commercial silver nanoparticle ink. The printed nanocomposite dielectric 

layer with a thickness of 5 µm showed a high dielectric constant of 100 at 100 Hz.  

 

6.1 Introduction 

Ceramics capacitors with high power density are preferred for high-performance energy-storage 

devices due to their excellent dielectric properties.256 The capacitance is directly proportional to 

the dielectric permittivity and inversely proportional to the dielectric layer thickness. Printing is 

an efficient method to fabricate large-scale and low-cost electronic devices.257  Inkjet printing is a 

contactless method with high resolution. Drop-on-demand inkjet printer with piezoelectric film is 

used to get precise droplet control with broad material choices.258 To prevent nozzle from clogging, 

nanoparticle size inside ceramic inks must be less than 1/100 of the nozzle diameter.259 The nozzle 

size of the Fuji printer used in this paper is approximately 21.5 µm, so to avoid nozzle clogging 

during printing, the nanoparticle diameter should be less than 210 nm. When at nanoscale, the 

dielectric constant increases with size.10 Therefore, 200 nm BT NPs are chosen to prepare the 

dielectric ink for inkjet printing. A smooth film with low roughness is essential for a high-energy-
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density capacitor. Here, the influence of drying temperature and inkjet printing parameters on 

roughness, such as voltage, drop space and printing pass, is analyzed in order to achieve 

homogenous thick films.  

 

Dielectric materials include polymers, inorganic oxides, ion-gels, and solid-state electrolytes.260 

Ion-gel and solid-state materials have high dielectric constant; however, they are not very stable 

at high frequencies.  Ceramic materials with high dielectric constants have poor processability for 

inkjet printing method due to aggregation. Among dielectric ceramic materials, BaTiO3 (BT) is 

one of the most extensively studied materials. Its high dielectric constant and low dielectric loss 

promises various uses in printed electronics.10, 261 The perovskite structure of the BT nanoparticles 

(NPs) can exhibit spontaneous polarization due to the displacement of the center atom. Therefore, 

BT NPs are used as ferroelectric memories262, capacitors263, and humidity sensors264. However, 

considering the high-curing temperature (> 1000 °C) and low dielectric strength (~ 2V/ um) of BT 

NP, the applications are limited.63 . Additionally, the dielectric constant of BT NPs occurs is size-

dependent.10, 265, 266 where the highest dielectric constant of the BT NPs occurs when the NP 

diameter is about 1 µm.10   Polymer dielectric materials are widely adopted in the field of flexible 

electronics due to their high mechanical flexibility and low-curing temperature. Because of low 

dielectric constants (2~12) and susceptibility at high electric field frequency, applications of 

polymer dielectric materials are limited compared to high-k dielectric materials. The polymer-

matrix composites (PMC) system would be suitable for inkjet printing, allowing for a low sinter 

temperature.211 The PMC system exhibits high dielectric permittivity and processibility. The 

nanocomposite systems including  BT nanoparticles/ epoxy resin 267, BT NPs/Acrylic 

composites268 etc, were reported. 
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A high loading of the nanoparticles into a polymer is necessary to achieve high permeability, but 

this may lead to aggregation of nanoparticles,141 causing muzzle clogging and defects in the printed 

layer. In this study, 200 nm BT nanoparticles were modified, and polyvinylpyrrolidone (PVP) was 

chosen as polymer matrix it promotes the dispersibility of BT ink.269 A new nanocomposite 

combining surface modified barium titanate nanoparticles and PVP polymer was investigated as 

an inkjet printable dielectric material in the present work. The surface-modified barium titanate 

nanoparticles are homogeneously dispersed in a solvent, promoting high-quality dielectric films. 

The ink rheology demonstrated its suitability for inkjet printing and the influence of inkjet printing 

settings and drying condition on roughness was also studied. All-inkjet-printed metal-insulator-

metal (MIM) capacitors were fabricated, and the dielectric property and loss tangent of the 

dielectric layer was presented. 

 

6.2 Experimental Section 

6.2.1 Materials 

Barium titanate (200 nm, density 5.85 g/cm3) was purchased from Nanostructured & Amorphous 

Materials, Inc. The polymer dispersant is a mixture of small molecular chains including 

nonylphenol, polyoxyalkylene amine derivative, polyethylene glycol, polyethylene glycol, 

polyvinylpyrrolodone, butyl ethanoate, and ethylene glycol monobutyl ether, which was purchased 

from US Nano research. Polyvinyl pyrollidone (PVP, Mw= 40 000 g/mol), ethanol, and ethylene 

glycol (EG) (≥99%) were purchased from Sigma Aldrich. Ag NPs ink was supplied from 

NovaCentrix.  
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6.2.2 Fabrication of BT-PVP Composite Ink 

Polymer dispersant powder (0.1 g) was added into 1g ethanol and 4g water mixture, followed by 

sonication for 5 mins. BT NPs powder (2 g) was added into the mixture, followed by six cycles of 

30 mins sonication and 5 mins rest. After this process, well dispersed BT NPs solution can be 

obtained.  PVP solution was prepared by adding PVP powder (0.1 g) into 8g ethanol and 2 g water 

mixture, followed by 5mins sonication. Then, BT-PVP composite ink was obtained by mixing the 

PVP solution and BT NPs solution, and sonicating for 3 hrs.  

 

6.2.3 Deposition System 

A drop-on-demand piezoelectric inkjet technology (Dimatix DMP 2850) was used to deposit Ag 

NPs ink and BT NPs ink. The cartridge of the print head has 16 nozzles, and each nozzle size is 

21.5 µm, linearly spaced at 254 µm. Each time, 1.5 mL ink filtered by a nylon membrane with 5 

µm pore size was filled into the cartridge and typical drop size for the printer is 10 pL. The inkjet-

printed film’s roughness was explored by changing printing voltage, passes, and drop space. 4 

specimens were prepared for each condition, and average data was used.  

 

6.2.4 Characterization 

A goniometer (First Ten Angstroms, Inc.) and a cone and plate rheometer (model MCR 302, Anton 

Paar) was used to measure ink surface tension and dynamic viscosity, respectively, performed at 

room temperature (21℃). 

 

The thermal behavior of the cured films in air was determined with a thermogravimetric analyzer 

(TGA) (EXSTAR TG/DTA 6200, Seiko Instruments, Inc).  TGA and differential thermal analysis 
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(DTA) of BT/PVP ink were also conducted.  The TGA curves for the raw BT powder, polymer 

surfactant, and PVP were tested to calculate the volume ratio of BT and polymer in the 

nanocomposite. The tests were performed by heating samples from room temperature to 580℃ at 

a rate of 10 ℃/min. 

 

Fourier-transform infrared spectroscopy (FTIR) (Thermo Fisher FTIR models, iS50) analysis was 

conducted. XRD (Rigaku Smart Lab X-ray diffraction) pattern of all samples was taken with 

monochromatized Cu-Kα radiation with a wavelength of λ=1.5418Å in 2θ range of 20-60 degree 

with step size of 0.02°. 

 

Microstructure analysis including surface roughness and 3D topographical images of inkjet-

printed layers with drop space of 200 µm, 100 µm, 45 µm, 35 µm, 25 µm, and 15 µm were 

conducted using Laser confocal microscopy (VK-X1000, Keyence). Cross sectional images of 

Ag_BT/PVP_Ag capacitor were acquired by the Field Emission Scanning Electron Microscope 

with EDS (FEI Verios 460L). The dielectric layer property was characterized at different 

frequencies with a LCR meter. 

 

6.3 Results and Discussion  

6.3.1 Inkjet Ink Characterization 

Due to the large specific surface area, nanoparticles tend to aggregate during storage. 

Ultrasonication of the mixture of BT NPs in the ethanol, would break the aggregation and get 

homogenously dispersed BT NPs solution. For the high-concentration BT NPs ink, the separated 

BT NPs are likely to reunite due to Brownian motion. Polyvinylpyrrolidone, soluble in water and 
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ethanol, has good compatibility with BT NPs,270-272 and was chosen as host polymer and dispersant. 

Together with low molecular polymer dispersant containing oligomer, stable and homogenous BT 

NPs ink was obtained. The low molecular weight polymer dispersant has weaker intermolecular 

interaction than the high-molecular-weight PVP, so they can penetrate the gaps between BT NPs 

to modify the nanoparticle surface.148  Since the small molecule polymer dispersant has short 

chains and low viscosity, the BT nanoparticles may settle as sediment in the solution due to gravity. 

Thus, high molecular weight PVP was added to achieve a stable well-dispersed BT NPs ink.  The 

resultant BT NPs shows good dispersity by forming hydrogen bonds with both the dispersant and 

high-molecular-weight PVP, as shown in Figure 6-1.  

 

 
Figure 6-1. Proposed mechanism for adsorption of PVP and polymer dispersant onto the surface 

of BT NPs by hydrogen bonds.  
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Table 6.1 shows the properties of conductive and dielectric ink for inkjet printing. The surface 

tension and viscosity values demonstrate good printability of both inks. Ag nanoparticle size is 80 

nm and BT NP is around 200 nm in the respective inks. The ink concentration of the Ag NPs is 25 

wt.%, and BT NPs is 16.3 wt.%, corresponding to a volume ratio of 2.9 and 2.6 vol.%. The high-

volume ratio of the two inks means fewer printing passes are required to reach the desired thickness, 

which can save time and energy.  

 

Table 6.1. Ag NPs ink and BT NPs ink properties. 

Ink 

Formulation 

Surface 

Tension 

(mN/m) 

Viscosity 

(cPs) 

Density 

(kg/m3) 

Weight 

Percentage 

Volume 

Percentage 

Commercial 

Ag NPs ink 
31 5 1.18 25 wt.% 2.9 vol.% 

BT ink 33 8 0.98 16.3 wt.% 2.6 vol.% 
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Figure 6-2. (a) Thermal properties of the Ag ink TG (black)/DTA (red) curves. (b) FTIR spectra 

of the Ag ink dried at 150 ℃ (red, dash) and annealed under 350 ℃ (black, line). (c) Thermal 

properties of the BT ink TGA (black)/DTA (red) curves. (b) FTIR spectra of the BT (blue, 

dash/dot), BT/PVP (black, line) and annealing under 350 ℃ (red, dash).   

  

The thermal properties of Ag NPs and BT NPs inks were investigated. Figure 6-2a, and Figure 

6-2c show the thermogravimetric (TG) and differential thermal analysis (DTA) of Ag NPs and BT 

NPs ink, respectively. The DTA curve exhibits peaks at 80℃, 161 ℃, 353 ℃, and 380 ℃. (Figure 

6-2a) The peak at 80 ℃ is due to the solvent’s evaporation. At 161 ℃, the peak is due to polymer 

decomposition. At 350 ℃, the dark gray Ag layer turns to white. The DTA peaks at 350 ℃ 

represent Ag NPs annealing and weight loss associated with polymer burn out. A small peak at 

380 ℃ indicate the complete annealing of the Ag NPs. By comparing the FTIR spectrum of Ag 

film sintered at 350 ℃ and the sample dried at 100 ℃ in Figure 6-2b, it can be found that Ag film 
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sintered at 350 ℃ does not have functional groups in the chemical composition, meaning more 

elemental silver is present. This makes the sintered Ag film more conductive.  

 

The DTA of BT ink (Figure 6-2c) shows a peak at 70 ℃, associated with the solvent’s evaporation. 

Polymer decomposition is responsible for the peak at 161 ℃. The weak exothermic peaks at 358 ℃ 

and 426 ℃, relate to the polymer crystallization and combustion, respectively. The FTIR spectrum 

of raw BT, dried surface-modified BT/PVP film and the film sintered at 350 ℃ is shown in Figure 

6-2d. FTIR spectrum of the polymer surfactant and PVP can be found in Figure S 14. It is worth 

noticing that the C=O stretch band at 1661cm-1 for pure PVP and 1654 cm-1 for polymer surfactant 

shifts to 1648 cm-1 after the formation of BT/PVP nanocomposite, indicating interactions between 

BT NPs and C=O of PVP host matrix.273, 274  In contrast, no significant shift was found between 

peaks of C-N stretching vibrations in polymer surfactant and PVP (1286 cm-1, and 1284 cm-1), and 

the BT/PVP nanocomposite (1289 cm-1) 275. This suggests a weak interaction with polymer 

through C-N group. A strong increase of hydroxyl (-OH) groups at 3400 cm-1 in BT/PVP 

nanocomposite demonstrates the formation of hydrogen bonds between BT nanoparticles and 

polymer. After sintering, the hydroxyl groups in the PVP layer will cross-link and form a dense 

film, as indicated by the decrease of the -OH peaks in the sintered BT/PVP nanocomposite film.276 

(Figure 6-2d). According to these results, the binder burnout temperature was selected as 150 ℃ 

and sinter temperature as 350 ℃. TGA curves of raw BT NPs and PVP coated BT NPs, polymer 

dispersant, and PVP are presented in Figure S 15. According to the TGA data, the polymer host 

and BT volume percentage is estimated to be 28.4%, and 71.6%, respectively. 
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Figure 6-3. XRD of the cured BT layer under 350 ℃ for 30 mins. 

 

XRD of the sintered BT/PVP nanocomposite film can be found in Figure 6-3. The split peak at 

2θ= 45° (200) reveals that the BT NPs are in tetragonal phase. This is particularly important for 

BT to have a high dielectric constant and low dielectric loss. 277, 278  

 

6.3.2 Inkjet Setting Influence on Printed Ag Layer Roughness.     

Smooth printed layers are required to avoid capacitor shortcut. Commercial Ag NPs ink was used 

to study the influence of printing settings on roughness.  The inkjet printer head has a plethora of 

nozzles in the sub-scanning direction (vertical direction). The position of printer head is controlled 

by a carriage mechanism in the main scanning direction (horizontal direction).279 The drop-on-

demand inkjet printer used has a piezoelectric inkjet printhead, where the piezoelectric membrane 

(PZT) can be deformed when voltage waveform applied. As a result of the pressure, the printer 
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chamber ejects droplets through nozzle exits.280, 281 The printing parameters, such as drop space, 

voltage, and printing pass, influence the morphology of printed layers. In this work, the drop space 

is defined as the center-to-center distance between two adjacent droplets.  

 

6.3.2.1 Influence of Inkjet Setting on the Roughness of Printed Single Droplet 

 
Figure 6-4. Printing passes influences on single droplet size and roughness. (a) 3D images of single 

droplet during printing passes of 1, 2, 3, 4 and dry at room temperature (RT) and 150 ℃. (b) 

Roughness of single droplet. 

 

The commercial Ag inkjet was printed on a Si substrate with varying printing passes, and dried 

under ambient conditions. Figure 6-4b reveals that the droplet size and height increase with 
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printing passes as expected. Spherical deposits of silver nanoparticles with dots size around 80 µm 

can be observed for a single printing pass. When printing 2 passes, the droplet size is at the range 

of 93-98 µm. When printing 3 passes, the dot size increased to 100-107 µm. For 4 printing passes, 

the dot size is about 112 µm. Due to the slow evaporation of the ink and low surface tension, the 

concessive printing pass droplets merged with the printed dots on the substrate and formed a new 

dot with a wider size and increased height.  

 

In addition to defined print parameters, the optimization of the ink drying process is essential to 

reduce surface roughness. Ag ink contains organic residues and polymer surfactant. Therefore, 

before sintering, the printed ink needs to be heated at high temperature to burn out the organic 

residues. Three drying conditions were selected: dry at room temperature, dry at room temperature 

then burn at 150 ℃, and directly burn at 150 ℃. 3D images of the inkjet-printed dots on Si wafer 

with different drying conditions were taken with a confocal laser scanning microscope, and the 

results can be seen in Figure 6-4. When directly drying at a high temperature, uneven droplet 

morphology can be observed. For 1 printing pass, the droplet shows a concave structure. When 

printing 4 passes, random distribution of ink happens, and this is because the ink dried on the 

substrate before reaching equilibrium. Therefore, the ink should dry at room temperature first to 

get a smooth layer, then burn out the polymer surfactant and organic residue at 150 ℃. After that, 

the Ag NPs will be sintered at 350 ℃. It could also be observed that the roughness of printed dots 

dried at different conditions is similar when printing 1 pass or 2 passes. The reason is the drying 

time of small droplets is in the range of a few seconds.282  
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The single droplet roughness would influence roughness of the dot; however, inkjet printing is a 

process of the popularity of droplet interactions, and the interaction between each dot is also 

important. The overall roughness, especially for a large area, is critical.  

 

6.3.2.2 Influence of Inkjet Setting on Roughness of Printed Layer.  

The surface roughness can either be calculated on a profile or over a surface area which 

corresponds to the 2D and 3D roughness profiles, respectively.283 The profile roughness represents 

two-dimensional roughness of the surface, while the area surface correlates with the three-

dimensional roughness. 3D surface analysis is more widely used in engineering application.284 3D 

arithmetical mean height (Sa) was selected to analyze the roughness of printed layer under different 

print parameters, to determine the best setting for a smooth printed film. Sa can be calculated 

according to:285 

𝑆𝑎 =
1

𝐴
∬ |𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦

𝐴
  (1) 

where x and y are the points in the plane area, Z is cross-sectional height and A is area. Sa is the 

extended concept of arithmetic mean height of a line to a surface. Drop space, printing pass, and 

printing voltage were manipulated to investigate the influence of printer settings on film roughness.  

 

6.3.2.2.1 Drop Space and Printing Pass 

The drop space would greatly influence the printing pattern, as shown in Figure S 16.  If the drop 

space (200 µm) is much larger than the drop’s radius (80 µm), the droplets will pin on the substrate 

and dry. Individual droplets will form the dots pattern on the printed substrate. As the drop space 

reduces to 100 µm, the isolated drops overlap and merge. However, the pattern still cannot be 

totally filled by the ink. Further decreasing the drop space (45 µm or 35 µm) will show more 
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droplet merging. Still, the patterns have some voids not filled by ink, even after 4 printing passes. 

As a result, drop spaces larger than or equal to 35 µm were not selected. When the drop space is 

25 µm, the pattern shows good roughness and a smooth layer. As the drop space continues to 

reduce to 15 µm and became much smaller than the droplet radius, the roughness significantly 

increases when printing 4 passes.  

 
Figure 6-5. Inkjet printing roughness of the cured printed-Ag layer with different printing passes 

and drop space by laser confocal scanning. 

 

Figure 6-5 shows the calculated roughness of 3D topography obtained from laser confocal 

scanning in the printed silver film. It can be observed that printed layers with drop space of 35 and 
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45 µm show relatively lower roughness, and this is because smaller ink volume were deposited on 

the substrate when using larger drop space. Therefore, the film is very thin, as listed in Table S 2, 

making the deviation of film height less obvious. When drop space is at 35 and 45 µm, the printed 

pattern was not fully covered (Figure S 16), even with 4 printing passes, so these two drop spaces 

settings will not be considered. With a drop space of 25 µm, the roughness is much improved over 

other conditions. When printing 1to 4 passes, the area roughness is 0.25, 0.49, 0.54, and 0.48 µm, 

respectively.  For drop space of 15 µm, the area roughness is 0.38, 0.41, 0.34, and 0.55 µm when 

printing 1,2,3, and 4 passes, respectively. At this condition, the high-concentration nanoparticles 

ink droplets pin on the substrate, form stack coins on the substrate, and overlap with each other.97 

As a result, the printed area showed bad roughness after 4 print passes due to the accumulation of 

the droplets on the substrate. Therefore, drop space of 25 µm was selected as the optimal setting.  

 

6.3.2.2.2 Voltage and Printing Pass 

Droplet volume of inkjet printing can be precisely controlled by the voltages applied to the 

piezoelectric membrane. A higher voltage causes larger deformation of the piezoelectric film and 

pushes more inks out.280 If the voltage is too low, the ink is hard to push out. If the voltage is too 

high, satellite phenomenon will happen. In this work, volage ranging from 18 to 30V was studied 

ranging from 18 to 30V were studied to compare the effect on the roughness of the print pattern.  
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Figure 6-6. 80 nm Ag NP ink printing with different voltages and a constant drop space of 25 µm. 

(18V, 21V, 24V, 27V, 30V.) 

 

Figure 6-6 shows a minor influence of voltage on roughness. Sa at different voltages (18V, 21V, 

24V, 27V, 30V) is 206, 171, 185, 209, and176 nm. Thus, we still choose the standard 20 V as the 

printing voltage to printing the Ag ink on Si wafer. 
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6.3.3 Fabrication of All-inkjet-Printed MIM Capacitor 

 
Figure 6-7. The schematic of the inkjet-printing process of Ag/BT-PVP/Ag capacitor.   

 

The fabrication process of the Ag/BT-PVP/Ag capacitor by inkjet printing is illustrated in Figure 

6-7. Silver and BT layer were printed on silicon wafer alternatively, serving as the top and bottom 

electrodes and dielectric layer. The optimized printing settings were used, which are 25 µm drop 

space and 20 V. After printing the first silver layer on silicon wafer (size: 10 * 10 mm), the sample 

was dried at room temperature for 2 hours, cured under 150 ℃ for 1hour, and then 350 ℃ for 30 

mins. Then BT layer was printed (size: 6 * 6 mm), dried and sintered at the same condition. Finally, 

the top silver electrode was printed (size: 1.5 * 2.5 mm), followed by drying and sintering.  
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Figure 6-8. Cross-sectional SEM images of the Ag/BT-PVP/ Ag capacitor with a bar of 50 µm and 

5 µm.     

 

In order to characterize the thickness of the dielectric layer in the capacitor and see if any particle 

migration between layers occurred. SEM with EDS mapping was conducted, and the results are 

shown in Figure 6-8. The estimated thickness of BT layer is 5 µm.  In the interface between Ag 

and BT layer, some mixing of the Ag and BT can be observed. This may be due to the penetration 

of Ag ink with low viscosity and high mobility into the pores between BT NPs. To limit the mixing, 

PVP/BT volume fraction can be increased to fill the gaps between BT nanoparticles, but this will 

likely decrease the dielectric constant.  
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Figure 6-9. (a) Capacitance and dielectric loss of all-inkjet-printed Ag_BT/PVP_Ag capacitor. (b) 

BT/PVP nanocomposite dielectric constant. 

 

Figure 6-9 shows that dielectric constant of the BT/PVP layer reaches 100 at a frequency of 100 

Hz, much higher than other BT/PVP materials.270 For example, this sample is more than twice that 

of reported 85 wt% BT/PVP film, whose dielectric constant is 30 at 10 kHz.270 The dielectric 

constant for two-phase composite can be calculated by Lichtenecker equation:149, 150 

𝑙𝑜𝑔𝜀𝑒𝑓𝑓 = 𝑣ℎ𝑙𝑜𝑔𝜀ℎ + 𝑣𝑓𝑙𝑜𝑔𝜀𝑓 

where 𝜀𝑒𝑓𝑓, 𝜀ℎ, and 𝜀𝑓 are the dielectric constant of the composite, host (polymer), and filler (BT 

NPs), respectively. 𝑣ℎ, and 𝜀𝑓 are the volume fractions of the host and filler, respectively. 

The equation shows that a high-volume fraction of ceramic filler would result in a higher dielectric 

constant. This could explain the high dielectric properties observed for the BT/PVP nanocomposite 

in this study. Compared with literature data in Table 6.2, the dielectric constant of the inkjet printed 

BT/PVP film in this work is comparable or higher.  
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Table 6.2. Characteristics of PMC (ceramic filler with polymer), published in the literature. 

Reference Ceramic Content  Polymer Dielectric 

Constant 

(frequency) 

Dielectric 

Loss 

(frequency) 
268 BT NPs (50 

nm) 

50 wt.% Acrylic 72 (1k) 1.85 (1k) 

 BT NPs 

(500 nm) 

50 wt.% Acrylic 76 (1k) 1.95 (1k) 

278 BT NPs 

(100-700 

nm) 

80 wt.% unsaturated 

polyester resin (20 

wt.%) 

50 (1k) 0.024 (1k) 

286 BT NPs  epoxy 70 (1M) 0.04 (1M) 

287 BT NPs 30 wt.% PVDF-g-HEMA 333 (1k) 0.73 (1k) 
288 BT NPs 1 wt.% PVDF (2.5 wt.%) 2.46 (10k) 0.01 (10k) 

289 BT NPs 50 vol.% Epoxy Varnish 58 (1k) 0.023 (1k) 
144 BT NPs 

(100 nm) 

50 vol.% polyimide 36 (1k) 0.012 (1k) 

290 BT NPs 30 vol% CEP 52 (1k) 0.08 (1k) 
291 BT NPs 20 vol% regenerated 

cellulose 

22 (1k) 0.085 (1k) 

292 BT NPs 50 vol% P(VDF-HFP) 42 (1k) 0.065 (1k) 
293 BT NPs 20 vol.% PVP 7.4 (20k) / 
294 BST NPs 66.7% PMMA 42 (1k) 0.007 (1k) 

 

 

6.4 Conclusion 

The successful fabrication of all inkjet-printed capacitor was demonstrated. A high concentration 

composite ink was developed containing 200 nm BT nanoparticles. Good dispersibility was 

achieved by adding polymer dispersant (short chain) and PVP (long chain), and hydrogen bonds 

between the polymers and BT nanoparticles were formed. The influence of inkjet printing settings 

on the roughness of printed film was studied thoroughly, and it was found that drop space, print 

pass, and drying temperature had significant effects. After optimization, smooth printed layers can 

be obtained. The dielectric constant of the printed BT/PVP composite layer is 100 at a frequency 

of 100 Hz after sintering, much higher than reported materials thanks to its high concentration of 
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large BT particles. The resultant printed capacitor consisting of a 5 µm thick BT/PVP composite 

layer, leading to a high capacitance of 176.8 pF/mm2 at 100 Hz. The results demonstrated that 

inkjet printing of composite inks is a promising and efficient method for capacitor fabrication.  
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7 All-Inkjet-Printed High-Temperature Nickel Capacitor by One Step Co-firing Process  

Abstract 

Inkjet printing is a low-cost, non-contact computer automated process that enables processing of 

flexible designs on a wide variety of substrates with minimal material waste. However, fabricating 

large area ceramic capacitors with high resolution on micrometer length scales remains a critical 

challenge. An inkjet-printed capacitor is studied by printing 200 nm Nickel (Ni) nanoparticles 

(NPs) and 200 nm barium titanate (BTO) NPs for the electrode and capacitance layers, respectively. 

Under a sintering temperature of 1300 ℃, BTO NPs achieved a grain size of ~450 nm and the 

roughness of the sintered-inkjet-printed BTO layer is reported as 150 nm. In addition, the partial 

oxygen pressure during sintering was optimized to ensure good conductivity of the Ni electrodes 

and capacitance of the BTO layer. The resultant capacitor (1.5 mm x 2.5 mm) showed a 

capacitance of 1.1 nF at 100 Hz with a 7 µm BTO layer. The disclosed research provides the 

foundation to produce base metal electrode multilayer ceramic capacitors (MLCCs) with inkjet 

printing. 

 

7.1 Introduction 

The ceaseless demand for further miniaturization and increasing capacitance of capacitors force 

manufacturers to use novel techniques that can fabricate layers as thin and small as possible while 

maintaining economic feasiblity.295 Of the various capacitors, multilayer ceramic capacitors 

(MLCCs) are essential electronic components due to their large capacitance, low cost, and small 

size.296-298 Commercial MLCCs often consist of hundreds of alternating thin dielectric layers and 

internal electrode layers. Base-metal-electrode (BME) multilayer ceramic capacitors exhibit a 

denser and more uniform microstructure due to a fine-grained microstructure which can avoid 
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shrink during ceramic sintering. As a result, BME MLCCs exhibit high capacitance volumetric 

efficiency.299 The high dielectric properties of BTO make it the most popular dielectric base 

material for MLCCs.151, 300 Nickel has been extensively used as MLCCs’ electrode materials due 

to thermal stability, chemical stability, high theoretical specific capacity, low price, and 

environmental friendliness.301 The performance of Ni BME MLCCs can reach the standard of air-

fired MLCCs with Pd/Ag inner electrodes. However, the robust and reliable designs to miniaturize 

for small-size MLCCs in form factors suitable for a broad array of microelectronic applications 

remains an unaddressed challenge, limiting the potential use cases and applications of BME 

MLCCs.299  

 

One of the key inhibitors contributing to this design challenge is the current manufacturing 

processes of BME MLCC’s. The conventional BME MLCC manufacturing process uses high 

viscosity particle slurries and pastes consisting of conductive materials with polymer binders to 

form stable printable suspensions. The overall manufacturing process flow involves laminating 

multiple layers of BTO tape with screen print Ni patterns. The multilayered structures then undergo 

a series of cutting and heat treatments to burn out polymer binders and condense the capacitor 

structures. In general, the process is very efficient mostly because of the screen-printing processes 

involved. However, defects presented by the screen printing process can result in process 

inefficiencies due to registration alignment, and possible screen contamination can all lead to 

decreases in the manufacturing process efficiency and productivity.1 Moreover, screen printing is 

limited in print resolution and exerts unnecessary stress to the BTO tape film during manufacturing 

which can lead to final device defects and further decreases manufacturing efficiency. 
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To address the challenges and problems involved in screen printing, we propose an inkjet 

processing approach to print novel all-inkjet-printed Ni capacitor structure and design by one step 

fabrication. Inkjet printing offers a potentially inexpensive solution to print high resolution patterns 

on small length scales.302, 303 Our process employs a piezoelectric drop-on-demand inkjet printer 

to deposit particle-filled liquid in the desired position. Without the need of mask, inkjet printing 

can fabricate patterns with low viscosity inks in relatively small amounts, significantly reducing 

cost and saving energy in the process. Still, inkjet printing poses its own challenge as it requires 

inks with specific rheological properties. Therefore, careful considerations must be made in terms 

of materials selection (i.e. functional materials, polymer binders, etc.) and processing to be able to 

inkjet print MLCCs. 

 

In terms of materials processing, thermal processes are necessary to burnout the polymer binder 

used to make stable printable suspensions for MLCC manufacturing. The burnout is followed up 

by high temperature sintering in a well-controlled atmosphere. For MLCCs, the high temperature 

co-firing of the BTO and Ni layers is an essential step for capacitor fabrication.1 Base metals like 

Ni need a reducing atmosphere to protect the metal layers conductivity and prevent oxidation. The 

oxygen vacancies in the BTO layer lower the device’s dielectric property and reliability.297 The 

pO2 should be strictly controlled to avoid the Ni layer oxidation and decrease of oxygen vacancy 

in the BTO layer. To ensure a good conductivity of the Ni electrodes and high capacitance of BTO 

layer. 

 

In addition to optimizing the sintering conditions, particle size is important for both forming 

printable inkjet inks and the properties of the functional particle material. For example, the size 
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effects of BTO ceramics have been well studied10, 265, 266 and reported that the dielectric 

permittivity is maximum when the BTO nanoparticle size is ~ 1 µm.10 For inkjet printing, the 

material should be less than 1/100 of the nozzle to prevent clogging.259 Our inkjet printing nozzle 

size is 21.5 µm and therefore the size of the nanoparticles should be less than 215 nm. For this 

study BTO NPs size on average of 200 nm were selected to ensure high permittivity as well as 

printability. To avoid the penetration of Ni NPs into BTO layer during inkjet printing, a similar 

size of Ni NPs should be used. However, designing large-size (~200nm) nanoparticle ink for inkjet 

printing represents a significant challenge in upon itself. Ni NP inks with large nanoparticles (>100 

nm), are mainly designed for high viscosity screen printing pastes.304 Due to the high density, 

ferromagnetism, and malleability, sizing Ni nanoparticles ink for inkjet printing is challenging.305 

Considering these, we employ ball milling and a dual solvent system containing ethylene glycol 

and ethanol to fabricate well-dispersed nanoparticle ink for inkjet printing. 

 

For these reasons, the objective of this study was to investigate the potential of using inkjet printing 

for high-temperature sintered MLCCs. Large-size 200 nm Ni NPs and BTO NPs ink were designed 

for inkjet printing. The effect of sintering temperature on BTO NPs morphology was studied. An 

all-inkjet-printed high-temperature sintered Ni capacitor (1.5 mm x 2.5 mm) was fabricated, 

containing a 7 µm BTO layer with a high dielectric constant of 300 at 100 Hz. This study provides 

the fundamental strategies for further MLCCs fabrication by inkjet printing. 
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7.2 Experimental Section 

7.2.1 Ink Formulation 

The nickel ink was prepared by ball milling 10 wt.% nickel NPs (200 nm, SHOEI Chemical Inc.) 

with 1 wt. % BT NPs (50 nm, US Nano Research) in an ethylene glycol and ethanol solution 

(ethylene glycol was 44.5 wt.%, and ethanol was 44.5 wt.%) for 48 hrs with zirconia milling media. 

BTO NPs were added to suppress shrinkage of the nickel layer during sintering.306 To fabricate 

the BTO NPs ink, 20 wt.% BTO NPs (200 nm, Nanostructured & Amorphous Materials, Inc.) 

were ball milled with 2 wt.% polymer dispersant (US Nano Research) and 2 wt.% polyvinyl 

pyrrolidone (PVP, molecular weight (Mw) = 40000 g/mol, Sigma-Aldrich) in 38 wt.% ethylene 

glycol and 38 wt.% DI water for 48 hrs with zirconia milling media. The polymer dispersant 

consists of small molecular chains including nonylphenol, polyoxyalkylene amine derivative, 

polyethylene glycol, polyethylene glycol, polyvinylpyrrolodone, butyl ethanoate, and ethylene 

glycol monobutyl ether. 

 

7.2.2 Characterization 

The liquid properties of the Ni ink and BTO ink were tested using a cone-plate rheometer (MCR 

302, Anton Paar) and a goniometer (First Ten Angstroms Europe: Cambridge, UK). The phase 

composition of the sintered BTO film was characterized using a Rigaku SmartLab X-ray 

Diffractometer (XRD) with a Cu-Kα radiation source (λ=1.5418Å). The respective diffraction 

patterns were recorded in the range from 20° to 60° (2θ) using a step interval of 0.02°. 

Nanostructure and microstructure analysis of the Ni and BTO NPs, the inkjet-printed film and the 

annealed film were performed using a Field Emission Scanning Electron Microscope (FEI Verios 

460L), a Focused Ion Beam & Scanning Electron Microscope (Thermo Fisher Quanta 3D FEG) 
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and an Asylum MFP-3D classic Atomic Force microscope (AFM). The dielectric loss and 

capacitance of the capacitor was tested by a LCR meter (Keysight E4980AL). The capacitance, C, 

can be calculated with the following equation: 

𝐶 =
𝜀0𝜀𝑟𝐴

𝑑
 

where 𝜀0 =8.9×10-12 F/m is the proportionality constant, 𝜀𝑟  is the dielectric constant of the 

dielectric layer, A is the capacitor area (m2), and d is the distance between conductors (m).  

 

7.2.3 Inkjet Printing and Annealing Process  

In this work, a Fujifilm Dimatix printer was employed for inkjet printing. The nozzle height from 

the substrate was set as 1 mm during printing to achieve high resolution. The ink printing voltage 

was set at 29 V and 20 V for the Ni ink and BTO ink, respectively, with the standard Dimatix 

waveform and 25 µm drop spacing. 

 

A primary advantage of using the inkjet process in MLCC fabrication is the reduction of the steps 

required to form a multilayered structure as the Ni and BTO layers can be printed directly on the 

same substrate base. Critical criteria for the success of this process are the print resolution, which 

includes edge wall roughness and surface roughness, as well as the material laydown per print pass. 

Determining the ability of inkjet printing to meet these criteria is a focus of this work’s 

investigation.  
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Figure 7-1. Inkjet printing MLCC process from ink formulation to one-step sintering. 

 

Figure 7-1 provides a process layout for the inkjet printed nickel capacitor process, including ink 

preparation, printing, drying, sintering, and testing.  The Ni and BTO inks prepared by ball milling 

were sonicated 30 mins before inserting into the inkjet printer cartridge. The capacitor was printed 

by 10 passes of Ni (dried in 60°C for 1 hr), 20 passes of BTO (dried 60°C for 2 hrs), followed by 

an additional 10 printing passes of Ni on top of the BTO layer.  Before sintering the samples, the 

sample were kept in an oven at 130℃ for 20 hrs to binder burnout (BBO). 

 

7.2.4 Drying Process Optimization 

Optimization of the ink drying process is critical for the formation of an even printed layer. Heating 

the substrate can promote the ink drying process. A drying process that is either too slow or too 

fast could cause an uneven printed layer. Figure S 17 shows the images of printed BTO layer dried 
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at three conditions: room temperature, 60°C, and 130°C. It clearly reveals that the sample dried at 

60°C provides a uniform thickness. Thus, this temperature was chosen as the drying temperature 

for the remaining investigation in this work.  

 

7.2.5 High Temperature Sintering  

 

Figure 7-2. Sintering profile for the Ni/BTO capacitor in a reducing atmosphere.  

 

To analyze the effect of sintering temperature on BTO NPs grain size, BTO ink samples printed 

on Si wafers (1 cm x 1 cm) were sintered at 350 ℃, 550 ℃, 750 ℃, and 1100 ℃ under ambient 

air conditions inside furnace for 30 mins.  

 

An inkjet-printed Ni capacitor design with a bottom Ni layer (1 cm x 1cm), middle BTO layer (0.5 

cm x 0.5 cm), and top Ni layer (1.5 mm x 2.5 mm) was sintered in a reducing atmosphere according 
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to the profile shown in Figure 7-2. A tube furnace was used for this sintering process. The sintering 

was carried out in a reducing atmosphere (pO2˂ 10-11) in order to avoid oxidation of the nickel 

electrodes.151 The H2 and Ar gas mixture was used to control the pO2.
307 A high purity gas mixture 

of 1% H2 and 99% Ar was used in the furnace at 750 ℃. A ramp to 900 ℃ at 2 ℃/min was 

followed by an isothermal hold for 2.5 hours. This was the second BBO step to completely remove 

the polymer binder. The temperature was further increased to1300 ℃ at a rate of 3.3 ℃/min, 

followed by an isothermal hold for 2.5 hours. The sintered nickel was then cooled to 900 ℃ at a 

rate of 3.3 ℃/min, and then held isothermally for 2 hours. At this time, the H2 was stopped to 

increase the pO2 and re-oxidize the samples to avoid oxygen vacancies inside BTO layer. Finally, 

the sintered capacitor was cooled to room temperature at 2.2 ℃/min and the Ar flow gas was 

terminated. The Ni and BTO inks were printed on BTO substrate (Knowles), which can withhold 

the high temperature (over 1300 ℃) process. (Figure S 17)  

 

7.3 Results and Discussion 

7.3.1 Ink Characterization 

Table 7.1. Ni NPs and BTO NPs inks properties. 

Ink Formulation 
Surface Tension 

(mN/m) 

Viscosity 

(cPs) 

Density  

(g/cm3) 

10 wt.% Ni NPs  

(1 wt.% 50 nm BTO) 
34.6 9 1.02 

20 wt.% BTO NPs ink 64 20 1.3 

 

Table 7.1 shows the rheological properties of the Ni and BTO inks. The surface tension of the Ni      

and BTO inks are 34.6 mN/m, and 64 mN/m, respectively. The viscosity of Ni ink is 9 cPs, while 

the BTO ink exhibits a viscosity of 20 cPs. The surface tension and viscosities of the Ni and BTO 
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inks satisfy the requirements necessary for inkjet printing. The density of the Ni ink (1.02 g/cm3) 

is close to water, and BTO ink density is 1.3 g/cm3.   

 

Figure 7-3. Morphology and Size Distribution of Ink Nanoparticles (NPs). Nickel NPs a) SEM 

images and b) size distribution. BTO NPs c) SEM image and d) size distribution. 

 

Figure 7-3 shows the morphology and size distribution of the Ni and BTO NPs used in the inks.      

Using the SEM pictures in Figure 7-3a and c, the Ni NPs show an average size of 223.3 ±75.3 nm 

(Figure 7-3b), while the BTO NPs show an average size of 182.2 ±69.7 nm (Figure 7-3d). BTO 

and Ni NPs with sizes around 200 nm were chosen for the final capacitor fabrication. These size 

ranges are commercially available and fit within the size range limits of inkjet printing. In addition, 

a similar size could also help reduce the penetration of Ni into the BTO layer. 
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7.3.2 Sintering Effects on Inkjet-Printed Capacitor 

 

 

Figure 7-4. Sintering Influence on the Crystal Structure of Ink Nanoparticles (NPs). (a) Schematic 

illustration of neck growth between nanoparticles. (b) SEM image of Ni NPs after sintering at 

1300 °C with a magnification of 50 000X and a bar of 1 µm, (c) SEM image of BTO NPs after 

sintering at 1300 °C with a magnification of 50 000X and a bar of 1 µm. 

 

To investigate the influence of sintering temperature on the inkjet-printed capacitor, we first 

investigated the BTO layer. BTO ink was printed on a silicon (Si) wafer (1 cm x 1 cm) and cured 

in an oven at 150°C for one hour to burn off the organic material in the BTO ink. After the initial 

curing step, different printed Si wafers were sintered at each of the following different 

temperatures: 350 °C, 550 °C, 750 °C or 1100 °C for 30 mins. Figure S 18 shows the change in 

nanoparticle morphology with the different sintering temperatures. As seen in Figure S 18, no 
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obvious changes in particle morphology were found when sintering at temperatures of 350 and 

550 ℃ and the particle size remained 200 nm. (Figure S 19) However, particle surface smoothing, 

rounding of pores, and formation of grain boundaries and necking is clearly observed > 750 ℃. 

At 1100 ℃, we observe the intersection of grain boundaries, shrinkage of open pores, and slow 

grain growth. In addition, the nanoparticle size increased to ~300 nm (283 ± 84 nm, Figure S 19). 

Changes in particle morphology during high-temperature sintering are due to bulk diffusion, grain 

boundary diffusion, evaporation-condensation, viscous flow, and plastic flow.308, 309 Figure S 20 

depicts the XRD patterns for BTO NPs sintered at different temperatures. The XRD peaks at 22.2, 

31.5, 38.9, 45, 51, 56 degrees represent the reflection planes (100), (110), (111), (200), (210), (211), 

respectively.310 The split peaks at 45° indicate the tetragonal phase of the BTO NPs. It is obvious 

that sintering temperature did not affect the phase structure of BTO NPs. To investigate the effect 

of pO2, an inkjet-printed Ni capacitor with a bottom Ni layer (1 cm x 1cm), BTO layer (0.5 cm x 

0.5 cm), and top Ni layer (1.5 mm x 2.5 mm) was sintered in 1100 ℃ in air condition. When the 

Ni capacitor directly sintered at air condition, we could observe the black Ni layer turns into green 

color, indicating oxidation of the Ni (Figure S 21). Further, the SEM images show that while the 

BTO NPs size increases to 283 ± 84 nm, the open pores and slow grain growth means BTO NPs 

are not totally sintered.   

 

In order to fully sinter the BTO NPs, a higher temperature is necessary. In the final stage of the 

sintering, the solvent would be totally removed, and interstitial pores shrink to form closed pores. 

(Figure 7-4) After sintering in reducing condition following the heating profile shown in Figure 

7-2, the Ni electrodes become conductive. The morphology of the capacitor is shown in Figure 

7-4b. The 50 nm BTO NPs can be also observed in the Ni layer, which were included to reduce 
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the layer shrinkage. After annealing at 1300 ℃, we can clearly see closed pores, large grain size, 

and pores shrinkage to a limiting size or disappear in BTO layer. (Figure 7-4c) At this condition, 

the BTO NPs size grow to 447± 147 nm. (Figure S 19) 

 

7.3.3 Substrate Effects on Inkjet-Printed Capacitor. 

Shrinkage within the MLCC layers can cause a shortcut in the capacitor. Therefore, it is important 

to balance the increase in material density while preventing significant shrinkage. To study the 

impact of shrinkage, a BTO substrate was chosen to fabricate the capacitor. After sintering, again 

following the profile provided in Figure 7-2, the BTO substrate shrank to 2 cm x 2 cm x 1 mm 

from 2.54 cm x 2.54 cm x 1.5 mm and caused the capacitor sample to completely delaminate from 

the substrate. (Figure S 21). The arithmetic average thickness (H=A(area)/L(length)) can be 

calculated from the FIB images (Figure S 22). After sintering, the thicknesses were reduced to 

3.68 µm and 1.22 µm. The large shrinkage greatly affected the capacitor’s performance and caused 

a shortcut at high frequency (Figure S 22). 

 

To reduce the shrinkage effect, the BTO substrates were first sintered prior to inkjet printing, 

following the sintering profile in Figure 7-2. Then, the Ni and BTO inks were inkjet printed on the 

fired substrate. From Figure S 19, the shrinkage of the Ni capacitor is greatly reduced. The AFM 

results of sintered BTO NPs on the fired BTO substrate demonstrated that the inkjet printed layer 

is smooth (Figure 7-5). The AFM image also shows that the grains size of sintered BTO NPs is 

around 450 nm, which matches the SEM results, and the surface roughness was ~150 nm.  
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Figure 7-5. AFM image of sintered BTO film. 

 

7.3.4 XRD of the Inkjet-Printed Capacitor Before and After Sintering. 

 

Figure 7-6. XRD result of inkjet printed capacitor before and after sintering at 1300 °C.  
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Figure 7-6 shows the X-ray diffraction pattern of the all-inkjet-printed Ni/BTO capacitor deposited 

on fired BTO substrate before and after sintering. And the BTO peaks at 22°, 32°, 39°, 45°, 51°, 

56° are (100), (110), (111), (200), (210), and (211) planes310, 311, and this means BTO NPs phase 

is not changed after sintering. Furthermore, the XRD peaks at 45°, 52°, and 56° split into two 

peaks, which means the BTO has tetragonal structure that is essential for ferroelectricity. The Ni 

peaks at 44.5° and 51.8° represent (111) and (200) planes.312 It could also be found that Ni NPs 

are not oxidized after sintering in reducing condition as the NiO peak at 37° is absent. 312   

 

7.3.5 Structure of the Inkjet-Printed Capacitor 

 

Figure 7-7. Cross section image of inkjet-printed Ni capacitor after sintering.   

 

SEM with EDS was used to investigate the distribution of BTO and Ni layer. (Figure S 23 and 

Figure S 24) Ba element can be found in the Ni layer from Figure S 23, as 1 wt. % 50 nm 

nanoparticles were added during nickel ink fabrication with a purpose to limit shrinkage during 
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sintering.  Figure 7-7 shows that the sintered BTO layer thickness is around 7 µm. (Ni layer is 

shown in green color.) Even though the Ni capacitor structure is not perfect as uneven thickness 

distribution was observed, it shows the potential of using inkjet printing for MLCCs fabrication. 

In the future, the Ni ink will be optimized with a suitable polymer binder. The thickness of Ni layer 

and BTO layer could be further reduced by manipulating inkjet printing settings. 

 

7.3.6 Ni Capacitor  

 

Figure 7-8. Capacitance and dielectric loss of the sintered Ni capacitor. 

 

The capacitance and dielectric loss of the resultant nickel capacitor were measured from 100 to 

100k Hz. A maximum capacitance of 1.1 nF was observed when tested at 100Hz. (Figure 7-8) The 

dielectric constant is around 300 at 100 Hz which is close to the reported BTO precursor ink, but 

with a much less dielectric loss.313  In future studies, the oxygen pressure should be optimized to 

further increase dielectric properties of BTO layer. The sintering of BTO in a reducing atmosphere 

certainly impacted the insulation property, and in order to solve this problem, dopant such as MnO, 
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CaO, rare earth oxides(Y2O3, Dy2O3, Ho2O3, Er2O3), can be added to stabilize BTO NPs and avoid 

the oxygen vacancies.1, 314 In conventional fabrication process of ceramic capacitor, weak adhesion 

between the layers may cause the delamination during the sintering process159, and inkjet printing 

method can be more effective to avoid the cracks and holes.   

 

7.4 Conclusion 

We have demonstrated a whole process of the all-inkjet-printed high-temperature sintered Ni 

capacitor, including Ni NPs and BTO NPs ink design, optimization of sintering temperature and 

atmosphere, substrate treatment, etc. The resultant Ni capacitor with a size of 1.5 x 2.5 mm showed 

a capacitance of 1.1 nF, and the BTO layer without doping achieves a dielectric constant of 300 at 

100 Hz.  

 

In future research, the thickness of printed Ni and BTO layer will be reduced by manipulating 

inkjet printing parameters. In addition, the Ni and BTO ink will be optimized to further improve 

the evenness of printed layer. Finally, multiplayer capacitor by printing Ni and BTO alternatively 

will be researched. This research is very important as it shows the viability and potential of using 

inkjet printing for minimizing the complexity of Ni MLCC fabrication.  
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8 High-Concentration Barium Titanate Nano-Inks for Inkjet Printing and Reduced 

Coffee Ring Effect  

Abstract 

Coffee ring effect is often one of the most challenging phenomena when it comes to uniform 

deposition of particle-based functional inks. In this work, an innovative formulation method for 

ceramic ink containing high concentration barium titanate (BT) nanoparticles (NPs) was developed. 

Surface modification of BT NPs surface were performed with short-chain polymer dispersant and 

long-chain polyvinylpyrrolidone to enhance homogenous dispersion in solvents. A dual solvent 

system with different evaporation rate of solvents was developed to minimize coffee ring effect. 

The combination of high boiling point solvent (ethylene glycol) and low boiling point solvent 

(ethanol) induce a gradient surface tension in the droplet and form Marangoni flow. The ratio of 

the dual solvents was optimized by comparing the surface topographies of printed patterns using 

inks with different solvent ratio. As 1:1 ratio of ethylene glycol and ethanol was the optimum 

solvent combination, the printed layer shows good uniformity and fast evaporation. The BT NP 

ink was inkjet printable even with high nanoparticle concentration (20 wt.%), maintaining a 

viscosity of 4 cPs and a surface tension of 27 mN/m at room temperature. The ink can be stored 

for months under ambient condition and the dispersion was stable against aggregation. We 

demonstrated inkjet printed BT NP ink on Si wafer for dielectric layer formation for printed 

electronics applications.  

 

8.1 Introduction 

The boost of electronics in the global market stimulates high-quality, low-cost, and large-scale 

electronic components. Compared with conventional  approaches such as photolithography, 
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microcontact printing, screen printing, tape casting, inkjet printing can solve the problem of time-

consuming, complicated, and expensive process.315-317 Inkjet printing is a non-contact printing 

technique have advantages including scalability, low cost, high throughput, less waste, and 

material conserving.316, 318-320 It is the process that jets the droplets from a small orifice and deposits 

them on the desired position by computer control. This process includes ink flow in the print head, 

wetting, and drying on the substrate. This method allows for the massive fabrication of less 

material directly via a digital model in two-dimensional or three-dimensional structures.321 

 

Owing to the ceramic’s excellent properties, such as high mechanical strength and hardness, good 

thermal and chemical stability, electrical and magnetic properties, especially the high relative 

permittivity, they are widely used in electronic devices.322 Barium titanate (BT) with unique 

piezoelectricity and high dielectric constant and low dielectric loss has been widely used  in 

capacitor area.211, 323 Capacitors are essential electronic devices, which can be as signal decoupling, 

filtering, and tuning.257 Screen printed BT nanocomposite ink278, 324 and inkjet printed BT polymer 

precursor ink are widely used in the dielectric layer fabrication. However, both two inks are hard 

to get thin film deposition. Nanometer-sized particle inkjet printing inks have great potential in 

thin-film dielectric layer fabrication. The major challenge of inkjet printing is to have inks 

containing high-concentration functional materials while capable of printing uniform particle 

deposition and high film homogeneity in an efficient way.95  

 

Formulating inkjet printable electronic inks require optimization process of concentration, material 

stability, surface tension, viscosity, and evaporation rate.325, 326 It is challenging to formulate 

functional inks achieving high functionalities while maintaining stability in inkjet process and 
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reliability of the functional patterns. Capability of high concentration of electronic materials are 

often required to achieve advanced functionality with reduced print and process time, especially 

considering manufacturability. To get the highly dispersed nanoparticles ink, aggressive organic 

solvents are used, such as N, N-dimethylformamide (DMF)63.  As reported in the previous studies, 

it is highly challenging to increase materials loading in the nanoparticle-based green inks for inkjet 

processing.  

 

It is important to understand how colloidal stability can be improved in the ink formulation stage. 

The colloidal stability depends on the nanoparticles’ size, density, surface chemistry, and 

dispersants.327 Designing the ink need to overcome the hydroxylated filler surface and aggregation 

of the particles driven by van der wall force. To avoid the aggregation, the solvents and polymer 

should be carefully chosen. Second, the inkjet ink leaves the micro-size nozzles (20- 100 µm)83 at 

high velocity (around 10 m/s)70. Thus, the surface tension and viscosity must be carefully 

controlled. The surface tension should be approximately 25-50 mN/m, and viscosity should be 

around 1-25 cPs.80 The ink physical properties should be considered, especially for high viscosity 

ink, which can directly influence the droplet formation at the nozzle. Third, the low surface tension 

ink interactions with the substrate would directly influence the printed pattern quality including 

resolution and roughness.   

 

It is important to understand two aspects of inkjet process to achieve conformal patterns with inkjet 

printing process. First, stable nanoparticle ink without blocking inkjet printer nozzle is the 

preliminary requirement for inkjet printing.  On the other hand, once the stable jet is created from 

the nozzle, high-resolution-pattern and its roughness deposited on the substrate are influenced by 
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the printable ink’s fluid dynamic properties, such as the droplet formation, spreading and wetting 

on the substrate, three-phase contact line (TCL) motion, flow fields inside droplets, and mass 

transportation within the droplets during drying.328 The morphologies of the inkjet-printed droplets 

are decided by the drying process. The existence of the Coffee Ring Effect (CRE) on the 

hydrophilic surface and Rayleigh instability on the hydrophobic surface would greatly influence 

the printed uniformity and smoothness.329 The CRE occurs when an increased evaporation rate at 

the droplet edge and contact line pinning due to surface irregularities and solute deposition, 

forming a ring stain that marks the perimeter of the droplet before drying.330 The capillary-driven 

flow from the droplet center toward the edge compensated for the evaporation losses and push the 

material into the rim.330 To reduce the CRE, the practical way is to take advantage of the 

Marangoni flow. Another way is a strong increase of viscosity  during drying of ink.331 

 

The goal of this study is to design a high-concentration dielectric BT nanoparticle ink capable of 

printing homogenous layer on Si wafer using inkjet printing. The first challenge is the aggregation 

issues among nanoparticles, especially for high-concentration system. Small-chain polymer 

dispersant and long-chain PVP were selected to bond onto BT nanoparticles surface through 

hydrogen bonding. The surface modified BT NPs dispersed homogenously in ink without obvious 

aggregations. The ink uses a dual solvent system containing ethanol and ethylene glycol with 

different ratios. The roughness of printed layer was analyzed, and the ratio of the dual solvents 

were optimized. This proposed method can be used to design other functional nanoparticle inks 

economically and practically.   
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8.2 Experimental Section 

8.2.1 BT Ink Fabrication  

First, the polymer dispersant (PD) (US Nano Research), was added to a solvent mixture containing 

different ratios of ethanol and ethylene glycol. The polymer dispersant is composed of a mixture 

of small molecular chains including nonylphenol, polyoxyalkylene amine derivative, polyethylene 

glycol, polyethylene glycol, polyvinylpyrrolodone, butyl ethanoate, and ethylene glycol 

monobutyl ether. The resulting mixture of polymer dispersant in the ethanol and ethylene glycol 

solvent mixture was sonicated for 5 minutes. After sonication, BT nanoparticles (200 nm) (US 

Nano Research) were added into the solution mixture, followed by 3 hours of sonication. Then 

polyvinylpyrrolidone (PVP) with a molecular weight (Mw) of ~40000 g/mol (Sigma-Aldrich), was 

introduced into the solution and sonicated for 3 hours. The resultant ink contains 20 wt.% BT 

nanoparticle, 2 wt.% polymer dispersant and 2 wt.%. PVP. 

 

8.2.2 Deposition System 

The jet-ability of different solutions was evaluated in a material deposition system based on 

piezoelectric inkjet technology (Dimatix DMP 2850). The printer head's cartridge uses state-of-

the-art silicon micro-electro-mechanical systems (Si-MEMS) with sixteen 21.5-µm-diameter 

nozzles linearly spaced at 250 µm. The typical drop size for the printer is 10 pL, and each cartridge 

has an ink capacity of 1.5 mL. The ink was filtered through a nylon membrane with a 5-um pore 

size before loading the ink into the printer cartridge. The printer is equipped with a charge-coupled 

device (CCD) camera system. Droplet formation at the nozzles and trajectory of the drops after 

ejection was clearly observed and imaged for analysis. The printing voltage is 20V at a frequency 



 

149 

 

of 23 kHz. The single droplet drop space was 200 µm, and the film printing drop space is 15 µm 

for 10 passes.  The printing height from the substrate to the nozzle was set to 1 mm. 

 

8.2.3 Characterization 

The surface tension values were measured at room temperature (21℃) with a goniometer (First 

Ten Angstroms Europe: Cambridge, UK). Dynamic viscosity was measured at room temperature 

(21℃) using a cone and plate rheometer (model MCR 302, Anton Paar). Surface modification of 

BT particles was characterized using Fourier-transform infrared spectroscopy (FTIR) (Thermo 

Fisher FTIR models, iS50). Thermogravimetric analysis (TGA) and differential thermal analysis 

(DTA) (EXSTAR TG/DTA 6200, Seiko Instument, Japan. US) were performed by heating 

samples from room temperature to 580℃ at 10 ℃/min. Raman measurements were performed 

using a Horiba XploRA PLUS Confocal Raman Microscope in a backscattering 

microconfiguration. Raman spectrums were collected using a 532 nm edge laser set to 10 % power 

and 2400(400) nm grating focused on the sample surface using 50x magnification. The spectrum 

was collected from 100 to 4000 cm-1 at room temperature with a 2 second acquisition time and 

accumulation set to 1. The surface images, and topographical profile of the printed pattern were 

obtained with Laser confocal microscopy (VK-X1000, Keyence). 
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8.3 Results and Discussion 

8.3.1 Ink Stability  

 

Figure 8-1. Mechanism of the BT ink fabrication.   

 

Good dispersion, and high stability of nanoparticles are the preliminary requirements for inkjet 

printing332. The nozzles of the printer are usually less than 100 µm, and would be easily clogged 

by larger particles or nanoparticle aggregation.333 In addition to causing clogging issues, the 

aggregation of the BT nanoparticles would produce a highly inhomogeneous printed layer, 

resulting in electric field with local hot spots, which can cause defects and deteriorating the 

dielectric properties of printed layer. Adding dispersant, surfactant, or coupling agent is an 

effective method to prepare well-dispersed ink.334 Adding polymer surfactant and dispersant can 

cause bubbles in ink. Ethanol can be used as defoamer by reducing the surface tension in the local 

area and causing local areas to thin rapidly.64, 327 Particles in inkjet printing ink should be less than 

1/100 of the nozzle to prevent clogging.259 Therefore the size of the nanoparticles should be less 

than 210 nm. The BT nanoparticles were modified with polyvinylpyrrolidone (PVP) to promote 

the BT ink's dispersibility. 269-271, 335 The mechanism of the BT surface-modified process is shown 
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in Figure 8-1. The low molecular weight polymer dispersant has a short molecular chain and weak 

intermolecular interaction.148 The small molecular chains can be easily coated on the nanoparticles’ 

surface instead of interacting with the polymer chains. Moreover, the polymer dispersant can form 

hydrogen bonding with the hydroxylated filler surface of the BT NPs through its polyethylene 

oxide parts. The surface-modified high-concentration BT NPs with polymer dispersant can still be 

easily aggregated after some time. Therefore, long-chain PVP is added to modify the ink viscosity 

and the surface of the BT NPs to prevent aggregation. After this, the ink can be kept at room 

temperature for months without evident precipitation.  The mechanism is the low molecular chain 

polymer dispersant, and high molecular chain PVP can work together to disperse BT nanoparticles 

in ink. The small molecular chains can penetrate the gaps of the nanoparticles after ultrasonication. 

In contrast, long chains polymer can increase the viscosity of ink and keep the ink stable for a long 

time.  
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8.3.2 Characterization of the BT Surface Modification 

 

Figure 8-2. (a) TGA curves of untreated BT, BT@PD/PVP, PVP, PD, BT in ethanol, BT in 

ethylene glycol and BT@PD/PVP in ethylene glycol and ethanol mixture. (b) DTA curves of 

untreated BT, pure PD, pure PVP, and BT@PD/PVP in ethylene glycol and ethanol mixture. (c) 

Comparative FTIR of the BT, PD, PVP, and BT@PD/PVP. (d) Comparative Raman of BT, PD, 

PVP, and BT@PD/PVP. 

 

The TGA, DTA, FTIR, and Raman analysis were used to investigate if the PD and PVP were 

grafted onto the BT particles' surface. Figure 8-2a shows the TGA curves of BT, PD, PVP, and 

BT@PD/PVP powder. The surface coated BT (BT@PD/PVP) shows a dramatic weight loss of 

11.8% from 324 ℃ to 483 ℃, caused by the decomposition of polymer dispersant and PVP. And 

the final material shows 18% loss before sintering. The DTA curve of the PVP shows three peaks 



 

153 

 

at 386, 458, 494 ℃, respectively. The exothermic peak at 386 ℃, indicates the crystallization of 

PVP, while the endothermic peak at 458 ℃ represents the dehydrogenation, carbonization, and 

decomposition of PVP. The exothermic peak 494℃ indicates the combustion of the carbon 

deposition.334  The PD has three peaks at 366, 441, and 477 ℃.  At 366℃, PD begins to crystallize. 

PD dehydrogenate, carbonize, and decompose at the temperature of 441℃. The combustion of the 

carbon deposition is at 477℃.  BT@PD/PVP shows weak exothermic peaks at 351 ℃ and 429 ℃, 

corresponding to the crystallization of the polymer and combustion, respectively. Since the 

polymer content is very low, so the peak is not apparent. The comparison of the FTIR spectra of 

surface modified BT NPs with those of PVP and PD concluded that the stretching vibration peak 

of C=O from 1661 to 1654 and 1648 cm-1, and C-N stretching peaking at 1435 cm-1 which shift 

from 1420 and 1421 cm-1.272 These indicated the N and O atoms form PD and PVP interact with 

the BT nanoparticles. The strong O-H stretching peak at 3400 cm-1 of the surface modified BT 

NPs prove the hydrogen bonds between the nanoparticles and polymer. The FTIR shows the peaks 

of PD and PVP, which prove the polymer were coated on the NPs. And Raman data also shows 

PD and PVP bonded on the surface modified BT NPs. The hydrogen bonds can be also proved by 

the Raman at the 3100-3600 cm-1.  

 

8.3.3 Ink Jettability and Liquid Properties  

In order to explore the effect of inkjet printing on the formation of BT thin film, the viscosity, 

evaporation rate, and surface tension of the ink were systematically analyzed. Ethylene glycol (EG) 

and ethanol (E) are used to fabricate BT ink with good stability due to the hydrogen bonds formed 

with the hydroxylated BT nanoparticle surface.336 The ethylene glycol and ethanol ratio 

determined the ink viscosity, surface tension, and evaporation rate. The high viscosity (16.1 mPa·s) 
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of EG can facilitate the ink solution membrane to maintain a good resolution, but it is hard to be 

injected from the printer nozzle. While the low viscosity (0.8 mPa·s) of ethanol can help the ink 

spread on substrate, but it is difficult to control the diffusive pattern. The high surface tension (47.3 

mN/m) of EG may cause the dewetting effect on smooth substrate, while the low surface tension 

(20.14 mN/m) of ethanol can promote the diffuse on the substrate and reduce the surface tension 

of ink. Moreover, the low evaporation rate EG (bp=197 °C) facilitate the homogeneous spread of 

the solute. In contrast, ethanol's fast evaporation rate (bp= 78 °C) would have the advantages of 

avoiding ink accumulation on the substrate during multiple printing passes. Based on these factors, 

we investigated the EG and ethanol’s combination in order to get a smooth film by manipulating 

the evaporation rate, surface tension, and viscosity, which are essential factors for inkjet 

printing.326 

 

For inkjet printing ink, the ink should be stable in the print head. Faster drying solvents would 

increase the ink's viscosity at the nozzle and may cause an irreversible nozzle clog. When using 

ethanol only as the solvent, the nozzle was quickly blogged. Also, the ink should dry soon after 

being printed on the substrate. Therefore, the pure ethylene glycol solvent is not a good option for 

inkjet printing. In order to solve the problem, the ethanol and ethylene glycol dual solvents system 

was researched. The mixture solvent system balances the need to dry fast on the substrate and 

reliable jetting process in the nozzles. Slow evaporation solvent ethylene glycol and fast evaporate 

solvent ethanol show good compatibility with BT NPs and are widely used as the BT NPs ink' 

solvent. Ethylene glycol would minimize the drying at the nozzle and prevent the nozzles from 

blocking. And fast-evaporation ethanol would reduce the time and energy required to dry the ink 

on the substrate. Moreover, these solvents are nontoxic and environmentally friendly. They both 
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served as the carrier to deliver the functional material of ceramic BT NPs to the substrate, while 

restricting contamination in the workplace and protecting human health and the environment.  

 

Figure 8-3. Viscosities of the BT@PD/PVP in ethylene glycol and ethanol mixture solvents at the 

ratio of 1:2; 1:1; 2:1, 3:1, 4:1.  0.025 Pa·s is the maximum viscosity requirements for the printer 

used in this paper.  

 

Different rheology behaviors are observed for ink formulations with different ethylene glycol and 

ethanol ratios, as shown in Figure 8-3. At a high ratio of the ethanol (EG: E=1:2), the ink has a 

low viscosity of 0.0055 Pa·s both at a low shear rate and high shear rate. The viscosity increases 

with the ration of ethylene glycol. At a high percentage of ethylene glycol, the inks have non-

Newtonian rheology with high viscosity at a low shear rate and low viscosity at a high shear rate. 

(Figure 8-3) When the ratio of EG/E=1:1, 2:1, at low shear rate (5 /s), the viscosity is 0.011 Pa·s 

and 0.025 Pa·s, respectively; and at high shear rate (1000 /s), the viscosity is around 0.004 Pa·s 

and 0.011Pa·s, respectively. During inkjet process, inks are subject to low shear rate in the ink 

supply tube and the print head's narrow channels, and high shear rate in the nozzles part when 

jetting out. Low shear rate and high shear rate viscosities are equally important and should be less 
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than the maximum values for inkjet printers. These two inks met the requirements for the printer 

used in this paper. When the ratio of EG/E=3:1, 4:1, the viscosity at a low shear rate (5 /s) is too 

high for inkjet printing. Therefore, the inks with solvent ratios of EG: E=1:2, EG: E=1:1, and EG: 

E=2:1 were selected for further analysis in this paper.  

 

 

Figure 8-4. Surface tension of the BT ink with different ethylene glycol/ ethanol ratio. (a) 

EG:E=1:2, (b) EG: E=1:1, (c) EG:E=2:1.  

 

Since the viscosity for inkjet printing is very low, the ink's surface tension is a primary factor 

deciding the droplet formation and spreading on a specific substrate.326 The solvents compositions 

and polymer surfactants can influence the surface tension. Here BT@PD/PVP with different ratios 

of EG and E are analyzed.  Figure 8-4 shows that the surface tension of ink with a ratio of EG:E=1:2, 

1:1, 2:1 is 24.38 mN/m, 26.99 mN/m and 28.47 mN/m, respectively. The addition of surfactant 

reduces the surface tension of solvents; therefore, the differences between the ink systems are not 

apparent. However, it still plays an important role in the printing quality.  
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Figure 8-5. BT NPs ink evaporation based on the Coffee Ring Effect and Marangoni Effect.  

 

After the ink deposition on the substrate, the nanoparticles are deposited close to the contact line, 

pinning the droplet on the substrate.337 As the ink evaporation continues, a replenishing flow of 

solvent will carry the nanoparticles from the droplet center to its pinned edge. (Figure 8-5) These 

conditions are due to the droplet’s capillary flow during the evaporation and are usually called 

coffee ring effect.(CRE)338 For electronics devices, the CRE is an unwanted phenomenon. To 

overcome CRE, the Marangoni flow effect which can be archived by controlling the surface 

tension of the ink. At the Marangoni flow, the particles will flow from low surface tension area to 

high surface tension area. (Figure 8-5) 
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Figure 8-6. 3D microscopic images of inkjet printed single dots obtained from BT ink with 

different solvent ratio of ethylene glycol and ethanol 1:2; 1:1; 2:1, and the height profile of the 

single droplets at different ratio in vertical direction.   

 

A single droplet dot was deposited from a drop space of 200 µm by an inkjet printer with a 21.5 

µm orifice. 3D images and 2D surface profiles of the inkjet printed single dots obtained from BT 

ink with different solvent systems are shown in Figure 8-6. Even though the inks have the same 

weight percentage of BT nanoparticles, the volume percentage is different as solvent densities 

changed due to different ratios of ethanol and ethylene glycol. When printing a single droplet with 

the same volume, the BT volume of each ink is different. The droplet size is decided by the surface 

tension and the thickness is dependent on BT volume ratio. The ink system with small surface 

tension has a greater volume of fluid in proximity to the contact line. For the same droplet volume, 

it has a larger size and is more likely to form coffee rings.97 When the ethanol is the major part of 

the ink (EG:E=1:2), the pattern shows a coffee ring shape (Figure 8-6), where BT NPs were 
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accumulated at the edge of the droplet. The droplet size is around 107 um, and the height is about 

115 nm.(Figure 8-6d) When the ethylene glycol is equal to or more than 50 wt.%, the pattern shows 

a uniform BT NPs distribution.(Figure 8-6) When the ink with a high boiling point solvent such 

as ethylene glycol (197 °C) and a low boiling point solvent like ethanol (80 °C), the different 

evaporation rate of the solvent system would cause a surface tension gradient in the droplet and 

induce Marangoni flow.95 Thus the droplet has a Marangoni flow from the lower surface tension 

area to the higher surface tension area, reducing coffee ring effect.338 When the EG/E ratio is 1:1, 

the CRE is obviously reduced and shows a good roughness from Figure 8-6. The droplet size is 

around 99 µm, and the height is around 530 nm.  When the EG/E ratio is at 2:1, the droplet size is 

around 90 µm, and the height is around 700 nm. It can be found that the ink solvent containing 50% 

EG or more is sufficient to overcome the coffee ring effect. But with a high concentration of slow 

evaporating solvent ethylene glycol, the ink drying time increase enormously. Therefore, this ink 

is not suitable for inkjet printing. Moreover, in Figure S 25 and Figure 8-6, we could observe the 

large dot with a small dot at a high concentration of the ethylene glycol in the horizontal direction. 

This is due to the high viscosity and density of the ink’s satellite phenomenon. This further proves 

the ink solvent ratio should be 1:1 of the ethanol and ethylene glycol. 
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Figure 8-7. Morphologies of the inkjet printed 5 mm* 5 mm BT film using inks with different 

solvent ratio. 

 

A dried ink film can be considered a huge droplet. Because dielectric printed layer requires a 

certain thickness, more droplets are necessary. Here, BT inks with different solvent ratios were 

printed at a drop space of 15 um and 10 passes to get a thick film. Due to the fast evaporation rate 

for solvent system EG/E=1:2, poor roughness can be observed in Figure 8-7a. When printing a 

thick layer, the fast evaporation rate solvent would result in accumulation of nanoparticles in the 

middle area. While at the ratio of EG/E=1:1, or EG/E= 2:1, the printed films demonstrate good 

roughness. (Figure 8-7b and 7c) For a very smooth and high surface energy substrate, the droplet 

deposition process includes phases of kinematic, spreading, retracting, wetting, and equilibrium.66 

The low surface tension ink at a ratio of EG/E=1:2 shows high spreadability on Si wafer, and the 

quick evaporation causes the rough edge on the side. The material would pin on the substrate 

before reaching the equilibrium state of the droplet. Even though, at the ratio of EG/E= 2:1, the 

film shows good roughness, the slow evaporation of the ink may cause ink accumulation and poor 

printing quality. Therefore, we would choose the ink at a ratio of EG/E=1:1 to design our ink. 
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8.4 Conclusion 

In summary, we have designed BT ceramic dielectric ink with high weight percentage for inkjet 

printing which can greatly save printing time and energy. Small-chain polymer dispersant and 

long-chain PVP were successfully used to modify the surface properties of BT nanoparticles by 

forming hydrogen bonds and reduce particle aggregation. In addition, the influence of the ratio 

between high-boiling point solvent ethylene glycol and low-boiling point solvent ethanol on 

surface tension, viscosity, and morphology of printed dot was explored. It was found that when 

ink solvent containing 50% ethylene glycol or more, undesired coffee ring effect could be 

eliminated due to Marangoni Effect. The resultant high-concentration BT dielectric ink is capable 

of printing uniform layers and would have great potential for the fabrication of inkjet printed 

capacitor. The prosed ink formulation method may also be suitable for other functional 

nanoparticle inks for inkjet printing.  
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9 CONCLUSION AND FUTURE WORK 

9.1 Summary and Conclusion 

Smart textiles have shown tremendous growth over the past decades. The versatility and potential 

of the printing method for smart textile fabrications were fully demonstrated in this study. In 

summary, this research covered the whole process of printing both an antenna and capacitor, 

including fabricating inks, substrate selection, optimization of printing parameters, and device 

fabrication.  

 

Preparation of inks with functionalities was the first step, and critical factors including viscosity, 

surface tension and evaporation rate should be considered. UV curable BT inks for spray coating, 

and inkjet printing, high-concentration BT inks and Ni conductive inks for inkjet printing were 

successfully prepared. It was found that the printability, dispersibility, and stability of nanoparticle 

ink systems depends on the selection of surfactants and dispersants, solvent combination, particle 

size and processing methods. The use of various commercial inks, including silver MOD and silver 

nanoparticle inks for inkjet printing, and silver paste for screen printing, were also demonstrated. 

Apart from inks preparation and printing parameters optimization, curing and sintering conditions 

are critical to improve the properties of printed layers, such as dielectric properties and 

conductivity.  In the end, flexible and breathable textile antennas and capacitors, as well as rigid 

miniature capacitors were successfully printed, and these devices exhibit superior performance.  

 

The first objective of the research is to prepare flexible and breathable textile antennas and 

capacitor sensors by printing UV curable BT NPs. In Chapter 3, a novel dielectric ink consisting 

of UV curable acrylates, urethane and 4 wt.% 200 nm barium titanate nanoparticles was prepared. 
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The ink was successfully used to enhance the dielectric properties of the naturally porous textile 

substrates by direct-write spray coating and inkjet printing in Chapters 3-5, which is key to the 

performance of the antenna and capacitor.  

 

The textile antenna presented in Chapter 3 using spray coating of UV curable BT inks and screen 

printing of silver paste is capable of operating in a full-duplex mode, is demonstrated with a 

relatively high gain of 9.12 dB at 2.3 GHz and a bandwidth of 79 MHz (2.260–2.339 GHz) for 

each port. However, the use of the screen printing method for patch and ground fabrication 

decreased the breathability and flexibility of the antenna. The performance of the textile antenna 

was improved in Chapter 5 by inkjet printing of reactive MOD (metal–organic-decomposition) 

silver ink and the UV curable BT NPs dielectric ink on textile substrates. The fabricated patch 

antenna shows a low return loss of 24.98 dB in free space and preserves its performance even when 

bent to >300°. The breathability of the antenna is retained after inkjet printing. More importantly, 

after consecutive 1000 bending cycles, the conductivity and return loss of the antenna remained 

unchanged with excellent stability in conductivity and mechanical durability.   

 

Inkjet printing of the UV curable BT ink can also be used to fabricate a textile capacitor, as 

demonstrated in Chapter 4. The printing of UV curable BT ink significantly improved the dielectric 

constant of the textile substrate.  High resolution and high conductive (0.014 Ω/sq) patterns were 

prepared by inkjet printing of Ag MOD ink.  The resultant large textile capacitor exhibits high 

sensitivity (11.4 kPa-1), low detection limit (50 Pa), good mechanical stability is fabricated and 

can be used as capacitor array pressure sensor.   
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In addition to using flexible textile substrates, devices that are lightweight and miniature in size 

are also preferred for wearable applications. The second research objective research was to 

fabricate small-size capacitors by inkjet printing of high-concentration BT NPs inks.  

 

In Chapter 6, a fully inkjet-printed silver capacitor was prepared by printing a newly developed 

high-concentration large-size BT/polymer ink and commercial silver MOD ink. After optimization 

of drying temperature and printing settings, uniformly printed layers were achieved. The printed 

nanocomposite dielectric layer with a thickness of 5 µm showed a high dielectric constant of 100 

at 100 Hz. A high-temperature sintered ink jet-printed nickel capacitor containing consisting of 

200 nm Nickel (Ni) nanoparticles (NPs) for electrode layers and 200 nm barium titanate (BTO) 

NPs for the dielectric layer was prepared in Chapter 7. The sintering temperature, and partial 

oxygen pressure affected the dielectric constant of BT layer and the conductivity of Ni layers. 

After optimization of the sintering conditions, the resultant capacitor (1.5 mm x 2.5 mm) showed 

a capacitance of 1.15 nF at 100 Hz with a 7 µm BTO layer. The disclosed research provides the 

foundation to produce base metal electrode multilayer ceramic capacitors (MLCCs) with inkjet 

printing. 

 

High-concentration inks are necessary for the fabrication of high-performance devices. In Chapter 

8, an innovative ceramic ink containing high concentration barium titanate nanoparticles (20 wt.%) 

for inkjet-printing was presented. BT NPs surface were modified with short-chain polymer 

dispersant and long-chain polyvinylpyrrolidone to ensure good dispersibility in solvent. A dual 

solvent system containing high boiling point solvent ethylene glycol and low boiling point solvent 
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ethanol (ration 1:1) could result in a uniform printed layer. The resultant high-concentration ink 

can be stored for months under ambient conditions with minimal aggregation.  

 

9.2 Future Work 

Due to the restriction of time and equipment, future investigations are encouraged to continue in 

the following aspects:  

 

9.2.1 Ceramic-Metal-Polymer nanocomposites 

Current research utilized ceramic (BT)/polymer composite as the capacitance layer of antenna and 

capacitors. Metal-polymer composites usually exhibit a high dielectric constant (over 1000), but 

also a high dielectric loss. In comparison, ceramic-metal-polymer composites would improve the 

dielectric constant while persevering the low dielectric loss. In the future, ceramic-metal-polymer 

composite ink can be prepared to further improve the performance of the printed antenna and 

capacitor.  

 

9.2.2 Nickel Inkjet Printing Ink 

Ni inkjet printing ink was prepared using ball milling in this study. In the future, nanoparticle 

surface treatment and dispersants should be investigated to achieve better dispersion and stability.  

 

9.2.3 Barium Titanate Nanoparticles Doping  

During high-temperature sintering conditions, the defects of the BT crystal structure reduced the 

dielectric properties. Moreover, a reducing atmosphere caused oxygen vacancies. To enhance 

dielectric properties of the barium titanate printed layer, dopant such as MnO, CaO, BaO and rare 
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earth oxides such as Y2O3, Dy2O3, Ho2O3, Er2O3, can be added to stabilize barium titanate NPs 

and reduce the oxygen vacancies and crystal defects.  
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Appendix-1: Supporting Information for Chapter 4 

Supporting Information for Chapter 4 

 

 

Figure S 1. Inkjet-printed nonwoven fabric by ex-situ polymerization method with different passes. 

 

(a)  (b)   

(c)   (d)   

 

Figure S 2. Optical images of top side (a), (c), back side (b), (d). (a) (b) (1L)6, (c) (d), (6L). 
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(a)   (b)   

(c)  (d)   

 

Figure S 3. Optical images of woven fabricate (a), (c) top side (b), (d) back side. (a)(b) Inkjet 

printed UV curable BTO ink (1L)6, (c), (d) Inkjet printed UV curable BTO ink 6L. 
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Figure S 4. Pristine PET IR spectra and Raman spectra. 
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Figure S 5. mIRageTM optical images of woven fabric with dielectric ink, IR spectra of the woven 

fabric with dielectric ink. 
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Figure S 6. Simultaneous IR/Raman analysis of inkjet-printed nonwoven e-textiles with laser 

confocal microscopy of pristine side of PET/PA nonwoven fabric, and inkjet-printed Ag nonwoven 

fabric with Raman and IR spectra respectively. 
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Figure S 7. Dielectric ink influence on film thickness by ex-situ polymerization method and layer-

by-layer lamination. 

 

 

 

Figure S 8. a) Dielectric constant and b) dielectric loss of the inkjet-printed nonwoven fabric by 

ex-situ polymerization method. 
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Figure S 9. Sensor performance taping 200 times for the textile capacitor array. 
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Appendix-2: Supporting Information for Chapter 5 

Supporting Information for Chapter 5 

 

 
 

Figure S 10. (a) Cross sectional SEM image of Ag inkjet-printed nonwoven fabric. (b, c, d) SEM 

image of Ag inkjet-printed fiber. 
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Figure S 11. (a) Surface SEM image of the in-situ BT dielectric UV curable inkjet-printed knit 

fabric structure. (b) Cross sectional SEM image of the in-situ BT dielectric UV curable inkjet-

printed knit fabric. Surface SEM image of the in-situ BT dielectric UV curable inkjet-printed knit 

fabric (c) loop. (d) fiber. 

 

 

Table S 1. Air- permeability of the printed E-textile 

Air-Permeability of the Antenna Substrate (cm3/s/cm2) 

Knit Fabric Assemble 9.43 ±0.21 

Inkjet-Printed Dielectric Ink Knit Fabric Assemble 9.18 ±0.21 

Antenna 4.17 ±0.01 
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Figure S 12. Buckling force displacement curve with fixed-fixed ends for 1000 cycles 
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Figure S 13. Buckling force displacement curve with fixed-fixed ends for the first 20 cycles 
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Appendix-3: Supporting Information for Chapter 6 

Supporting Information for Chapter 6 

 

 

Figure S 14. FTIR of raw BT powder, polymer surfactant, PVP, printed BT/PVP nanocomposite 

film and sintered BT/PVP film by inkjet printing. 
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Figure S 15. TGA of raw BT powder, polymer surfactant, and PVP from 25℃ to 580 ℃. 
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Figure S 16. 3D images of different drop space (15 µm, 25 µm, 35 µm, 45 µm, 100 µm, and 200 

µm.) inkjet printing different pass (1, 2, 3, 4). 

 

 

Table S 2. Inkjet printing setting 

Drop space (µm)  Resolution (Dpi) Printing 1 mm* 1 

mm volume (pL) 

Printed Ag 1pass 

thickness (µm) 

15  1693 44890  1.302 

25  1016 16810 0.487 

35  726 8410 0.244 

45  564 5290 0.153 

100 254 1000 / 

200 127 250 / 

 



 

227 

 

Appendix-4: Supporting Information for Chapter 7 

Supporting Information for Chapter 7 

 
Figure S 17. The Ni ink drying temperature analysis under room temperature, 60 ℃, and 130 ℃. 

 

 
 

Figure S 18. SEM of 200 nm BTO printed layer cured at 150 degree and sintered at 350 ℃, 550 

℃, 750 ℃, 1100 ℃ for 30 mins. 
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Figure S 19. BTO nanoparticle average size and deviation under sintering at 550 ℃, 750 ℃, 

1100 ℃ and 1300 ℃. 

 
Figure S 20. XRD of 200 nm BTO printed layer cured at 150 degree and sintered at 350 ℃, 550 

℃, 750 ℃, or 1100 ℃. 
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Figure S 21. Peeled off inkjet printed Ni capacitor on green BTO substrate sintered (a) 1100 ℃ in 

air condition, (b)1300℃ in reducing atmosphere. (c) Inkjet-printed Ni capacitor on fired BTO 

substrate sintered in 1300℃ reducing atmosphere. 
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Figure S 22. (a) Inkjet-printed Ni/BTO layer and (b) Sintered printed Ni/BTO layer. 
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Figure S 23. Ni capacitor SEM with EDS 

 

 

 
 

Figure S 24. Sintered inkjet-printed Ni capacitor SEM with EDS 
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Appendix-5: Supporting Information for Chapter 8 

Supporting Information for Chapter 8 

 

Figure S 25. The height profile of the single droplets at different ratio in horizontal direction.  
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