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This study investigates process development for AC-modulated, electrohydrodynamic inkjet 

printing of silver nanoparticle inks on insulative surfaces. Trends were developed using printing 

parameters of DC bias, AC amplitude, frequency, and speed to optimize the print conditions. 

Print quality improved using a novel surface treatment formed by sputter coating a discontinuous 

gold film on insulative surfaces. Linewidths of 4 μm and single pass conductivity were achieved 

using the discontinuous metalized substrates. 
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1. Introduction 

Over the last decade, inkjet printing has become a promising fabrication method for 

manufacturing electronic devices, especially in the flexible electronics sector 1–3. Current 

research is trying to use inkjet printing as a possible replacement for some of the 

photolithography processes currently used. Photolithography is a lengthy process that requires 

extremely clean environments. The lower the required particulate per cubic meter the cleanroom 

requires, the more energy intensive the operational costs are4,5. Inkjet printing is an additive 

manufacturing technique that enables rapid iteration, no-contact, digitalized fabrication with less 

stringent cleanliness requirements. One of the main limitations of inkjet printing is the lowest 

achievable resolution. Drop-on-demand (DOD) inkjet printing has individual drops printed when 

reservoir emits a pressure wave and ejects the ink. The two most widely used methods of drop-

on-demand (DOD) inkjet are thermal and piezoelectric. Traditional DOD inkjet has a resolution 

limit of about 20-50 μm linewidths 6–8. The resolution of DOD inkjet printing has many 

applications in flexible electronics, but the smallest achievable feature geometries are too large to 

replace photolithography for chip manufacturing. The resolution of traditional DOD inkjet 

methods is controlled by the ejected drop size. The ejected drop sizes are controlled the nozzle 

diameter, actuation control, and rheological properties such as surface tension, viscosity, and 

flow dynamics7,9,10. In contrast, electrohydrodynamic (EHD) inkjet printing can achieve 

resolution on the sub-micron scale 11,12.  

Electrohydrodynamic printing manipulates the ink using an electric field to induce electric 

charge at the surface of the ink’s meniscus. The generated surface charges within the ink cause 

electric stresses (Maxwell) to overcome the capillary stress. This deforms the meniscus into a 
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cone structure called a Taylor cone by overcoming the surface tension of the ink 13–16. From here, 

two main jetting modes can occur: discontinuous and continuous jetting. Discontinuous jetting is 

when fragments of the ink are deposited on the substrate (like traditional drop-on-demand 

printing). Continuous jetting is when there is ink flowing continuously through the meniscus. 

The type of jetting that occurs is dependent on the strength of the electric field and the flow rate 

of the ink 17,18. 

One of the major limitations of using EHD printing is that dielectric materials are difficult 

substrates to use. Since the printing method relies on an electric field potential to jet, insulative 

materials limit the strength of the electric field between the nozzle and the ground. One of the 

effects of this stack-up is that dielectric materials tend to generate more satellite 

formation/overspray, which limit the lowest achievable resolution19,20. Haque et. al, investigated 

how the electric field changes due to charge accumulation during the process. Their model 

confirmed that the dielectric constant of the substrate material has a considerable influence on 

the satellite scattering 21. There are two approaches to minimizing satellite formation: a) tailoring 

ink properties, or b) modifying the printing technique. Guo et. al discussed that the charge 

relaxation time (CRT) greatly affects the droplet-meniscus repulsion. Thus, tuning the ink to 

meet the jetting mode is one way to reduce satellite formation 22. Lee et. al overcame satellite 

formation by adding a ring-shaped gate electrode between the nozzle and substrate under the 

assumption that the electrode would help redirect and stabilize the electric field and, thus, reduce 

drop repulsion23. Tse and Barton24 tried a different approach by having the electric field span 

between a positive nozzle and grounded nozzle at angles above the substrate then having airflow 

and an air-jetting nozzle perpendicular to the substrate. In this method, the Taylor cone is broken 
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due to the liquid filament being disrupted by the air flow instead of trying to use the charge to 

control the path24.  

In this work, EHD printing was used for micropatterning silver nanoparticle ink on two dielectric 

substrates, glass and polyethlylene terephthalate (PET).The goal for this research was to develop 

a process for printing high resolution traces on insulative substrates using a commercially 

available EHD printer. One method for improving trace resolution was to establish trends for the 

effect of different waveform parameters on print quality. The second method was to form a 

discontinuous, gold thin films via sputter coating on the insulative substrates.  

2. Materials and Methods 

2.1 Materials 

The silver nanoparticle ink used in this study was AGK104 (Kishu Giken Kogyo, Co., Ltd., 

Japan) with a silver nanoparticle loading of 60 ± 5 wt.%, viscosity of 12 ± 3 cP at 20℃, and a 

surface tension of 25-30 mN/m at 20℃ in a solvent system of tetradecane25. The ink was filtered 

using 0.45 μm and 0.2 μm polytetrafluorethylene (PTFE) filters prior to nozzle loading. The 

substrate materials were 1 mm thick glass slides and 125 μm (5 mil) thick Melinex™ ST505 

polyethylene (DuPont, USA)26. The experimental substrates were gold sputtered after cleaning 

using a 108 Manual Sputter Coater (Cressington, United Kingdom). The sputter coater was used 

to pull a 0.5 mbar vacuum and sputtered for 5-15s. Contact pads used a conductive silver screen 

printing ink, PE874 (DuPont, USA), for probing with a multimeter to measure trace resistance. 

Contact angle measurements were taken using DSA100 Drop Shape Analyzer (Krüss, Germany). 
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2.2 Equipment 

2.2.1 Printing 

The EHD printer was a SIJ-150 (SIJ Technologies Inc., Japan) with printing and spray coating 

ability. The nozzle used was a super-fine nozzle (SIJ Technologies, Inc., Japan) with a nozzle 

diameter between 1.3-4.5 μm27. 

2.2.2 Characterization  

The trace width and thickness were measured using an LEXT OLS4100 optical profilometer 

(Olympus, Japan) with a fast scan speed at 50x magnification. Resistance measurements were 

taken using a multimeter (Fluke, USA). A Phenom ProX Desktop Scanning Electron Microscope 

(ThermoFisher, USA) was used for high magnification trace imaging. Substrate surface 

measurements were taken using a Jupiter XR Atomic Force Microscope (Oxford Instruments, 

United Kingdom). Contact angle measurements were taken using DSA100 Drop Shape Analyzer 

(Krüss, Germany). 

2.3 Methods 

To prepare for printing, the nozzles were filled with 10 μL of ink using a fine-tipped pipette to 

ensure full nozzle tip wetting and limited air gaps in the nozzle. The distance between the 

substrate and the nozzle was determined by bringing the nozzle tip to the surface of the substrate, 

then moving the nozzle up in the z-direction by 30 μm. This method was found to allow the most 

consistent nozzle clearance due to the variability in nozzle length and substrate thickness. The 

printer used five possible AC waveforms: 25%, 50%, and 75% square, sinusoidal, and triangular. 

All substrates were cleaned with 2 vol.% detergent and deionized water, isopropyl alcohol, and 

acetone and dried using compressed nitrogen (N2) between each step. The glass slides were 

surface treated via UV-Ozone for 10 minutes. The untreated, cleaned substrates will thus be 
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referred to as the “control substrates”. The “experimental substrates” were sputtered with gold 

for 10 s after cleaning. The sputter time was determined by testing sputter times in increments of 

5 s with 10 s determined to be the greatest improvement of print quality without forming a 

conductive surface. The printing parameters evaluated were waveform, amplitude [V], DC bias 

[V], speed [mm/s], and frequency [Hz]. 

All permutations of print parameters were printed on both the control and experimental 

substrates on the same day. The control print conditions were based off the recommendations 

from the EHD printer manufacturer (SIJ Technologies) and are described in Table I. Before each 

printing session, the control parameters were printed on each substrate to ensure the nozzle was 

not clogged and the printer was working properly. The control conditions for glass and PET 

substrates are different because the minimum conditions for jetting vary from substrate to 

substrate.  

Table I: Control Print Conditions for AGK104 

Variable Glass Conditions PET Conditions 
DC Bias [V] 500 0 
Amplitude [V] 500 500 
Frequency [Hz] 500 200 
Speed [mm/s] 3 3 
Waveform  50% Square 50% Square 

 

The printing pattern used was a 5 mm x 5 mm serpentine with 100 μm line spacing (Figure 1). 

Each permutation was printed for 10 lines of the pattern before the variable was changed. Before 

the beginning of each print, the nozzle had a “spit” voltage applied to ensure proper ink flow to 

the tip of the nozzle. The spit voltage trended upwards over the length of printing due to the 

aggregation of nanoparticles at the tip over time.  



6 
 

 

Figure 1: 5 mm x 5 mm with 100 μm linespacing printing serpentine used for parameter 

optimization. 

A 6 mm x 6 mm serpentine trace was designed to understand whether the discontinuous film 

influences the conductivity (Figure 2a). In this design, there are twenty lines with 100 μm 

spacing prior to the measurable traces to allow for parameter configuration (Figure 2b). Silver 

screen printing paste was applied on the vertices of the 6 mm x 6 mm portion of the serpentine to 

function as contact pads for measuring resistance (gray contact points in Figure 3). Each 

horizontal 6 mm segment had resistance measured after sintering the traces and curing the 

contact pads. The serpentine was divided into five sets of two segments. Each set of two 

segments had a different number of passes starting from the top two segments having a single 

pass to the bottom two traces having five passes (Figure 3). 
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Figure 2: a) Conductivity serpentine with 6 mm segments b) close-up of configuration 

serpentine 

 

Figure 3: Diagram showing where the contact pads were placed and the number of print passes 

of each segment. 
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3. Results and Discussion 

3.1 Printing Condition Trends 

By changing the value of different printing conditions, trends in print quality and linewidth were 

observed. With every setting, there is a point at which the printer can no longer produce a 

continuous line, whether it stops jetting or becomes individual dots due to insufficient electric 

field. To observe the effect of each condition, a variable was changed in an incremental value 

until parameter produces thin, uniform trace. That value was used as the base value for the next 

variable. The following trends were consistent between substrate materials and between the 

control and experimental conditions.  

3.1.1 DC Bias 

The DC bias is the applied DC voltage that shifts the AC waveform either up or down. The DC 

bias changes the crest and trough voltages but does not change the amplitude or frequency of the 

waveform. Applying a DC bias makes both the peak of the waveform and the trough of the 

waveform higher, increasing the overall potential applied. As the DC bias decreased with the 

glass substrates, the linewidths decreased by approximately 50% with each 100 V decrease 

(Figure 4a). The prints became discontinuous at 200 V and stopped jetting at 100 V. The 

decrease of linewidth until discontinuity was caused by a decrease in the strength of the electric 

field. Starting from the control, the 50% waveform has a maximum applied voltage of 1000 V 

and a minimum of 0 V. As that bias is shifted down, the total potential decreases and makes it 

more difficult to overcome the insulator. 

Altering the DC bias on PET causes two trends to occur. The same decrease in linewidth occurs 

as with the glass substrate, however, the PET substrates also display a decrease in overspray at 

the edges of the traces (Figure 4b). Wei et al.28 showed in a 2014 study that using AC-pulse 
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modulation without a DC bias contribution, the ejected droplets have alternating charges of equal 

magnitude based on the amplitude of the wave. In turn, the charge imparted to the substrate 

surface is neutralized between adjacent drops, which eliminates charge accumulation. With a DC 

bias, the alternating charge magnitudes are unequal, which suggests incomplete neutralization of 

the imparted surface charges. For the glass substrates, DC bias is required for the electric field to 

overcome the increased capacitance attributed to from the thicker substrate and higher dielectric 

constant. 

 

Figure 4: a) Effect of decreasing DC bias on glass substrates with a 500 V amplitude, 500 Hz 

frequency, 50% waveform, and 3 mm/s speed. b) Effect of decreasing DC bias on PET substrates 

with 1000 V amplitude, 400 Hz frequency, 50% waveform, 3 mm/s speed. 

3.1.2 Amplitude 

The amplitude is the difference between the peak/trough of the wave and the centerline. Much 

like the DC bias, the amplitude changes the potential of the electric field by switching the 
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polarity of the electric field. Decreasing the amplitude of the AC current decreases the linewidth 

for both glass and PET substrates (Figure 5). High amplitudes formed trace widths higher than 

the pitch of the serpentine. Larger amplitudes cause stronger electric fields, which causes more 

deposition of ink. For glass substrates, a DC bias must be applied at any amplitude. For PET 

substrates, there is a range of higher amplitudes that can form jets without a DC bias. Adjusting 

the DC bias impacts which amplitudes allow for stable jetting. The traces on glass substrates had 

less overspray compared to the PET substrates, indicating that glass and PET have different 

charge dissipation rates. 

 

Figure 5: a) Effect of decreasing amplitude on glass substrates with a 250 V DC bias, 500 Hz 

frequency, 50% waveform, and 3 mm/s speed. b) Effect of decreasing amplitude on PET 

substrates with a 1000 V amplitude, 400 Hz frequency, 50% waveform, 3 mm/s speed. 

3.1.3 Frequency 

The frequency is the number of cycles that occur in a period. In the context of EHD inkjet, the 

frequency is how often the ink jets from the nozzle. For both glass and PET substrates, 

increasing the frequency decreases the linewidth (Figure 6). The increasing frequency of jetting 
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causes the Taylor cone to form for shorter periods of time. This causes smaller droplets to be 

dispensed because there is less time for the droplet to be formed at the tip of the meniscus. 

Frequency was the most impactful parameter on linewidth because an incremental change in 

frequency changed the linewidth more dramatically than voltage. There are frequency ranges that 

allow jetting between the two substrates. For glass, the upper limit is ~900 Hz while the upper 

limit for PET is ~450 Hz. An explanation for the difference in achievable maximum frequency is 

the nature of the Taylor cone and how it induces jetting. When printing using AC waveforms 

without DC bias, the Taylor cone is possibly forming only at the peaks and troughs of the 

waveform and completely dissipating when moving through the nodes. In contrast, applying a 

DC bias, the Taylor cone is continuously present (cone-jet mode), and the AC amplitude is 

modulating the meniscus. The upper limit changes with the overall potential of the waveform. 

The higher the potential, the higher frequencies cause jetting. For line optimization, the highest 

frequency available for the substrate should be used with the most stable jetting cone formed by 

adjust the DC bias and amplitude.  
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Figure 6: a) The effects of frequency on glass substrates with a 250 V amplitude, 250 V DC 

bias, 50% waveform, and 3 mm/s speed. b) The effects of increasing frequency on PET 

substrates with an 800 V amplitude, 0 V DC bias, 50% waveform, and 3 mm/s speed. 

3.1.4 Speed 

The speed is how fast the nozzle head moves across the printing surface. In general, the faster the 

nozzle moves, the thinner the linewidth due to an increase in drop spacing. Eventually, the 

nozzle is moving too fast to form a continuous line (Figure 7). The effects of the speed on 

linewidth are not necessarily substrate dependent. The stability of jetting at a given amplitude, 

bias, and frequency are all ink-substrate dependent. For both substrates, the upper limit for speed 

is 4 mm/s, but the best continuity speed is at 3 mm/s after optimizing for other variables. Higher 

speeds could be used for more stable jetting parameters but will not have a significant impact on 

reducing linewidth. 
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Figure 7: The effects of increasing speed on glass and PET substrates. 

3.1.5 Optimization Theory 

The quality of print achievable using EHD printing is dependent on the substrate and ink used. 

Since EHD printing is dependent on the magnitude of the electric field between the nozzle and 

the ground plane, the conductivity of the substrate and conductivity of the ink used can affect the 

parameters used. The overall trends found were a) linewidth deceases with decreasing DC bias 

for glass substrates, and overall reduces spray on PET substrates, b) decreasing AC amplitude 

decreases linewidth for both substrates, c) increasing frequency decreases linewidth for both 

substrates, and d) increasing speed decreases linewidth for both substrates (Figure 8). 
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Figure 8: Graphical representation for glass and PET substrates of linewidth versus a) DC bias, 

b) AC amplitude, c) frequency, and d) speed. 

Using the trends described above, the method for determining the optimal printing parameters of 

silver nanoparticle inks should be follow these basic tenants: 

1. Use the highest frequency possible. 

2. Use the highest possible speed that forms continuous lines without breakup. 

3. Alter the DC bias and amplitude of the waveform to achieve the best line quality without 

diminishing jetting following the basic principle of the lower the voltage, the thinner the 

linewidth. 

One of the limitations for this printing process is that the printing parameters do not stay 

consistent from print to print. How recently the ink was filtered, difference in substrate 

roughness, changes in humidity, and nozzle clearance all can impact the voltages and frequencies 

that can be used. Where the process is now, the printing parameters need to be configured for 

each print set-up and substrate. 
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3.2 Discontinuous Metallic Surface Treatment 

3.2.1 Characterization of Substrate 

The surface of the substrates after sputtering were investigated to determine whether the gold 

made the surface conductive. A dielectric substrate is preferred for device fabrication for many 

device applications to prevent shorting between printed features. Scanning electron microscopy 

was used to better understand the topology of the film. During imaging, the metallic film was not 

able to eliminate charging, indicating the film was discontinuous. To determine whether the 

discontinuous metallic film would cause shorting between traces, interdigitated electrodes (IDEs) 

were printed on both the gold sputtered glass and PET substrates. The IDE structures had 20 

fingers with a 15 μm pitch. The inks were sintered, and silver paste was applied and cured on the 

contact pads. None of the IDEs were conductive between the two segments at room temperature, 

indicating the surface treatment would not short devices printed using this method.  

Atomic force microscopy was used to determine whether gold sputtering roughness of the 

substrate changes after deposition. Two samples were characterized, one control glass substrate 

and one experimental substate. Since EHD printing is dependent on the clearance between the 

nozzle and substrate, changes in roughness could impact the printing process. The box size used 

was 1 μm2 with 500 nm offsets. A visual comparison between the control and experimental 

shows that the experimental substrate has a more uniform roughness on the surface compared to 

the control sample (Figure 9). 



16 
 

 

Figure 9: Atomic force microscopy images of the control substrate (non-sputtered) and the 

experimental substrate (gold sputtered for 10s). 

3.2.2 Print Quality 

When the prints on the experimental substrates are compared to the control prints of the same 

settings, there are substantial improvements on the quality of the traces using the same 

parameters. The experimental prints tend had an overall reduction in linewidth, less “spray”, and 

less feathering of the traces. The average linewidth reduction for the experimental substrates 

compared to the control substrates using the same settings was 45.5± 0.3% (Figure 10). Average 

percent change was calculated by taking the mean linewidth for each permutation and finding the 

percent change between those two means. The mean of the percent changes was calculated. The 

standard error of mean was calculated using the sample standard deviation. 
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Figure 10: Linewidth comparison between control and experimental prints using same printing 

parameters with a) decreasing voltage and b) increasing frequency. 

The experimental substrate also improved the trace resolution and precision (Figure 10). With 

the control substrates, the edges of the traces tend to have a “feathering” effect, where the ink 

spreads away from the initial trace onto the substrate before drying. The wider control prints also 

tend to experience more overspray from satellite formation. The experimental prints have tighter 

trace edges and a substantial reduction in overspray, which improves the achievable resolution of 

the prints (Figure 11). 
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Figure 11: Comparison between prints made on control substrate and experimental substrate. 

Prints on experimental substrate show a significant decrease in feather at the edges of the traces 

and spray around the traces. 

It is well established that surface energy plays a significant role in EHD printing 29,30. To 

understand whether the discontinuous gold film changed the surface energy of the substrate to 

improve ink wetting (and thus improved print quality), contact angle measurements were taken 

of both tetradecane and AGK104 using the sessile drop type and ellipse 1-point tangent fitting 

method. From contact angle measurements, the surface free energy (SFE) was calculated using 

the Owens, Wendt, Rabel and Kaelble (OWRK) method31. The mean contact angle of 

tetradecane on the control substrate was 21.23° with a standard deviation of 2.56° (Figure 12a). 

The mean contact angle of tetradecane on the experimental substrate was 12.86° with a standard 

deviation of 2.89° (Figure 12b). However, when the SFE is calculated, the control substrate was 

66.37 mN/m with a standard deviation of 2.29 mN/m, and the experimental substrate was 67.65 

mN/m with a standard deviation of 2.6 mN/m. The percent change of SFE was a 1.9% increase 

under the experimental condition, which does not indicate the gold film greatly alters the 

wettability of the substrate. The AGK104 experienced total wetting on all substrate conditions 
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and prevented the SFE from being modeled. Because of the insignificant change in SFE using 

tetradecane and the total wetting of AGK104, it can be concluded that the improvement in print 

quality was not due to changes in the surface energy due to the gold discontinuous film. 

 

Figure 12: Images of contact angle measurements of tetradecane using elliptical fitting with 1-

point tangent on a) control substrate and b) experimental substrate. 

An explanation as to why print quality improves with the additional experimental treatment is 

that the gold helps dissipate the surface charge that has accumulated on the dielectric substrates. 

Since the formation of the Taylor cone occurs due to charge being induced on the surface of the 

ink, the ink carries a polarity. This has three effects on the printing process: a) the electric field is 

constantly changing due to charged particles disrupting the field 21,32, b) the droplets can repel 

each other due to like-charges and cause spray 33,34, and c) the charged droplets cause retained 

surface charges on the substrate. Additionally, since the substrates are being exposed to an 

electric field for a prolonged period, the surface of the substrate accumulates residual charge 35. 

In substrates like PET, that charge can be retained for weeks after printing dependent on 

environmental conditions such as temperature, humidity, and the initial charge density 36. 

Though the metalized surface is discontinuous, the gold absorbs the retained charge instead of 

the insulative substrate and allows the charge to percolate away from the jet. The suspected mode 
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of charge dissipation is a tunneling conduction mechanism through the assumed “islands” of the 

gold film. Electron tunneling between gold nanoparticles separated by insulators has been well 

studied37–40. For this application, it is premised the tunneling effect is great enough to allow the 

charge to move away from the localized electric field allowing for jetting, but not strong enough 

to be measurably conductive. Dissipation of excess charge reduces the satellite drop repulsion, 

thus reducing overspray. The regularity of the Taylor cone also improves since the electric field 

is more stable. 

3.2.3 Conductivity 

The traces on the experimental substrates had superior conductance compared to the control 

prints. The control substrates only had measurable resistance on two of the five pass traces. 

Conversely, the traces on the experimental substrates had measurable resistances for single 

passes. When the five pass traces were compared, the average resistance of the experimental 

traces was 39% lower than the control condition. Using the resistance, film thickness, linewidth, 

and length, the resistivity was calculated and averaged (Table II). The resistivity of the 

experimental traces was not consistent between the different number of passes. The average 

resistivity was 2.09x10-5 ± 4.97x10-6 Ω-cm. The spread of resistivities did not have a trend, 

preventing any conclusions to be drawn from this dataset. Trends were also not drawn between 

substrate conditions since the control substrates did not have measurable conductivity. An 

explanation to why the experimental condition allowed for single pass conductivity due to the 

gold islands sintering with the silver nanoparticles in the ink. Since inks developed for inkjet 

require a controlled viscosity and surface tension range, the particle loading of most inks is 

relatively low. By introducing a small amount of gold, the silver nanoparticles were able to sinter 
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more continuously than on a bare substrate. This reduces the cracks in the trace, thus improving 

electron flow.  

Table II: Calculated Resistivities for Different Number of Passes 

Passes Control [Ω-cm] Experimental [Ω-cm] 
5 1.63 x 10-5 (n=2) 1.11 x10-5 (n=5) 
4 Open 9.33 x 10-6 (n=4) 
3 Open 1.05 x 10-5 (n=4) 
2 Open 8.41 x 10-6 (n=5) 
1 Open 6.54 x 10-5 (n=2) 

4. Conclusions 

Through this work, trends were established for how different waveform parameters have an 

effect on the print quality of silver nanoparticle inks on insulative substrates using EHD inkjet 

printing on a SIJ-150 commercial system. Increasing the frequency and decreasing the amplitude 

of the waveform causes a reduction in linewidth. Decreasing the DC bias reduces the amount of 

overspray and the linewidth. Increasing the speed is insignificant compared to other parameters 

to reducing linewidth. The DC bias and amplitude stabilizes the jet, while the frequency changes 

the linewidth based on that stability. For optimization, the frequency should be maximized, while 

the DC bias and amplitude are balanced to match that frequency and produce the finest 

linewidth. 

The use of discontinuous metallic films has a promising effect to further improve the resolution 

of EHD printing. Using a discontinuous metalized film on an insulating substrate dissipates the 

surface charge caused by the printing process. By eliminating the retained charge, the electric 

field stabilizes, reducing satellite scattering and improving the stability of the Taylor cone to 

allow for improved jetting. The elimination of stray charges also allows for lower electric fields 

to be used, resulting in narrower linewidths and greater precision. This improvement in print 
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quality and the possibility of single pass conductivity are promising indicators that this concept is 

viable. 

5. Future Work 

Further optimization for printing on insulators with discontinuous, metallic films is needed to 

better understand the mechanism and stabilize the process. The nature of the films needs further 

characterization as well. Measuring the corona charge decay rate of insulators with discontinuous 

gold films would support the charge-dissipation hypothesis. Low vacuum SEM imaging at a 

higher magnification would be useful to better understand the morphology of the film. 

Understanding the particle size of the gold film would help support the hypothesis of electric 

tunneling across the surface to dissipate charge. 

Exploring metals other than gold would help understand the characteristics required to allow this 

phenomenon to occur. Using different metals/alloys also introduces other variables, such as 

oxidation, alloying effects with the inks, and possible degradation over time. 

Conductive polymers should also be considered as replacements for metallic films. Continuous 

films of conductive polymers could also be used and then be surface treated to make the surface 

dielectric. Exploring conductive polymers would also be beneficial to understand the 

conductivity requirements and limitations of the film to improve the printing process. Potential 

applications include composite, transparent electrodes composed of EHD inkjet-printed silver 

grids on weakly conducting, transparent conductive polymers. 
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