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 Electrohydrodynamic (EHD) jet printing has revolutionized 
semiconductor manufacturing technologies to fabricate high 
resolution materials pattens (metal, dielectric, or semiconductors) in 
small size. This technology can reduce excessive materials usage in 
conventional semiconductor lithographic technologies, such as 
photolithography or electron beam lithography, so that it can be 
categorized as a green manufacturing technology. EHD jet printing 
has a capability to fabricate resonant terahertz metamaterial. Resonant 
terahertz metamaterial contains metal structures in micrometer sizes 
patterned on dielectric substrate. The metal structures are arranged 
periodically to generate resonances in specific frequencies, which are 
beneficial for several applications, such as biosensing, chemical 
sensing, and terahertz optical modulators for future communication 
devices. To make a high resolution and repeatable structures, EHD jet 
printing faces two main problems, i.e. the drop coalescence problem 
and the charge problem. The charging problem can be solved by 
removal of substrate charges using ionizer. However, the drop 
coalescence problem is a type of complex problem that needs to be 
studied and optimized systematically to produce repeatable and 
reliable terahertz resonant metamaterial structures, which is electric 
split ring resonator (ESRR). The objective of this research is to 
investigate to the formation stability of dots and lines produced by the 
EHD jet printing. We used EHD jet printing through the Drop on 
Demand (DoD) method to deposit droplets from metal nanoparticle 
ink with various volumes on dielectric substrates with different 
thickness. Several parameters were investigated, i.e. the droplet 
volume, the droplet spacing, and the substrate thickness. The results 
showed that by increasing the deposited droplet volumes and 
decreasing the substrate thickness, the stability of line formation was 
improved. Moreover, the stability analysis of line formation revealed 
that by using the bigger volume, the minimum printing speed to make 
uniform line was decreased, because the bigger droplet volume gave 
smaller contact angle. The results also showed that the uniformity of 
metamaterials patterns could be improved by using the smaller width. 
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Introduction 

Electrohydrodynamic (EHD) jet printing has emerged as a transformative technique for 
fabricating microscale and nanoscale structures, including electronic circuits, sensors, or 
dielectric patterns for various types of solar cells [1], terahertz metamaterials [2,3] or living 
cells [4]. Unlike conventional inkjet methods constrained by nozzle size, EHD jet printing 
leverages electric fields to generate droplets as small as 10 μm3—over two orders of magnitude 
finer than thermal/piezoelectric alternatives [5]. This capability stems from the formation of a 
Taylor cone under high electric potentials which creates a thin-extruded jet from the nozzle 
giving it the ability to go much lower than the limits of the nozzle diameter, which in-turn 
enables precise deposition of functional materials [6-7]. Among EHD techniques, droplet-on-
demand (DoD) printing excels at patterning intricate 2D/3D geometries [8-10], yet its practical 
adoption is hindered by unresolved challenges tied to charge dynamics and fluid stability. 

Despite its advantage in making tiny and delicate micro/nanostructures, DoD deposition 
technique of EHD jet printing has two main drawbacks. The first drawback is related to the 
influence of the charge on the substrate, which may affect the electric field distribution and 
may interrupt the subsequent printing behavior [8-10]. When charges exist on the substrate, 
the route of the flying liquid drops was not straight because the electric field distribution 
between the nozzle and the substrate was not uniform. Consequently, the deposited drops 
deviated from their target spots. Depending on the charge and applied voltage, flying liquid 
drops may deflect, reflect, or retreat to the liquid meniscus on the nozzle. The flying drops 
around the conductive substrate was more stable than the flying drops around the dielectric 
substrate, because on the conductive substrate the remaining charges could be easily removed 
[8,9]. Another option to solve this charge problem is by applying AC voltage only on the 
substrate [10]. 

While prior studies have explored general EHD printing mechanics [11], knowledge gaps 
persist in understanding how substrate-dependent charge interactions influence droplet 
behaviour. For instance, residual charges on dielectric substrates disrupt electric field 
uniformity and homogeneity, causing droplet deflection or retreat [12–13]. Although 
conductive substrates mitigate this via charge dissipation [14], most functional applications 
(e.g., THz metamaterials) require dielectric surfaces like SiO2 or glass [15-16]. Compounding 
this issue, existing stability models for line formation [15, 17] neglect charge effects, as they 
derive from non-EHD systems using neutral droplets. This oversight is critical: EHD-
generated droplets retain inherent charges, altering coalescence dynamics and line 
morphology [14]. Furthermore, the role of substrate thickness in modulating charge 
accumulation and printing stability remains unexplored, despite its impact on electric field 
distribution [18-19]. 

This study systematically investigates charged droplet behaviour on thin (SiO2) and thick 
(glass) dielectric substrates, addressing two core problems: (1) The mechanism of residual 
charges and substrate thickness that affect dot placement accuracy; and (2) Identification of 
parameters that govern line stability when printing charged droplets across dielectric surfaces. 
By analysing droplet volumes (18–4900 μm3), spacing, and substrate motion, we identify 
optimal conditions for stable patterning. Our findings reveal that thicker substrates exacerbate 
charge retention, destabilizing dot formation—a phenomenon mitigated by larger droplet 
volumes. Conversely, line uniformity depends primarily on printing velocity, with minimal 
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substrate thickness effects. These insights advance EHD printing for THz metamaterials and 
flexible electronics, where precision on dielectric surfaces is paramount. 

Experimental Method 

The schematic of the EHD jet printing system is shown in Figure 1. Several components were 

included in the system, such as a micro syringe pump, a glass capillary nozzle, a function 

generator, and an axis motor. The micro syringe pump was used to supply liquid ink from a 

syringe into the glass capillary nozzle. The glass capillary nozzle was used to supply the ink 

to produce flying drops. In this experiment, glass capillary nozzles with different inner 

diameters were used: 6 μm, 15 μm, and 50 μm. Harima NPS-J silver nanoparticles liquid 

solution was used as the ink. The metal content, viscosity, and surface tension of the ink were 

63.1 wt%, 8.2 x 10⁻³ Pa·s, and 27 x 10⁻³ N/m, respectively. 

A droplet was formed by the accumulation of flying drops on a spot area on the substrate 

[20,21]. Larger droplet volumes on a targeted spot area could be achieved when more flying 

drops were produced, which could be controlled by adjusting the pulse width of the pulsed 

DC signal [22]. Pulsed DC signals were generated by the function generator and were used to 

control the DoD jetting process. The parameters of these signals included the pulse peak 

voltage, the bias voltage, the pulse width, and the period. The bias voltage was used to 

maintain the charge in the meniscus, while the pulse peak voltage determined the jetting 

performance at the nozzle tip. The pulse width affected the number of flying drops generated 

from the meniscus. The spot area was determined by the electric field distribution; if the spot 

area was too large, the droplet formation would be less uniform. 

In the experiment, the nozzle-substrate distance was maintained at 30 µm, 30 µm, and 75 µm 

for nozzles with diameters of 6 μm, 15 μm, and 50 μm, respectively. Under these working 

distances, the printing processes were stable, producing relatively uniform droplets on the 

substrates. For a nozzle-substrate distance of 30 μm, the pulse peak voltage, bias voltage, and 

pulse width were set at 0.5 kV, 0.1 kV, and 1 ms, respectively. For a distance of 75 μm, these 

parameters were set at 0.75 kV, 0.1 kV, and 1 ms, respectively. The volume of each droplet 

produced by nozzles with inner diameters of 6 μm, 15 μm, and 50 μm was 18 μm³, 260 μm³, 

and 4900 μm³, respectively. The volume measurements were conducted using a NanoSystem 

Three-Dimensional Profiler. Two dielectric substrates with different thicknesses were used: 

SiO2 and glass, with thicknesses of 200 μm and 400 μm, respectively. The substrates were 

initially cleaned with ethanol to effectively remove surface charges. 
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Figure 1. The schematic of the DoD EHD jet printing system 

Figure 2 shows the illustration of DoD EHD jet printed dots and lines by varying the droplet 

spacing. Increasing the droplet spacing could create separation of droplets, while decreasing 

the droplet spacing could connect them. Four types of patterns could be obtained: isolated 

dots, pair dots, a uniform line, and a bulged line. Isolated dots were formed when the droplet 

spacing was much larger than the droplet diameter. Pair dots were formed when two or three 

droplets emerged together due to a weak fluid force on their boundary, creating a flow toward 

the neighbouring droplet and resulting in short, discontinuous lines. A uniform line or a 

bulged line was formed when the droplet spacing was much smaller than the droplet diameter. 

In this research, a droplet deposited on a substrate was modeled as a spherical cap because the 

gravitational force was not significant, as indicated by the low value of its Bond number, which 

was significantly less than 1. The Bond number is a dimensionless number that compares the 

gravitational force with the surface tension force, as expressed in the equation (1), where ρ, 

g, deqm, and σ represent the liquid density, the gravitational acceleration, the droplet diameter, 

and the surface tension of the liquid ink, respectively. 

 𝐵𝑜 =
𝜌𝑔𝑑𝑒𝑞𝑚

𝜎
 (1) 

Figure 2(b) shows the illustration of the basic parameters, i.e., deqm, w, θa, θ, and p. deqm is the 

equilibrium diameter of the droplet on the substrate. w is the width of the line generated after 

the droplet coalescence. θa is the advanced contact angle, which is the contact angle between 

the droplet and the substrate. θ is the contact angle between the printed line and the substrate. 

To represent the droplet spacing, two parameters were used: the pitch (p) and the normalized 

pitch (p∗), as expressed in the equation (2). The droplet spacing could be controlled by 

adjusting the printing velocity or the period of the pulse signal. 

  

 𝑝∗ =
𝑝

𝑑𝑒𝑞𝑚
 (2) 
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Figure 2. (a) The illustration of dots and lines formations. (b) The 

description of the formation parameters 

 

Result and Discussion 

Figure 3 shows the optical microscopic images of the printed samples on the SiO2 substrate 

using droplets with a volume of 18 μm³ for each droplet were used. The droplet spacing was 

varied between 1 μm and 10 μm. Uniform lines were obtained for droplet spacings between 4 

μm and 6 μm. When the droplet spacing was more than 6 μm, pair dots or separated dots were 

formed. Conversely, when the droplet spacing was less than 4 μm, bulged lines were formed. 

Figure 2-3(b) shows the three-dimensional profiles of lines and separated dots of the printed 

samples. 

 

 

 

Figure 3(a). The optical microscopic 
images of the printed samples using 
droplets with 18 μm3 volume for each 
droplet on SiO2 substrate by varying 
the droplet spacing. 

 Figure 3(b). 3D profiles of lines and 
separated dots of the printed samples 
using dots with 18 μm3 volume for each 
droplet on SiO2 substrate by varying the 
droplet spacing 
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Figure 4(a) and 4(b) show the printed results on the SiO2 substrate and the glass substrate, 

respectively, by varying the droplet spacing and the droplet volume. The results indicate that 

the printing on the SiO2 substrate was more uniform than on the glass substrate. The SiO2 

substrate was thinner than the glass substrate, allowing the remaining charges on the SiO2 

substrate to be more easily removed. Consequently, the electric field distribution around the 

SiO2 substrate was more uniform than that around the glass substrate. 

The non-uniformity of the electric field distribution around the glass substrate affected the 

route of the flying drops [8,9]. When the routes of the flying drops were less straight, the area 

of the deposition target became larger, and deviations in the deposited droplets occurred more 

frequently. These phenomena can be observed clearly in the pair dots and isolated dots printed 

on the glass substrate with a droplet volume of 18 µm³ , as shown in the Figure 4(b)). Increasing 

the droplet volume could reduce the deviation of the droplets. These phenomena can be 

observed clearly in the pair dots and isolated dots printed on the glass substrate with a droplet 

volume of 18 µm³, as shown in the Figure 4(b)). Increasing the droplet volume could reduce 

the deviation of the droplets. This phenomenon shows clearly that thinner dielectric substrate 

(SiO2) dissipates charges faster than thicker dielectric substrate (glass), as shown clearly by the 

printing results. 

The Rayleigh-Plateau instability occurs for all droplet volumes, not only in small droplet 

volumes but also in large droplet volumes, when the charges contained inside the droplets 

exceed the charge amount defined by the Rayleigh limit [8,9]. However, in the case of larger 

droplet volumes, most of the 'satellite droplets' produced by the Rayleigh-Plateau instability 

that were deposited on the substrate could merge with the main dots, resulting in larger dots 

with fewer satellite depositions on the substrate. 

 

Figure 4. (a) The illustration of dots and lines formations.  (b) The description of the 

formation parameters 
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Several normalized variables are defined to simplify the expression.  is the normalized 

variable comparing the cube of the droplet diameter (deqm3) and the droplet volume (VD), as 

written in equation (3a). The value of  depends on the advanced contact angle of a droplet 

(θa) [23,24], as expressed in the equation (3b). 

 

  𝛼 =
𝑑𝑒𝑞𝑚

3

𝑉𝐷
 (3a) 

 

 𝛼 =
48

𝜋 (𝑡𝑎𝑛
𝜃𝑎
2

)(3+𝑡𝑎𝑛2𝜃𝑎
2

)
 (3b) 

 

A simple geometric model can be constructed to describe relationship between the droplet 

volume (VD), the pitch (p), the line width (w), and the contact angle (θ) based on volume 

conservation. The expression for the line width (w) as a function of the pitch (p), the droplet 

volume (VD), and the contact angle (θ) is shown in the equation (4). 

 

 𝑤 =
4𝑉𝐷

𝑝(
𝜃

𝑠𝑖𝑛2𝜃
 − 

𝑐𝑜𝑠𝜃

𝑠𝑖𝑛𝜃
)
 (4) 

 

The advanced contact angle (θa) and the contact angle (θ) could be calculated based on the 

equation (3) and the equation (4), respectively, as shown in the Table 1. The droplet volumes 

were measured from the 3D profiler images, while the values of the droplet diameters and the 

line widths were measured from the optical microscopic images. When droplets coalesced 

together to form a line, the contact angle increased, as indicated by the value of the advanced 

contact angle, which was always smaller than the value of the contact angle. The results also 

showed that higher droplet volumes caused both the advanced contact angle and the contact 

angle to decrease. This phenomenon can be explained by the influence of line tension (the force 

per unit length along the contact line) at micro or nanoscale. When droplet volume is getting 

smaller, the line tension becomes more dominant that causes increase in the contact angle [25, 

26]. 

Table 1. Values of derived parameters of all printed dots and lines 

Substrate 
VD 

(m3) 

deqm 

(m) 
  

 a 

(degree) 
 (degree) 

SiO2 18 10.04 56.2 10.3 10.6 

SiO2 260 29.30 96.7 6.0 6.6 

SiO2 4900 85.97 129.7 4.5 4.5 

Glass 18 9.78 52.0 11.1 11.5 

Glass 260 30.18 105.7 5.5 7.1 

Glass 4900 97.34 188.2 3.1 4.1 

 

By combining equations (2), (3a), and (4), a relationship between the normalized pitch (p∗) and 

the line width (w) of the printed line using different droplet volumes could be derived, as shown 

in equation (5). Figure 5(a) and Figure 5(b) show the line width as a function of the normalized 
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pitch and the droplet volume for lines printed on the SiO2 substrate and the glass substrate, 

respectively. The drop spacing (the pitch) can be controlled by varying the pulse frequency or the 

printing velocity. The figures show that decreasing the drop spacing and increasing the droplet 

volume could increase the line width. 

 

Figure 5. The relationship between the normalized pitch (p*) and the line width (w) of lines formed 

by droplets with different volumes on: (a) the SiO2 substrate and (b) the glass substrate. 

As shown in the Figure 6, the coalescence of a newly deposited droplet with the line will generate 

axial flow, which is the flow along the line driven by the pressure difference. In the bulged line, 

the lowest pressure points are in the bulges. As modelled by Stringer and Derby [11], the rate of 

axial flow (Q) is proportional to the shape factor (S), the pressure difference (ΔP), and the square 

of the cross-sectional area (A); it is inversely proportional to the dynamic viscosity of the liquid 

ink (η) and the droplet spacing (p), as expressed in the equation (6a). The expressions for the 

cross-sectional area, the pressure difference, and the shape factor are shown in the equations (6b), 

(6c), and (6d), respectively. θ is the contact angle of the line with the substrate. When a bulge 

forms, the dynamic contact angle becomes less than the contact angle. This condition can 

eliminate the driving force required for capillary spreading within the line. 

 

 𝑄 =
4𝑆Δ𝑃𝐴2

𝜂𝑝
 (6a) 

 

 𝐴 =
𝑉𝐷

𝑝
 (6b) 

 

 Δ𝑃 = 𝑃𝑓 − 𝑃𝑏 =
2𝜎𝑠𝑖𝑛𝜃𝑎

𝑑𝑒𝑞𝑚

𝑤∗−1

𝑤∗  (6c) 

 

 𝑆 =
𝜃−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

8(𝑠𝑖𝑛𝜃+𝜃)2  (6d) 
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Figure 6. Schematic of fluid flows: the axial flow (Q)  

and the traverse flow (Qt) 

On the other hand, during the printing process, the movement of the nozzle with a specified 

traverse velocity (Ut) generates traverse flow in the opposite direction to the axial flow. The rate 

of the traverse flow (Qt) is defined in the equation (7). When the axial flow rate is greater than the 

traverse flow rate, a new droplet prefers to flow along the bead to a low-pressure area rather than 

spreading the bead. In this condition, a bulged line will be formed [24]. Conversely, when the 

traverse flow rate equals or exceeds the axial flow rate, the axial flow can be balanced by the 

traverse flow, preventing the formation of bulges. This condition is defined as the stable 

condition, as expressed in equation (8). 

 

 𝑄𝑡 = 𝑉𝐷𝑓 =
𝑉𝐷𝑈𝑡

𝑝
 (7) 

 𝑄𝑡 ≥ 𝑄 (8) 

 

 

By combining equations (6a), (6b), (6c), (7), and (8), the minimum printing speed in normalized 

form (Ut,min∗ ) to achieve a stable condition can be described, as shown in equations (9a), (9b), and 

(9c), where Ut, Ut∗, η, σ, and VD represent the printing speed, the normalized printing speed, the 

viscosity of the liquid ink, the surface tension of the liquid ink, and the droplet volume, 

respectively. Figure 7(a) and Figure 7(b) show the minimum normalized printing speed as a 
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function of the normalized pitch on the SiO2 substrate and the glass substrate. Higher droplet 

volumes required lower normalized minimum printing speeds due to their lower contact angles. 

 

 𝑈𝑡
∗ ≥ 𝑈𝑡,𝑚𝑖𝑛

∗ (9a) 

 

 𝑈𝑡
∗ =

𝜂𝑈𝑡

𝜎
 (9b) 

 

 Δ𝑃 = 𝑃𝑓 − 𝑃𝑏 =
8𝑆 𝑠𝑖𝑛𝜃

𝑎(𝑝∗)2 (
𝑤∗−1

𝑤∗ ) (9c) 

 

 

 

Figure 7. The minimum normalized printing speed as a function of the normalized pitch on:  

a) the SiO2 substrate and b) the glass substrate 

The remaining fluid flowed from the higher-pressure area into the lower pressure area, resulting 

in excessive amounts of liquid being generated. A schematic of a bulged line is shown in Figure 

8(a). A bulged line has two main parts: the ridge and the bulge. The bulges were formed 

periodically, and the distance between bulges was determined by the printing velocity and the 

droplet spacing, as explained by Duineveld [27]. By combining the equations (6a), (6b), (6c), (7), 

and (8), the minimum printing speed in normalized form (Ut,min∗) to achieve a stable condition 

can be described, as shown in equations (9a), (9b), and (9c), where Ut∗, Ut,min∗, η, σ, and VD

 represent the printing speed, the normalized printing speed, the viscosity of the liquid ink, the 

surface tension of the liquid ink, and the droplet volume, respectively. Equation (7), (8) and (9a) 

are important and correlated, because they determine the minimum speed (or the minimum flow 

rate) to prevent the bulging.  

In this research, the bulging ratio (BR) is defined as the ratio between the ridge width (wridge) and 

the bulge width (wbulge), as expressed in equation (10). The bulging ratio number allows for the 

observation of bulge growth. Figure 8(b) and Figure 8(c) show the bulging ratio as a function of 
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the normalized pitch and the droplet volume on the SiO2 substrate and the glass substrate, 

respectively 

 

 𝐵𝑅 =
𝑤𝑟𝑖𝑑𝑔𝑒

𝑤𝑏𝑢𝑙𝑔𝑒
 (10) 

Figures 7(a) and 7(b) show the minimum normalized printing speed as a function of the 

normalized pitch on the SiO2 substrate and the glass substrate. Higher droplet volumes required 

lower normalized minimum printing speeds due to their lower contact angles. 

 

Several geometrical patterns could be made by connecting printed lines, as shown in Figure 9(a) 

and Figure 9(b). Figure 9(a) shows several geometrical patterns printed by DoD of silver 

nanoparticle ink. Figure 9(b) illustrates electrical split ring resonator patterns achieved by 

controlling the line width. The electrical split ring resonator structures at the micrometre scale 

were important for creating electromagnetic resonance and were useful for various applications, 

such as generating a negative index property [28] or detecting microorganisms [29]. By increasing 

the line width, bulges were formed on the pattern edges. The bulges on the pattern edges could 

be minimized or removed by using a smaller line width to reduce the excessive flow to the edges 

of the patterns. 

 

Figure 8. (a) Schematic of the bulging ratio. (b) The bulging ratio as a function of the 

normalized pitch printed on the SiO2 substrate using droplets with different volumes. (c) 

The bulging ratio as a function of the normalized pitch printed on the glass substrate 

using droplets with different volumes. 
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Conclusion 

We have investigated the formation of dots and lines printed using DoD EHD jet printing. 

Different droplet volumes could be generated on the dielectric substrates. Experimental results 

showed that dots and lines could be deposited for all droplet volumes by varying the droplet 

spacing, which could be controlled by adjusting the printing speed or the period of the pulsed 

electrical signal. When droplets were deposited, the remaining charges on the substrate could 

significantly affect dot formation, leading to deviations in dot deposition. Increasing the 

deposited droplet volumes or decreasing the substrate thickness could improve dot formation to 

create a uniform dot pattern. However, the remaining charges on the substrate did not 

significantly affect line formation, as the fluid flow dominated, resulting in uniform coalescence 

of droplets. Stability analysis of line formation revealed that using larger droplet volumes 

allowed the minimum printing speed for creating uniform lines to be decreased, as the larger 

droplet volume resulted in a smaller contact angle. By connecting uniform lines, various patterns 

such as squares or electrical split ring resonators at the micrometre scale could be formed. The 

uniformity of patterns could be improved by using a smaller line width to reduce excessive flow 

to the edges of the geometrical pattern. 

 

 

 

 

Figure 9. (a) Various geometrical patterns with different line widths.  

(b) Electrical Split Ring Resonator (ESRR) structures with different line widths. 
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