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a b s t r a c t 

High-resolution electrohydrodynamic jet (e-jet) printing has provided a new route to flexible fabrication design 

of electronic devices. However, there are gaps in understanding this novel micro-additive manufacturing ( 𝜇-AM) 

process and the key material parameters that dictate the material jetting behavior. This paper provides a frame- 

work for high-fidelity modeling of drop-on-demand high-resolution e-jet printing that addresses this knowledge 

gap, which currently leads to slow and costly process optimization through experimental testing. The model is 

implemented in COMSOL Multiphysics and based on the leaky-dielectric model for an applied pulsed voltage, 

where the level set method is used to track the ink-air interface. The simulation results successfully demonstrate 

the critical process steps including equilibrium, Taylor Cone formation, the creation of a jet, jet break, and ma- 

terial retraction to the nozzle. The model is validated using high-speed printing images that are taken from a 

similar experimental setup. Four different case studies are conducted using the simulation model to investigate 

the impacts of key material parameters including viscosity, surface tension, electrical conductivity, and relative 

permittivity on the e-jet process, where it is shown in simulation that viscosity, surface tension and electrical 

conductivity have a higher impact on jetting frequency and deposited droplet volume. 
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. Introduction 

Additive manufacturing (AM) is in a steady growth trajectory due to

ts advantages such as flexible designs, lower resource requirements, and

aster production rates over many traditional manufacturing technolo-

ies. To truly harness the benefits from AM, there is a need for a better

nderstanding of the AM process behavior and how material parame-

ers play a role in these process dynamics outside of costly experimen-

al testing. Simulation environments have often served as a proxy for

xperimental demonstration. There exist many different types of mod-

ling and simulation environments and among them, high-fidelity mod-

ls provide more complete knowledge about the complicated physics

ehind AM system processes [1–3] . Moreover, these models create a

ramework for an accurate prediction of the process dynamics resulting

rom the selection of process parameters and material properties [4–

] . These predictions provide insights into how to optimize the process

arameters and material selections to achieve the desired printed de-

ice functionality based on requirements for product applications [7] .

n spite of these important advancements driven by high-fidelity model-

ng, the current literature lacks complete high-fidelity models for many

icro-additive manufacturing processes ( 𝜇-AM), such as near-field elec-

rohydrodynamic jet (e-jet) printing [8] , due to the complex physics

nd challenges in model validation that stem from the high-speed, high-

esolution dynamics. 
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E-jet printing is a high-resolution jet-based micro additive manufac-

uring process that uses an electric potential between an ink-filled con-

uctive micro-capillary nozzle and a grounded substrate to pull ink ma-

erial out of the nozzle. Once the material is pulled out of the nozzle,

he applied electric field induces an ejection process in which the ink

ecomes a continuous jet moving towards the substrate. This electro-

ydrodynamic induced technique is capable of printing high-resolution

atterns (50 nm–50 μm) using a wide range of ink material selections

viscosities up to 10 5 cP), resulting in many novel applications, [9,10] .
xample applications that use e-jet printing for fabrication include trans-

arent glass heaters (TGHs) [11] and flexible transparent electrodes

FTEs) [12] that incorporate high-resolution embedded metal meshes

ffering excellent optoelectronic performance. 

The functional performance of an e-jet printed pattern depends on

he ejection behavior of the ink as well as the spreading and coalescence

ehavior of the ink on the substrate [13] . Much of the existing work in

he e-jet modeling literature has focused on studying the initial jetting

ynamics [14–17] or the material spreading and coalescence behavior

n the substrate [13,18] . The work in this paper focuses on understand-

ng the connection between material properties and the jetting dynamics

aptured from the initial jet formation, through the jetting process, to

roplet impingement, and retraction from the substrate. Importantly,

roplet coalescence behavior is not studied in this work, although the

ombination of the full jetting dynamics with droplet coalescence on the

ubstrate will be considered as an important next step. 
d. 
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Fig. 1. Graphical description of the governing physics during the E-jet printing 

process. 
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Due to the complexity of e-jet physics, the majority of current model-

ng efforts for e-jet printing are based on scaling laws, where the authors

ropose relationships between process inputs, such as applied voltage

nd material characteristics, and process outputs, such as the jetting fre-

uency or jet diameter [19–21] . While scaling laws provide guidelines

or understanding simple and static relationships, they do not have the

omplexity or accuracy of high-fidelity models that can be used to pre-

ict material behavior. 

Other e-jet literature focuses on the use of simplified physics to de-

cribe dynamics of a stable meniscus [14,15] . However, these initial

rameworks are not able to describe the jetting behavior due to the com-

lex capacitor geometry that exists during the jetting process, which

annot be described by first principle physics. Recent works combine

rst principles with data-driven models. In [16,17] , the authors intro-

uce a hybrid modeling framework that describes meniscus evolution

sing first-principles and jetting behavior using a purely date-driven

odel. The authors define this framework as a controls-based model

uitable for control design and implementation. However, the data-

riven component requires the extraction of model parameters from ex-

erimentation, which is expensive considering that these models are not

calable across nozzle size, offset height, or material classes. 

There has been some work in the e-jet literature that includes

igh-fidelity modeling using a “leaky-dielectric ” model to describe the

lectrohydrodynamics phenomenon [22,23] . While majority of this

ork studied electrohydrodynamic atomization and electrowetting, e.g.

24,25] , there are other works that focused on the simulation of a

arge scale (low-resolution) e-jet process using multi-physics commer-

ial tools, e.g. [26–28] . These works focused on the development of

igh-fidelity models for low-resolution e-jet printing (nozzle opening

izes greater than 100 μm and standoff heights above 500 μm), which

o not scale to the high-resolution e-jet process due to the differences

n the impact of specific forces such as gravity (low resolution) and cap-

llary forces (high resolution) on the specific process dynamics. Singh

t al. [29] focused on a high-resolution e-jet printing process for nozzle

izes of 2 and 10 μm with a standoff height of 100 μm. However, this

ork neglected capillary forces at the nozzle wall, which play an im-

ortant role given the nozzle sizes used in high-resolution e-jet printing.

ore importantly, the e-jet simulation provided in Singh and Subrama-

ian [29] assumes a constant flow rate at the nozzle inlet that is invalid

or high-resolution e-jet applications, where the flow rate is shown to

e a function of applied voltage signal [17] . Recent work by the authors

elaxed the assumption of constant flow rate and focused on the first

wo stages of the electrohydrodynamic (e-jet) jetting dynamics: menis-

us deformation (build-up) and jetting initiation [30] . This model was

ased on electrostatics and required an assumption of a nonconductive

aterial. In contrast, the work presented in this manuscript includes the

ddition of electric current physics and a relaxation of the nonconduc-

ive material assumption in order to capture all four phases of the jetting

ynamics. The core contributions of this work include: 

• Development of a high-fidelity e-jet model for a pulsed voltage that
captures all four phases of the jetting dynamics: build-up, jetting, jet

break and retraction. Additionally, this work discusses the limita-

tions of modeling only the first two stages and the potential uses of

our proposed model for accurate drop-on-demand printing studies. 

• In addition to the important extension to the theoretical foundations
of the physics that drive the jetting dynamics and the implemen-

tation through a high-fidelity model, this manuscript includes ex-

perimental validation of the four stages of the jetting process. This

validation includes high-speed images captured with a high-speed

experimental set-up that provides an important model validation as-

pect that is missing in many e-jet modeling papers. 

• This work provides a description of key metrics that should be evalu-
ated to enable a quantitative analysis when comparing how different

material properties of the ink lead to variations in both the jetting

time and deposited droplet volume. This is an important contribu-
2 
tion to demonstrate the effectiveness of the model for capturing ink

material / process parameter relationships. 

This paper is organized as follows: Section 2 provides a back-

round of the e-jet printing process and presents the governing physics

hat drive the process. The governing equations of the leaky-dielectric

odel, which provide the baseline for the presented framework, the

odel setup and the experimental setup are described in Section 3 .

ection 4 presents a comparison between the simulation and experi-

ental results. This section also provides a sensitivity analysis of the

ey material parameters on jetting frequency and deposited droplet vol-

me. Section 5 summarizes the presented work and identifies open areas

or future research. 

. Electrohydrodynamic jet printing process 

The standard high-resolution e-jet printing setup is depicted in Fig. 1 ,

here a voltage is applied between an emitter i.e. a conductive micro-

apillary nozzle filled with a polarizable ink material and an extractor

.e. a grounded conductive substrate. The electric field generated by the

istribution between the nozzle and the substrate deforms the meniscus

nto a sharp tip ( “Taylor cone ”) that extends toward the grounded sub-

trate. As the applied electric field force surpasses the surface tension

ithin the nozzle, the ink will break from the nozzle and form a con-

inuous jet from the nozzle to the substrate. After sufficient ions (and

aterial) impinge and transfer to the substrate, the continuous jet will

reak and the meniscus will retract to its initial state until the next pul-

ation. 
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When applying a DC voltage to the nozzle, the pulsation is governed

y a continuous jetting cycle (meniscus generation to break-off) often

ermed the natural dynamics of the process. A constant DC applied volt-

ge ensures that charge transport between the fluid and substrate results

n a continuous cycle of the 4-stages of the jetting process. On the other

and, a pulsed voltage includes a low voltage, where the meniscus is at

quilibrium, a high voltage, which creates enough electric field to re-

ult in jetting, and a pulse duration, which is less than the required time

or the natural jet break (so-called “subcritical regime ”). It should be

oted that the volume of ink deposited on the substrate is determined

y the design of the applied voltage signal. In this paper, we apply a

ulsed voltage signal in which the pulse width determines the amount

f ink released during the printing process. For example, if the pulse

idth is large, multiple jetting episodes (repetition of formation, ejec-

ion, and retraction) will occur at a single location resulting in a larger

verall volume of material deposited in one place. A pulsed voltage sig-

al will result in a drop-on-demand process mode, where the process

ycle is controllable and robust. To ensure a controllable printing mode,

e have focused on a pulsed voltage signal in this work. 

The e-jet printing process leverages a liquid jet pulsation induced

y electrohydrodynamics, where there exists two categories of forces

pplied to the meniscus. One category includes the forces that oppose

he jetting and fluid flow towards the substrate such as viscosity and

urface tension forces, while the second category consists of the forces

hat contribute to the jetting process including gravity and the electric

orce. Depending on the ink material interactions with the nozzle wall,

etailed in Section 3 , capillary forces due to the ink wetting behavior

n the nozzle wall sit either in the first or the second category. The e-jet

henomenon can be defined by three main governing physics: 

• Fluid motion: governed by Navier–Stokes equations for viscous flu-
ids; external forces include gravity ( 𝐹 𝑔 ), electric force ( 𝐹 𝐸 ), surface

tension ( 𝐹 𝛾 ), and the capillary force along the nozzle wall ( 𝐹 𝑤𝑎𝑙𝑙 ) 

• Electric field distribution between the emitter (nozzle) and the ex-
tractor (substrate): governed by Gauss’s law coupled with charge

conservation equation; results in the generation of an electric charge

at the ink-air interface and creation of an external force ( 𝐹 𝐸 ) to the

meniscus 

• Ink-air interface dynamics: governed by two-phase flow physics; de-

fines two external forces applied to the meniscus: surface tension

( 𝐹 𝛾 ) and capillary forces at the nozzle wall ( 𝐹 𝑤𝑎𝑙𝑙 ) 

. Methods 

.1. Governing equations 

In this section, we provide the governing equations for the three

hysics-based interfaces that define the electrohydrodynamic phe-

omenon during e-jet printing: laminar flow to explain the fluid mo-

ion, electric currents to account for the electric field distribution, and

he level set method to track the ink-air interface. The governing equa-

ions for each interface and their coupling are depicted in Fig. 2 . 

Laminar flow Laminar flow of an incompressible fluid can be de-

cribed by the Navier–Stokes and continuity equations ( Fig. 2 , Eqs. (1)

nd (2)) solving for the fluid velocity, 𝑢 and pressure, 𝑝 . 𝜌 and 𝜇 are

he material density and viscosity. ∇ and ∇ ⋅ stand for gradient and
ivergence operator, respectively. The Navier–Stokes equation comes

rom the conservation of momentum, where 𝜌 𝜕𝑢 
𝜕𝑡 

+ 𝜌( 𝑢 ⋅ ∇) 𝑢 is the iner-
ial term, −∇ 𝑝 is the pressure force, and ∇ ⋅ [ 𝜇(∇ 𝑢 + (∇ 𝑢 ) 𝑇 )] is the vis-
osity force. The external forces, 𝐹 𝑒𝑥𝑡 , for the process include gravity,

 𝑔 = 𝜌𝑔 , where 𝑔 denotes the gravity vector, electric force ( 𝐹 𝐸 ), surface

ension ( 𝐹 𝛾 ), and capillary force ( 𝐹 𝑤𝑎𝑙𝑙 ). 

Electric currents The second set of governing equations calculates the

lectric field distribution for leaky-dielectric materials using three cou-

led equations including, Gauss’s law ( Fig. 2 , Eq. (3)), the relationship

etween electric field, 𝐸 and electric potential, 𝑉 ( Fig. 2 , Eq. (4)), and
3 
harge conservation equation ( Fig. 2 , Eq. (5)). 𝜀 , 𝜎 are the material rel-

tive permittivity and electrical conductivity. 𝜌𝑓 indicates the charge

ensity. The electric force ( 𝐹 𝐸 ) is calculated using Eq. (6) in Fig. 2 , i.e.

he divergence of the Maxwell stress tensor, T. While 𝜌𝑓 𝐸, in this equa-

ion indicates the Coulombic force as a result of the electric field and

he charged interface interactions, − 
1 
2 𝐸 

2 ∇ 𝜀 , is the force coming from the

ransition in the fluid relative permittivity along the ink-air interface. 

Level set method To track the ink-air interface, we need to define a

wo-phase flow algorithm. The governing equations for fluid flow and

lectric field distribution, Eqs. (1)–(6) are used to describe the physics

ithin each air or ink phase using constant material properties such as

uid density, viscosity, electrical conductivity and relative permittiv-

ty. However, the material properties at the ink-air interface transition

rom the ink to the air material properties smoothly. By tracking the

nk-air interface, the material properties can be updated based on the

wo-phase tracking method. Researchers have used various approaches

or tracking two-phase fluid interface including volume-of-fluid (VOF),

an and Zeng [28] , phase field, Zhao et al. [27] , Singh and Subrama-

ian [29] , and level set method (LSM), Mohammadi et al. [26] . LSM is

elected for the current work due to its accuracy and robustness in high-

esolution surface curvature applications. The governing equation for

nterface evolution using LSM (Eq. (7) in Fig. 2 ) moves the ink-air inter-

ace with the velocity field, 𝑢 . In this equation, the value of the level set

unction, 𝜙 goes smoothly from 0 (liquid phase) to 1 (air phase) along

he ink-air interface. 𝜖𝑙𝑠 and 𝜆 are the interface thickness parameter and

he reinitialization parameter, which ensures that the variations of the

evel set function are contained within the interface thickness. Solving

he level set Eq. (7) to determine 𝜙, the material properties in Eqs. (8)–

11) can then be calculated and used in the governing equations within

aminar flow and electric current segments. 

The LSM is coupled with the laminar flow interface by two external

orces that are applied to the meniscus; the first one is surface tension

orce, 𝐹 𝛾 that acts on the ink-air interface. This force is calculated using

q. (12) in Fig. 2 , where 𝑆 = 𝛾( 𝐼 − ( 𝑛𝑛 𝑇 )) 𝛿. 𝛾, 𝑛 and 𝛿 denote surface ten-
ion coefficient, unit normal to the interface and a Dirac delta function

ith its value being nonzero only at the ink-air interface. The second

xternal force is capillary force, 𝐹 𝑤𝑎𝑙𝑙 acting on the ink material at the

nk-air-nozzle wall interface, which is obtained by Eq. (13) in Fig. 2 . The

rst term in this equation, 𝛿𝛾( 𝑛 𝑤𝑎𝑙𝑙 ⋅ 𝑛 − cos 𝜃) 𝑛 enforces the ink material
ontact angle with the nozzle wall, 𝜃, while the second term, 

𝜇

𝛽
𝑢 is a

rictional force. 𝑛 𝑤𝑎𝑙𝑙 and 𝛽 denote the wall normal and the slip length,

espectively. 

.2. Model setup 

To generate the simulation model used in this paper, we applied the

ollowing assumptions within this framework: 

1. Incompressible and laminar fluid flow within the jetting process. 

2. Axisymmetric jetting through the Taylor cone approximation. 

These assumptions are applied to reduce the computational com-

lexity and calculation time of the simulation. Assumption A1 enables

he use of simplified Navier–Stokes and continuity equations for incom-

ressible and laminar flows, i.e. Eqs. (1) and (2) in Fig. 2 . Assumption A2

llows us to define the nozzle geometry in a 2D-axisymmetric domain

See Fig. 3 ) and cylindrical coordinates, significantly reducing simula-

ion times. Due to A2, the model cannot capture 3D variations in the

etting dynamics. To capture behaviors such as multiple jets, whipping,

r electric field interference in the case of multi nozzles, one would need

o extend this work to a 3D form, requiring electric force equations to be

ritten in 3D. Future research may look to extend into these domains to

etter understand how to control and mitigate these jetting behaviors. 

The geometry of the model is defined as shown in Fig. 3 consider-

ng the dimensions of the setup. The material properties for ink and air

aterials that need to be identified or measured are viscosity, 𝜇, den-
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Fig. 2. Graphical description of the involved physics and the governing equations during the E-jet printing process. 
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ity, 𝜌, relative permittivity, 𝜀 , electrical conductivity, 𝜎, surface tension

oefficient, 𝛾 and contact angle on the nozzle wall, 𝜃. 

The boundary conditions and initial values for every domain are re-

uired to be defined for any computational physics problem. Therefore,

e have provided Fig. 3 to specify the current model boundary condi-

ions and initial values. The nozzle inlet boundary ( Fig. 3 , boundary b 1 )

s the ink material hydrostatic pressure, 𝑃 0 = 𝜌𝑔𝐿 , where 𝐿 is the noz-

le length filled with the ink material. For the LSM physics, we define

n inlet boundary condition of 𝜙 = 0 to define the nozzle replenishing
ith the ink material at the inlet. While the electric force expression is

dded to the Navier–Stokes equation as a body force, the capillary force

t the nozzle wall, 𝐹 𝑤𝑎𝑙𝑙 , is added through a “wetted wall ” boundary

ondition under the “multiphysics ” module ( Fig. 3 , boundary b 2 ). This

oundary condition, 𝑢.𝑛 𝑤𝑎𝑙𝑙 = 0 and 𝐹 𝑤𝑎𝑙𝑙 enforce ink contact angle with
he capillary inside wall, 𝜃. The outside boundary ( Fig. 3 , boundary b 3 )

s defined as an outlet in the fluid physics, i.e. 𝑝 = 0 , and the substrate
 Fig. 3 , boundary b 4 ) is defined as a wall, i.e. 𝑢 = 0 . For the electric
urrent interface, a pulsed electric potential boundary condition, with a

aseline of 𝑉 𝑙 and a peak of 𝑉 ℎ starting at 𝑡 = 𝑡 0 and ending at 𝑡 = 𝑡 1 , is

onsidered at the nozzle wall. 
6  

4 
The initial conditions for the model setup include a meniscus in equi-

ibrium i.e. an spherical cap shape for the initial interface and a low

oltage applied to the ink material domain ( 𝐷 1 ). Therefore, the initial

alues for the inner nozzle ( 𝐷 1 ) and outside domain ( 𝐷 2 ) are defined

s a steady fluid, i.e. 𝑝 𝑖𝑛 = 0 and 𝑣 𝑖𝑛 = 0 . The initial voltage ( 𝑉 𝑖𝑛 ) of 𝐷 1
s 𝑉 𝑙 , while that of the 𝐷 2 domain is 0. The initial phase defines ink

aterial for 𝐷 1 and air material for 𝐷 2 . After integrating the physics,

oundary conditions and initial conditions to the model, a mesh needs

o be defined for the simulation domain. Section 4 . discusses the simu-

ation results including model verification and sensitivity analysis of the

aterial key parameters. 

.3. Experimental setup 

Experiments are conducted using a custom-made e-jet printer in the

arton Research Group at the University of Michigan, see Fig. 4 . This

etup is composed of an X-Y-Z nanopositioning stage (Aerotech, “Pla-

ar 𝐷𝐿 ”), a vacuum chuck on top of the stage to hold the substrate in

lace, an in-house constructed nozzle holder, a voltage amplifier (TREK,

77B), a commercial high-speed camera (Vision Research, Phantom
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Fig. 3. Geometry of the model setup, boundary conditions and initial values. Subscript “in ”, “l ” and “h ” denote the initial value, low and high, respectively. 

Fig. 4. Experimental setup used for model validation. 
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Table 1 

Material properties of NOA 81. 

Material property Symbol Value Unit 

Density 𝜌 1179 Kg/m 
3 

Elongational viscosity 𝜇 972 cP 

Surface tension 𝛾 0.039 N/m 

Relative permittivity 𝜀 6.5 1 

Electrical conductivity 𝜎 2 . 6 × 10 −6 S/m 

Contact angle on glass 𝜃 37 degree 
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9.0), and a high-powered white LED spotlight (Advanced Illumination,

L162). The e-jet printer and high-speed camera are synchronized using

he drivers of a nanopositioning stage from Aerotech and an automation

rogram, which is written in the Aerotech A3200 Motion Composer In-

egrated Development Environment. 

The substrate used for the experiments is a silicon wafer with 0.005–

.02 Ohm-cm resistivity. The nozzles are pre-pulled glass micropipettes

urchased from World Precision Instruments (30 μm inner diameter

DI), 5 cm length (L)) and sputtered with 5 nm gold-palladium to become

onductive. The ink material used for the experiments is Norland Optical

dhesive 81 (NOA 81), a UV curable polymer. The material properties

hat are required to be defined or measured for the model include ma-

erial density, elongational viscosity, surface tension, relative permittiv-

ty, electrical conductivity, and material contact angle with the capillary

alls. For NOA 81, these material properties are measured and provided

n Table 1 . 

The nozzle offset from the substrate (standoff height) is 150 μm, and

 pulse voltage signal is applied to the nozzle with a high voltage of
5 
150 V, a low voltage of 525 V and a pulse width of 2 ms. The camera

ample period is 50 μs with a 47 μs exposure time for each frame. The

amera lens assembly has a 20 mm working distance and 20× magnifi-
ation, yielding a spatial resolution of 0.65 μm/pixel. Each frame has a

indow size of 112 by 272 pixels. 

. Results 

.1. Model validation 

Fig. 5 compares the experimental high-speed images with the ink

olume fraction simulation results at different time frames demonstrat-

ng the e-jet process steps. As can be seen in this figure, the model can

apture the critical steps of the e-jet process including build-up, jetting,

et break and Taylor Cone retraction. 

The initial condition for the meniscus at low voltage (here, 𝑉 𝑙 =
25 V) is generally approximated as a spherical cap, illustrated in the
igh-speed and simulation images. At this part of the process, the elec-

ric force is balanced by opposing forces such as the viscous and surface

ension forces. 

When the voltage is stepped high (here, 𝑉 ℎ = 1150 V), electric charge
ccumulates at the meniscus, creating an electric force in the downward

irection. This electric force results in the meniscus deformation from its

nitial spherical cap shape to a Taylor Cone. As can be seen in Fig. 5 , the

odel captures the Taylor Cone formation “build-up ” stage similar to

hat is observed in the high-speed images. Comparing the high-speed

xperimental images with the simulation, it can be observed that the

aylor cone forms faster (shorter time duration) within the simulation.

here are a number of reasons that could explain some of the discrepan-
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Fig. 5. Model validation. Comparison of high-speed images taken from our experimental setup, and ink volume fraction simulation results for the same setup at 

different time frames. 
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ies between the simulation and experimental results: (1) the assump-

ion of a conductive nozzle in the simulation rather than the true set-up

hat includes a conductive coating (e.g. sputtered gold) that is 10s of

anometers thick applied to a glass nozzle, (2) an instantaneous voltage

hange applied in simulation while the experimental system exhibits a

lew rate of 15 V/μs from the amplifier, and (3) ignoring the interactions

etween the printed ink and the substrate. 

Once the system has been held at the high voltage level for a set

eriod of time (depending on the voltage level and ink material), the

lectric force will overcome the opposing forces of surface tension and

iscous force, and a continuous jet will be generated from the nozzle

ip towards the substrate. This stage is called the “jetting ” stage. High-

peed images from the experiments show significant similarities to the

imulation results with a small variation between the onset of the jet-

ing process (0.4 ms and 0.6 ms after the Taylor Cone formation for

xperiment and simulation, respectively). 

As mentioned earlier, the model is capable of capturing the jetting

ynamics in the subcritical regime, where the jet is stable during the

ntire pulse duration. For the experiments, the jet continues until the

oltage is stepped down at 2 ms to the low voltage (here, 𝑉 𝑙 = 525 V)
nd then the jet breaks. Since the build-up process occurs faster for the

imulation, the pulse width is selected to be shorter than the experi-

ental setup to ensure that the simulation is conducted in the subcriti-

al regime. Therefore, similar to the experiments, where pulse width is

 ms for the case of impingement at 1.8 ms, the simulation pulse width is

elected to be 11% larger than the impingement time i.e. 1.55 ms since

he impingement occurs at 1.4 ms (See Fig. 5 ). At low voltage, for both

he high-speed images and simulation results, it can be seen that the

et thins due to the weakened electric force, which allows the surface

ension to dominate the process and break the jet. The jet break takes

oughly 0.6 ms after the voltage is stepped down for both the exper-

ments and the model. At this stage, the meniscus retracts back to the

ozzle for the simulation, similar to what is observed in the experiments.

Fig. 6 depicts the volume fraction, electric potential, surface tension

orce, and electric force at the moment that the Taylor Cone is formed

time = 0.8 ms). It can be seen from the electric potential profile that

he ink material is at high voltage ( 𝑉 ℎ = 1150 V). The surface tension
hat is applied to the ink-air interface has a maximum value of roughly

 × 10 9 N/m 
3 at the apex, where the curvature is sharper than other re-
6 
ions. The electric force at this moment, while a little lower than the

urface tension ( 4 × 10 9 N/m 
3 ), is trying to overcome the opposing sur-

ace tension in order to initiate a jet. 

.2. Sensitivity study of the key parameters 

While many states such as velocity, flow rate, and jetting diameter

re of interest in e-jet printing, jetting frequency and deposited droplet

olume determine the jetting speed and the final printed pattern resolu-

ion and are significant outputs of the system to be controlled. Therefore,

 sensitivity analysis of some of the key material parameters on the jet-

ing speed and the deposited droplet volume is conducted and presented

n this section. The ink material used for these simulations is NOA 81

ith a similar setup used for model validation. We conducted a sensi-

ivity analysis on viscosity, surface tension, electrical conductivity and

elative permittivity of the material. This investigation provides us with

nowledge about the key material parameters and their impact on the

-jet printing process. The simulation is initially run using a step volt-

ge signal to obtain the impingement time, which is provided in Table 2

or each of the case studies. As mentioned previously, this framework

s only valid for printing at the subcritical regime, therefore, the pulse

idth for each case is selected to be 11% longer than the impingement

ime to ensure that the simulation is conducted in the subcritical regime.

Study I investigates the impact of material viscosity, 𝜇, by holding all

aterial properties and model setup conditions constant and varying the

iscosity. Table 2 provides the impingement time and deposited droplet

olume for varying viscosity cases: 300 cP, 600 cP, and 972 cP. Larger

iscosity values impact the Navier–Stokes equation, contributing to the

aterial resistance to deposition, and therefore a slower jet. As can be

een from the results presented in Table 2 , a higher viscosity material

ill result in a larger viscosity force on the Taylor Cone in the Navier–

tokes equation which will lead to a higher resistance of the ink material

o jetting and a smaller volume of ink deposited on the substrate. For a

ower viscosity material, we observed that the break occurs at a higher

osition in the impingement stream, which leads to more material being

eposited onto the surface and a larger deposited volume. This observa-

ion provides insight into how variability in the printing process can be

riven by material properties in the ink, which then lead to changes in

chievable droplet resolution for a given material viscosity. 
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Fig. 6. Plots of volume fraction, surface tension magnitude, electric force magnitude, and velocity at the moment that the Taylor cone is formed ( 𝑡 = 0 . 8 ms). 

Table 2 

Sensitivity study parameters. 

Parameters Model output 

𝜇 𝛾 𝜅 𝜀 𝑃𝑊 𝑡 𝐼𝑚𝑝 𝑣 𝑑𝑟𝑜𝑝 

Unit 𝑐𝑃 N/m S/m 1 ms ms pL 

972 1.55 1.4 2.401 

Study I 600 0.039 2.6 ×10 − 6 6.5 1.11 1 3.374 

300 0.64 0.58 4.919 

0.049 1.85 1.67 1.618 

Study II 972 0.039 2.6 ×10 − 6 6.5 1.55 1.4 2.401 

0.029 1.36 1.23 4.034 

2.6 ×10 − 6 1.55 1.4 2.401 

Study III 972 0.039 1 ×10 − 6 6.5 1.92 1.73 3.922 

0.5 ×10 − 6 2.33 2.1 6.497 

35 1.42 1.28 2.295 

Study IV 972 0.039 2.6 ×10 -6 20 1.47 1.33 2.302 

6.5 1.55 1.4 2.401 

The parameters 𝜇, 𝛾, 𝜅 and 𝜀 denote viscosity, surface tension, electrical 

conductivity and relative permittivity, respectively. 𝑃 𝑊 is the voltage pulse 

width, 𝑡 𝐼𝑚𝑝 is the impingement time and 𝑣 𝑑𝑟𝑜𝑝 is the deposited droplet vol- 

ume. 
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Study II investigates the impact of varying the surface tension co-

fficient, 𝛾. Studying three different surface tension cases: 0.029 N/m,

.039 N/m, and 0.049 N/m, we observed that a material with a lower

urface tension is governed more by the electric field dynamics, lead-

ng to the electric charge at the ink-air interface to be more efficient in

ts competition with the opposing surface tension force, resulting in a

aster jet. This leads to an early initiation of the jetting stage and depo-

ition on the substrate. Note that although the jetting occurs faster for

 lower surface tension material, this parameter does not play a signifi-

ant role in determining the jetting frequency because the jet break hap-

ens much slower due to a weaker surface tension force. For instance,

or surface tensions of 0.029 N/m and 0.049 N/m, the break occurs at

.92 ms and 2.01 ms, respectively, while the impingement times are

.23 ms and 1.67 ms, respectively. In other words, although the im-

ingement time difference for these two cases is 0.43 ms, the jet break

ccurs with only 0.09 ms difference. Moreover, the simulation results

how that the deposited droplet volume is higher for the smaller surface
7 
ension coefficient. We hypothesize that this is driven by two things:

1) more material transfer can occur during the early impingement time

ombined with a later jet break time; (2) the small surface tension in the

nk material results in less material being retracted (pulled) back to the

ozzle tip. Overall, a smaller surface tension results in a smaller surface

ension force on the Taylor Cone in the Navier–Stokes equation resulting

n lower resistance to jetting and a larger volume of material deposited

n the substrate. 

The third study (Study III) investigates the effect of electrical conduc-

ivity on the jetting speed and the deposited droplet volume. The electri-

al conductivity is investigated for three different cases: 2.6 ×10 -6 S/m,
 × 10 −6 S/m, and 0 . 5 × 10 −6 S/m. Table 2 shows that for a lower conduc-
ive material ( 𝜎 = 0 . 5 × 10 −6 S/m) jetting happens significantly slower as
ompared to the more conductive cases (0.7 ms variance). The reason

or this difference is that for a lower conductive material, the first term

f Eq. (6) becomes small, resulting in a weaker electric force and there-

ore a slower jet. Furthermore, the simulation results show a decrease

n the deposited droplet volume as the electrical conductivity increases.

his can be attributed to the fact that a stronger electric force creates a

harper Taylor Cone that can contribute to a finer jet, and therefore less

eposited material on the substrate. Snapshots of the simulation volume

raction results for three different cases at the impingement moment are

rovided in Fig. 7 to demonstrate this phenomenon, which has often

een observed in experimental demonstrations and is well documented

n the scaling laws literature [21] . 

The last study (Study IV) considers the impact of relative permit-

ivity of the ink material by varying its value for three different cases:

.5, 20, and 35. We observed that relative permittivity appears to have

 very small effect on the droplet volume. Moreover, we observed that

elative permittivity does not greatly impact the jetting speed. Note that

etting speed shows a 0.12 ms faster rate when the relative permittivity

s shifted from 6.5 to 35. It should be noted that this specific result only

ccurs with conductive materials because the coulombic force term in

q. (6) becomes much larger than the force due to the change in relative

ermittivity, making the first term dominant and the relative permittiv-

ty less effective. In the case of a nonconductive material, the first term

n Eq. (6) is zero, and therefore the electric force is generated by the gra-

ient of relative permittivity, leading to the relative permittivity have a

uch higher impact on the jetting process. 
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Fig. 7. Plots of volume fraction for three different cases of Study III (varying 

electrical conductivity, 𝜎) at the impingement moment. The results demonstrate 

a finer jet for the higher conductivity case. 
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. Conclusions 

This work presents a framework for high-fidelity modeling of high-

esolution electrohydrodynamic jet printing that provides new knowl-

dge from an understanding of the process and the effect of material

haracteristics on the process dynamics. The model considers an applied

ulsed voltage that triggers build up, jetting, jet break, and retraction.

he model combines a leaky-dielectric formulation and level set inter-

ace tracking method to optimize process parameters for desired mate-

ial jetting behavior under varying experimental conditions. The model

rovides the first demonstration of the four critical stages of the jetting

rocess and contributes a platform for identifying critical process and

aterial parameters that can be used to better understand the sensitivity

f these parameters to initiate and drive the jetting process. Our studies

ave shown that material properties, including viscosity, surface tension

nd electrical conductivity affect the outfeed volume and the jetting fre-

uency significantly. 

Simulation results using the model are compared to high-speed im-

ges taken from an experimental setup. The results provide the first

omplete model validation of high-resolution e-jet printing dynamics for

 high-fidelity modeling framework. Small discrepancies in timing be-

ween the experimental and simulation results are most likely indicative

f a lack of interface dynamics between the jet and substrate captured

ithin the model. A series of studies to better understand the effect of

aterial properties on the jetting dynamics were performed. 

In the future, the authors will investigate how substrate interactions

an be incorporated into the modeling framework. Additionally, the au-

hors will consider methods for extending the use of these models for

redicting the printing behavior of different materials as well as towards

implified models for control design. 
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