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Abstract 

Electrohydrodynamic (EHD) printing has become a promising and cost-effective technique for producing high-resolution and large-scale features. 
One widely recognized obstacle in EHD printing is nozzle clogging due to solvent evaporation or ink polymerization. Moreover, printing highly 
viscous materials often requires pressure or other external force to assist the ink flow during the printing, which increases the complexity of 
process control and the required energy. In this work, we developed a novel ultrasonic vibration-assisted EHD printhead and associated process 
to effectively eliminate the nozzle clogging for the printing of high-viscosity and high-evaporation-rate inks. A series of experimental tests were 
conducted to characterize the printhead design and process parameters (i.e., vibration frequency, vibration amplitude, and printing voltage). The 
results demonstrated that superimposing ultrasonic vibration on the EHD printing nozzle can effectively enhance current EHD printing 
capabilities, such as reducing required pressure, eliminating nozzle clogging, and providing stable and continuous printing for high viscosity and 
high solvent evaporation rate material. With the optimal parameters, a filament with a diameter of around 1µm can be continuously printed. In 
the paper, we successfully applied this developed ultrasonic-assisted EHD process to print high-resolution 2D patterns.      
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1. Introduction 

Electrohydrodynamic (EHD) printing is a cost-effective 
high-resolution printing technology that can produce fine 
droplets or jets with a size much smaller than the printing 
nozzle size [1]. In EHD printing, printing materials are 
subjected to a high electric field to form a Taylor-cone 
structure. When the electrostatic force exceeds the ink 
surface tension and viscose force, a fine jet or droplet will be 
ejected. [1]. This capability overcomes the nozzle size 
limitation and enables the production of parts with single-
micron or sub-micron resolutions [2]. Compared with other 

high-resolution AM techniques (e.g., aerosol jet [3,4], 
electrochemical deposition-based AM [5], Two-photon 
photopolymerization [6–8], Micro-Selective Laser Sintering 
[9,10]), EHD printing doesn’t require a dedicated machine or 
complex post-process, and it can easily accommodate 
various materials (e.g., such as polymers [11–13], shape 
memory polymers [14], conductive nano inks [15–17], 
quantum materials [18,19], and ceramic solutions [20,21]) 
for a wide range of applications. EHD printing has been 
proven to empower the fabrication of novel functional 
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devices, tissue structures, and pharmaceutics [22]. 
While EHD printing can create features smaller than the 

nozzle size, it becomes more susceptible to nozzle clogging 
when employing smaller nozzle sizes. The issue of nozzle 
clogging poses a critical challenge in EHD printing due to 
solvent evaporation, ink drying near or within the nozzle tip, 
high material viscosity, and high material concentrations, 
which prevents utilizing EHD printing with functional and 
novel materials for nanoscale fabrication. For example, 
electrically conductive contents (e.g., particles, nanowires, 
flakes) are often added to a solution carrier to form functional 
printing inks. A high concentration of functional content 
suspended in the printing inks tends to aggregate or 
precipitate over extended periods at the nozzle tip, 
significantly disrupting the printing process and preventing 
continuous printing [23–28]. For nano-resolution EHD 
printing, a high-resolution nozzle with an inner diameter of a 
few micrometers or less is usually required [1,29–31]. The 
smaller nozzle diameters are more sensitive to the viscosity 
of the ink, increasing the risk of nozzle clogging. Extensive 
experiments have demonstrated that an ink viscosity of 
higher than 90 mPa‧s will easily cause nozzle clogging, 
which prevents the usage of a range of polymer materials in 
high-resolution applications [32,33]. A dual-channel nozzle 
has been developed to generate a circulating ink path during 
EHD printing [34,35]. During the printing, ink is 
continuously injected into the nozzle through one flow 
channel and extracted from the other, thus preventing the 
nozzle from clogging. However, this nozzle design is 
unsuitable for ink with high viscosity due to the enormous 
withdrawing force, and it will be very challenging to 
fabricate a small nozzle for nanoscale printing due to the 
intricacies of dual-channel nozzle manufacturing. The 
stagnation of some materials (such as PEO, PEDOT, or 
PVDF) is prone to rapid drying and/or forming a thin film 
layer that will block the nozzle due to the low ink flow rate 
in EHD printing. To address this, researchers often add other 
solution components (e.g., ethanol, glycerin, acetone) for 
highly diluted inks when printing such materials [36–41]. 
While these adjustments may be acceptable for specific 
applications, they are still challenging for large-scale pattern 
printing, and post processes are required to remove those 
additives to enhance the functional performance. 

Ultrasonic vibration has been demonstrated to improve 
various manufacturing methods for decades, including 
ultrasonic vibration-assisted milling [42–45], ultrasonic 
vibration-assisted turning [46,47], ultrasonic vibration-
assisted welding [48,49], etc. Employing high-frequency 
vibration in manufacturing can dramatically reduce the 
friction force. The superimposed ultrasonic will generate a 
stick-slip motion between two sliding interfaces, similar to 
piezoelectric motors that utilize this effect [50], which can 
reduce the friction force. Applying ultrasonic vibration on 
fluid extrusion has been proven to improve the rheology 
(viscosity and elastic strain) and flow behavior, thus 
improving the extrusion process. Ultrasonic vibration was 
recently applied to extrusion-based 3D printing technology 
[51–53]. It has been found that ultrasonic vibration can 
improve interlayer adhesion due to decreased melt viscosity 

and physically modified interface wettability. Gunduz’s 
group employs an ultrasonic actuator against the syringe 
nozzle to print extremely viscous materials [51]. The 
experiment results show that the superimposed ultrasonic 
vibration is able to effectively reduce wall friction and flow 
stresses on the nozzle, enabling a lower printing pressure 
requirement with precise flow control. This promising 
method is able to print high-viscosity materials with a 
smaller nozzle and increase the flow velocity of the printing 
materials. However, the reported ultrasonic vibration-
assisted printing methods were enabled by externally 
attaching an ultrasonic actuator to the nozzle, limiting the 
study for fine-tuning the vibration characteristics. Wang et 
al. attach a piezoelectric actuator to a bioprinting nozzle, 
showing that the acoustic pressure can assist the 
concentration of cells/particles and improve the printing 
resolution [54]. Despite the superior benefits of ultrasonic 
vibration in 3D printing, the study of ultrasonic vibration-
assisted 3D printing is still in an early stage.  

To the best of our knowledge, the integration of ultrasonic 
vibration and EHD printing has not been explored. In this 
work, we have successfully designed an integrated ultrasonic 
vibration-assisted printhead to create a nozzle-clogging-free 
EHD printing of materials with high viscosity and high 
solvent evaporation rate. Design and process parameters have 
been characterized to demonstrate the effectiveness of the 
designed ultrasonic vibration printhead and the relationships 
between design and process parameters and printed filament 
have been studied. High-resolution grid patterns with various 
pitch have been printed. This work has demonstrated the 
potential of applying this ultrasonic vibration-assisted EHD 
printing process to produce high-resolution large-scale 
patterns for high-viscosity and high-volatile functional 
materials.    

2. Materials and Methods 

2.1. Ultrasonic vibration-assisted printhead design 

A universal ultrasonic vibration-assisted printhead was 
designed and developed, as shown in Fig. 1, which can be 
easily integrated into the EHD printer or other nozzle-based 
printers without any interference with the current 
configuration. A Langevin-type ultrasonic transducer 
structure, consisting of 4 pieces of PZT-8 piezoceramic discs 
sandwiched between a back mass nut and flange, was 
developed to efficiently generate high-power ultrasonic 
vibration. A flange structure of the transducer was designed 
and optimized to provide stable mechanical support and 
efficient vibration transfer. When excited by a sinusoidal 
signal, the piezoceramic stack transmits a longitudinal 
vibration forward to the printing nozzle. In order to 
successfully dispense the inks, a through hole was drilled at 
the center of the ultrasonic transducer, and a silicone tube was 
embedded and connected to the upper syringe and lower Luer 
connectors. The designed printhead has a resonance 
frequency of 55 kHz. The complete setup of the printhead is 
shown in Fig. 1(a), consisting of components such as 
printhead shell, syringe, Luer adapters, and fixtures. Fig. 1(b) 
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is the fabricated vibration-assisted printhead used in the EHD 
printing experiment.  

2.2. Materials and printing system 

To evaluate the enhanced printing capability, high 
viscosity, and high evaporation rate PEO ink was selected in 
this paper. The printing material was prepared by mixing DI 
water and Poly(ethylene oxide) (PEO) powder with a 
molecular weight of 1,000,000. The prepared ink contained 
a PEO weight ratio of 4% , which has a viscosity of around 
10,000 mPa‧s. The ultrasonic vibration-assisted EHD 
printing system consisted of an ultrasonic vibration-assisted 
printhead, a high-precision three-axis stage with 
repeatability of 50 nm, a voltage supply, a pneumatic 
dispensing system (including a compressor and a precision 
regulator), and a high-resolution camera. The ultrasonic 
vibration printhead was connected to an ultrasonic driver 
(PDU210), which can control the vibration frequency and 
amplitude. The power of the vibration amplitude was 
controlled by voltage. The pressure was connected with a 
syringe to help the ink flow to the nozzle before printing. The 
high-voltage supply with a maximum voltage of 10 kV was 
connected to the EHD printing nozzle to generate the 
electrostatic force for the printing. A nozzle with an orifice 
of 51 μm was selected for printing. A ground electrode was 
placed on the motion stage, and a glass substrate was placed 
on the ground electrode for the EHD printing. The EHD 
printer was located on an optical table to reduce 
environmental vibration. The camera with a resolution of 1 
μm was used to monitor the printing process. 

2.3. Characterization of ultrasonic vibration-assisted EHD 
printing  

2.3.1. Testing of ultrasonic vibration printhead 
The PEO solution was loaded into the syringe, and a 

pressure of 0.4 psi was applied to the syringe to bring ink to 
the nozzle tip. Then, the pressure was removed from the 
syringe. No pressure was applied during the experiment. The 
vibration frequency and power of the printhead were set to 
55 kHz and 75 V, respectively. The printing voltage was 
selected as 1 kV. To test the effectiveness of designed 
ultrasonic vibration-assisted printhead, three different 
experiments were performed. At the time of 0 seconds, both 
printing voltage and vibration were applied for all three 
experiments to avoid clogging the nozzle. For the first 
experiment, both printing voltage and vibration were kept 
after time 0; and for the second and third experiments, only 
printing voltage or vibration were applied in the system after 
time 0. A camera was used to record the printing behaviors 
for all three experiments.       

2.3.2. Characterization of key parameters in ultrasonic 
vibration-assisted EHD printing 

Vibration frequency, vibration amplitude, and printing 
voltage have been identified as key factors in ultrasonic 
vibration-assisted EHD printing. The ultrasonic vibration 
was controlled by an ultrasonic driver that can provide a 
vibration frequency between 20 kHz and 100 kHz and an 
amplitude voltage between 0 V and 105 V. Higher voltage 
will generate a larger amplitude, which shows a linear 
relationship [55]. We characterized each factor at a time with 
the control variable method, as shown in Table 1. The 
selected ranges for each factor are 35 kHz to 80 kHz for 
vibration frequency, 35 V to 105 V for vibration amplitude, 
and 0.7kV to 1.5kV for printing voltage. The standoff 
distance of 700 μm was selected to reduce the disturbance 
during the printing. The printing speed of 20 mm/s was 
selected to best match the EHD jetting speed. The printed 
filaments were observed and measured using Zeiss Axio 
Imager M1 with the pre-installed measuring software. The 
software can automatically change the scaling based on the 
selected lens, and it can directly provide measuring data 
between two points.  

 
Experiment Frequency / Hz Vibration Power / V Voltage / kV 
Frequency 

study 
35000-80000 75 1 

Amplitude 
study 

55000 35-105 1 

Voltage 
study 

55000 75 0.7-1.5 

2.4. High-resolution 2D printing 

The optimal vibration and printing parameters identified 
in the characterization process were used for patterning. A 
grid pattern was meticulously designed in the ACS SPC 
software and directly transferred to SPiiPlus MMI for direct 
printing. The printing speed was 20 mm/s to provide the best 
printing performance. Grid patterns with two different 
pitches (i.e., 20 µm, and 100 µm) were used to demonstrate 

Fig. 1. (a) Illustration of the ultrasonic vibration-assisted printhead for 
EHD printing. (b) The fabricated vibration-assisted printhead for EHD 
printing in this project. 
  

(a) 
  

(b) 
  

Table 1. The overview of tested parameter. 
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the production capability of the developed EHD printing 
process. The printed patterns were observed and measured 
using an optical microscope.    

3. Results and Discussion 

3.1. Characterization results for ultrasonic vibration-
assisted EHD printing 

The effectiveness of the designed ultrasonic vibration 
printhead is first tested. Fig. 2 shows the printing behavior 
under three different printing conditions. At time 0, a fine jet 
can be observed for all three conditions. Fig. 2 (a-c) with a 
time of 0 shows the printing behavior when both vibration 
and printing voltage were applied to the system. Initially, a 
Taylor cone was formed at the nozzle tip, and a fine jet was 
produced. The cone was evolving during the first 35 seconds, 
and a stable cone shape formed after 35 seconds (Fig. 2 (a-
1)). This cone shape allowed continuous stable jetting for 
over 3 minutes in the experiment, demonstrating the long-
period printing capability (Fig. 2 (a-2)). Fig. 2 (b) shows the 
printing behavior when only vibration is applied. In the 
absence of an electric field, it lacks sufficient force to carry 
out the ink. As a result, the cone contracted, and no inkjet 
was observed even after a 10-second. Fig. 2 (c) shows the 
printing behavior when only voltage is applied. At the 
beginning (from 0 to 20 seconds), a jet can be formed. 
However, the shape of the cone continues to change, and an 
unstable jetting behavior can be observed. At the time of 25 
seconds, the cone contracted, and only a small amount of 
materials was carried out from the nozzle, which indicated 
the drying process of the PEO material. When the drying rate 
or the solution evaporation rate is higher than the material 
jetting rate, a dried film starts to form at the nozzle tip. The 
film will expand from the edge to the center and eventually 
cover all areas of the nozzle tip, resulting in nozzle clogging. 

Fig. 2 (d-e) shows a clogged nozzle after printing without 
applying vibration compared to a brand-new nozzle. 
Moreover, during the material drying process, the cone 
dynamically changes, thus resulting in an unstable printing 
starting from the initial stage. This unstable printing process 
indicated that only applying voltage is not enough for even a 
short period of printing. All of these results demonstrated 
that superimposing ultrasonic vibration can effectively 
prevent the ink from drying and help to provide a stable fine 
jetting process. The mechanism can be explained as 
introducing the vibration to the printing system, which can 
reduce the ink shear stress and friction between the ink and 
nozzle walls, thus increasing the ink flow rate in the nozzle. 
When the ink flow rate is higher than the evaporation rate or 
material drying rate, continuous jetting can be obtained.     

Vibration frequency, vibration amplitude, and applied 
printing voltage are the key factors affecting the printing 
behavior and results. Fig. 3 shows the printed filament under 
different vibration frequencies. There are no obvious 
changes in the filament diameters, but the quality of the 
filament varies among different frequencies. Based on the 
design, the printhead used in this experiment has a resonance 
frequency of 55 kHz. When the vibration frequency was 
close to this frequency, more uniform filaments can be 
obtained, as shown in Fig. 3 (a4-a6). When the vibration 

Fig. 2.  Optical images of printing behaviours at different time 
(seconds) under different printing conditions. White dash-line outlines 
the nozzle. (a1-2) Printing with both voltage and ultrasonic vibration. 
(b) Printing with vibration only. (c) Printing with voltage only. (d) The 
clogged nozzle after 30s of printing with high vlotage only. (e) The 
unused nozzle before printing.   

(a-1) 

0s      5s     10s          
(b) 

 0s     5s   10s   15s   20s    25s   30s 
(c) 

40s      60s     120s   180s 240s 
(a-2) 

0s        5s      10s     15s     20s      25s      30s   35s     

(d) (e) 

Dried PEO film 

Fig. 3. (a1-a10) The optical images of printed filaments with different 
vibration frequencies from 35 kHz to 80 kHz. (b) The relationship 
between the applied vibration frequency and filament diameter. 

(a1) (a2) 

(a3) (a4) 

(a5) (a6) 

(a7) (a8) 

(a9) (a10) 

(b) 
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frequency deviated from the resonance frequency, filaments 
with irregular shapes were observed in Fig. 3 (a1-a3 and a7-
a10). This can be explained as that when the vibration 
frequency is close to the resonance frequency, the tip of the 
printhead can reach the maximum amplitude, which can 
significantly reduce the ink viscosity, thus increasing the ink 
flow rate and reducing the required force to carry out the ink.  

 Fig. 4 shows the relation between the vibration amplitude 
and filament diameter with a vibration frequency of 55 kHz 
and an applied voltage of 1 kV. When a small amplitude 
voltage of 25 V was applied, filaments with large variances 
in diameter were printed, which is shown in Fig. 4 (a1). The 
small vibration amplitude will only reduce little ink shear 
stress; thus, it still requires a larger force to carry out the ink. 
When the applied printing voltage cannot provide enough 
force, irregular filaments are printed. When gradually 
increasing the amplitude power to 75 V, a more uniform 
filament can be observed, and the diameter of the filament 
decreased (Fig. 4 (a2-a5)). Moreover, less variation was seen 
in those filament dimensions, indicating the stable printing 
process. This can be explained by the fact that increasing the 
voltage will increase the amplitude, thus further reducing the 
ink shear stress and the required force for continuous printing. 
After continuously increasing the amplitude voltage, the 
filament diameter also increased (Fig. 4 (a6-a8)). A higher 
vibration amplitude will dramatically reduce the ink 
viscosity, and ink will easily be swung out due to the large 
vibration amplitude, resulting in an increased diameter.    

Fig. 5 describes the relationship between the applied 
printing voltage and filament diameter when applying a 
constant vibration frequency of 55 kHz and amplitude power 
of 75 V. When the printing voltage was less than 0.7 kV, no 
filament was printed on the substrate. After applying a 
voltage of 0.7 kV, a filament can be observed in Fig. 5 (a1). 
However, due to the insufficiency of the voltage, the printed 

filament exhibited an ununiform shape and large variation in 
diameter. When applying a voltage of 0.8kV, a continuous 
straight filament is ejected from the Taylor-cone, indicating 
a stable jetting shown in Fig. 5 (a2). Further increasing the 
voltages, the diameters were increased, as shown in Fig. 5 
(a3-a9). Increasing the voltage will increase the electrostatic 
force; thus, more materials can be carried out. With the same 
printing speed, a larger diameter will be obtained to match 
the ejected volume of materials.   

 Optimal process parameters were obtained from the 
previous experiments. Filament with the smallest diameter 
and less variance in diameter is the best for high-resolution 
patterning. To achieve the best printing result, the vibration 
frequency, amplitude power voltage, and applied printing 
voltage were selected as 55 kHz, 75 V, and 1 kV. Fig. 6 
shows the printed 2D patterns. With the selected process 
parameters, filaments with a diameter of around 1 µm, which 
is about 1/50 of the nozzle orifice, can be printed during the 
printing process. Fig. 6 (a) shows a grid with a pitch of 20 

Fig. 4. (a1-a8) The optical images of printed filaments with different 
amplitude voltages from 35V to 105V. (b) The relationship between the 
applied amplitude and filament diameter.  

(b) 

(a1) (a2) 

(a3) (a4) 

(a5) (a6) 

(a7) (a8) 

Fig. 5. (a1-a9) The optical images of printed filaments with different 
printing voltage from 0.7kV to 1.5kV. (b) The relationship between the 
applied voltage and filament diameter.  

(b) 

(a1) (a2) 

(a3) 

(a5) 

(a7) 

(a9) 

(a4) 

(a6) 

(a8) 
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µm can be successfully printed. Fig. 6 (b) shows the printed 
grid on the substrate when the sample was positioned 
between the camera and the light source. Two grids can be 
barely found on the substrate, which are pointed by the two 
arrows. However, when placing the sample on another 
surface that isn’t directly exposed to the light, the printed 
grids showed great optical transparency (Fig. 6(c)). The two 
grids are almost invisible to the human eyes. Fig. 6 (d) - (f) 
shows printed two 5mm x 8mm large-scale patterns with a 
pitch of 100 µm. The results show that fine grids can be 
printed even with high printing speed for large-scale patterns. 
Moreover, the printed grids show excellent transparency. 
When placing the printed grids on a colored surface, they are 
invisible to the human eyes (Fig. 6 (g)). Compared with the 
grids exposed under the light (Fig. 6 (f)), no grid can be 
observed in Fig. 6 (g). All results demonstrated the excellent 

stability of the developed ultrasonic vibration-assisted EHD 
printing process for large-scale high-resolution patterning as 
well as the potential of applying this novel printing process 
for fabricating transparent patterns.       

4. Conclusions 

In this work, we successfully designed and developed an 
ultrasonic vibration-assisted EHD printhead to achieve a 
nozzle-clogging free printing of high viscosity and high 
solvent evaporation rate materials. Design and process 
parameters have been characterized to demonstrate the 
effectiveness of the developed printhead and study the 

relationship between process parameters and printing 
characteristics. High-resolution grid patterns with different 
pitches have been printed. This work has demonstrated the 
potential of applying this ultrasonic vibration-assisted EHD 
printing process to produce high-resolution patterns for high 
viscosity and highly volatile functional materials in a cost-
effective manner. The result also provides a promising 
potential for integrating vibration with other types of printing 
technologies, such as inkjet printing and direct ink writing 
[56]. In the future, various high-viscosity materials such as 
slurry, conductive paste, and hydrogel, can be investigated to 
further explore the capability of vibration-assisted EHD 
printing for different applications.   
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