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1 Introduction

Direct Printing of High-Resolution
Metallic Three-Dimensional
Microneedle Arrays Via
Electrohydrodynamic Jet Printing

Three-dimensional (3D) microneedle arrays (MAs) have shown remarkable performances
for awide range of biomedical applications. Achieving advanced customizable 3D MAs for
personalized research and treatment remain a formidable challenge. In this paper, we have
developed a high-resolution electrohydrodynamic (EHD) 3D printing process for
fabricating customizable 3D MAs with economical and biocompatible molten alloy. The
critical printing parameters (i.e., voltage and pressure) on the printing process for both two-
dimensional (2D) and 3D features are characterized, and an optimal set of printing
parameters was obtained for printing 3D MAs. We have also studied the effect of the tip-
nozzle separation speed on the final tip dimension, which will directly influence MAs’
insertion performance and functions. With the optimal process parameters, we successfully
EHD printed customizable 3D MAs with varying spacing distances and shank heights. A
3 x 3 customized 3D MAs configuration with various heights ranging from 0.8 mm to I mm
and a spacing distance as small as 350 pm were successfully fabricated, in which the
diameter of each individual microneedle was as small as 100 um. A series of tests were
conducted to evaluate the printed 3D MAs. The experimental results demonstrated that the
printed 3D MAs exhibit good mechanical strength for implanting and good electrical
properties for electrophysiological sensing and stimulation. All results show the potential
applications of the EHD printing technique in fabricating cost-effective, customizable, high-
performance MAs for biomedical applications. [DOI: 10.1115/1.4065965]

wearable biopotential monitoring and stimulation [1,7]. As the spiky
tips of MAs can penetrate the stratum corneum with minimally

Three-dimensional (3D) microneedle arrays (MAs) have shown
outstanding performance in drug delivery, electrophysiological
recording and stimulation, biochemical sensing, etc., Refs. [1-4].
Researchers have reported various MAs with different designs, such
as diameters, heights, tip geometries, and densities, for a wide range
of biomedical applications. For example, MAs are one of the most
promising transdermal drug delivery components, which show high
delivery efficiency of drugs, vaccines, proteins, and nanoparticles
with aminimally invasive nature [5,6]. On the other hand, advancing
bio-electric acquisition technology allows the use of 3D MAs for
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invasive, MAs can be used as dry electrodes without conductive gel
for long-term high-signal-quality electrophysiological monitoring
[8]. In addition, MAs can be adopted as implantable 3D neural
micro-electrode arrays, which provide neuroscientists with promis-
ing means to investigate the nervous system dynamics for
deciphering the functional connections among regions of the brain
and understanding the mechanism of brain dysfunction [9-11].
Overall, 3D MAs display massive potential for various advanced
bio-electronics applications.

Various manufacturing methods have been reported to fabricate
MAs using silicon, metal, and polymers [7,12,13]. Photolithography
with subsequent etching techniques is commonly employed to
fabricate silicon-based MAs on the wafer [14,15]. Although
microelectromechanical systems (MEMS) technologies enable
high-resolution fabrication, they inevitably rely on sophisticated
equipment and complicated procedures [16]. The MEMS
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technologies also limit the customizability and aspect ratio (height/
diameter) of the fabricated MAs. Moreover, silicon is a brittle
material, and the silicon-based MAs are subjected to breakage
during the handling and insertion process [17]. Several methods are
also reported for fabricating metal MAs, such as computer
numerical control micromachining [18-20], laser cutting [21],
wire-electrode cutting [22], and electrochemical etching [23].
Compared with MEMS technology, these methods have potential
customizability, while they are relatively low in accuracy and high
in cost due to their subtractive processing nature. Most of the time,
these methods are difficult to be applied for mass production.
Polymer MAs also show great potential for various types of MAs. As
the polymer has a relatively low melting point, it can be
manufactured using micromolding [24], thermal drawing [25], and
droplet-born air blowing [26]. Although the micromolding of
polymer MAs is able to be mass-produced, fabricating the master
mold for the micromolding is still challenging and expensive.

Currently, researchers are pursuing a smaller footprint with a
higher density and aspect ratio to allow higher spatial resolution of
MA:s. For example, the Utah micro-electrode array, widely used for
neurological applications, has a spatial resolution of 400 yum, while
the aspect ratio is only about 15, which is difficult to use for deep
brain stimulation [27]. Importantly, to meet the needs of precision
healthcare and treatment, customized MAs (customized individual
needle dimensions, geometry, and overall layout) are also an urgent
need. Unfortunately, the currently reported fabrication methods are
still struggling to achieve the aforementioned requirements.

Three-dimensional printing is a powerful tool that has attracted a
lot of interest due to its excellent fabrication capability, flexible
design, minimized waste, and cost-effectiveness [28,29]. It has the
capability of rapid prototyping and customized production of parts
for different applications (e.g., automotive, healthcare, aerospace,
electronics, etc.) [30]. Ink-based 3D printing has already been used
to fabricate electrodes for various purposes (e.g., energy storage
units, supercapacitors, healthcare, etc.) [31-34]. Despite the rapid
development of ink-based 3D printing applications, direct printing
of 3D MAs has rarely been explored. Most traditional 3D printing
techniques are reported to fabricate 3D structures using polymer
[35], metallic powders [36], and nanoparticles [37]. However, they
are limited by the printing resolution and materials, making them
difficult to employ for high-density and high aspect ratio MAs
fabrication. Electrohydrodynamic (EHD) jet printing [38] is a cost-
effective and high-resolution printing technique that can be applied
to various functional materials, such as polymers [39], nanoparticles
[40], molten alloys [41], etc. It has been proven to be an effective
method to fabricate conductive metallic features such as electrodes
and conductive traces [42]. Compared with conductive nano-
materials (e.g., silver nanoparticles, carbon nanotubes, etc.), molten
alloy is a convenient and affordable material option for printing
conductive features without any postprocessing, such as sintering or
curing. Currently, research on the EHD printing of molten alloys
primarily focuses on printing two-dimensional (2D) patterns [41].
Only a few groups have investigated the EHD printing capability of
3D metallic structures for electronics with molten alloys. Ren’s
group has printed vertical interconnect accesses for vertical
interconnects, but each single printed vertical interconnect access
acted as an access point, which was very challenging to use as an
electrode array [43]. A cost-effective process still needs to be
developed to fabricate high-density, high aspect ratio, and custom-
izable 3D MAs, which can be further applied for various biomedical
applications.

In this paper, we present an agile manufacturing method enabled
by the EHD printing process to produce high-density, high aspect
ratio, and customizable 3D MAs by direct printing of molten alloys.
By optimizing a series of printing parameters, 3 x 3 3D MAs with
customized shank heights (from 0.8 to 2 mm) and layouts (spacing as
small as 350 pm) are successfully printed. The effects of the nozzle-
tip separation speed on the tip geometry are also studied, which
provides a guideline for fabricating optimized microneedle tips for
minimized tissue damage in the future. Moreover, the mechanical
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and electrical properties of printed 3D MAs have been charac-
terized. Compared with the current MEMS manufacturing
approaches, EHD printing can significantly reduce the fabrication
complexity and cost for customized 3D MAs while providing better
performance and higher dimensional accuracy.

2 Materials and Methods

2.1 Electrohydrodynamic Printing System and Printing
Material. Figure 1 illustrates an EHD printing system that consists
of four major components: a high-voltage supply (Trek 610E,
Lockport, NY), a pneumatic dispensing system, a heating system,
and a precision three-axis motion stage (PI-USA, Hopkinton, MA).
In EHD printing, a high electric voltage is applied between the
printing nozzle and the ground under the substrate to form a Taylor-
cone structure, and a fine jet or droplet will be ejected from the apex
of the cone. The produced jet or droplet can be much smaller than the
nozzle size, which overcomes the nozzle size limitation and nozzle
clogging. The pneumatic dispensing syringe provides controllable
pressure for the ink to assist its flow. The syringe can be heated by a
proportional-integral-derivative-controlled heating component, in
which temperature is measured by a high-precision thermocouple.
The precision motion stage is adopted to control the motion of the
printhead and substrate in the XYZ axis with an accuracy and
repeatability of less than 50nm. All the printing processes are
program-controlled on the computer and sent to the motion system.
A camera with a resolution of 1.6 um is used to monitor the printing
process. The nozzle is selected with an outer diameter of 251 um and
an orifice of 160 um. The material used in this study is Field’s Metal
(32.5% Bismuth, 51% Indium, 16.5% Tin) ingot, which is a eutectic
alloy with a melting point of 62°C. Kalantar-Zadeh’s work has
demonstrated a good biocompatibility of field’s metal, which makes
this material a good candidate for fabricating 3D MAs for various
bio-applications [44].

2.2 Electrohydrodynamic Printing Process Characteriza-
tion. The printing temperature of the metal ink was set to 70 °C,
which was just above its melting point. Higher printing temperatures
will lead to a longer time for the printed electrodes to get solidified,
reducing the resolution of the features and increasing the difficulties
during the printing. The ink was first characterized on the 2D plane
to obtain the optimal printing parameters for conductive traces,
which will be connected with external circuits. Printing voltage and
pressure are identified as two critical printing parameters that
directly affect the printing behavior and resolution. Experiments
have been conducted at least five times to characterize each
parameter, and we have selected five points to measure printed
feature diameters. We will select the parameters that can achieve the
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Fig.1 Schematic of EHD printing system
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most uniform and best resolution as the optimal value. The printing
speed for 2D features was kept at a constant of 0.25 mm/s. The
optimal parameters obtained from the test were used to print
conductive traces and served as the reference for the printing of 3D
MAs.

The 3D MAs can be directly printed right after printing
connecting traces by lifting the Z axis. The interaction among the
applied electric field, pressure, and nozzle lifting speed influences
the EHD printability of the 3D MAs. According to our studies, a
higher lifting speed will make the printing process more vulnerable
to disturbance, while a lower lifting speed will dramatically reduce
the resolution of the shank as more materials will be carried out. In
this paper, the lifting speed was kept at a constant of 0.15 mm/s for
stable printing. To characterize the printing voltage and pressure,
one parameter was kept constant, and the other parameter was
changed gradually. The printed shanks of 3D MAs were observed
and characterized under the camera and optical microscope. The
pressure was first selected from O to 1 psi, and the applied voltage
was maintained at 1.5kV. Then, we kept a constant pressure of
0.5 psi and changed the voltage from 0 to 1.5kV. A feasible set of
printing parameters was finally obtained after the characterization.

Tip geometry is critical for sensing signals and insertion
performance. The separation speed between the nozzle and needle
was also investigated to study the formation of the needle tip. This
speed directly affects the geometry of the needle tip during tip
formation. A longer separation time will increase the length of the tip,
enabling a sharper tip and vice versa. In the characterization of the tip
formation process, the voltage and pressure were removed from the
printing system to reduce the ink flowrate, and only the separation
speed was applied to form the tip, ensuring a robust needle tip for
implantable device applications. The separation speeds were
investigated from 5mm/s to 13 mm/s with an interval of 2mm/s.
Table 1 summarizes the printing parameters used in the experiments.

2.3 Fabrication of Customizable Three-Dimensional Micro-
needle Arrays. The customized MAs and associated connection
traces were designed in the computer using cap software and
transferred to the stage controlling software. The 2 x 2 and 3 x 3 3D
arrays were then printed with the optimal printing parameters
determined from above. MAs with different spacing distances
(1 mm, 500 pm to 350 pm) are designed for the printing. The spacing
of 350 um is smaller than the spacing (400 um) in the Utah array
fabricated by MEMS technology. To further test the printing
capability and customizability of EHD printing technology for MAs,
shanks with varying heights (from 0.8 mm to 2mm) in each
microneedle were also printed.

2.4 Characterization of Printed Three-Dimensional
Microneedle Arrays

24.1 Mechanical Properties Characterization. The mechani-
cal properties of printed MAs are first characterized based on a
tensile testing experiment. A dynamic mechanical analyzer
DMAT7100 (Hitachi®, Hillsboro, OR) was employed to exert a
constant pulling speed at 15 um/s, while recording the associated

Table 1

force at room temperature (20 °C). The printed single microneedle
was fixed on a pair of laser-cut acrylic boards using epoxy glue to
hold on to the tester, ensuring a firm grip and minimizing the chances
of slippage. The diameter and effective length of the microneedle
were measured using a microscope before the tensile test. According
to the measurement results, the engineering strain—stress curve can
be plotted, and Young’s modulus can be estimated based on the
slope in the linear portion (elastic region) of the strain—stress curve.

To test the implantability of MAs, agarose phantom tissue was
used in this research, which can possess similar mechanical
properties to animal tissue by controlling the weight percentage of
agarose powder, such as brain tissue (0.4-0.6 wt.%). We prepared
the agarose phantom tissue by dissolving the agarose powder
(Biotech®, Knoxville, TN) in a phosphate buffer solution (PBS)
(Sigma Aldrich®, St. Louis, MO) with a concentration of 0.6 wt.%.
An agarose gel concentration of 0.6wt.% was identified as
accurately mimicking the properties of the mammalian brain [45].
This mixture was heated in a microwave for 30 s and then transferred
to a small mold for cooling down and solidification. During the MA
insertion, we utilized a camera to monitor any bending or deflection
in the transparent agarose phantom tissue.

2.4.2 Electrical Properties Characterization. The Field’s
metal ingot possesses excellent electrical conductivity. In this
paper, an ohmmeter (Fluke® 45, Everett, WA) was used to measure
the resistance of printed lines on glass slides. The dimensions and
cross-sectional areas of the samples were measured using an optical
profilometer (Vecco® NT 9109, Plainview, NY). The resistivity of
the printed Field’s metal is calculated based on the following
equation:

p=20 M

where p is the resistivity, / is the length, A is the cross-sectional area,
and R is the measured resistance.

To examine the potential of utilizing printed MAs for electro-
physiological measurement, the printed MAs were used as electro-
des for the signal measurements. In the paper, simplified recording
experiments were performed using printed MAs in PBS solution to
mimic the electrophysiology experiment. The fabricated MAs were
connected to an oscilloscope, and a pure copper wire was connected
to the signal generator. All the electrodes and copper wire were
immersed in a PBS solution. When a sinusoidal signal was emitted
from the copper wire, the oscilloscope will display a corresponding
signal received from MAs in another site.

3 Results and Discussion

3.1 Printing Results. In this study, we find that both dispensing
pressure and voltage affect printing performance for 2D patterns and
3D structures. Figure 2(a) shows the relationship between the
dispensing pressure and printing performance under a constant
voltage of 1.5kV, printed on a 2D plane. Due to the large surface
tension of the Field’s metal ink, only applying a high electric field

Printing parameters of experiment setting

Two-dimensional printing

Three-dimensional printing

Tip formation

Voltage (kV) Pressure (psi) Voltage (kV) Pressure (psi) Separation speed (mm/s)
1.5 0 1.5 0 5

1.5 0.25 1.5 0.25 7

1.5 0.5 1.5 0.5 9

1.5 1 1.5 1 11

0 0.5 0 0.5 13

1.5 0.5 0.75 0.5 —

1.75 0.5 1.5 0.5

2 0.5 2.25 0.5 —
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Fig. 2 (a) and (b) Printed metallic filament under different
pressures (0 psi, 0.25 psi, 0.5 psi, 1 psi) with a constant voltage
of 1.5kV. The diameters were measured from top to bottom;
(¢) and (d) printed metallic filament under different voltages (0 V,
1.5kV, 1.75kV, 2kV) with a constant pressure of 0.5psi. The
diameters were measured from top to bottom. Each experiment
has been repeated at least five times to ensure the accuracy. Due
to the very small variances of printed filament under 0.5 psi and
1 psi, the error bars are not visible in the figures.

cannot provide a sufficient driving force to pull the metal ink out
from the printing nozzle. Due to the insufficiency of the ink flow, a
small volume of ink is printed on the substrate, as shown in the first
line at the top of Fig. 2(b). When the pressure is increased to 0.25 psi,
a continuous nonuniform line starts to be printed. Continuously
increasing the pressure to 0.5psi, a uniform metal line with a
diameter of 92.6*0.8 um can be achieved. Further increasing the
pressure to 1psi, the diameter of the metal line will increase to
123.8£1.0 um. It can be explained that higher pressure increases the
ink flow, thereby increasing the diameter of the printed ink.
However, this trend will stop when there is a mismatch between the
printing speed and high ink flow. A large droplet will accumulate
around the nozzle tip when the pressure exceeds 1.5 psi. On the other
hand, when keeping a constant pressure of 0.5 psi, printed features
under different voltages are also tested, as shown in Figs. 2(c) and
2(d). A very small amount of materials can be observed on the
substrate with zero voltage. After increasing the voltage to 1.5kV, a
finer diameter of less than 90 um metallic line can be successfully
printed. A higher voltage (e.g., 2.0kV) results in a larger average
diameter (115 um). The inherent reason is that higher voltages
generate higher electrostatic forces, which leads to dispensing more
material, resulting in larger printing diameters.

Figures 3(a) and 3(b) show the printed shanks of 3D MAs under
different pressures while keeping the same voltage. Although the
high electric field can extract a small volume of metal ink out of
the nozzle without pressure, it cannot provide continuous ink flow at
the nozzle tip, and the MA is very easy to break during printing,
limiting the printed height of the MA. The left image of Fig. 3(b)
shows the fractured moment for a short MA when no pressure is
applied. At the fractured moment, a necking phenomenon similar to
the necking in the tensile test can be observed, which is the
mechanism to form a sharp tip for MA. When the pressure is
increased to 0.25 psi, more materials can be carried out, resulting in a
longer MA, which is shown in the second image from the left of Fig.
3(b). However, it is still insufficient for the EHD printing system to
produce a high aspect ratio MA, and necking is observed during the
printing. This is because the electrostatic force decreases as the
nozzle height increases. Initially, the electrostatic force and pressure

021001-4 / Vol. 12, JUNE 2024
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Fig. 3 (a) Relation between the printed microneedle diameter
and applied pressure with a constant voltage of 1.5 kV, (b) camera
images of printed microneedle under different pressures (from
left to right: 0 psi, 0.25 psi, 0.5 psi, 1 psi) with a constant voltage of
1.5kV, (c) relation between the printed microneedle diameter and
applied voltage with a constant pressure of 0.5 psi, and (d) camera
images of printed microneedle under different voltages (from left
to right: 0V, 0.75kV, 1.5kV) with a constant pressure of 0.5 psi.
Each experiment has been repeated at least five times to ensure
the accuracy. Due to the very small variances of printed filament
under 0.5psi, 1psi, 1.5kV, and 2.25kV, the error bars are not
visible in the figures. Scale bar: 200 um.

can dispense enough materials, but by lifting the nozzle, the reduced
electrostatic force will bring less materials, thus creating the
necking. Further increasing the pressure to 0.5 psi, the system can
produce the electrode continuously without breaking (the second
right image of Fig. 3(b)). In this printing condition, the MA with
2 mm in height and 107.0%1.2 ym in diameter can be achieved with
excellent uniformity. After applying a higher pressure of 1psi, a
large droplet is formed at the nozzle tip due to a vast pressure force,
making the printing process uncontrollable (the right image of Fig.
3(b)). Similar to the pressure, the voltage can also control the ink
flow rate. A higher voltage will provide a higher electrostatic force
that will increase the amount of material ejected from the nozzle. Itis
a balance of selecting the voltage and pressure to achieve successful
printing. Figures 3(c) and 3(d) show the different printing results
with varied printing voltages. A break is observed when applying a
0V voltage and lifting the nozzle on the z-axis due to insufficient
electrostatic force. Increasing voltage to 0.75kV, a higher micro-
needle can be obtained with a limited shank height. This can also be
explained by the fact that increasing the nozzle-substrate distance
will reduce the electric field strength, thus reducing the electrostatic
force. Further increasing the voltage to 1.5kV, a microneedle with a
uniform diameter of 108.3%1.0 um can be achieved. Continuously
increasing the voltage will result in microneedles with larger
diameters (167.7%1.3 um) due to the increased ink flowrate.

The tip geometry and dimension also play a critical role for MAs
in medical applications or bio-electronics. When the MAs are used
for the 3D micro-electrodes, the tip geometry will directly determine
the sensing sensitivity, response time, and signal quality [27,46]. On
the other hand, the tip shape and size of the MAs also affect tissue
penetration performance and damage [46]. Figures 4(a)—4(f) show
the optical and scanning electron microscopy (SEM) images of the
formed tips under different separation speeds from 5mm/s to
13 mm/s. Figure 4(g) shows the plot of the relation between the
printing speed and measured tip length. The tip formation is based on
the fracture during the separation of the tip and nozzle. When
applying a lower separation speed (e.g., 5 mm/s), the tip was longer
than the tip fabricated under a higher separation (e.g., 9 mm/s). This
can be explained by the fact that a lower separation speed will have a
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Fig. 4 (a)-(e): Optical image of printed tips with different
separation speeds (from left to right: 5mm/s, 7mm/s, 9mm/s,
11 mm/s, and 13 mm/s), (f) SEM image of printed tip apex with a
5mm/s separation speed, and (g) relation between the printing
speeds and tip lengths. Each experiment has been repeated at
least five times to ensure the accuracy. Scale bar: 50 um.

lower strain rate, which allows the material to have more time to
reform, thus forming a longer tip. Moreover, a lower separation
speed takes longer to cause the break, which allows more materials
to be carried out, contributing to a longer tip. In addition, the shape of
the apex at the tip was also affected by the separation speed. A
relatively low separation speed will create a straight tip, while a
higher speed will create bent tips, which are shown in Fig. 4(d).
Moreover, a much higher separation speed will bend tips with a
larger bending radius (Fig. 4(e)). This may be due to the vibration,
turbulence, and solidification time during the separation process.

Fig.5 (a)-(c) EHD printed MAs with different spacing and shank
heights: (a) A 2 x 2 MAs with different shank heights (spacing:
1 mm), (b) a3 x 3 MAs with different shank heights (spacing size:
1mm), and (c¢) a 3 x 3 MAs with different shank heights (spacing
size: 350 um) was placed on the finger. Each experiment has been
repeated at least five times. Scale bar: 500 um.

Journal of Micro and Nano Science and Engineering

Higher separation speed will cause larger vibration and shorter
solidification time, which causes some turbulences on the tip. To
achieve a stable printing process and best printed electrode, the
separation speed was selected as 5 mm/s, and Fig. 4(f) shows the
SEM image of the printed tip. The diameter of the apex of the printed
tip is less than 5 um, which has the potential to be used for cell
penetration.

Based on the above process experiments, the optimal printing
parameters are selected as printing voltage: 1.5 kV; pressure: 0.5 psi;
separation printing speed: 9 mm/s. With the optimized printing
parameters, 3D MAs with customized shank heights and spacing
were successfully printed via EHD printing technology. 2 x 2 and
3 x 3 MAs with spacing of 350 yum can be achieved. Figures 5(a) and
5(b) show printed 2 x 2 and 3 x 3 MAs with a spacing distance of
1 mm and shank heights ranging from 1 mm to 2 mm. Figure 5(c) is a
3 x 3 MA placed on the finger with a spacing of only 350 um, which
was narrower than the reported Utah array fabricated by MEMS
technology. Importantly, the average printing time for each
individual microneedle is only about 10, and the total time needed
for printing each 3 x 3 MA is less than 2 min, which is much faster
than conventional machining methods. The samples demonstrate
the great potential of applying EHD printing to fabricate customized
high-density MAs for various biomedical applications. With the
small spacing distance, the shank with different heights (from
0.8 mm to 1 mm) can still be fabricated. The diameter for all printed
MAs was about 100 um. The resolution can be further improved by
employing nozzles with smaller orifices, which further improves the
density.

3.2 Characterization Results of Printed Microneedle
Arrays. Young’s module of the printed MAs is measured and
calculated based on its strain—stress curve, as shown in Fig. 6(a). The
calculated slope of the stain—stress curve in the elastic region is
about 3.15GPa. Compared to Young’s module of silicon

(@) 18

16

14 | 3.155E+09Pa.”

12
10

Stress (MPa)

© N & O ©®

0 0.005 0.01 0.015

(b)

Fig.6 (a) Tensile test of printed microneedle. This test has been
repeated three times to ensure an accurate result. (b) Photo of
implantation of MAs in phantom tissue.
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Fig. 7 Experiment setup with printed microneedle. This experi-
ment has been repeated five times to ensure the accuracy.

(130-187 GPa), the smaller Young’s module of Field’s metal
indicates the printed MAs are more flexible than traditional silicon-
based MAs, which can further reduce potential tissue damage and
inflammation.

To successfully implant the MAs, critical buckling load governs
the insertion of MAs into the tissue, as shown in the following
equation:

72El @
(KL)*

where E is Young’s modulus, / is the second moment of the
microneedle, L is the unsupported length of the microneedle, and K
is the length factor (0.5-1). As Young’s modulus of our printed MAs
has been characterized in the tensile test, the critical force of various
sizes of printed microneedle can be estimated based on the critical
buckling equation, where a success penetration requires the
buckling force to be greater than the force applied for the insertion.
Figure 6(b) shows that a microneedle with an aspect ratio of over 100
and an MA were successfully inserted into phantom tissue with
0.6 wt.% agarose without bending or failure. This result shows the
potential of applying high-aspect ratio MAs for various biomedical
applications, such as neural interfaces.

By measuring the resistance and cross-sectional area of the
printed features, the averaged resistivity of the printed Field’s metal
can be calculated as 2.096+0.215 u€Q-m with five measurements,
which is about 1 x 10~ of that of silicon-based electrodes. The
excellent electrical conductivity of the printed microneedle makes it
a good candidate for use as a micro-electrode in electrophysiology
sensing and stimulation. Figure 7 shows an experiment where the
printed microneedle was used to sense the signal generated in the
PBS solution with a pH of 7.4. The microneedle can successfully
record the signal with little losses (input voltage 2.58 V and output
voltage 2.46 V). Therefore, the printed MAs hold great potential for
micro-electrode arrays for electrophysiology sensing and stimula-
tion. For future bio-applications, a gold or PEDOT:PSS coating can
be electroplated to further improve biocompatibility and
conductivity.

F buckling =

4 Conclusion

This paper presents a novel, cost-effective manufacturing
approach for the direct fabricating of 3D MAs with high-
resolution EHD printing. The effect of the critical printing
parameters, including pressures, EHD printing voltages, and
printing speeds, on the printability, printing process, and resolution
of the 3D MAs were characterized. With EHD printing, the
electrostatic force can continuously eject molten alloy ink to
produce 3D MAs with high resolution and small spacing. In this
paper, we have successfully achieved 3D MAs with around 100 um
shank diameter, customized shank height, and spacing size as small
as 350 um, which is smaller than the spacing of the Utah array

021001-6 / Vol. 12, JUNE 2024

fabricated by MEMS technology. More importantly, the results of
mechanical and electrical tests of printed MAs demonstrate
excellent performance in implantation and signal collection. All
results show the potential of utilizing the EHD printing technique to
fabricate high-density, high-aspect-ratio customizable MAs for
various biomedical applications.
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