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Abstract— This paper presents multi-slit diffraction
lithography for fabricating legs-supported microneedles. Various
micropatterns as multiple slits enable the combination of multiple
distinct UV light rays to generate the leg-supported microneedle in
a liquid state photosensitive resin. This paper investigates the
impact of the number of slits including double, triple and
quadruple patterns on the shape of the microneedle. Additionally,
the effect of the microslits distance on the microneedle shape is also
quantified. The investigation result leads to overall cleaner leg
separations and shorter microneedle height with increasing slit
distances. Mechanical testing of the fabricated microneedles
revealed a tip strength of 0.5 N, confirming their functionality as a
microneedle. Featuring the physical separation of the microneedle
legs, a resistive heating microneedle device was fabricated and
characterized. Temperatures of up to 95 °C were detected without
causing substantial damage to the tip, indicating a major potential
for targeted heat treatment in tissue engineering.

Keywords—microneedles, diffraction UV lithography, multi-slit,
micro-heaters, photosensitive resin

I. INTRODUCTION

Microneedles have gained growing popularity as a
transdermal drug delivery method due to their minimally
invasive nature [l1]. Moreover, microneedles have been
investigated as an advanced multimodal sensing platform for
glucose [2], oxygen [3], interstitial fluid [4], and therapeutic
drugs [5]. To achieve the multi-functionality of the microneedle,
not only high precision fabrication is necessary, the process
should also be compatible with other conventional procedures
such as micropatterning or metallization. However, typical
microneedle production techniques such as micromolding or
etching have not been widely used for the advanced microneedle
functional platform due to the limited adaptability provided by
the need for master mold or the high cost associated with the dry
or laser etching processes. To overcome the challenges, high
precision fabrication methods for microneedles that supports
micropatterning and metallization have been reported recently
including drawing lithography [6], three-dimensional (3D)
printing [7] and two-photon polymerization [8]. Drawing
lithography has demonstrated a great batch fabrication process
and feasibility for realizing microneedles with multi-
functionality [6], [9]. However, the precise control of the
microneedle shape was challenging due to the nature of the
material pulling fabrication process, which is solely practical to
fabricate specific microneedle shapes that hinder the functional
availability of the microneedle. Alternatively, 3D printing has
been widely known to have vast customizability for fabricating
complex 3D structures within hours. Wide varieties of
biocompatible 3D printable materials also expand the
practicality of 3D printing in developing microneedle-based
sensing devices [10]. However, the major challenge when
adopting 3D printing for microneedle fabrication boils down to
its inevitable step effect on the needle body and relatively low
tip sharpness (<20 pm). These deficiencies prohibited 3D
printing from being applicable for fabricating multi-functional
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microneedles. On the other hand, an advanced 3D printing
technique known as the two-photon polymerization has
demonstrated promising results in fabricating microneedles with
relatively smooth surface profile and sharp needle tip with
moderate aspect ratio, which are crucial characteristics for
realizing multi-functional microneedles. However, the need for
high-cost equipment and relatively slow printing speed due to
laser-based additive manufacturing techniques, hampers the
popularization of multi-functional microneedles.

Ultraviolet (UV)  lithography as a fundamental
nano/micropatterning technique has been widely employed in
industry and research for decades. While conventional UV
lithography has been primarily used for two-dimensional (2D)
micropatterning, advancements of UV lithography have
demonstrated potential results in fabricating even millimeter tall
3D microstructures [11]-[13]. Recently, we found that the
unique cone was formed when the collimated UV light directly
exposed to the liquid state photosensitive resin through a small
slit, e.g., photomask pattern [14]. More recently, we have
claimed this unique cone forming principle as a diffraction
lithography for microneedle fabrications [15]-[17]. The
microneedle shape is formed through the diffracted light
distribution in the photosensitive liquid state resin. This
diffraction lithography technology demonstrated different types
of microneedles including various height solid microneedles, a
hollowed microneedles, and inclined microneedles proving the
feasibility of producing a simple and accurate microneedle.
Leveraging our earlier works, this paper introduces a novel
multi-slit diffraction lithography approach for fabricating
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Fig. 1. Conceptual drawing of the UV light propagation through double-
slit micro-patterns and its polymerization boundary to form the
microneedle.
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unique, multi-leg supported, high aspect ratio microneedles.
While earlier works have mainly explored the single
micropattern-based diffraction phenomena, this paper has
introduced the diffraction from the multi-slits, e.g., multiple
micropatterns on the photomask, that generated a unique
merging light propagation as described in Fig.l. The light
propagation inside the photosensitive resin was demonstrated to
show the legs-supported microneedle. Various microneedle
shapes based on the distance among the micropatterns and the
number of patterns were experimentally verified. The force-
displacement test also proved that the fabricated microneedles
could be used for skin insertions. The introduced multi-slits
diffraction lithography has successfully fabricated unique legs-
supported microneedles and tested as a heat stimulation
microneedle device.

II. FABRICATION PROCESS

The fabrication process of the multi-leg microneedle that is
also associated with the multi-slit diffraction lithography is
depicted in Fig 2. The photomask patterning including double,
triple, and quadruple micropatterns was prepared using a mask
writer (SF-100 XPRESS, Scotech Co., Ltd.) on a chromium
coated glass (soda-lime glass, Telic company) as shown in Fig.
2(a). The photomask was placed on a resin tank filled with liquid
photosensitive resin (Surgical Guide Resin, Formlabs Inc.) as
shown in Fig. 2(b). The collimated UV light was applied to the
photomask side as described in Fig. 2(c). The UV light through
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Fig. 2. Fabrication process of the multi-leg microneedle. (a) Photomask
design. (b) Placing photomask on the resin tank. (¢) UV exposure. (d)
Selective polymerization after UV exposure. (¢) Clean sample with
isopropanol. (f) Multi-leg microneedle complete.

the photomask was diffracted inside the liquid resin and
crosslinked the UV exposed region of the liquid resin. No mask
alignment procedure was needed for the UV exposure process
since the photomask was used as the substrate to prevent
complications. Once the UV exposure process is complete, the
microneedles should be facing downwards while remaining
intact with the photomask as shown in Fig. 2(d). The sample was
removed carefully from the resin tank and cleaned with
isopropanol to remove excess liquid resin as shown in Fig. 2(e).
The cleaned sample was dried with compressed air, and the
multi-leg microneedle is complete as shown in Fig. 2(f).

III. RESULTS

UV light propagation via double-slit micro-patterns inside
the liquid photosensitive resin was experimentally visualized as
shown in Fig. 3. The progress of the polymerization of the
photosensitive resin was photographed via UV exposure time.
Fig. 3(a) shows the 45° angled front view of two semi-circle
micro-patterns (double-slit) with a diameter of 500 pm and a gap
of 170 um. UV light was introduced through the micro-patterns
prior to resin coating as an initial condition. The UV light
propagation on the micro-patterns during the polymerization
process over time is presented in Fig. 3(b) to (d). The initial light
propagation in Fig. 3(b) shows the individual diffraction from
each micro-pattern. The height of the diffracted light was about
1.2 mm. When the polymerization started, the UV light was
clearly guided inwards and combined into a single light beam in
Fig. 3(c), which indicates two supporting legs of the microneedle
has been completed. The height of the diffracted light at this
point was measured to be 1.4 mm in Fig. 3(c), which was later
confirmed by measuring the height of the microneedle legs as
shown in Fig 3(e). Fig. 3(d) shows the UV light propagation after
merging to form the tip with a final height of 1.8 mm, which also
agrees with the measured height of the microneedle as shown in
Fig. 3(e). Fig. 3(e) shows the fabrication result obtained by
pausing the exposure for 120 seconds. The result of the
experiment validates that the shape of the microneedles strongly
correlates with UV light propagation.

The effect of the slit distance and the number of slits to the
shape of the multi-leg microneedle was investigated. Double-,
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Fig. 3. UV light propagation through a double-slit micro-pattern before and
after resin coating and fabrication result. (a) Micro-pattern before resin
coating. UV light propagation at (b) 0 s (right after resin coating), (c) 30 s,
(d) 120 s. (e) Double-leg microneedle with 120 s UV exposure after wash.
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microneedle.

triple-, and quadruple-slit micro-patterns were patterned onto
three different photomasks using a projection lithography
system (SF-100 XPRESS, Scotech Co., Ltd.). The diameter of
the micro-patterns was fixed at 500 um while the slit distance
was varied from 20 to 200 pm for all photomasks. A
biocompatible liquid resin (Surgical guide resin, Formlabs Inc.)
was chosen to fabricate the microneedle. A broadband UV
mercury lamp was used as the light source (Model 30 UV light
source, OAI Inc.), the intensity was set at 40 mW/cm? and 60
seconds of exposure time. Fig. 4 shows the characterization
results of the multi-leg microneedle based on the described
setup. Fig. 4(a) to (c) shows the characterization results of multi-
leg microneedles focusing on the effect of slit distance. In brief,
closer slit distances resulted in taller microneedles, albeit at the
expense of leg separation. Based on the results, microneedles
with a slit distance greater than 160 pm separated legs clearly
while remaining intact. Fig. 4(d) to (f) shows the zoomed-in
view of the microneedles with a constant slit distance of 200 pm
but increasing number of slits. Given the same slit distance,
micro-patterns with a greater number of slits form shorter
microneedles in exchange for more supporting legs and sharper

tip.

The double-leg supported microneedle with a height of 3 mm
was characterized by the force-displacement equipment (FC200,
Torbal Inc.) as shown in Fig. 5. The fabricated microneedle as
shown in Fig. 5(a) was placed directly under the force gauge and
the force gauge was moved down at a speed of 1.2 mm/min. The
microneedle was compressed and damaged as shown in Fig.
5(b). During this test, the measured force was recorded every 1
millisecond. The total test time was converted into displacement
in micrometer and plotted in Fig. 5(c). Three abrupt force
reductions were observed during compression, which indicates
the damage of the needle tip, supporting leg, and the release of
the force gauge. The needle tip began to deform at 0.5 N without
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Fig. 5. Force displacement test result of the double-leg supported
microneedle. (a) The shape of the double-leg supported microneedle, (b)
the damaged tip after the force-displacement test, (c) the force-
displacement behavior of the double-leg supported microneedle.

any mechanical failures, which has greatly exceeded the
recommended minimum skin insertion force of 0.07 N for aged
skin and 0.0278 N for young skin in the absence of an applicator
[18]. The shaft of the microneedle started to be deformed after
the tip damage. The compression force was linearly increasing
at the double-leg position, indicating that the microneedle bodies
still remained attached to the substrate. This characteristic result
shows great potential for the use of the introduced microneedles
as sensors and stimulating microdevices as well as the drug
transportation method when the drug was coated into the
microneedle.

The multi-leg microneedle was further developed as a local
resistive micro-heater for potential thermal treatment use. Nine
electrodes with a linewidth of 200 um and prober pad size of
0.5%2 mm? were metal-patterned over a 3x3, 3-mm tall double-
leg microneedle array using a shadow mask, DC sputtering, and
electroplating process as shown in Fig. 6(a). Here, copper was
used as the conductive material of the electrode, but it can be
replaced with gold or platinum if biocompatibility is required for
consideration. In this heat stimulating microneedle device, the
copper thickness of the electrodes including the microneedle
supporting legs was 5 um thick while the copper thickness of the
microneedle tip remained at 500 nm to create a resistance bump
at the needle tip. This variation of copper thickness was achieved
by selectively insulating the needle tip with a photoresist (NR26-
25000P, Futurrex Inc.) during the electroplating process.
Electrical current was applied to the prober pads of the
microneedle device in the range of 0 to 1.2 A with a step size of
50 mA, and the thermal behavior was observed using a thermal
camera (FLIR ETS320, Teledyne FLIR LLC) as shown in Fig.
6(b). In the thermal image, the microneedle showed the
temperature of 60 °C where this temperature is often required in
tissue engineering, while the electrodes and the prober pads
showed slightly above the room temperatures. The thermal test
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Fig. 6. Thermal performance of the micro-heater from 0 to 1.2 A. (a) 3 by
3 double-leg microneedle array, (b) thermal image of the microneedle, and
(c) the temperature and voltage change in control of the current.

was further conducted by increasing the applied current and
measured the corresponding temperature as well as the voltage.
The highest useable temperature was observed at around 95 °C
atthe 0.8 V and 1.15 A. The nanometer thin copper at the needle
tip completely burnt out at 1.2 A, showing a peak temperature of
134 °C.

IV. CONCLUSIONS

A multi-slit diffraction lithography has been introduced for
the fabrication of leg-supported microneedles. A multi-slit
diffraction created a shadow region between the two microslits
that fabricated the two or more supporting legs of the
microneedle. The diffracted lights from the multi slits above the
shadow region were merged and formed the cone shape that was
served as microneedle. In the paper, the distance between the
slits and the slit numbers were investigated. The more slits and
the longer distance created the shorter heights of the microneedle
in general. The tallest microneedle was reported as 4.3 mm
height with the double-leg supporting type, while the maximum
four-leg supporting needles were successfully fabricated. The
force-displacement test was conducted on the double-leg
supporting microneedle and showed 0.5N as an initial insertion
that exceeded the minimum recommended force of 0.07N as a
microneedle. The double leg-supporting microneedle was also
tested as a local heat stimulation device after selectively
metalized. As the temperature of the 60 °C was typically
required in the tissue related biomedical applications, the
fabricated microneedle demonstrated the highest applicable
temperature of 95 °C at approximately 1.15 A with 0.8 V
operation parameters. The demonstrated multi-slit diffraction
lithography can introduce various unique shapes of multi-leg
supported microneedles and have a great potential to use in
biomedical sensors and stimulation fields.
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