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Abstract We present a novel microfabrication method
for a tapered hollow metallic microneedle array and its
complete microfluidic packaging for drug delivery and
body fluid sampling applications. Backside exposure of
SU-8 through a UV transparent substrate was investi-
gated as a means of fabricating a dense array of tall (up
to 400 pm) uniformly tapered SU-8 pillar structures with
angles in the range of 3.1-5° on top of the SU-8 mesa.
Conformal electroplating of metals on top of the array
of the tapered SU-8 pillars, lapping of the tip of the
metallic microneedles with planarizing polymer, and
removal of the SU-8 sacrificial layers resulted in an array
of tapered hollow metallic microneedles with a fluidic
reservoir on the backside. A microfluidic interconnector
assembly was designed and fabricated using SU-8 and
conventionally machined PMMA in a way that it has a
male interconnector, which directly fits into the fluidic
reservoir of the microneedle array at one end and the
other male interconnector, which provides fluidic inter-
connection to external devices at the other end. The fluid
flow rate was measured and it showed 0.69 uL/s. per
microneedle when the pressure of 6.89 KPa (1 psi) was
applied.

1 Introduction

Sensory fibers in the cutancous nerves detect external
stimuli such as pain, temperature, and pressure, and
generate signals which are relayed through a nerve
pathway to the brain. The pain associated with injection
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using conventional hypodermic syringes is due to the
fact that the needle is large and penetrates deep into the
skin with excessive contact with these sensory fibers in
the cutaneous nerves. These sensory fibers and blood
vessels reach to the dermis layer (50-150 pum deep from
the surface) of the skin. With the advances of mi-
cromachining technology, it is possible to make micro-
needles which are long enough to penetrate the
epidermis but short enough not to penetrate deep into
the dermis layer and further down in the subcutaneous
tissue for minimally invasive transdermal drug delivery
and body fluid sampling.

Recently, there have been many investigations on the
development of various microneedles with a goal of
realizing a safer and minimally invasive transdermal
drug delivery device. Various materials such as silicon
(Henry et al. 1998; Stoeber et al. 2005; Griss et al. 2003;
Gardeniers et al. 2003), metal (McAllister et al. 1999;
Davis et al. 2003; Kim et al. 2004), and polymer (Moon
et al. 2005) have been studies as microneedle materials
and various micromachining techniques including dry
etch techniques (Henry et al. 1998; Stoeber et al. 2005;
Griss et al. 2003), a combination of dry/wet etch tech-
niques (Gardeniers et al. 2003), electroplating techniques
(McAllister et al. 1999; Davis et al. 2003; Kim et al.
2004), and LIGA technique (Moon et al. 2005) have
been used.

Microneedles and microneedle arrays can be used as
stand-alone devices as well as parts of a more compli-
cated biological detection/delivery system. Zimmermann
et al. (2004) demonstrated a disposable self-calibrating
continuous glucose monitor using hollow microneedles
with a porous poly-Si dialysis membrane and enzyme-
based flow-through sensor. Ahn et al. (2004) demon-
strated a point-of-care clinical diagnostic system using
multiple stacks of disposable functional plastic biochips
with microneedles as body fluid sampling devices.

This paper is based on our previous work (Kim et al.
2004) and presents a relatively simple way to provide
microfluidic interconnection to the metallic microneedle
array using SU-8 and PMMA for the massively
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produced metallic microneedle array using a modified
SU-8—based UV-LIGA process. A complete testing on
the flow rate of the microneedle array is also presented.

2 Fabrication of tapered metallic microneedle arrays

SU-8-based UV-LIGA processes have commonly been
used to create very thick, high aspect ratio polymeric
and metallic microstructures for various applications
(Lorenz et al. 1997, 1998; Zhang et al. 2001). Recently,
Peterman et al. (2003) suggested a backside exposure of
thick SU-8 through a mask defined on a glass substrate
to create a reentrant SU-8 structure for easy metallic
mold production. In this study, exposure dose non-
uniformity along the thickness of the thick resist was
used to fabricate tapered pillar structures in SU-8.
Further, such a tapered pillar array would be used as a
sacrificial polymeric template to build final metallic
structures, which would have a sharp tapered hollow
shape. The fabrication was started with a spin-coating of
an SU-8 release layer on top of a 3-inch diameter,
700 pm thick Pyrex 7740® glass substrate and baked at
200°C for 90 s on a hotplate. A 200 pm thick SU-8 2075
layer was spin-coated and was left on a flat surface for
an hour for stress relaxation and planarization. The SU-
8 was then soft-baked at 65°C for 5 min and at 95°C for
45 min on a hotplate. UV exposure was carried out with
a dose of 1,000 mJ/cm? using a large square patterned
(3 mmx3 mm) mask. Next, a post-exposure bake was
performed at 65°C for 1 min and 95°C for 15 min.
Another 200 um thick layer of SU-8 was spin-coated on
top of the post-exposure-baked first SU-8 layer. The
double-layered SU-8 was soft-baked and exposed to the
UV light with a circular array geometry mask with
exposure doses of approximately 1,500 mJ/cm® for
200 pm SU-8 pillars and 2,500 mJ/cm? for 400 pm pil-
lars. The samples were then developed in a SU-8
developer, PGMEA, for approximately 90 min and
cleaned in oxygen plasma (200 W, 100% O,) for about
2 min utilizing a reactive ion etcher. Figure 1a shows a
3-D schematic diagram of the concept of the device and
Fig. 1b shows an SEM photomicrograph of array of
400 um tapered SU-8 pillars which was patterned with
the UV dose of 2,500 mJ/cm?>.

Fig. 1 A general view of a the a

Based on the double-layered SU-8 backside exposure
results, tapered hollow metallic microneedle arrays were
massively fabricated. Figure 2 shows a series of SEM
photomicrographs of the tapered hollow metallic mi-
croneedle array under fabrication. A double-layer
(100 A chromium and 1,000 A copper) of electroplating
seed was conformally deposited on top of the patterned
double-layered 400 um SU-8 pillar array structures
(Fig. 2a). Nickel electroplating was carried out using a
nickel sulfamate bath at 55°C with a current density of
5 mA/cm? (Fig. 2b). In order to open the tips of the
metallic microneedle array, an additional 450 um thick
SU-8 layer was blanket deposited to provide an organic
planarizing layer. The SU-8 layer was soft-baked for a
longer time than the standard soft baking time and
mechanically polished until the microneedle tips were
opened (Fig. 2¢). Then the unexposed planarizing SU-8
layer was removed by dipping in a developer. Next, the
SU-8 release layer was stripped off, resulting in the
separation of electrodeposited nickel coated double-
layered SU-8 pillar structures from the glass substrate
(Fig. 2d). Finally, the double-layered SU-8 pillar struc-
tures were dry-etched using O,/CF4 (80%:20%) plasma
with a power of 500 W in a TePla 300 microwave plasma
etch system (TePla America, Inc., Hurst, TX, USA). It
was followed by a wet-etch of the electroplating seed
layers, resulting in a tapered hollow metallic microneedle
array with a fluidic reservoir on the backside. The
metallic wall thickness for the 200 pm tall microneedle is
10 um and that for the 400 um tall microneedle is
20 pm. Figure 3a shows the SEM photomicrograph of a
400 pm tall microneedle array with a conventional gauge
28 stainless steel needle and Fig. 3b shows the backside
of the hollow microneedle array which shows a fluidic
reservoir and fluidic channels defined by complete re-
moval of SU-8.

3 Microfluidic packaging for the microneedle array

In order to interface the small-scale microneedle array
with macroscopic fluidic control devices such as pumps,
valves, tubing, etc., a method of a microfluidic packag-
ing for the tapered hollow metallic microneedle array
with a fluidic reservoir was developed. A microfluidic

fabricated double-layered SU-8
on a glass substrate and b SEM
photomicrographs of 400 um
pillar arrays at the UV dose of
2,500 mJ/cm?
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Fig. 2 SEM photomicrographs
of a microneedle array under
fabrication: a 400 um tall
tapered SU-8 pillar; b
electroplated nickel covered
SU-8 pillar; ¢ an opened
microneedle tip after SU-8
planarization and polishing; d
400 pm tall metallic hollow
microneedle array with 20 um
in wall thickness

Fig. 3 SEM photomicrographs
of a microneedle array: a

400 pm tall tapered hollow
metallic microneedle array in
comparison with a conventional
gauge 28 stainless steel needle; b
backside of the microneedle
array which shows a fluidic
reservoir and fluidic channels
(through holes)
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interconnector assembly was designed in a way that it the other male interconnector part which provides
has a male interconnector which directly fits into the external fluidic interconnection to external tubing at the
fluidic reservoir of the microneedle array at one end and other end. Figures 4 and 5 show a conceptual diagram

Fig. 4 A schematic diagram of
a microfluidic packaging for the
microneedle array

Assembled microneedle array

Embedded
fluidic channel

Fluid in and out

Bonded SU-8 microfluidic interconnector
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Fig. 5 Process flow for the microfluidic interconnector assembly
fabrication
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Fig. 6 Flow rate as a function of the applied pressure

and process sequence for such a microfluidic intercon-
nector assembly.

Based on the optimized SU-8 process, two double-
layered SU-8 microfluidic parts were fabricated sepa-
rately on oxidized (1 um thick SiO5) silicon substrates as
shown in Fig. 5a. After hard-bake of the SU-8 structures
at 150°C for 1 h in an oven, both SU-8 fluidic parts were
released from the silicon substrates by wet etching the
SiO, sacrificial layer in a buffered HF solution. The re-
leased fluidic parts were then chemically bonded to each
other resulting in a microfluidic interconnector assembly
with a microfluidic channel embedded in it (Fig. 5b).
Finally, the microfluidic reservoir of the hollow metallic
microneedle array was assembled onto the male inter-
connector at one end and the assembled area was
chemically sealed (Fig. 5c). In order to ensure a leak-free
bonding, additional epoxy was applied to the gap be-
tween the SU-8 fluidic interconnector and the metallic
microneedle array.

4 Fluid flow rate measurement

The assembled microneedle/microfluidic interconnector
was bonded onto a conventionally machined PMMA
master pad for easy handling. The male microfluidic
interconnector in the packaged microneedle array was
connected to a macroscopic external fluid reservoir via
a 1/16” (1.588 mm) inner diameter tube. A nitrogen
tank was connected to the other end of the external
reservoir. Three milliliters of DI water as a fluid med-
ium was placed in the external fluid reservoir for each
flow rate measurement test. The amount of time to
empty the external fluid reservoir by applying a con-
stant pressure ranging from 6.897 kPa (1 psi) to
68.97 kPa (10 psi) was recorded to calculate the flow
rate corresponding to each pressure value. Figure 6
shows the relation between the applied pressure and the
resulting flow rate of the assembled microneedle/mi-
crofluidic interconnector. The flow rate is linearly
dependent on the applied pressure. There was no
structural failure of the chemically bonded microfluidic
packaging for the microneedle array with the applied
pressure up to 68.97 kPa.

Figure 7a and b show the top view of the micro-
fluidic interconnector before and after the fluid flow
rate measurement test at the applied pressure of
6.897 kPa. The red-color dyed deionized water solution
was gradually flowing out of the microneedle. As the
applied pressure increased up to 68.97 kPa, strong
water jets are coming out through hollow microneedles
as seen in Fig. 7d.

5 Conclusion

A simple and straightforward method of fabricating a
microneedle array for drug delivery and body fluid
sampling applications has been investigated. A 10 by 10,
tapered hollow metallic microneedle array with a fluidic
reservoir was built by using a novel microfabrication
method. Both 200 pm tall and 400 um tall metallic
hollow microneedles with tapering angles less than 5°
were realized. A multi-layered SU-8 microfluidic inter-
connector assembly was also fabricated and assembled
with the microneedle array in order to interface the
small-scale microneedle array with macroscopic fluidic
control devices and systems. Using DI water as a fluidic
medium, flow rates at different applied pressures were
measured. It was concluded that the packaged micro-
needle array is capable of delivering liquid in a con-
trolled manner. Since this overall process is relatively
simple and rapid, it could be used for mass manufac-
turing of disposable metallic hollow microneedle arrays
for painless transdermal drug delivery and body fluid
sampling. Further development of microneedles using
biocompatible materials and fully-included on-demand
fluidic actuation systems is being carried out for generic
biomedical applications.



Fig. 7 Optical micrographs
of the flow rate measurement
test with varying input
pressures: a Pyppiica =0,

b P,ppiica = 6.897 kPa using
red-color dyed DI water
solution, ¢ Pyppiica =0,

d Papplied =68.97 kPa using
DI water
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