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Abstract—Drug delivery through micromachined needles is an
attractive alternative to intramuscular and subdermal injection
by hypodermic needles, due to the potential for reduced pain
caused by the micro-sized needles. In this paper, a polymer-
based fabrication process using UV lithography into micromolds
is developed, allowing the fabrication of microneedle (MN) shafts,
tips, lumens, and substrate baseplate using lithography. Using UV
lithography into micromolds allows complex three-dimensional
structures to be defined, since both mask patterns and mold
topography are available to define the structures. A hollow MN
array and baseplate, in which the needle lumens extend through
the thickness of the baseplate, are demonstrated. Fabricated SU-8
MNs are 825 pm in height and 400 xm in width, with a pyramidal
tip; the needle lumen, 120 um in diameter, intersects with one
of the faces of the pyramidal tip. Mechanical characterization
of the fabricated MNs shows that the fracture force of a single
needle against a rigid surface is 12.0 N. The insertion force of a
single needle into porcine skin is empirically determined to be
2.4N. The fracture force of the needle against porcine skin is
observed to be in excess of 90 N. [2012-0359]

Index Terms—UYV lithography, Micromolding technology, SU-8
photoresist, microneedle array.

I. INTRODUCTION

RUG delivery through micromachined needles is of

great interest to transport therapeutic agents, virus-like-
particles, and other molecules into the body through the skin
with minimal invasiveness and pain. Drug delivery with mi-
croneedles (MNs) has been shown to induce immune responses
or biological effects that are comparable to those induced
by a hypodermic needle (HN) injection in animal studies
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with influenza, Hepatitis B, Hepatitis C, and diabetes. [1]-[3]
In addition, one human study with influenza reported that
the influenza vaccines delivered with MNs produced immune
responses similar to those from an HN vaccination.[4]

To deliver drugs into skin, MNs are typically first pressed
perpendicularly against skin, resulting in the rupture of the
outermost layer of skin, the stratum corneum (SC). The SC
has a typical thickness of 10-20 um in human skin and forms
a substantial barrier to essentially all high-molecular-weight
drugs. [5], [6] Underneath the SC are the viable epidermis
(VE) of 50-100 pum thickness, and the dermis with a thickness
of 1-2mm. With the rupture of the SC, pathways to the VE
or upper dermis (UD) are created by the penetration of MNs,
followed by the delivery of drugs to the VE or UD. In addition
to the reduced-pain insertion of MNs reported in human stud-
ies, potential advantages of MNs include blood-free insertion,
minimal skin trauma, non-skilled/self-administration, reduced
risk of needle-stick injury, and ease of disposal. [6], [7].

MNs can be categorized into two groups according to
the existence of the lumen: Solid microneedles (SMNs) and
hollow microneedles (HMNs). HMNs allow aqueous drugs to
flow through the lumen and into the skin, leading to faster
rates of drug delivery than SMNs that rely on the diffusion
of drugs in the skin [1]. Fig. 1shows schematic illustrations
of an HMN system as well as the drug delivery into skin
through the HMN system. Moreover, with HMN:ss, it is possible
to deliver drugs to a well-defined depth in the skin, and the
depth can be controlled by the location of the lumen opening.
Well controlled drug delivery over time, e.g., an intermittent
delivery, is possible by steering the flow rate with a syringe
or pump [8]. However, the fabrication of HMNs typically
involves a more elaborate process than that of SMNs because
of the need to construct the lumen.

Several microfabrication approaches have been reported to
successfully construct the lumen of HMNs. Laser microma-
chining is commonly employed to create three-dimensional
(3-D) structures. HMN structures have been obtained using
the laser micromachining technique to fabricate the entire
needle structure [9], to remove the lumen material from a pre-
constructed SMN [10], [11], or to create a negative mold for
the subsequent electroplating step where HMNs were defined
[12]. HMNs with a height of 400-900 m have been reported
with laser micromachining.
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Fig. 1. (a) A schematic depiction of a hollow microneedle system, consisting
of a hollow microneedle array and a drug reservoir. (b) An illustration of
administration of drug delivery using the hollow microneedle system.

Silicon-based MEMS techniques are widely used to fab-
ricate HMNs with a sub-micron tip. The lumen of these
HMNSs is often constructed using a deep-reactive-ion-etching
(DRIE) technique. To form the shape of HMNs, several
fabrication approaches, including anisotropic wet etching [13],
isotropic dry etching [14], [15], a combination of isotropic and
anisotropic dry etching [16], as well as saw dicing [17], have
been reported. A tip of less than 0.1 um in radius has been
demonstrated with silicon-based MEMS techniques, and the
height of the fabricated HMNs ranges from 200 to 700 pm.

Deep X-ray lithography (DXRL) is utilized to construct
polymethyl methacrylate (PMMA) HMNs with two exposure
steps [18]. Nevertheless, to extend the lumen inside HMNs
through the baseplate of the HMN array, two additional
micromolding steps are required. PMMA HMNs with a height
of 400 um are created using DXRL and the micromolding
technique.

Conventional photolithography combined with a micro-
molding technique has been reported to simplify the fabrica-
tion process of HMNs. This integrative fabrication approach
involves a photosensitive polymer cast on top of a surface-
micromachined silicon mold. The tip profile of the HMNs is
defined by the topography of the silicon mold, and the conven-
tional photolithography is performed to construct the shaft and
lumen of the HMNSs as well as the baseplate. With this fabrica-
tion approach, HMNs with a height of 400-600 nm have been
demonstrated [19]-[21]. Moreover, volcano-like HMNs have
been constructed using drawing lithography [22] and solvent
casting [23] with a height of 2 mm and 250 um, respectively.

With these successes in the fabrication of HMNs, to make
the manufacturing of HMNs appropriate for single-use devices
several process features are required for HMN manufacturing.
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Fig. 2. (a) A depiction showing the desirable hollow microneedle structure
with a baseplate. (b) A cross-sectional view of the hollow microneedle
structure, showing that the lumen has two openings connecting the back of
the baseplate to the top of the pyramidal slope.

Batch processing allows for high throughput and is scalable
for high-volume production. Conventional photolithography is
inherently batch processing in nature and therefore is desirable
for HMN manufacturing. Moreover, the fabrication method of
interest needs to be capable of creating 3-D structures for the
construction of out-of-plane HMNSs. In addition to creating
3-D structures, definition of a high-aspect-ratio lumen that
forms a microfluidic channel between the tip of the HMN
and the back of the baseplate is of great importance in the
design of the fabrication approach for HMN manufacturing.
Furthermore, the cost of manufacturing needs to be taken into
consideration. The manufacturing cost can be reduced with the
use of potentially low-cost materials, e.g., polymers, for the
structure material of the HMNs and the baseplate as well as
by refraining from costly processing and facilities.

To meet the required process features for HMN manufac-
turing, a polymer-based fabrication process using ultraviolet
(UV) lithography into micromolds has been developed and an
HMN array with a baseplate was demonstrated [24]. Using UV
lithography into micromolds allows complex 3-D structures to
be defined with both the mask pattern in the lithography pro-
cess and the topography of the micromold. In this paper, with
a pre-constructed reusable mold defining the tip of HMNs,
the shaft and lumen of the needles as well as a baseplate
are all fabricated using a UV-sensitive polymer, i.e., SU-8, in
a dual-exposure lithography process. This conventional UV
lithography technique, widely used in the microelectronics
industry [25], is batch-compatible and potentially scalable
to high volumes. This integrative fabrication process utilizes
potentially low-cost polymer materials, i.e., SU-8 for the HMN
structure and polydimethylsiloxane (PDMS) as the micromold-
ing material. Furthermore, UV lithography and micromolding
methods are expected to have low mass production costs [5].
The flexibility of PDMS as a molding material is expected to
facilitate the demolding processing.

Fig. 2 shows schematic depictions of the desirable HMN
structures in this paper. This HMN has three major compo-
nents: A top pyramidal tip, a square shaft, and a baseplate.
The lumen of the HMN has two openings: One is on the
pyramidal slope, and the other is located on the bottom side of
the baseplate. The fabrication and mechanical characterization
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Fig. 3. Fabrication process flow for the hollow SU-8 microneedle array.
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of the HMN of interest as well as its insertion performance
into excised animal skin are discussed in this paper.

II. FABRICATION PROCESS DEVELOPMENT

A schematic process flow for the fabrication of SU-8 HMNs
using UV lithography into PDMS micromolds is shown in
Fig. 3. In this process flow, SU-8 is cast onto a pre-constructed
PDMS mold (Fig. 3a and Fig. 3b), followed by the softbake of
SU-8. The subsequent two UV-exposure steps with different
dosages and separate masks define the HMN structure and
a baseplate, as shown in Fig. 3c and Fig. 3d, respectively.
The entire structure of the SU-8 master is demolded from the
PDMS mold, followed by the development of SU-8 (Fig. 3e)
to create the SU-8 HMN with a baseplate (Fig. 3f). The
fabrication process and its processing parameters/conditions
are described in detail in Subsection III.A.

To make the process of using UV lithography into micro-
molds manufacturable, several fabrication issues associated
with UV lithography and the micromolding technique in
general need to be addressed, including air bubbles trapped
between the photosensitive material and the mold, internal
reflection of UV light at the interface between these two
materials, and thermal expansion of the polymer mold in the
baking process of the photosensitive material. Moreover, an
additional baking step is added to facilitate the subsequent
alignment through the thick photosensitive material.

A. Elimination of Trapped Bubbles by Back-Side Vacuuming

With SU-8 preheated at 60 °C and the PDMS mold treated
using oxygen plasma for better encapsulation of the micro-
trenches, a significant number of air bubbles were still
observed at the bottom of the PDMS trenches following
the casting of SU-8 onto the PDMS mold, as shown in
Fig. 4a.
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Fig. 4. Optical micrographs of the top view of the SU-8/PDMS sample in
Fig. 3b before (a) and after (b) the backside vacuuming process. (a) More
than 50 air bubbles of various dimensions trapped at the bottom of the PDMS
trenches. (b) Elimination of the trapped air bubbles.
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Fig. 5. (a) A schematic illustration of different UV rays at the SU-8/PDMS
interface and their corresponding angles to the normal of the interface. (b) A
chart of the reflection coefficient (R) as a function of the incident angle (6)
and the inclined angle of the PDMS trench (o).

To eliminate these air bubbles, the SU-8/PDMS sample
was placed at the center of a rubber plate where there is an
opening connected to a vacuum pump. Because of the gas
permeability of PDMS [26], the air trapped at the bottom
of the PDMS trenches was pulled through the PDMS mold
and subsequently removed by the vacuum pump, as shown
in Fig. 3b. An optical micrograph of the top side of the SU-
8/PDMS sample following a 3-h backside vacuuming (BSV)
process is shown in Fig. 4b, and no air bubble is observed at
the bottom of the PDMS trenches under an optical microscope.

B. Internal Reflection at the Interface

In addition to the intended exposure shown in Fig. 3c,
undesirable exposure may occur because of the reflection of
UV light at the SU-8/PDMS interface shown in Fig. 5a. This
reflected light is a result of the mismatch in the refractive
indices of SU-8 and PDMS. This exposure of SU-8 may
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lead to undesired crosslinking in the lumen, inhibiting flow
through the lumen.

To estimate the intensity of the reflected UV light from the
SU-8/PDMS interface with different incident angles, the law
of reflection, Snell’s law of refraction, and Fresnel’s equations
were used [27]. Fig. 5a shows a schematic illustration of
different UV rays at the SU-8/PDMS interface and their
corresponding angles to the normal of the interface. Given
that the refractive indices of SU-8 and PDMS are 1.59 and
1.41 [28], [29], respectively, the transmission angle (¢) can be
expressed as a function of the incident angle (8) using Snell’s
law. The reflection coefficient (R), defined as the ratio of the
intensity of the reflected UV light to that of the incident UV
light, can be determined using Fresnel’s equations:

R= Rm + Rt )
2
where
tan?(0 — ¢)
™= an2@ + 9)
and
_ sin?(8 — @)
T sin?(@+ )

Fig. 5b shows the calculated reflection coefficient (R) plot-
ted as a function of the incident angle () and the inclined
angle of the PDMS trench («). As shown in Fig. 5b, a
smaller incident angle (6) leads to less UV reflection from the
interface. Therefore, the inclined angle of the trenches in the
PDMS mold was carefully considered. To reduce the reflection
coefficient below 5%, the inclined angle of the PDMS trench
was chosen to be 35°.

C. Compensation for the Thermal Expansion of a Polymer
Mold With Photomask Design

In the SU-8 softbake process, the elevated temperature on
the hotplate caused the solid PDMS mold to expand while the
SU-8 in liquid state was being stretched horizontally along the
PDMS mold. Fig. 6a shows a schematic depiction of the top
view of the SU-8/PDMS sample with a 10 x 10 array of PDMS
trenches. Schematic depictions of the cross-sectional view of
one side of the SU-8/PDMS sample prior to and after the
softbake process are shown in Fig. 6b and Fig. 6c, respectively.

Since the location of the needle shaft is defined by the
mask pattern on the photomask and that of the needle tip
is determined by the PDMS trench in the first UV exposure
step as shown in Fig. 3c, to construct a well-defined MN
structure the alignment between the mask pattern and the
PDMS trench is of importance. Therefore, with the dimension
of the PDMS mold increased in the softbake process, the first
UV exposure with a set of mask patterns designed based on
the mold dimension prior to the softbake process resulted in
a shift between the needle shaft and tip as shown in Fig. 6d.
The shift is maximum for outmost needles in the needle array.

To eliminate this undesirable shift in the MN structure,
the thermal expansion of the PDMS mold in the softbake
process was taken into consideration during the design pro-
cess of the photomask. With a newly-designed mask pattern
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Fig. 6. Schematic illustration of the thermal expansion of the PDMS mold.
(a) A schematic depiction of the top view of the SU-8/PDMS sample. The
PDMS trenches in a 10 x 10 array are visible through the SU-8. (b) A
schematic depiction of the cross-sectional view of one side (A-A’ in (a)) of
the SU-8/PDMS sample prior to the softbake process. The ten PDMS trenches
on one side of the SU-8/PDMS sample are represented by the leftmost and
rightmost ones. (c) A depiction of the sample after the softbake process,
showing the thermal expansion of the PDMS mold. (d) An illustration of
the SU-8/PDMS sample exposed with a non-compensation photomask in the
first UV exposure process. (e) An illustration of the sample exposed with a
compensation mask in the first UV exposure process.

whose dimension was designed to compensate for the thermal
expansion of the PDMS mold, the location of the mask pattern
is aligned with the PDMS trenches, resulting in a well-defined
needle structure, as shown in Fig. 6e. As shown in Fig. 6d and
Fig. 6e, the desired formation of the needle structure relies
on the good lateral alignment between the photo mask and
the PDMS trenches. The patterns are insensitive to thermal
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(b)

Fig. 7. (a) An optical micrograph of the rightmost three microneedles of
the sample shown in Fig. 6d. The shift between the needle tip and shaft is
123 pum for the rightmost needle. (b) An optical micrograph of the rightmost
three needles of the sample shown in Fig. 6e. No significant shift between
the needle tips and the shafts is observed.

mismatch in the vertical direction, since the incident UV light
shines along the vertical direction.

To design the new photomask to compensate the thermal
expansion of the PDMS mold in the softbake process, this
expansion was estimated with the equation of linear thermal
expansion [30]

AL AT 2

Lo =ar 2
where L is the initial length, AT the temperature change of
the object, AL the change in the length of the object, and
oy is the coefficient of linear thermal expansion. With the oy
of 3.1 x10™* (°C)~! for PDMS [31], AT of 95°C for the
temperature increase from 25 to 115°C, and Ly of 3800 um
for the distance from the center to the rightmost or leftmost
point of the 10 PDMS trenches, which is half of d; shown in
Fig. 6b, the thermal expansion for the right or left five trenches
was estimated to be 106 um. The photomask pattern was thus
adjusted throughout the entire array to compensate the thermal
expansion of the PDMS mold.

Fabricated MNs with different photomasks used in the first
UV exposure step are shown in Fig. 7 for comparison. Fig. 7a
shows an optical micrograph of the rightmost three MNs of
the sample in Fig. 6d fabricated with a non-compensation
photomask. A shift of 123 um between the needle tip and
shaft was observed in the rightmost needle. Meanwhile, Fig. 7b
shows the rightmost three needles of the sample in Fig. 6e fab-
ricated with a compensation photomask and no significant shift
was observed. Similar results were observed with the leftmost
three needles of the samples shown in Fig. 7. Therefore, with
the newly-designed photomask the thermal expansion of the
PDMS mold in the softbake process can be compensated to
construct well-defined MN structures.
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Fig. 8. An optical micrograph of the top view of the SU-8/PDMS sample in
Fig. 3c following the first post-exposure-bake step. Four needles in an array
of two-by-two are shown. A clear image of the perimeter of the exposed
SU-8 because of the first PEB step on the top surface of the SU-8 is visible
and serves as an alignment mark in the subsequent alignment for the second
exposure process.

The utilized compensation scheme was solely based on
the thermal expansion of the PDMS substrate, as opposed to
considering the detailed thermal expansion characteristics of
the PDMS/SU-8 composite. This approach yielded significant
improvement in needle alignment over the entire needle array
over no compensation as demonstrated in Fig. 7. However,
some alignment error was still observed, which could be
addressed by refined compensation schemes. Further compen-
sation could be achieved, e.g., by considering the cooling of
the SU-8/PDMS composite after softbake between the glass
transition temperature (7'¢) of uncrosslinked SU-8 (50 °C [32])
and room temperature (the temperature at which lithographic
exposure took place). Such refined compensation schemes
may become more important when considering large area
manufacturing of multiple arrays.

D. Two PEB Steps for a Dual-Exposure Process

The alignment between the photomask and the perimeter of
the PDMS trench during the two exposure processes (Fig. 3c
and Fig. 3d) presents a technical difficulty, since the alignment
is performed between two objects with a vertical distance of
800 um, which is the thickness of the SU-8.

To prevent this alignment difficulty during the second ex-
posure process (Fig. 3d), a PEB step was performed following
the first UV exposure step. With the addition of this PEB step
the boundary between exposed and unexposed SU-8 became
visible under the aligner optical microscope. Fig. 8 shows an
optical micrograph of the top view of the SU-8/PDMS sample
following this PEB step. The perimeter of the exposed SU-
8 needle shaft, which is a boundary between exposed and
unexposed SU-8, is visible as shown in Fig. 8 and serves as an
alignment mark during the subsequent alignment for the sec-
ond UV exposure. The alignment difficulty was significantly
reduced for the second exposure process, since the alignment
of the photomask was performed to the alignment mark on
the top surface of the SU-8, instead of to the perimeter of the
PDMS trench at the bottom of the SU-8 layer.

Moreover, since the second UV lithography process
(Fig. 3d) is to define the baseplate that locates on the top of
the SU-8, the function of the PEB step following the second
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UV exposure is to provide thermal energy to the top of the
SU-8. Compared to a hotplate where the thermal energy is
supplied to the bottom of the SU-8/PDMS sample, in an oven
the thermal energy is provided to the top surface of the SU-8
where the top surface is in direct contact with the heated air.
Therefore, the second PEB step was performed in an oven to
define the baseplate on the top of the SU-8.

III. MICRONEEDLE FABRICATION

With several fabrication issues associated with UV lithogra-
phy and the micromolding technique successfully addressed,
the fabrication approach using UV lithography into micro-
molds was utilized to create HMNs with a baseplate.

A. Fabrication Process of HMNs

The fabrication process of the HMN array consists of two
steps. The first step is the construction of an intermediate
PDMS mold with pyramidal trenches on the top surface, which
define the profile of the MN tip. To construct the intermediate
PDMS mold, an inclined UV lithography technique [33], [34]
was used to create pyramidal trenches on the top surface of
an SU-8 sample. Following the Cr/Au coating of the SU-8
sample, PDMS (Sylgard 184, Dow Corning, Midland, MI,
USA) was cast onto the SU-8 sample and cured at room tem-
perature for two days to obtain a positive PDMS master. The
positive PDMS master was subsequently coated with Cr/Au,
followed by casting of another PDMS onto this master to
create a negative PDMS mold. The intermediate PDMS mold
was obtained by demolding the negative PDMS mold from the
positive PDMS master. Detailed description of the construction
of the intermediate PDMS mold was reported in [35], [36].

The second step is the fabrication of the hollow SU-8 MN
on the constructed intermediate PDMS mold and is shown in
Fig. 3. SU-8 2025 (MicroChem Corp., Newton, MA, USA)
was first preheated at 60°C on a hotplate for 30 min to
improve its encapsulation of the micro-trenches by reducing
its viscosity. Oxygen plasma with a RF power of 300 W
was used to treat the top surface of the intermediate PDMS
mold for 20min, yielding a more hydrophilic surface for
better encapsulation of the micro-trenches (Fig. 3a). The SU-
8 was cast by weight to obtain a thickness of 800 um on the
PDMS mold. To remove the bubbles trapped in the PDMS
trenches with the integrity of the top surface of the SU-8
intact, a BSV process as shown in Fig. 3b was performed
for 3h. The SU-8/PDMS sample was subsequently softbaked
on a level hotplate at 115°C for 24h. UV (365nm I-line)
lithography was utilized to define the HMN structure. Two
direct UV exposure steps with separate photomasks to define
the HMN and the baseplate are shown in Fig. 3c and Fig. 3d,
respectively. In the first exposure (Fig. 3c), the pyramidal tip
and shaft of the HMN were defined using a chromium mask,
consisting of a 400 x 400 um? clear square region for the
shaft and a dark circular pattern of 120 um in diameter for
the lumen. The UV dosage was 3000 mJ/cm?. The first PEB
step was subsequently performed with a hotplate at 115°C
for 30 min. The second exposure with a separate mask and a
reduced dosage of 350 mJ/cm? defined the baseplate for the
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Fig. 9. (a) An SEM image of bird’s-eye view of fabricated microneedle array
coated by 15nm Cr/150 nm Au for SEM imaging. (b) An optical micrograph
showing a fabricated hollow microneedle with a baseplate. (c) An SEM image
revealing the pyramidal tip with a lumen opening and upper shaft. The scale
bar is 2mm, 400 #m, and 250 um in (a), (b), and (c), respectively.

HMN array (Fig. 3d), followed by the second PEB step in an
oven at 115 °C for 15 min to accommodate a certain thickness
(100-200 pem) of the baseplate.

Following the demolding of the SU-8 master from the
intermediate PDMS mold, the development of the SU-8 master
was performed in the propylene glycol methyl ether acetate
(PGMEA) developer for 6h in a static bath and additional 2h
in an ultrasonic bath (Fig. 3e). This additional 2-h development
was to remove the clogging in the needle lumens. Following
development, the SU-8 sample was rinsed with isopropyl
alcohol (IPA) solution and blown dry with a nitrogen gun.
After drying, the sample was inspected under an optical
microscope. No physical damage to the cross-linked SU-8 was
observed after development. Swelling of the SU-8 occurred
to a small degree immediately after the development [37],
and was reversed after overnight storage in the cleanroom.
A completed SU-8 HMN with a baseplate is shown in
Fig. 3f.

To enhance the mechanical strength of the SU-8 HMNs,
a flood UV exposure step and a hardbake process were
performed. The UV dosage in the flood exposure is 10J/cm?,
and the hardbake process was carried out on a hotplate at
135 °C for 30 min.

B. Fabrication Result

A fabricated HMN array is shown in Fig. 9. A scanning-
electron-microscope (SEM) image of the bird’s-eye view of
the fabricated needle array is shown in Fig. 9a. The fabricated
HMNs are in a 10 x 10 array at the center of a baseplate chip
with a dimension of 25.6 mm x 25.6 mm. Fig. 9b shows an
optical micrograph of an HMN with a baseplate. The height
of the HMN is 825 um, including a 255-pum tall pyramidal
tip and a 570-um tall shaft. The base width of the needle
is 400 um. An SEM image of the needle tip with a lumen
opening is shown in Fig. 9c. The tip diameter measured using
SEM ranges from 15 to 25 um across the array [24].
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Fig. 10. (a) An optical picture showing the result of microfluidic character-
ization performed in fresh water. Streams of blue dye are being ejected from
a microneedle array. (b) An optical picture illustrating that the blue dye is
being emitted from the needle array, while the array is suspended in air with
microneedles facing down.

C. Microfluidic Channel Test

To characterize the microfluidic lumens of the fabricated
HMN array, a custom fluidic test setup was used [24]. To
examine the development and formation of the HMN lumens,
the dye in the syringe was driven by a syringe pump to
the backside of the baseplate of a 10 x 10 needle array and
subsequently through any open HMN lumens. The microflu-
idic characterization was performed both in fresh water and
in air. The ejection of the blue dye from the HMN array
was observed while the array was either submersed in water
or suspended in air as shown in Fig. 10a and Fig. 10b,
respectively.

Visual examination of the fluidic ejection from the array
suspended in air indicated that ~20 well-defined lumens were
formed as shown in Fig. 10b. The other 80 lumens were
occluded by an un-intended SU-8 film near the baseplate
opening of the lumen. Diffraction underneath the photomask
may cause undesired SU-8 exposure under the photomask
[38] and result in the observed SU-8 film. The fluid pressure
required to eject water through the needle array was measured
with a manometer (Model 220, Netech, Farmingdale, NY,
USA) to be less than 689.5 N/m?2 (0.1 pound per square inch),
which is the minimum resolution of the manometer. Since
the dimension of the baseplate chip is 0.0256 m x 0.0256 m
(1.01 in. x 1.01 in.), the force required to eject water through
the needle array is less than 0.45N (0.1 pound-force). For
comparison, the maximum force produced by a human thumb
is 105N (23.6 pound-force) [39].

Inspection of the needle tips and the baseplate under an
optical microscope during the microfluidic characterization
confirmed no crack formation in the baseplate. This alleviates
concern that baseplate cracking is the reason for the observed
microfluidic flow.

IV. CHARACTERIZATION OF MICRONEEDLES
A. Preparation of Individual Microneedles

Characterization of HMNs was performed on individual
single needles for simplicity. All HMNs were flood exposed
with UV light and hardbaked as described in Subsection III.A.
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After the hardbake process, 15 nm of chromium and 150 nm of
gold were sputtered onto the surface of MNs and the baseplate
to create a conductive path between the tip of the MN and
the perimeter of the baseplate. An individual needle with
surrounding baseplate was then cut out of the needle array
with a razor blade and placed on the bottom surface of a
flat-head steel machine screw. Silver paint (Pelco® Conductive
Silver 187, Ted Pella Inc., Redding, CA, USA) was dispensed
to create a conductive path from a portion of the baseplate
perimeter to the machine screw, completing the conductive
path between the tip of the needle and the steel machine screw.
This conductive path is required for the measurement of the
insertion force, which is discussed in Subsection IV.C. The
flat head of the machine screw was then affixed to the center
of the plate of an aluminum SEM specimen mount for ease
of handling. A copper wire was used to electrically connect
the machine screw to the ohmmeter of a force—displacement
apparatus for the measurement of the insertion force.

B. Mechanical Characterization of Microneedle

MNs are commonly inserted into skin in a way that the
needle shaft is perpendicular to the surface of the skin.
Therefore, the skin exerts axial compressive force on the MN.
To understand the mechanical response of an MN under axial
compressive stress, a uniaxial compressive test was performed
with individual MNs.

A force—displacement test station (Model 921A, Tricor
Systems Inc., Elgin, IL, USA) was used to perform the uniaxial
compressive test. In the test, the load cell of the test station
drives an aluminum plate toward the MN and the surface of
the plate is perpendicular to the shaft of the needle. The MN
is held stationary. The load cell measures the force at the
aluminum plate/needle interface and records the displacement
of the plate. A 100 x microscope camera was used to record
the video of the test. The aluminum plate was driven at a rate
of 0.025 mm/s for video recording.

A representative force—displacement chart of the uniaxial
compressive test for a single MN is shown in Fig. 11. The
displacement of zero represents the initial contact between the
aluminum plate and the MN tip. In Fig. 11, the force initially
increases with the displacement and reaches the first peak at a
displacement of 220 um and decreases until reaching 250 um
displacement.

Four optical micrographs shown in Fig. 12a—d were taken at
a displacement of 130, 200, 250, and 290 um, respectively, to
assess the integrity of the needle. Fig. 12a and Fig. 12d were
taken with an optical microscope after the test was stopped
at a displacement of 130 and 290 pm, respectively. Fig. 12b
and Fig. 12¢ were captured from the video clip taken with the
100 x microscope camera during the test at a displacement of
200 and 250 um, respectively.

Since Fig. 12a was taken when the external force from the
aluminum plate was removed, the deformed tip of the MN
suggests that the tip underwent plastic deformation as the
force initially increased with the displacement. No crack at
the needle tip was observed under an optical microscope at a
displacement of 130 and 200 um, as shown in Fig. 12a and
Fig. 12b, respectively.
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Fig. 11. A representative force-displacement chart in the uniaxial com-
pressive test of a microneedle. The zero displacement represents the initial
contact between the needle tip and the aluminum plate. The reaction force
initially increases with the displacement and reaches the first peak value at a
displacement of 220 um and decreases until reaching 250 um displacement.
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Fig. 12. Optical micrographs showing the side view of a microneedle at the
four indicated points of Fig. 11 during the uniaxial compressive test. (a) An
image of a needle taken after the test is stopped at a displacement of 130 pm.
The dotted line represents the tip profile prior to the test. (b) An image of
the aluminum plate and a needle captured from a video clip of the test. The
displacement is 200 um. (c) Another image captured from the same video
clip. The displacement is 250 um. A crack is observed at the needle tip. (d)
An image of a needle taken after the test is stopped at a displacement of
290 um. A large crack is observed and results in the splitting of the needle
tip and shaft structures.

After the force reached the first peak at a displacement of
220 pum, a crack at the needle tip was observed in Fig. 12c at
a displacement of 250 um, and Fig. 12d shows a larger crack
along the needle tip and shaft structures, causing the splitting
of the needle. Therefore, the observation in Fig. 12 suggests
that the cracking/fracture of the needle tip occurred between
displacements of 200 and 250 um. Since a decrease in force
implies a failure in the structural integrity of the needle, the
force at the first force peak is defined as the fracture force of
the needle, at which the fracture of the needle tip occurs. The
fracture force is 12.2N in Fig. 11.

Fig. 13 shows a chart of the fracture force measured from
five individual MNs in the uniaxial compressive test. The
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Fig. 13. A chart showing the fracture force of five individual microneedles
measured in the uniaxial compressive test. The mean value of the fracture
force is 12.0N with a standard deviation of 0.8 N.

mean of the fracture force of these five MNs is 12.0 N with a
standard deviation of 0.8 N.

Microscope observation of the five MNs in the uniaxial
compressive test indicates that during the test a crack initially
occurs at the needle tip and develops along the tip and shaft
structures of the needle, leading to a vertical splitting of the
needle. The failure mode of this vertical splitting of a structure
under a uniaxial compressive test is called “axial splitting”
[40]. This failure mode is common for unconfined brittle
materials. The stress-strain curve of SU-8 after a hardbake
indicates that hardbaked SU-8 is a brittle material [32], [41].

C. Biological Insertion Characterization of Microneedle

To characterize the insertion performance of the fabricated
HMNs into skin as well as to understand the subsequent
mechanical interaction between the MN and skin, three in-
vestigations were conducted using excised porcine skin. The
required driving force for a single MN to successfully insert
into skin was first measured. Following the insertion into skin,
the driving force that results in blunting the needle tip was
estimated. Furthermore, the maximum driving force onto a
MN without causing tip fracture was assessed.

1) Preparation of Excised Porcine Skin: The skin pen-
etrability of the fabricated MNs was evaluated with excised
porcine skin. The excised porcine skin (Pel-Freez, Rogers, AR,
USA) was shaved using a razor and the subcutaneous fat on
the back of the skin was subsequently removed with a scalpel.
The prepared skin was affixed under mild tension to a wooden
block using screws. Individual MNs were used to characterize
the insertion performance of the needle into skin.

2) Insertion Force Measurement of Single Microneedle:
To measure the insertion force, the needle was pressed perpen-
dicularly against the porcine skin at a rate of 1.0 mm/s by the
force—displacement test station described in Subsection IV.B,
followed by separation of the needle from the skin.

During the process of pressing the needle against the
porcine skin, the occurrence of the rupture of the SC, by
which successful insertion is defined, can be detected with
the measurement of the skin resistance [42]. Fig. 14 shows
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Fig. 14. A schematic diagram of the measurement setup of the insertion
force for a microneedle. The SU-8 needle and baseplate are coated with
a chromium/gold layer to complete the electrical circuit for the resistance
measurement of the skin, which includes the highly-resistive stratum corneum
and the resistive viable epidermis. During the insertion test, the data of the
skin resistance is recorded in the computer of the test station simultaneously
with the data of reaction force and needle displacement.

a schematic diagram of the measurement setup of the skin
resistance as well as the measurement of the reaction force
and needle displacement. The skin resistance, as shown in
Fig. 14, consists of the resistances from the highly-resistive
SC and the resistive VE, and therefore an abrupt decrease in
the skin resistance can serve as an electrical indication of the
rupture of the SC. The load cell of the test station presses the
needle perpendicularly against the porcine skin and measures
the reaction force from the needle. The force and displacement
data are recorded by the computer of the test station, and
simultaneously the ohmmeter measures the skin resistance and
sends the data to the computer for recording. A representative
chart of the skin resistance and the reaction force plotted as
a function of the needle displacement is shown in Fig. 15.
The abrupt decrease of the skin resistance at a displacement
of 535 um indicates the rupture of the SC. Therefore, the
corresponding force of 1.5N at a displacement of 535 um is
taken as the insertion force.

In the measurement of the insertion force, seven individual
MNs were tested, and each needle was inserted into porcine
skin an average of two times, yielding 15 data points for the
estimation of the insertion force. Fig. 16 shows the measured
insertion force plotted against the sample number of each MN.
The mean of the measured insertion force is 2.4N with a
standard deviation of 1.2N.

Following the separation of the needle from the skin, one
drop of blue dye was dispensed onto the skin surface. The
dye flowed through the MN-defined pathway in the SC and
stained the VE underneath. Stain in the VE serves as a physical
indication of successful insertion of the MN into skin. The
skin surface was then wiped with alcohol swabs to remove
the residual dye on the skin, followed by inspection of the
skin under an optical microscope. An optical micrograph of
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Fig. 15. A representative chart of the skin resistance and the reaction force

plotted as a function of the needle displacement. The insertion force is defined
as the corresponding force of 1.5N at a displacement of 535 um where the
abrupt decrease of the skin resistance serves as an electrical indication of the
rupture of the stratum corneum.
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Fig. 16. A chart of the measured insertion force plotted against the sample
number of microneedles. Seven individual MNs are tested. Microneedles with
the sample number 1, 2, and 7 are tested one time, and needles with the
number 3, 4, 5, and 6 are tested multiple times up to four times. The circle
for each MN represents the mean of the measured insertion force with the
MN, and the upper and lower whiskers are the standard deviations. There are
15 insertion tests in total performed with these 7 needles, and the mean of
these measured insertion force is 2.4 N with a standard deviation of 1.2 N.

the top view of an insertion site is shown in Fig. 17. The
inner red dotted line marks the opening in the SC created by
the successful insertion of the MN into the porcine skin. The
outer black dashed line outlines the underneath VE region that
is stained by the dye.

3) Tip-Blunting Force Estimation: Observations in Fig. 12
discussed in Subsection IV.B indicate that under external stress
the tip of the MN deforms plastically prior to the tip fracture,
suggesting that the needle tip deforms gradually and loses its
initial sharpness when being pressed against the porcine skin
and prior to the successful insertion into skin. This gradual
deformation of the needle tip blunts the tip.

Therefore, it is of importance to evaluate the tip-blunting
force, which is defined as the external force being applied
to an MN that makes the MN tip so blunt that successful
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Fig. 17. An optical micrograph of the top view of an insertion site on the
porcine skin following the insertion of the microneedle and the dye staining.
The opening in the stratum corneum (SC) is caused by the successful insertion
of the needle, followed by the dye flowing through the opening and staining
the viable epidermis (VE) underneath.

insertion into skin cannot be made with the same external
force. It is desirable that the tip-blunting force of the needle
is significantly larger than the insertion force so that the MN
inserts successfully into skin prior to being blunt that prevents
successful insertion.

To estimate the tip-blunting force, an MN was pressed
perpendicularly against the porcine skin at a rate of 1.0 mm/s
by a force—displacement test station, Bose ElectroForce 3200
Test Instrument (Bose Co., Eden Prairie, MN, USA), followed
by separation of the needle from the skin. Maximum driving
force was set to be SON for each test. The SON force was
chosen such that this force is approximately one order of
magnitude higher than the maximum measured insertion force
from the 15 insertion tests in Fig. 16, which is ~4.5N. Skin
staining test was then performed to verify the successful
insertion of the needle into skin.

Three individual MNs were tested, and each needle was
pressed against the porcine skin with the maximum driving
force of 50 N in the initial insertion test and the following three
re-insertion tests. After all four insertion tests, each needle tip
was examined under an optical microscope.

The skin staining results for each insertion test are shown in
Table 1. With the maximum force of 50N being applied to an
MN in the initial insertion test as well as the first and second
re-insertion tests, each of the three tested MNs remained
capable of inserting successfully into porcine skin in the third
re-insertion test. In addition, no significant tip deformation or
fracture was observed under an optical microscope for all three
MNs after four insertion tests.

These insertion tests indicate that for insertion into porcine
skin the driving force that results in blunting the needle tip,
i.e., the tip-blunting force, is larger than 50 N. Furthermore,
the 50 N force is one-order-of-magnitude higher than the max-
imum measured insertion force for porcine skin. Therefore,
with the tip-blunting force larger than 50 N and the maximum
insertion force of 4.5N, the margin of safety for successful
needle insertion into porcine skin prior to significant tip
blunting is greater than 10 [43].

4) Fracture Force Estimation: The intrinsic fracture of an
MN against a rigid surface is discussed in Subsection IV.B.
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TABLE I
SKIN STAINING RESULT IN THE TIP-BLUNTING FORCE TEST

Sample no.

Sequence of MN 1 2 5|

of Insertion Test
initial SON insertion test 4 4 4
first 50N re-insertion test 4 4 4
second SON re-insertion test 4 v w4
third 50N re-insertion testt </ v <

no significant tip deformation
remark or fracture observed
after all insertion tests

Fig. 18. Optical micrographs of the side view of a microneedle (a) before
and (b) after the fracture test with the maximum driving force of 90 N against
porcine skin. Minor plastic deformation of the needle tip is observed following
the test.

With potential applications of MNs for live animals and in
clinic, the fracture force of the MN when being pressed against
skin for insertion was characterized. Three individual needles
were tested to estimate the fracture force against porcine skin
using the apparatus described previously. Successful insertion
of each needle into porcine skin was confirmed with the
examination of the skin staining under an optical microscope
following the insertion.

Minor plastic deformation of the needle tip was observed
under an optical microscope following the test in two of the
three MNs, and no significant deformation was observed in
the third. Fig. 18a and Fig. 18b shows optical micrograph of
one of the two needles with minor plastic deformation prior
to and following the fracture test, respectively. A comparison
of the two micrographs shows that the tip of the needle was
plastically deformed with a vertical distance of 16 um. Plastic
deformation with a vertical distance of 30 um was observed
at the needle tip of the other MN.

In all three needles, no fracture of the MN was observed
under an optical microscope, indicating that the fracture force
of the needle for insertion into porcine skin is in excess of
90N. Moreover, the maximum force produced by a human
thumb has been empirically determined and reported in the
literature to be 105N [39].
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V. CONCLUSION

A polymer-based fabrication process using UV lithogra-
phy into micromolds is proposed to construct a hollow MN
array with a baseplate. Fabricated pyramidal-tip SU-8 MNs
are 825 um in height and 400 um in width with a lumen
opening of 120 um in diameter. The tip diameter across the
10 x 10 needle array ranges from 15 to 25 um. Microfluidic
characterization indicates 20% of the lumens are well-defined.

Using UV lithography into micromolds allows complex 3-
D structures to be defined with both the mask pattern in the
lithography process and the topography of the micromold. In
this paper, with a pre-constructed PDMS mold defining the
tip of the MN, the shaft and lumen of the needle as well as
a baseplate are all constructed with SU-8 in a dual exposure
lithography process. This conventional UV lithography process
is batch processing that is scalable for the manufacturing of
MNs. Moreover, UV lithography and micromolding methods
are expected to have low mass production costs.

Mechanical characterization shows the pyramidal tip of the
fabricated MNs fractures against a rigid surface with a driving
force of 12.0£ 0.8 N. The insertion performance of MNs is
evaluated with excised porcine skin. The driving force required
for successful insertion of a MN into skin is empirically
determined to be 2.4 £ 1.2 N. With the driving force increased
to 50N, the needle remains capable of successful insertion into
skin with the same force after the first insertion is obtained.
Moreover, the application of the 90 N force on a single needle
causes minor tip deformation with no fracture observed under
an optical microscope.
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