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Abstract

Transdermal drug delivery using hollow microneedle enables creating small, wearable and minimally invasive closed-loop
system. Polymer hollow microneedles are preferable because they are cost-effective and easy to manufacture. SU-8 is chosen
for creating the hollow microneedles as it is a biocompatible photopolymer with robust mechanical properties. Previously
reported SU-8 microneedles either use melt casting process for coating SU-8 which is laborious or do not have monolithic
structures, thereby making these mechanically weak and difficult to integrate. To the best of our knowledge, for the first time, we
report the use of a single-step spin coating process to achieve the desired thickness of SU-8 while using UV lithography to create
a monolithic microneedle array. Three types of microneedles were fabricated with outer dimensions varying from 90 to 180 pm,
and lumen dimensions ranging from 60 to 80 um and needle height of 600 um. These needles are fabricated in a 10x10 array with
a platform thickness of 300 um. Geometrical, mechanical and fluid flow characterisations are carried out for the fabricated arrays.
We report the use of a non-destructive evaluation method to characterise the lumen of the fabricated microneedles. The fabricated
needles are robust and offer low resistance to fluid flow. The triangular needles can withstand a bending load 0of 0.2 N and an axial

load of 0.7 N. The needles with circular lumen offer least resistance to fluid flow of 0.2 Pa-min uL ™.
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1 Introduction

Many therapies require controlled release of drugs over an
extended period or require a feedback control, where the
amount of drug depends on the real-time effect it has on the
system. Achieving the abovementioned is not possible by oral
medication or with hypodermic needles. Transdermal drug
delivery, which was developed to resolve these issues, in-
volves releasing drugs through the skin and allowing it to be
picked up by the capillaries in the dermis layer by diffusion
[1]. One of the major obstacles in transdermal drug delivery is
the stratum corneum, which is a layer of dead cells covering
the dermis. The stratum corneum needs to be disrupted to
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ensure better diffusion of the drug. Of the many methods
developed and reported for disrupting the stratum corneum,
use of microneedle is the only method available for delivering
liquid formulations and large molecules which otherwise will
not diffuse into the dermis [2].

Hollow microneedles form a part of the third-generation
transdermal drug delivery system. They assist in breaking
the skin barrier, thereby allowing the drug to be delivered to
the dermis efficiently. They cause low pain and tissue damage
compared to other drug delivery systems. They are also capa-
ble of delivering large molecules like proteins, vaccines and
targeted drugs [3]. Over the years, a lot of research has been
conducted in producing microneedles as well as in optimising
their geometry, shape, and spacing [4—7]. Some of the impor-
tant parameters that dictate microneedle design are (i) biocom-
patibility, (ii) ability to penetrate the stratum corneum, (iii)
cost and ease of fabrication, (iv) pain associated with needle
insertion, (v) resistance to the flow of drugs and (vi) integra-
bility with other components to create a drug delivery system
[1]. In order to reduce the pain felt, it is important to ensure
that the needles do not enter the dermis, which is rich with
nerve cells. At the same time, they should effectively penetrate
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the epidermis. Hence, the needle lengths should be between
500 um and 1000 um to reach the junction between the der-
mis and epidermis [8, 9] and the microneedles should be ca-
pable of penetrating to this depth without breaking. Further,
the fabrication process should be easily scalable for mass pro-
duction and to be cost-effective.

Different materials like metal, silicon, and polymers have
been used to fabricate microneedles. While metals are proven
to be biocompatible and have high mechanical strength, the
fabrication processes like LIGA are complex, and there is a
safety risk if the material were to break off in the skin [10]
accidentally. Silicon is the most common semiconductor ma-
terial which has a mature microfabrication ecosystem. Silicon
microneedles of many different shapes and cross-sections
have been reported. But microneedle fabrication using silicon
involves expensive and very controlled processes. In recent
times, polymers are gaining significance as the material of
choice for microneedle fabrication. Organic and some inor-
ganic polymers have been proven to be biocompatible. They
also have good mechanical properties and are amenable to
many different fabrication processes like moulding, light-
curing and embossing which ensure low cost and high
throughput [11]. Many polymers like polylactic acid (PLA)
[12], polylactic-co-glycolic acid (PLGA) [12], polymethyl
methacrylate (PMMA) [10], hyaluronic acid (HA) [13] and
SU-8 [8] have been used for producing microneedles.
Hence, in this work, polymer is chosen as the material for
fabricating the microneedle array.

Different fabrication processes like injection moulding [14,
15], micro-moulding [16], LIGA [17] and photolithography
[8] have been used successfully to fabricate hollow polymer
microneedles. Different types of polymers can be used in in-
jection moulding to create needle arrays within a short time.
The injection moulding processes reported in literature for
creating hollow microneedles either requires a 2-step process
involving laser ablation to create the lumen opening [14] or
moulds having high aspect ratio micro-features to create the
lumen [18]. The requirement of two separate processes, the
issue of mould durability due to the presence of high aspect
ratio micro-sized features and complexity involved in main-
taining polymer melt temperature in the mould makes process
scaling a challenge. Micro-moulding process is a hybrid fab-
rication process combining moulding with photolithography
and so far is used to create bevelled edges at the microneedle
tips. It has been shown that flat tip needles can penetrate hu-
man skin successfully [19], and hence, bevelling would only
increase process complexity. The LIGA process combines
lithography, moulding and electroplating using the complex
and rarely available X-ray lithography process and is mostly
used to realise metal microstructures. On the other hand,
photolithography-based manufacturing is better suited to
achieve high aspect ratio microtube structures with higher
throughput compared to other manufacturing methods.
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Among the different polymers used for creating microneedles,
SU-8 is the best suited to fabricate microneedles using
photolithography.

SU-8 is a negative photoresist that is very well suited for
microneedle fabrication due to its photo-polymerisation prop-
erty allowing the creation of different shapes easily by photo-
lithography compared to other polymers. As it is already used
extensively in the semiconductor industry, it can be integrated
easily into standard microfabrication process lines. It has been
proven to be biocompatible [20] and has good mechanical
properties. Cured SU-8 is hydrophobic unlike other photo-
polymers like PMMA, which ensures that drugs like injectable
insulin do not stick to the needles [21, 22].

Huang et al. [23] reported the development of microneedle
arrays by ultra-violet (UV) lithography process. The patch had
a platform made of polydimethylsiloxane (PDMS) to ensure
that it is flexible. The fabrication process involved multiple
lithographic steps and a simultaneous double mask exposure
that makes the process complicated. The authors did not report
any characterisation results of the patches. The reported height
of the needles was less than 210 wm which, as discussed
earlier, is not sufficient for reaching the junction between the
dermis and epidermis. Ceyssens et al. [8] used a hybrid pro-
cess combining micro-moulding and UV lithography to pro-
duce bevelled tip microneedles. They reported needles of cir-
cular and triangular cross-sections with heights of 800 um
integrated with a 200-pm thick platform of the same material
in a monolithic structure. They used melt casting of SU-8,
which is a laborious process, to achieve a film of desired
thickness. Wang et al. [24, 25] improvised on this and devel-
oped a PDMS mould to create pyramidal and hypodermic
type microneedles. They realised two designs of needle, both
having heights of 1000 um where one had a square cross-
section with a width of 400 um and a circular lumen while
the other had a circular cross-section and a circular lumen with
an outside diameter of 300 wm. However, it may be noted that
the use of PDMS mould is affected by the expansion of the
moulds during pre-bake and also involves an elaborate pro-
cess to produce the inclined walls of the PDMS mould. Thanh
et al. [26] produced microneedles of different heights and a
cross-section of 300 um width using a CNC micromachined
aluminium mould. The large widths of the needles they fabri-
cated may lead to pain during insertion. More recently, Mishra
et al. [27] presented a direct laser writing-based fabrication
method to produce microneedles having a height of 500 um
on a silicon platform with pre-formed vias for fluidic intercon-
nection. They used a non-bevelled needle design as the calcu-
lated skin penetration forces were reported to be well below
the compressive failure load of the designed needles and
thereby reducing process complexity. The process has some
drawbacks like elaborate and complex alignment procedure to
create the vias in silicon, long writing times involved in direct
laser writing and hence low throughput compared to UV
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lithography, low failure load in bending as it is limited by the
adhesion force between SU-8 and silicon.

The commonly used method to achieve a 1-mm thick SU-8
layer, as mentioned above, is the melt casting method. This
method increases the process complexity. Microneedle arrays
having a monolithic structure, where the needles are integrated
with a platform of the same material, have better mechanical
strength and enable fluid interconnection with other compo-
nents in a drug delivery system [8, 24, 25]. In this paper, the
use of a single-step spin coating process, to achieve the de-
sired thickness of ~ Imm SU-8 needed to create a monolithic
microneedle array, is reported for the first time. We present the
fabrication and characterisation of a monolithic SU-8
microneedle array with a platform providing fluid intercon-
nection with other systems. An oxide layer has been intro-
duced on the substrate to reduce damage to needle tips.
Three microneedle geometries are evaluated in terms of their
suitability for drug delivery applications. We report the use of
a non-destructive evaluation technique to visualise and char-
acterise the fabricated needle lumen. To the best of our knowl-
edge, these developments have not been reported in literature.

In Section 2, we present the needle geometries and an outline
of the fabrication procedure. In Section 3, we present the results
of fabrication and characterisation of the fabricated needles.

2 Methodology
2.1 Design

Three cross-sectional profiles of the microneedle shown in
Fig. 1 are considered in this work. Figure 1a shows a circular
needle of diameter d, with a circular lumen of diameter d;.
Figure 1b shows a triangular needle of base h,, with a triangu-
lar lumen of base h;. Figure 1c¢ shows a triangular needle of
base h,, with a circular lumen of diameter d;. The triangles are
isosceles having a height equal to the base.

The pain felt during needle insertion increases with in-
crease in the size of the needle, while the mechanical strength
of a microneedle depends on the size of its base [7, 28].
Diffraction of light from the lithographic patterns causes

Fig 1 Cross-sectional profiles of
the microneedles. (a) Circular
needle body and circular lumen
(Design 1), (b) triangular needle
body and triangular lumen
(Design 2) and (c) triangular
needle body and circular lumen
(Design 3)

tapering of the needle profile. Hence, the dimensions shown
in Table 1 are chosen keeping in mind the limitations of the
fabrication process and mechanical stability of the fabricated
needle. A needle height of 600 pm was chosen to target the
junction between the dermis and epidermis. The wall thick-
ness is kept at 15 um as it is the minimum wall thickness
required to prevent the failure of needles by buckling under
axial load [9]. In the case of the triangular needle with a cir-
cular lumen, the lumen is centred at the incentre of the trian-
gle, and the minimum wall thickness is kept at 15 um. The
design with a circular needle and a circular lumen is one of the
most commonly reported microneedle geometries. Hence, this
design was chosen to compare the characteristics of the
microneedles produced by the present method with those pro-
duced by other methods. The design with a triangular needle
and triangular lumen was chosen to compare the mechanical
strength of the microneedles produced by the proposed fabri-
cation process with those in literature [8]. The design with a
triangular needle and a circular lumen was chosen as the in-
creased annular area is expected to enhance the structural sta-
bility of the needle.

2.2 Fabrication

The fabricated array consists of 100 needles in a 10x10 pat-
tern. These are connected to a platform of the same material
having a thickness of 300 um, thereby producing a monolithic
structure. The patch dimensions are 8.5 mm x 8.5 mm with the
array at the centre.

The fabrication process involves the use of conventional
UV lithography with two masks, as shown schematically in
Fig. 2. SU-8 2150 is used to create the needles. It is a negative
photoresist and is commonly used to fabricate high aspect
ratio structures in the microelectronics industry. The process
starts with a cleaning of the silicon substrate. A p-type <100>
silicon wafer is diced into 3 cm X 4 c¢m pieces. The pieces are
cleaned by washing in boiling acetone and then with isopropyl
alcohol (IPA). After blow-drying the samples with nitrogen,
they are subjected to cleaning with piranha solution (3:1,
H,S04:H,0,) for 5 min to remove any organic residues and
oxidise the surface. Following this, the pieces are placed in

—
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Table 1 Microneedle dimension

Reference Design No Dimension

(um)

Figure 1 a la di=60; d,=90
1b di=80; d,=110

Figure 1 b 2a h;=80; h,=130
2b h;=90; h,=140

Figure 1 ¢ 3a d;=60; h,=146
3b di=80; h,=178

fuming HNOj; for 2 min. This process creates a thin oxide
layer on the silicon surface. They are then washed in de-
ionised (DI) water and blow-dried (Fig 2a). The thin oxide
layer helps in reducing the adhesion between SU-8 and the
substrate [29].

The substrate is then placed on a weighing balance, and
0.3 g cm 2 of SU-8 2150 is poured on it. The samples are then
allowed to rest on a flat surface for 2 min to allow the SU-8 to
spread under its weight. Then it is placed in a spin coater and
spun, first at 200 rpm for 15 s and then at 400 rpm for 45 s at
an acceleration of 300 rpm s . These parameters have been
optimised to achieve a SU-8 film thickness of 900 + 100 um
(Fig. 2b). A single-step spin coating process achieves the SU-
8 film as against the melt casting method reported by [8]. This
reduces the process complexity while retaining the properties
of the resist.

After allowing the spin-coated substrate to rest for some
time, it is subjected to pre-bake to reduce the solvent concen-
tration. This ensures good pattern reproducibility by reducing
photo-acid diffusion and also ensures that the resist does not
stick to the mask during UV exposure. The pre-bake is carried
out on a level hot plate during which the temperature is raised
from room temperature to 110 °C gradually over 5 h. The
samples are held at 110 °C for 7.5 h and then gradually

brought down to room temperature over 6 h. The gradual
ramping up and down of temperature ensures that there are
minimal residual stresses in the SU-8 film.

Now the sample is subjected to UV exposure to realise the
needle body with the lumen (Fig. 2¢). UV light of 405 nm
(Karl Suss MA6/BAG aligner) is used. A 5-mm PMMA filter
is used to filter light below 400 nm in the first exposure. The
absorption coefficient of SU-8 at 405 nm is lower than that at
365 nm, allowing the light to reach and cure regions at the
bottom of the SU-8 film. The exposure energy is 13,500 mJ
cm 2, which is optimised over several trials. The exposure is
carried out over 34 cycles, with each cycle having an exposure
energy of 400 mJ cm * with a 30-s wait time between cycles.
This helps in avoiding the resist from heating up and reducing
photo-acid diffusion [30]. In the second UV exposure, a dif-
ferent mask that covers the lumen area is used. Significant
misalignment compensation is provided in the mask design
itself. UV light of 365 nm is used to create the platform which
holds the needles. Due to the high absorption coefficient of
SU-8 at 365 nm, the top few hundred microns of the SU-8
layer is exposed by controlling the exposure energy (Fig. 2d).
The top layer thus formed creates a monolithic structure with-
out the need for a platform of a different material for providing
a fluidic connection to the drug reservoir or a micropump. The
exposure energy used is 75 mJ cm 2 which is optimised to
achieve a 300-um thick platform.

The sample is then subjected to a post-exposure bake. Here
again, the substrate is kept on a hotplate and gradually heated
from room temperature to 60 °C over 40 min. The sample is
held at 60 °C for 5 min and gradually cooled to room temper-
ature over 1 h. It is followed by development in the SU-8
developer solution (Fig. 2e). Ultrasonication is used to speed
up the development process. Once the individual patches sep-
arate from the substrate, they are again ultrasonicated in the
developer for 2 min to aid better development of the lumens.
They are then rinsed in IPA and blow-dried with a low-
pressure stream of nitrogen (Fig. 2f).

(a) b (c)

- Silicon - Oxide

Unexposed SU-8

- Exposed SU-8

Ul - w w

Fig 2 Steps involved in the fabrication of microneedle array (a) silicon
substrate with a thin oxide layer, (b) Imm SU-8 spin coated and pre-
baked, (c) needle body and lumen created in SU-8 after 1st UV exposure
(d) 300 pum platform with holes aligned to needle lumen, created in SU-8
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by a dose-controlled 2nd UV exposure, (e) structure after post exposure
bake and development and (f) final microneedle patch separated from the
substrate
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3 Results and discussion
3.1 Geometric characterisation

The fabricated microneedles are imaged using confocal mi-
croscopy (Olympus LEXT OLS4000) and scanning electron
microscopy (SEC SNE4500M). For SEM, the samples are
gold coated on a tabletop sputter coater, and a scan voltage
of' 30 kV is used for imaging. The openings at both ends of the
needles along with the height and outer needle dimensions are
measured. The platform thickness is measured using a digital
micrometer. An X-ray computational tomography (CT) anal-
ysis is performed (GE Sensing phoenix v|tome|x s) on the
gold-coated microneedle patches to characterise the inner lu-
men profile. An X-ray tube voltage of 40 kV and a current of
120 pA are used. The X-ray exposure is set at 68 ms, and a
total of 2000 images are taken to construct the tomogram. The
voxel size is 5.3 pm

Several microneedle patches of each proposed design are
fabricated, and the process is found to be repeatable. The SEM
images, some of which are shown in Fig. 3, show needles with
through lumens having a height of 600 + 50 pm and a plat-
form thickness of 300 + 20 pm. A minimum of five arrays of
each design are used for measurements with 2 needles per
array being measured. Table 2 shows the mean and deviation
of these measurements along with the variation between the
designed and achieved dimensions of the needles for all de-
signs considered. As the light bends due to diffraction in UV
lithography, a reduction in the lumen dimension from the
design value is observed as shown in Table 2. The use of
405-nm light and the reduced photo-acid diffusion due to
multi-step exposure reduces tapering of the needle profile.
This allows achieving lumens with diameters as small as 40
um. The use of SiO, layer on the silicon substrate helps to
reduce the tip surface damage by reducing adhesion of patches
to the substrate.

Designs 1a, 2a and 2b showed low fabrication yield. SU-8
is observed to be highly pliable immediately after develop-
ment. This tends to cause some needles in the array of design
la (cylindrical needle and circular lumen) to bend as they are

mechanically weak owing to the small base diameter and stick
to adjacent needles thereby reducing the number of usable
arrays of this design. The needles with triangular lumen show
a higher reduction in lumen dimension with the lumen being
completely blocked in some cases compared to the circular
lumen due to rounding of the sharp triangular corners.

Needles with triangular bodies are straight owing to the
stability of their design. No alignment issues are observed as
the mask design allows for significant misalignment and sharp
latent image of the alignment marks formed in the resist after
the first UV exposure assisted in the second alignment step.
From a geometric perspective, it is found that triangular
needles with circular lumens are closer to the designed
dimensions.

Though Ref. [31] has used X-ray micro-CT to study the
flow passage on the outer surface of a microneedle, to the best
of our knowledge, it is for the first time that X-ray micro-CT is
used to study the lumen in the microneedles in order to detect
the presence of any blockage due to either debris or tapering
owing to the fabrication method. Figure 4 shows the cross-
sectional profiles and 3-D reconstructed images of the
microneedle array of each design. The images show that the
lumens have been formed throughout the length of the
needles. It is also observed that the tapering of the lumen
begins at the point where the needles emerge from the plat-
form. From the cross-sectional profile, it can be concluded that
the fabrication process is capable of producing needles having
a lumen throughout the length of the needle.

3.2 Mechanical characterisation

The patches are subjected to compression tests (load applied
perpendicular to needle patch) using an Instron Micro Tensile
Tester (Instron UTS 5948). This test gives the maximum axial
load the microneedle can withstand. One patch of each design
is stuck to an in-house designed acrylic fixture with a scotch
tape. A plunger is pressed against the needles at 0.08 mm
min ', A micro-force sensor measures the reaction force as

the plunger moves. The needles are deemed to have failed
when there is a sudden drop in the force measured.

Fig. 3 SEM images of microneedle arrays with (a) cylindrical needle and circular lumen, (b) triangular needle and triangular lumen and (c¢) triangular

needle and circular lumen
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Table 2 Comparison of

microneedle dimensions achieved Parameter name

Design no.

Designed value (um)

Achieved dimension (pm)

DIFFERENCE (pm)

with the designed values
la

]

1b

(]

2a

o

2b

]

3a

(5]

3b

S oS oS oS T oo oo

]

60 373+5 22.7
90 857+ 15 43
80 583 +8 21.7
110 1044 + 10 5.6
80 454+5 34.6
130 117+7 13
90 55.6 £10 34.4
140 128+ 5 12
60 46+ 8 14
146 133+7 13
80 63.7+9 16.3
178 162.1 £ 10 15.9

Next, another set of patches, one of each design, are sub-
jected to bending test using the same Instron tester and the
acrylic fixture. The patches are prepared such that each patch
has only one row of microneedles. The jig used for the bend-
ing moment experiments is designed such that the plunger is
offset from the jig face by 600 pm (Fig. 5a). Hence, for all the
microneedles, the point of contact of the plunger and the nee-
dle should be about 300 pm from the base of the needle as the
thickness of the needle patch is 300 + 20 um. This ensures that
the point of bending load application is almost the same for all
the needles. A plunger moves perpendicular to the needle axis
at 0.08 mm min ' and bends one needle at a time until it
breaks. This test gives the maximum bending load that the
needles can withstand.

Figure 6 shows the representative graphs of force versus
displacement values obtained from compression and bending

Design 2

tests. The point in the graph of force versus displacement at
which there is a sudden drop in the force is considered the
force at failure. In the case of compression, the value of the
force obtained is divided by the number of needles to get the
maximum compressive force per needle. It may be noted that
the dimension of the plunger surface contacting the array is
5 mm x 30 mm, whereas the maximum area occupied by the
microneedles in the array is 3.9 mm x 3.9 mm. Hence, the
contacting surface is larger than the area of the needle array.
Also, the total vertical traverse of the plunger, before needle
failure occurs, is around 200 wm which is greater than the
maximum height deviation of 50 um recorded among the
needles in an array. Hence, we can conclude that the plunger
will contact all the needles before the point of failure.
Experiments were repeated three times, and the results show
the variation of failure loads obtained from different

Fig. 4 (Top) 3-D reconstructed images from the CT scan. (Bottom) Cross-sectional X-ray CT images of the microneedles
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Fig. 5 (a) Schematic showing
method of loading in bending and
compression. (b) A photograph of
the setup and the acrylic fixture
used for mechanical
characterisation arranged in the
bending test configuration

Plunger
offset (600 um)

—
\ Fixture —

Bending

experiments in the form of error bars. The error bars indicate
that the results are reasonably well-repeated. Hence, even
though there is no way to quantitatively know the exact num-
ber of needles in contact at the same value of compression, we
do not expect the number of needles compressed to be very
different from each other in each of these tests. To better
understand the effect of compression test on a single needle
rather than an array, a few tests were carried out for Design 3b
and this is reported later.

Figure 7 shows the variation of axial load and bending
loads at failure. It is clear that needles having circular external
geometry (Design 1) fail at a lower value of load, in compar-
ison to that of triangular exterior (Designs 2 and 3). In partic-
ular, Design 3b shows the best performance under both load-
ing conditions. Before we explain the possible reasons behind
these observations, we present a comparison of the compres-
sive load at failure of Design 3b as an array, and as a single
microneedle. As opposed to the compressive load in the range
of 0.6-0.85 N for an array of Design 3b (when expressed as
failure load per unit microneedle), single microneedle was
found to fail in the range of 1.2-1.3 N. These values are
slightly higher than the corresponding values for an array,
thereby possibly indicating that dividing the total compressive
force by the total number of microneedles is a conservative

45 T T T

Plunger

[

Plunger

Needles

X Fixture
Compression

(a) (b)

estimate. However, as shown later, even this conservative es-
timate is higher than the skin penetration force required.

We now analyse the data presented in Fig. 7 more closely.
When subjected to a compressive load, the mechanical re-
sponse of the needles can be treated as columns of different
slenderness ratio (L/r) and area moments of inertia. Table 3
gives these quantities for different designs used in the present
work. For SU-8, based on stress at proportional limit consid-
ered as 60 MPa and Young’s modulus of 2 GPa (from SU-8
2150 material datasheet), the critical value of slenderness ratio
[32] above which columns can be considered long column is
estimated as 9.07. Hence, all the microneedles under consid-
eration here are expected to show buckling if the load exceeds
the critical load for buckling. The critical values of loads for
onset of buckling are given in Table 3. The loads at which the
failures take place are, however, much higher than the critical
compressive load needed to induce buckling, thereby indicat-
ing that the failure occurs because of compression and buck-
ling instability. The same figure also shows that the transverse
loading or bending loads at failure are much lower. This is
because of the possibility of existence of large bending mo-
ment at the base of the microneedles due to their long lengths.
However, as shown in Fig. 7, the forces at failure due to axial
or bending loading for each of the arrays are much larger than

Fig. 6 Typical load vs extension
graph showing failure load in (a) 40+
compression and (b) bending for 35
design number 2a

Failure Load - 40 N
for 100 needles

~

S 204
3

1 0.14 4 - 1
- Failure Load - 0.13 N 4
1 0.12 4 for 1 needle -

T L)
0.0 0.1 0.2 0.3

Extension (mm)

(a)

L ) T )
0.4 0.5 0.08 0.10 0.12 0.14 0.16 0.18
Extension (mm)

(b)
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Design Number

Fig. 7 Failure loads due to compressive (axial) and bending estimated for
each microneedle in an array. Also shown in the same figure are the
estimated skin penetration forces

the skin penetration force. Skin penetration force can be esti-
mated from the knowledge of the puncture pressure and re-
spective needle areas. From literature, it is known that the
puncture pressure required to penetrate the skin is about
3.18 MPa [33]. By multiplying this value with the area at
the respective needle tip, skin penetration forces for each de-
sign can be estimated and are shown in Fig. 7. Thus, from the
tests on an array as well as limited experiments on a single
needle, it is evident that the needles fabricated using the pres-
ent method not only have failure loads well above the estimat-
ed skin penetration force but also the critical load for buckling
for each design is above the skin penetration force. These
polymeric microneedles will not even buckle during insertion
into the skin and hence are safe to use as needles for drug
delivery.

The failure modes become qualitatively apparent from the
SEM images of microneedles taken after compressive and
bending loads. For the purpose of illustrating these effects
qualitatively, Fig. 8 presents SEM images of Designs 1a and

2a. Design la which has about 2.6 times lower moment of
inertia compared to Design 1b not only fails early, as shown in
Fig. 7, but also fails at a much higher height from the base in
comparison to Design 2a. These SEM images, therefore, qual-
itatively portray that buckling plays a more important role in
Design la than in Design 2a. A comparison of locations of
failure under compressive and bending loads indicates that the
height at which failure occurs due to bending is closer to the
base in comparison to that due to compression. This is expect-
ed as the highest bending moment typically occurs at the base.
It is also important to compare the failure loads obtained in
the present work with that available in the literature.
Compared to the failure load of 0.23 N for needles produced
using the melt casting method [8], the needles of similar shape
produced by the presented method show a failure load of 0.33
N. The difference can be attributed to an increase in the final
wall thickness achieved in our case. Thus, it shows that the
present method can produce needles having similar or better
mechanical characteristics as those reported in the literature
but using a simpler fabrication method. Compared to the
microneedles produced by [27], where the needles and the
platform are made of different materials and show a bending
load at failure of around 0.022 N, the bending load at failure in
the case of our needles having a monolithic structure is ob-
served to be an order of magnitude higher. Hence, the mono-
lithic structure improves the bending load at failure of the
microneedles. From the point of mechanical strength of the
needles, triangular needles show higher failure loads in both
bending and compression compared to cylindrical needles.

3.3 Fluid flow characterisation

Patches of Design 1a are found to be mechanically weak with
severe bending of needles being observed after development,
and have lower fabrication yield. Hence, only patches of de-
signs other than la are subjected to fluid flow analysis. The
needle patches are tested individually to measure the

Table 3 Geometric properties of microneedles treated as columns

Design  Length of microneedles Area moment of Cross— Radius of Slenderness ratio, Critical load for

no. used for compression inertia x107° sectional gyration, r L/r, of microneedles buckling
testing based on confocal (um™*) area (um?) (um) used for compression using Euler’s column
microscopy, L testing formula
(um) ™)

la 505.20 2.584 4247.34 27.04 18.68 0.04

1b 606.36 5.176 5145.31 34.00 17.83 0.09

2a 561.20 6.781 5684.00 35.94 15.61 0.09

2b 608.23 8.829 5545.19 39.19 15.52 0.08

3a 582.85 11.934 6298.25 39.04 14.93 0.13

3b 584.60 25.737 9814.41 48.78 11.98 0.27
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Fig. 8 SEM images of Design la
(photographs a and b) and Design
2a (photographs ¢ and d) after
compression test (a and ¢) and
bending (b and d). The circled
area shows location of failure

resistance offered by the microneedles to fluid flow. An acryl-
ic fixture is designed and fabricated to carry out fluid flow
experiments. Figure 9a shows a schematic with different com-
ponents of the experimental setup. The fixture along with the
needle patch is connected to a syringe pump (New Era
Pumping system, NE-1000) and a differential pressure trans-
ducer (Omega PX26-005DV) as shown in Fig. 9b. Water is
flown at a high rate in order to observe a jet of water released
from the needles as shown in Fig. 9¢ indicating that the needle
lumens are not blocked. Next, the syringe pump drives the
flow at preset flowrates and the differential pressure transduc-
er measures the pressure at the inlet of the fixture. A graph of

flowrate vs pressure is plotted, and the slope of this graph
gives the resistance offered by the needle for the flow.
Figure 10a shows the variation of pressure at different flow
rates for Designs 2a and 3a, and Fig. 10b shows the same for
Designs 1b, 2b, and 3b.

It is observed that the fluid flow resistance, which is given
by the slope of the variation in pressure with flowrate in Fig. 10,
increases with a decrease in the lumen size, and a triangular
lumen offers higher resistance to flow than a circular lumen
having similar hydraulic diameters. Table 4 shows the resis-
tance values calculated from experiments. This resistance is
inversely proportional to the number of needles and hence,

Fig 9 (a) Schematic of the fluid
flow characterisation, (b)
photograph of the test setup and
(c) water streaming from the
needle array when flown at high
rate

Syringe Pump Pr. sensor

Syringe Pump

Fixture Microneedle

Pressure
sensor

(a)

Fixture and microneedle
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Fig. 10 (a) Pressure vs flowrate 1.75 1 7 T 7 so] * .+ ' ‘' ‘']
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when arranged in an array, provide minimal resistance to flow
(at the flowrates of 3—4 pL min' typically used for drug de-
livery) compared to that offered by the skin which is around 44
Pa-min uL ™' [34].

For a circular channel with diameter d, the fluid flow resis-
tance can be calculated from the Hagen-Poisuelle equation as:

128ul
wd* (m)

Resistance =

Where 1 is the viscosity of liquid, L is the channel length
(which is the sum of needle height and patch thickness in this
case). The resistance calculated in this way for Design 3b is
27.86 Pa-min L~ which is in close agreement with the ex-
perimentally obtained resistance of 26.1 Pa-min pL™'. From
the resistance values shown in Table 4, we can see that trian-
gular lumen offers higher resistance than circular lumen hav-
ing a diameter equal to the height of the triangle. This is due to
the hydraulic diameter of the triangular lumen being smaller
than the circular lumen. Hence, from a fluid flow perspective,
circular lumen is found to be better than the triangular lumen.

4 Conclusion
In the present work, a single-step spin coating method is used

for preparing SU-8 layers, which are used to fabricate mono-
lithic hollow microneedle arrays along with patches using UV

Table 4 Fluid flow resistance

Design  Achieved lumen Experimental fluid flow resistance

no. hydraulic dia (um) (Pa-min pL )
1b 59.5 24

2a 28.8 170.4

2b 34.7 89.6

3a 50.1 77

3b 65.6 26.1

@ Springer
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(b)

lithography. Using our fabrication process, which is repeatable
and reliable, a large number of patches with needle arrays can
be produced simultaneously, thus facilitating mass production.
Three different cross-sectional profiles with either circular or
triangular-shaped body and lumen were chosen for study. A
non-destructive testing method, which is used to inspect the
needle lumen, along with fluid flow experiments shows that
the fabricated needles have clearly defined lumens. The results
from compression and bending tests show that the fabricated
needles are mechanically robust with failure loads much higher
than the skin penetration force. Hence, the hollow microneedles
presented in this work are capable of penetrating skin without
failure. The monolithic structure of patch and microneedle ar-
ray in our work is probably the reason for higher bending
strength of the needles compared to results reported earlier.
The triangular needle design is able to withstand a bending load
of 0.2 N and an axial load of 0.72 N. In terms of mechanical
strength, the triangular needles show higher failure forces com-
pared to the cylindrical needles. The triangular needles with
circular lumens have the least deviation from designed dimen-
sions while having higher mechanical stability. The needles
with cylindrical lumens provide lower resistance to fluid flow
than those with triangular lumens. Hence, we conclude that a
triangular needle with a circular lumen is the optimal needle
profile among those considered, in terms of mechanical stabil-
ity and fluid flow resistance.
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