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ABSTRACT

In this paper, design, analysis and fabrication of
hollow out-of-plane silicon microneedles for transder-
mal drug delivery (TDD) have been presented. Com-
bination of isotropic and anisotropic etching process
has been used to facilitate the fabrication of micronee-
dles in inductively coupled plasma (ICP) etcher. Us-
ing ANSYS, structural and microfluidic analysis has
been performed before the fabrication to insure the
microneedle design suitability for TDD. In finite el-
ement analysis (FEM), the effect of axial and trans-
verse load on single microneedle has been investigated
to envisage the mechanical properties of microneedle.
The analysis predicts that the resultant stresses due
to applied bending and axial loads are in the safe
range. In computational fluid dynamic (CFD) static
analysis, the fluid flow rate through 5×5 microneedle
array has been investigated by applying the pressure
10 kPa to 130 kPa at the inlet to insure that the
microneedles are capable for flow of drug up to the
desired range for TDD.

Keywords: Silicon Microneedles, Transdermal
Drug Delivery, Structural Analysis, Computational
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1. INTRODUCTION

Transdermal drug delivery (TDD) has been consid-
ered as a patient-friendly method in delivery of phar-
maceutical compounds by eradicating pain, gastroin-
testinal absorption, liver metabolism and degradation
that are associated with conventional drug delivery
approaches such as hypodermic injections and oral
administration of drugs. Drug delivery devices using
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Micro and Nano electromechanical systems (MEMS
and NEMS) technology are progressively being devel-
oped for biomedical applications. The main advan-
tage of the MEMS based drug delivery system is the
ease of mass fabrication of small feature sizes at low
cost and making such systems desirable for commer-
cial applications.

TDD devices can be divided into active and passive
devices based on the technologies used for skin perme-
ation. In passive devices, the methods used for skin
permeation are chemical enhancers, emulsions, and
lipid assemblies as well as biological methods such as
peptides [1, 2, 3]. The most common active methods
of skin permeation are iontophoresis, ultrasound, jet
injectors, electroporation, microneedles, powder in-
jection, ablation, and tape stripping [4]. One of the
major drawbacks of TDD systems has been their in-
ability to deliver the drugs through the skin within
the desired therapeutic range. To overcome this lim-
itation, many studies have been conducted on new
drug delivery methods using emerging micro and nan-
otechnologies. The major focus of MEMS for drug
delivery has been towards the development of mi-
croneedles for minimally invasive TDD applications.
Many developments in the use of micron size needles
have been reported recently to dramatically increase
transdermal delivery. A microneedle array is one of
the most recent methods for drug delivery. It com-
bines the concepts of drug delivery across the skin
using patches and hypodermic injections [5].

A MEMS based microneedle is a needle with di-
ameter and length in micrometers. A microneedle is
different from standard hypodermic needles used in
medical applications as generally the length of the
MEMS based microneedles is less than 1 mm [6].
Thus microneedles are significantly smaller in length
than ordinary needles. Microneedle arrays based de-
vices currently find their way into many applications
in biomedical. The microneedles are used to pene-
trate the outer layer of skin and generate pathways
for drug into the epidermis layer. It causes no pain
induction as the needles have a short length and they
do not arrive at nerves in deeper dermis layer [7].
Microneedles have been fabricated for various pur-
poses. Microneedles with lumen and reservoir were
developed for local delivery with precise dose and con-
trolled release [8]. The idea of using microneedles for
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drug delivery on skin was presented in 1976 by Alza
Corporation [9], but it was not displayed experimen-
tally until 1990s. The microneedles are classified as
in-plane and out-of-plane microneedles based on the
fabrication process. A schematic illustration of in-
plane and out-of-plane microneedles is shown in Fig.
1. In in-plane microneedles, the microneedle shaft is
parallel to the substrate surface. In out-of-plane mi-
croneedles, the length of the microneedles protrudes
out of the substrate surface.

Fig.1: In-plane and Out-of-plane Microneedles
Structure

According to the geometry, the microneedles can
be solid or hollow. In hollow microneedles, an inter-
nal lumen is present which allows fluid flow through
the microneedles. Microneedles have also been made
by metal, polymer, etc. Each material has its own
advantages and limitations. Microneedles also vary
according to structure, tip shape and over all shape.
The detail of microneedles categories is shown in Ta-
ble1.

Table 1: Performance comparisons in term of peak
and average values

Material Overall Tip shape Structure
Shape

Silicon Cylindrical Volcano Solid
Silicon dioxide Pyramid Snake fang Hollow
Silicon Nitride Candle Micro- In-plane
Glass Spike hypodemis Out-of-
Semiconductor Spear plane
Metal Square
Alloys
Polymers

The earliest out-of-plane microneedle array con-
sisted of 100 microneedles with a length of 1.5 mm
was reported in 1991 [10]. Design and development
of MEMS based microneedles are strongly dependent

on the fabrication process. A wide variety of fabrica-
tion technologies have been existed today and major-
ity of these technologies have been derived from pro-
cesses developed to fabricate integrated circuits. Few
of them have been reported in literature to fabricate
microneedles like photolithography [11], deep x-ray
lithography [12], deep reactive ion etching (DRIE)
[13], micro-molding [14], bi-mask technique [15], sur-
face micromachining [16], LIGA [17], hot embossing
[18], UV excimer laser [19], laser micromachining [20],
coherent porous silicon etching (CPS) [21], injection
molding [22], and micropipette pulling technique [23].
In these processes, silicon and polymer can be used
as substrate materials for microneedles fabrication.
Following researchers have used silicon as substrate
material to fabricate the microneedles [24-30]. The
application of silicon as the substrate material is still
dominant because of some excellent mechanical prop-
erties, electrical properties and possibility to directly
integrate circuit on the transducer’s substrate.

With the help of anisotropic etching process, deep
holes or free standing structures can be fabricated
in silicon. These high aspect ratio structures are
of considerable interest in developing micro size de-
vices for various applications. This process of fabrica-
tion is generally referred to as deep reactive ion etch-
ing (DRIE) process. Silicon is anisotropically etched
by DRIE process in a commercially available etch-
ing machine called inductively coupled plasma (ICP)
etcher. ICP etcher fabrication process involves a
plasma source and a combination of sequential etch-
ing and polymer deposition. With the help of ICP
etching, high aspect ratio structures up 30:1 can be
achieved. ICP etcher uses SF6 gas for etching cycle
and C4F8 gas for passivation cycle. DRIE using ICP
etcher is commonly called the BOSCH process. In
ICP etching process, plasma and gas pressure/flow
parameters need to be controlled to achieve desired
etch characteristics and profile.

The most significant work on microneedles for
transdermal drug delivery applications began in 1998
when fabrication of 150 ?m long solid silicon mi-
croneedles was reported using DRIE process [31].
Biodegradable polymer microneedles were fabricated
by vacuum casting of polyglycolic acid in a silicon
mold [32]. Hollow microneedles with reservoirs have
been developed for transdermal drug delivery to elim-
inate problem of fluctuation in daily dosage to re-
duce side effects [33]. Out-of-plane hollow metallic
microneedles were fabricated with SU-8 mold and
backside exposure by metal deposition technology
[34]. Inclined LIGA process was developed to fab-
ricate microneedle array using polymethyl methacry-
late (PMMA) [35]. Micromachining methods in metal
and polymer have their own limitations. Therefore,
the above mentioned methods are complicated to fab-
ricate microneedles. Silicon as substrate has been
widely used to fabricate the out-of-plane micronee-
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dles for drug delivery applications.
In this work authors present the design, struc-

tural analysis, microfluidic analysis and fabrication
of cylindrical silicon hollow out-of-plane microneedle
array for drug delivery applications. Using ANSYS,
structural and computational fluid dynamic (CFD)
static analysis have been conducted before the fab-
rication to envisage the suitability of microneedles
design for drug delivery. Mechanical strength of mi-
croneedles and fluid flow rate through the micronee-
dles have been investigated in the structural and mi-
crofluidic analysis. The present study provides useful
predicted data to fabricate suitable drug delivery de-
vice.

2. FABRICATION PROCESS

The proposed fabrication process of microneedles
and reservoir involves isotropic and anisotropic etch-
ing processes using standard silicon wafers. The de-
sired shape of microneedle structures is achieved by
controlling the etch times at various processing steps.
Three set of chrome masks have been fabricated. Mi-
croneedle Mask MN1 has been used to fabricate mi-
croneedle outside shape. Microneedle mask MN2 has
been used to fabricate inner hole called lumen while
the third microneedle Mask MN3 has been used for
backside reservoir etching. The fabrication process
involves many steps. The stepwise fabrication pro-
cess of microneedles is shown in Fig. 2. The first
step involves wafer cleaning of single sided polished
6” Si wafer with Piranha solution and de-ionized (DI)
water (Figure 2 a). The silicon wafer is then blown
dry with air gun. The second step is to cap photore-
sist mask (Fig. 2 b). This step involves various sub
steps such as spin coating photoresist AZ4620 3000
rpm, soft bake (120-180 sec 110 ◦C, expose wafer, de-
velop in developer solution AZ 400K and hard bake.
Then isotropic silicon dry etching of silicon wafer with
ICP etch tool is done using SF6/O2 gases for outside
shape of microneedle tips in standard photolithogra-
phy process (Etch depth = 15 µm) (Fig. 2 c). Then
photoresist is stripped off and wafer is cleaned. The
next step is to thermally grow silicon oxide layer on
both sides of the wafer in oxidation furnace by wet
oxidation at 1000 ◦C.

Then each side of wafer is protected by capping
with another wafer for mask oxide etching and then
photoresist is striped off. To perform first ICP etch-
ing, the photoresist is first coated with 5 µm thick-
ness. The etching depth for first ICP etch is 150 µm
(Fig. 2 d). This is followed by second ICP etch up
to 200 µm. Then wafer is caped with another mask
(Fig. 2 e) and third ICP etching is done to make
the reservoir on the backside of the wafer (Fig. 2 f).
The final steps involve release, oxide etch and dicing.
The fabricated microneedles are shown in results and
discussion section of the paper.

Fig.2: Fabrication Process of Hollow Silicon Out-
of-plane Microneedles

3. THEORETICAL ANALYSIS

3.1 Mechanical Design of Microneedle

The microneedle design is cylindrical. L presents
the length of microneedle that is limited up to 200
µm. The internal diameter (Di) of microneedle is 60
µm and outer diameter (Do) of microneedle is 150
µm. Pi and Po represent the inlet and outlet pres-
sures. Q presents the flow rate. The centre-to-centre
distance of the microneedle in array is 1000 ?m. The
fluid reservoir is designed on the backside of the mi-
croneedle. A schematic illustration of the design of
single microneedle is shown in Fig. 3.

Fig.3: Design Specification of Single Silicon Mi-
croneedle



86 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.9, NO.1 February 2011

3.2 Microneedle Mechanics

The microneedles experience resistive forces by
skin when inserted into skin. Therefore, in order
to penetrate the microneedle into the skin, the ap-
plied axial force on microneedle should be greater
than the skin resistive forces. An axial force acts
on the microneedle tip during insertion. This axial
force is compressive and causes buckling of the mi-
croneedle. Failure of microneedle is possible during
skin insertion due to bending or buckling. The ax-
ial force can be reduced by decreasing the tip area of
the microneedle. As buckling is directly related with
compressive force, which acts during insertion, sharp
microneedle tip reduces buckling. Hence insertion of
microneedle into the skin becomes easy. The bend-
ing may also occur due to uneven surface of skin or
human error. Hence, the design of microneedle is im-
portant for proper delivery without any failure. The
axial force (compressive force) which the microneedle
can withstand without breaking is given by (1).

Fcompressive = σyA (1)

Where, σy is yield strength, and A is cross sec-
tional area of the microneedle tip which is very small.

The cross sectional area of hollow cylindrical sec-
tion is A = π

8 (D4
0−D4

i ). Where, Do is the outer diam-
eter and Di is the inner diameter of the hollow cylin-
drical section of microneedles. The yield strength of
silicon is 7 GPa.

FBuckling =
π2EI

L2
(2)

Where, E is young’s modulus, I is moment of
inertia, and L is length of the microneedle. Mo-
ment of inertia for the hollow cylindrical section is
I = π

64 (D4
o + D4

i ).
Needle always penetrate into the skin with par-

ticular angle. There is a risk involve in microneedles
fracture during skin puncturing. The bending force at
which the microneedle can withstand without break-
ing is given by (3).

FBending =
σyI

cL
(3)

Where, c = D
2 is the distance from vertical axis to

the outer edge of the section.

3.3 Microfluidic Analysis

The design of microneedle is cylindrical, so
Poiseulle’s law is considered to measure the fluid flow
through microneedle array during microfluidic analy-
sis and given as:

Q′ =
πD4

i V P

64µL
(4)

Where, Q′ is the flow rate, Di is the inner diameter
of microneedle and ? is the viscosity.

Modified Bernoulli equation is considered to model
the geometry of microneedles. The pressure loss is
calculated by considering the friction losses and given
by [38]:

P1

pg
+

V1

2g
+Z1 =

P2

pg
+

V2

2g
+Z2+

fl

d
+

V 2

2g
+

∑ KV 2

2g
(5)

Where, P1 is inlet pressure, P2 is outlet pressure, V1 is
inlet velocity, V2 is outlet velocity and f is friction fac-
tor.Since the cylindrical section is symmetrical about
a vertical axis, the outlet pressure, velocity and the
distances (Z1 and Z2) remain the same. The friction
factor for laminar flow is given as f = 64

Re [38].

4. NUMERICAL SIMULATION

Using ANSYS, two different types of simulations
have been conducted before the fabrication of mi-
croneedles to envisage the suitability of microneedles
design for drug delivery. Single microneedle was mod-
elled in structural analysis to investigate the mechani-
cal properties of microneedle. In microfluidic analysis
the fluid flow rate was investigated through 5?5 mi-
croneedle array. Finite element method (FEM) has
been used in these analyses.

4.1 Structure Analysis

FEM was used to perform the structural analysis of
the microneedle. During skin insertion, microneedle
experiences various forces such as axial force, bending
force, shear force etc. Single out-of-plane micronee-
dle was modelled with fixed base and free tip end
for the bending and axial stress analysis. The struc-
tural model was built by using element SOLID 95,
which is mostly used to model silicon material. Lin-
ear isotropic material properties of silicon were used
for FEM analysis. The Young modulus of 169 GPa
and Poisson ratio of 0.22 were considered for struc-
ture analysis. The fracture strength of silicon is 7
GPa that has been considered during structural anal-
ysis of microneedles [38]. In the simulation study,
bending and axial stress analyses were performed by
applying transverse and axial loads respectively. The
range of transverse load is assumed according to the
fracture strength of the material and can be calcu-
lated from equation 3. For the microneedle failure
analysis, stress at the fixed end (bottom) of the mi-
croneedle was taken into consideration. Fig. 4 shows
the simulation result at the bottom of the micronee-
dle for the applied bending force of 8.2 N at the tip.

It was found in the numerical solution that the
maximum stress of 5.05 GPa occurs at the bottom of
the microneedle for the applied bending force, which
is below the yield stress of the material. The skin of-
fers resistive forces during skin puncturing. The value
of that resistive force is 3.18 MPa [39]. Hence, to
overcome this skin resistance, the microneedle must
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Fig.4: Bending Stress Analysis

withstand the load more than 3.18 MPa. To show
the effect of this resistive forces on the structure of
the microneedle, FEM analysis was performed. The
effect of applied axial load on the free end of the mi-
croneedle is shown in Fig. 5. The maximum stress
occurs inside the lumen section of the microneedle,
which is well below the yield stress limit with negligi-
ble deflection. The result shows that the microneedle
design is strong enough to penetrate into the human
skin without failure.

Fig.5: Axial Stress Analysis

4.2 Microfluidic CFD Static Analysis

In this simulation, CFD static analysis has been
performed to predict the fluid flow rate through the
microneedle array. The pressures of 10 kPa to 130
kPa were applied on the inlet of microneedles. Ace-
tone was considered as working fluid in fluid domain.
The outlet pressure was assumed to be zero. The
friction factor 0.05 has been considered during flu-
idic analysis. The pressure distribution through 5×5
microneedle array at applied pressure of 130 kPa is
shown in Fig.6.

The maximum fluid pressure of 1.036e5 has been

Fig.6: Pressure Distribution for 5× 5 Microneedles
Array

observed through each microneedle. Simulation re-
sults shows that the fluid flow is uniform through
each microneedle. Fig. 7 shows 3D view of fluid flow
through the microneedles during CFD static analy-
sis. The velocity profile in CFD static analysis at the
applied pressure of 130 kPa is shown in Fig. 8.

Fig.7: 3D View of Fluid Flow through Microneedle

The maximum fluid velocity of 1.458e1 was ob-
served through each microneedle in CFD static analy-
sis. The velocity of fluid increases in the microneedle
lumen section due to small area and zero pressure at
the outlet. Due to frictional losses between fluid and
wall, the velocity of the fluid is less at the wall area
of the lumen as compared to the central region of the
lumen section.

5. RESULTS AND DISCUSSIONS

In this work the simulation and fabrication of mi-
croneedles have been presented. The simulation has
been conducted using finite element software ANSYS.
Microfluidic and structural analysis have been per-
formed in simulation. Various forces have been in-
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Fig.8: Velocity Profile in CFD Static Analysis

fluenced by microneedles during skin penetration like
bending, resistive, buckling, lateral and compressive
forces. The structural analysis has been performed
in ANSYS to predict the effect of these forces for the
proposed design. In structural analysis, the deflec-
tion along the length of microneedle at applied force
8.2 N is shown by Fig. 9.

Fig.9: Deflection along the Length of Microneedle

Microfluidic analysis has been conducted to inves-
tigate the fluid flow through the lumen section of mi-
croneedles using ANSYS. The pressure drop in the
lumen section can also be calculated by using equa-
tion 5. In microfluidic analysis friction factor was
considered 0.05. In static CFD analysis, the relation-
ship between pressure and velocity of fluid is shown
in Fig. 10.

In CFD static analysis, the variation in the fluid
velocity along the length of microneedle is shown in
Fig. 11.

The variation in the fluid pressure along the length
of microneedle is shown in Fig. 12.

Hollow out-of-plane silicon microneedle array has
been fabricated successfully using a series of com-
bined isotropic and anisotropic etching processes in
ICP etching machine. Wet etching was used for front
and back side mask oxide etching. The microneedle

Fig.10: Pressure Vs Velocity in Static Analysis

Fig.11: Velocity Variations in CFD Static Analysis

Fig.12: Pressure Variations in CFD Static Analysis

tip was fabricated by isotropic etching using SF6/O2

gases in ICP etcher. The BOSCH process was used
for outer vertical shape, lumen and backside etching.
The scanning electron microscope (SEM) image of the
fabricated microneedle array is shown in Fig. 13.

Different researchers have been involved in test-
ing of microneedles on chicken skin [40], mouse skin
[41] and human skin [42]. In this work the success-
ful fabrication of hollow out-of-plane silicon micronee-
dles has been done. The simulation results show that
the design of fabricated microneedles is suitable for
biomedical applications. The testing of fabricated mi-
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Fig.13: SEM Image of Silicon Microneedle Array

croneedles will be performed and presented in future
work.

6. CONCLUSION

This paper presents the simulation and fabrica-
tion of high aspect ratio hollow out-of-plane silicon
microneedle array for transdermal drug delivery and
other biomedical applications. The fabrication pro-
cess of hollow silicon microneedles involves combina-
tion of isotropic and anisotropic etching process us-
ing ICP etching technology. The structural analysis
of silicon microneedles using ANSYS has been per-
formed to predict the stress distribution. Simulation
results show that the maximum stress of 5.05 GPa
occurs at the bottom of the microneedle for the ap-
plied bending force of 8.2 N, which is below the yield
stress of the material. The CFD static analysis has
been conducted to predict the fluid flow rate through
the 5 × 5 microneedle array. The presented research
work provides useful information and predicted data
to fabricate optimized designs of hollow out-of-plane
silicon microneedle array for biomedical applications.
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