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“Many of life’s failures are people who did not realize how close they were to success when

they gave up.”

Thomas Edison






Abstract

The main purpose of this thesis is to develop a blood-sampling device for extracting whole
blood from patient’s fingers. Polymer-based microneedles array has been chosen and de-
veloped. Despite that the concept of microneedle has been intensively studied since several
decades ago, the fabrication still remains very challenging. Major challenges concerns the high
aspect ratio of microneedle structure (length > 1500pm, wall thickness ~ 100xm), diminutive
and sharp tip. In addition, the microneedles have to be sufficiently strong to avoid fracture
and cracks during practical implementation. This thesis covers a total process chain from
design, fabrication to performance evaluation of two microneedle designs: traditional-shaped

microneedle and pyramid-shaped microneedle.

The first key contribution of this thesis is a highly applicable theoretical model for the op-
timization of microneedle geometry. The proposed model has been developed to predict the
fracture forces. The geometry of microneedle can be optimized to have the highest fracture
strength, thus minimizing the failure possibility and increasing safety. A good agreement was
observed between the results obtained from analytical solution and from finite element anal-
ysis. The improved strength of pyramid-shaped microneedle was also confirmed by practical
measurements of fracture force. The results showed that pyramidal tip is stronger than bevel

tip with the fracture force of 2.82N compared to 0.51N of bevel tip.

The second contribution of this thesis is a simple, direct and robust method (method 2)
proposed for fabrication of SU-8 microneedles. Double exposure is the core technique in
method 2, consisting of two exposure steps with high and low exposure dosage, respectively.
This fabrication method was initially introduced to improve the remaining challenges of a
previously proposed mold-based method - method 1: replication of microneedles. To optimize
the process, most of the important fabrication factors were investigated through three main
scenarios conducted on three different sloped walls materials: PDMS, SU-8 and aluminum.
A CNC-machined aluminum substrate with sloped walls, coated with Cr/Au, showed a big
advantage for releasing the microneedles with sharp bevel tips. Microneedles with average
tip-size of 23um were feasible with a single-step of SU-8 lithography. Microneedles can be
fabricated with a length up to 1500um with an aspect ratio of 15.

For practical verification of the fabricated microneedles, skin penetrability was investigated
on human fingers. Fabricated microneedles with the proposed designs were sharp and strong
enough to puncture the human skin safely. There was blood coming out at several insertion

sports, indicating that the microneedle may be long enough to reach the blood vessels.
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Chapter 1

Introduction

1.1 Research context and motivations

Early diagnosis or pre-disease detection plays a vital role in the adequate selection of suitable
therapeutics to increase the patient survival rates. Early detection is urgently required to
be highly sensitive and extremely accurate for reliable results. Motivated by the valuable
advantages of pre-cancer detection, SelfPOCNAD project has been proposed to develop an
industrial prototype for a rapid detection platform. The platform is designed to operate
with five main functions of automated patient samples collection, pre-treatment, preparation,
analysis and target detection [1]. Although the original concept was designed for Cervical
Cancer Screening, the platform may also be used for diagnostic of other blood-related disease.
The project focuses on sampling and analyzing of human blood, one of the most valuable
source of body fluids that can indicate various stats of health and disease. As a part of
SelfPOCNAD project, this thesis aims to construct the first stage of the detection platform
i.e. sample collection device. By taking the advantages of microneedle, a pathway for optimal
collection of whole blood is provided. The chosen type of microneedle in this thesis is polymer

based microneedle.

Firstly, in order to answer the question of why hypodermic needles have been replacing by
other potential alternatives such as microneedles, several issues of hypodermic needle need
to be addressed. Historically, hypodermic needle is the most effective method, a traditional
pathway for blood withdraw carried out by invasive techniques. It has been a standard for
effective transportation of body fluids/drug. However, there are several challenges associated
with hypodermic needles, from physical problems such as insertion pain or tissue trauma to
psychological problems such as patient discomfort or needle phobia reported by Halminton
[2]. Needle phobia is a problem comes from patient’s fear of sharply pointed objects like

the hypodermic needles. In addition, there is a lack of convenience and user-friendly ability

1
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with hypodermic needles [3]. The requirement of expertise and specialized medical knowledge
for implementation is the biggest challenge [4], especially for patient who need periodic and

continuous monitoring, e.g. diabetic patients [5].

A Dbetter way to collect blood is to perform the injection at patient’s fingers. However, blood
vessels at human fingers are relative small than the tip of a hypodermic needle. The typical
size of hypodermic needles used in blood collection is bout 20 to 22 gauge (0.7176mm to
0.9081mm in outer diameter and 0.41mm to 0.6mm inner diameter [6]), whereas the blood
vessels are ranging from 0.3mm to 0.5mm. In addition, hypodermic needles are manufactured
with a sharp beveled tip (12° to 15°). The opening area at beveled tip is approximately 5-
10 times larger compared to the inner area of microneedle hollow. Moreover, the blood
circulation in fingers is poor, leading to the problems of collecting blood when hypodermic
needle is utilized. With old, disable or sick patients, normally they do not have optimal blood
circulation at their fingers. Therefore, the proposed design of 9-microneedle array may help

in this situation to obtain larger volume of collected blood for further process.

As an alternative for hypodermic needles, microneedle has become an interest research topic
since decades ago. In this thesis, microneedle is chosen with the expectation of higher capabil-
ity to handle whole blood was introduced. Its advantages have been reported by numbers of
studies, in this chapter a short overview is given as follows: painless injection [7, 8], portability,
higher transport efficiency in blood collection and the ability to precisely control the amount
of collected blood. Therefore, microneedle has become a very promising research topic for
enormous potential applications. After more than two decades, its extraordinary properties
and various applications have been very well exploited. However, there are still numbers of
challenges with the manufacture of microneedles, especially in geometric optimization and
methods for fabricating microneedles. In fact, geometrical features such as: shape of the tip
(truncated tip, tapered [9], hypodermic-needle-like [10]), tip angle, base width or tip width

can directly affect mechanical strength and stability of the microneedles.

For the purpose of blood collection, in addition to the typical requirements of sharp tip,
hollow structure, microneedle length is required to be longer than 1500um in order to reach
the blood vessels [11]. With that gigantic length, the fabrication problems may become more
challenging to obtain high aspect ratio structures. However, with LIGA like photolithography
with SU-8 negative tone photoresist, it may be able to produce the microneedles with satisfied
geometrical features. The well-established technique of UV lithography can also be utilized

with SU-8 for lost-cost manufacture.

In this thesis, the study begins with the geometric optimization followed by fabrication and
characterization of microneedles. There are four motivational question to be answered in this

thesis.
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Question 1: What is the optimal design of microneedle for the whole blood collection? And

how to construct it?

Question 2: Is it possible to fabricate and integrate the microneedle array with the proposed

geometry? If yes, what kind of technologies can be applied to fabricate it?

Question 8: Whether the microneedles as proposed in this thesis can safely penetrate the

human skin and can it survive after penetration process?

Question 4: How to evaluate and test it? Does it cause pain or uncomfortable feeling during

implementation

1.2 Research studies, Contributions and Publications

1.2.1 Research studies

Study 1: Structural analysis: an optimization of microneedle geometry based on the investiga-
tion of failure mechanisms: critical buckling load and bending strength. Study 1 is presented

in chapter 3.

Study 2: Process optimization for fabrication of polymer-based microneedle array. Study 2

is presented in chapter 4.

Study 3: Fabrications of microneedles: pyramid-shaped microneedles (PMNs) and traditional-

shaped microneedle (TMNs). Study 3 is presented in chapter 4.

Study 4: Performance evaluation: measurements of fracture force and skin penetrability test.

Study 4 is presented in chapter 5.

1.2.2 Contributions

Main contributions of this thesis are:

Contribution C1: A theoretical model to study the fracture forces of microneedles for geom-

etry optimization.

Contribution C2: A simple, robust method with high throughput and good repeatability to

fabricate microneedles on CNC-machined aluminum sample.

Contribution C3: A simple solution, namely ”separated lines”, to solve the problem of wafer

bending caused by large CTE mismatch between SU-8 and silicon wafer.
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1.2.3 Publications

Publications enclosed in this thesis

P1: Hoa Le Thanh, Hai Le The, Nhut Tran-Minh, Vy Nguyen, Frank Karlsen, ”Optimal
design and fabrication of polymer-based microneedle for safe collection of whole blood”,

submitted to Special Issue for Micro and Nano Letters, May 2014.

P2: Hoa Le-Thanh, Nhut Tran-Minh, Hai Le The, Frank Karlsen, ”A Novel Design of
Hollow Microneedle for Blood Extraction”, in Proc. of IEEE-International Conference on
Nano/Micro Engineered and Molecular Systems, pp. 430-435, April 2014.

P3: Hoa Le-Thanh, Nhut Tran-Minh, Hai Le The, Frank Karlsen, ” A Study on Mechanical
Strength of Pyramid-Shaped Microneedle”, in Proc. of IEEE-Middle East Conference on
Biomedical Engineering, pp. 29-32, February 2014.

Publications not enclosed in this thesis

P4: Hai Le The, Hoa Le Thanh, Nhut Tran-Minh, and Frank Karlsen, ” Optimal design of
an effective passive micromixer with shifted trapezoidal blades using wide Reynolds number

range”, accepted by Journal of Micromechanics and Microengineering May 2014.

P5: Hai Le The, Nhut Tran-Minh, Hoa Le-Thanh, Frank Karlsen, ” A Novel Micromixer
with Multimixing Mechanisms for High Mixing Efficiency at Low Reynolds Number”, in
Proc. of IEEE-International Conference on Nano/Micro Engineered and Molecular Systems,

pp. 651-654, April 2014.

P6: Hai Le The, Nhut Tran-Minh, Hoa Le-Thanh, Frank Karlsen, ” A Novel Passive Mi-
cromixer with Trapezoidal Blades for High Mixing Efficiency at Low Reynolds Number Flow”,
in Proc. of IEEE-Middle East Conference on Biomedical Engineering, pp. 25-28, February
2014.

P7: Nhut Tran-Minh, Hoa Le-Thanh, Frank Karlsen, ” Analytical and Numerical Ap-
proaches for Optimization Design of MEMS Based SU-8 Microneedles”, ACBIT2013, Japan.

To be published in: Computer Methods and Programs in Biomedicine.

1.3 Thesis Structure

The dissertation is structured as six chapters. Following this chapter of introduction, chapter
2 presents the project background as well as the literature review of the previously proposed

works in relation to microfabricated microneedles. Chapter 3 presents the development of
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analytical solution for structural fracture analysis based on different failure mechanisms. In-
tensive calculations and simulations are accompanied for a detailed verification. Based on
the obtained results, this chapter ends with the proposal of an optimal geometry for blood
collection microneedle. n the following chapter, fabrication of the proposed microneedles are
presented in chapter 4 ,including: mask designs, fabrication processes and optimization of
lithography parameters. Fabricated results will be depicted with optical and SEM pictures
followed by a short discussion from the experimental results. Chapter 5 describes the proce-
dure to evaluate the performance of microneedles in terms of mechanical strength and skin
penetrability. In chapter 6, the most valuable obtained results are summarized and con-
cluded upon. In addition, an outlook for suggested future works is given for improvements
of microneedle design and fabrication. Appendix A presents the mathematical derivations in
addition to the mathematical frameworks in chapter 3. Appendix B presents the details of the
second key contribution (Contribution C2). Lastly, three relevant publications are enclosed

in the end of this thesis.






Chapter 2

Background

2.1 Microneedle

Over the past two decades a tremendous amount of studies in the area of microneedle-based
devices have been carried out since its first discovery by Albert Pisano [12]. Typically, the
microneedles can be classified into two types: in-plane microneedle (longitudinal axis parallel
to the fabricated substrate) and out-of-plane microneedle (longitudinal perpendicular parallel
to the fabricated substrate). In 1998, Mark Prausnitz et al. introduced the first ”out-of-
plane” solid silicon microneedle. They demonstrated the improved skin permeability of their
proposed microneedles. This study opened a new trend for the development of pain-free
micromachined microneedles. Some years later, in 2005, Stoeber et al. [13] reported the
first hollow silicon-based microneedle. An out-of-plane, 200um tall hollow microneedle was
fabricated by isotropically wet etching of silicon with the hollow diameter of 40um. They
also studied the skin penetrability by performing shallow injections into the dermis layer,

thus enhance possibility of painless epidermal drug delivery.

Based on the ideal of hollow microneedle that might exhibit in the same pathway as con-
ventional hypodermic needles for interstitial fluid and blood collection. Recently, a few
demonstrations of invasive transdermal collection of interstitial fluid and blood have been
reported, using the microfabricated microneedle-based devices. In 2002, Griss and Stemme
[14] introduced a novel design of side-opened hollow microneedle that might provide better
fluid transfer. Two years later Mukerjeea et al. [5] demonstrated the ability to extract inter-
stitial fluid from human body to measure glucose concentration for monitoring of diabetic.
The driving force for extraction process is the capillary force in needle hollows. On the same
purpose, Tsuchiya et al. [15] developed a compact human blood sampling device integrated
with an actuator, micropump and a titanium microneedle for monitoring of blood glucose.

For whole blood collection, the extraction speed of 2uL/min might be achieved through a

7
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microneedle with the inner diameter of 25um. In one of the most recently studies, Li et al.
[11] introduced a functional prototype blood-sampling device with a single metallic micronee-
dle as shown in Fig. 2.1a. Practical tests on the extraction ability were conducted on the
tail artery of the mouse as shown in Fig. 2.1 . With a hollow structure with 15° beveled
tip and an actuator chamber (see Fig. 2.1b), the experiments showed that their proposed
microneedle was able to collect a 20ul. volume of mouse blood. They also pointed out that
for blood-sampling on human fingers, the most important geometrical factor is microneedle

length (~1500um), along with the requirements of hollow structure and sharp tip.

FIGURE 2.1: Blood-sampling device developed by Li et al. [11]. (a) a nickel electroplated
microneedle with 15 15° beveled tip, (b) injection of microneedle into the tail artery and
illustration for the extracted blood.

In the progressive manner, the predominant materials for constructing the fabricated mi-
croneedles are silicon and metal [16]. With conventional MEMS technologies, silicon-based
microneedles have achieved an extraordinary attention as reported in many previous studies
[14, 17-19]. In 1998, Henry et al. [17] introduced a micromachined solid microneedle fabri-
cated (see Fig. 2.2a) based on the method of black silicon. The microneedle shafts and sharp
tips were left behind the etching mask after underetching of silicon with reactive ion etching
(RIE). For high aspect ratio structures, one frequently-used technology, which have been ap-
plied in a wide range of previously proposed studies, is deep reactive ion etching (DRIE). In
standard MEMS technology, DRIE is one popular option to obtain high aspect ratio silicon
microneedles. In 2002, Griss et al. reported that a side-opened silicon microneedle (see Fig.
2.2b) fabricated by deep reactive ion etching (DRIE) might be feasible for transdermal liquid
transfer [14]. Two years later, Mukerjeea and his group [5] reported two designs of ”hypo-
dermic” microneedle (see Fig. 2.2¢) and volcano-like silicon microneedle (see Fig. 2.2d) for
transdermal blood sampling. DRIE was performed on both sides of the substrate to obtain the
high aspect ratio of about 25. The microneedles with the tip-size of 2pm was manufacturable
by using isotropic wet etching of silicon. Although the field of silicon-based microneedles

is attractive with well-established technologies and infrastructure, the fabrication cost still
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remains relatively high for commercializing and mass-production. Moreover, in the biological
domain, silicon-based microneedles problematic with risks associated during implementation,
especially with its unproven biocompatibility and the brokenness of microneedle inside the
skin. Since silicon is fragile, hard but very brittle [20], the possibility of brokenness of mi-

croneedles inside the skin is therefore considerably high for practical operation.

X338 100rm WOI17

FIGURE 2.2: Recently proposed silicon-based microneedles. (a) micromachined solid mi-
croneedle fabricated by RIE of silicon, fabricated by Henry et al. [17], (b) side-opened silicon

microneedle fabricated by Griss and Stemme [14], (¢) "Hypodermic” microneedle and (d)
volcano-like silicon microneedle fabricated by Mukerjeea et al. [5].

For microneedles that need high structural strength, metal is especially attractive with its
improved mechanical properties compared to silicon. Strong, cheap metals with good bio-
compatibility are highly desirable, for example: titanium, platinum or nickel are the most
frequently-used metals to construct the microneedles. In 2005, Tsuchiya et al. [15] produced
an automatic blood extraction system integrated with a titanium microneedle using as a
blood collector. The sputtered Ti microneedle was fabricated at the same size of a female
mosquito’s labium: 1mm tall, 60um outer diameter and 25pum inner diameter as shown in Fig.
2.3a. Sputtering deposition was utilized. The system was proved to be able to collect fluids
in a speed of 2uL/min. In another studies, Davis et al. [21] proposed a robust, inexpensive
fabrication method to construct a 500um-tall nickel microneedles (see Fig. 2.3b) for in vivo
insulin delivery. By using a pre-fabricated polymer molds, a 10um-thick nickel layer was elec-
troplated onto a conductive seed layer (Ti-Cu-Ti: 35nm-650nm-35nm). Similarly, Kim et al.

[9] introduced a process to fabricate electroplated Ni microneedles based on a pre-fabricated
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SU-8 molds (see Fig. 2.3¢). To obtain the SU-8 molds, backside SU-8 exposure was conducted
on a glass substrate to form 400um tall tapered SU-8 pillar. A 20um-thick electroplated Ni

layer was performed onto the SU-8 pillar, the tips were then opened by mechanical polishing.

Conventional

i \ | K T e el
needle P | e ¥ i Vi ‘ ! ‘ [ I
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FIGURE 2.3: Recently proposed metallic microneedles. (a) Ilmm tall sputtered Ti micronee-

dle fabricated by Tsuchiya et al. [15], (b) 500um tall tapered electroplated Ni microneedle

array fabricated by Davis et al. [21], (¢) 400pum tall hollow cylindrical metallic microneedles
fabricated by Kim et al. [9].

To construct a polymer mold for fabrication of metallic microneedles, drawing lithography is
a new approach for fabricating ultrahigh aspect ratio polymer structures [11, 22]. In 2010,
Lee et al. [22] introduced a process to fabricate ultrahigh-aspect-ratio (over 100) microneedles
by applying draw lithography to obtain 2000um-tall SU-8 pillars (see Fig. 2.4a). Nickel was
then electroplated on SU-8 conducted with 0.5M Tollens’ reagent. The tips of SU-8 were
protected during electroplating process by coating with enamel - an electroless material. The
microneedles were released by 1-hour stripping in SU-8 remover. Inner diameter at tips was
measured about 20um. In the same way to produce polymer molds, Li et al. [11] fabricated
a 1800um tall nickel microneedle to demonstrate the collection ability of blood (see Fig.
2.4b). The beveled angle of the tips were precisely formed by laser cutting. In general,
metallic microneedles are still fragile and the risk of brokenness still remains. The metal
deposition process was conducted on a pre-fabricated microneedle-shaped molds. Moreover,

the fabrication process is normally serial and still expensive [20].

Many researchers started to investigate the potential of polymers in fabrication of micronee-
dles. By using biocompatible polymers with high viscous-elasticity polymers, the risk of
brokenness may be reduced. Moreover, inexpensive and mass-production techniques can be
utilized, particularly with SU-8 lithography. However, the fabrication of high-aspect-ratio
structures or hollow structures still remains very challenging. There is a branch concentrated
on X-ray lithography with PMMA positive photoresist [23-27]. Although it has been proved
that high-aspect-ratio structures are achievable with X-ray lithography but the process is
much expensive compared to LIGA-like lithography. Mask fabrication for X-ray patterning
is very challenging. Therefore, SU-8 is the first choice.

There have been lots of studies focused on SU-8 lithography to fabricate microneedles. Var-

ious shapes and designs of SU-8 microneedles have been reported. Among the multiplicity
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FIGURE 2.4: Micrographs of Ni microneedle fabricated by using drawing lithography to

fabricate the polymer molds for the fabrication of metallic microneedles. (a) Electroplated

Ni microneedles fabricated by Lee et al. with height of 2000um, 300pm base and 20um base

flat tip diameter [22], (b) Electroplated Ni microneedle fabricated by Li et al. with height of

1800pm, inner diameter of 60um and beveled tips of 15° [11].

of methods, mold-based fabrication methods has been proved to be reasonable, inexpensive
and robust for mass production [16]. The most challenging step in fabrication of SU-8 mi-
croneedle is the formation of microneedle hollows. Previously, DRIE was primarily used to
create hollows of silicon-based microneedles, however, DRIE requires a high-cost equipment.
Another way to form the hollows is using laser drilling as presented in [28, 29]. Choi et
al. reported the fabrication of SU-8 hollow microneedles with lithography, laser drilling and
reactive ion etching (RIE) in [28]. The support plate was created by spinning and patterned
with a chromium mask. Circular SU-8 pillars were formed by backside exposure through
the glass substrate. Laser drilling was utilized to form the microneedle hollows followed by
microneedle sharpening with RIE. Drilling was also used to make the molds for injection
molding of polymer microneedles as introduced by Yung et al. in [30]. One downside of laser

drilling is that the drilling process is serial and time-consuming.

Scientists then started a simpler, faster method with conventional UV lithography. However,
conventional lithography remained challenging with ultrathick SU-8 photoresist coatings. The
process parameters have to be well-controlled for high-aspect-ratio lumens. Number of studies
were conducted on the process optimization of ultrathick SU-8 lithography. Among number
of scientists, Wang and his group have introduced valuable studies on this issues. For exam-
ple, in [31] a study of gap compensation and wavelength selection for ultrathick was firstly
introduced in 2005. By filling the gap between mask and substrate with glycerol, high quality
sidewalls were achieved. They also pointed out that optical filter (cut-on wavelength ~365nm)
might help to obtain ultrahigh-aspect-ratio structures (more than 190:1). Moreover, they also
proposed the optimal exposure dosage for 1 - 1.5mm-thick SU-8 with different structures, in-
cluding: cylinders/square cylinders (1100um thick - 2000mJ/cm?), cross (1500um thick -
7000mJ/cm?). Similarly, Chaung et al. made the same conclude on the advantage of gap

compensation (with glycerol) on the quality of sidewalls, particularly is vertical walls [32].
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The optimization of baking time and development were also reported. Jin et al. [33] in-
vestigated the relationship between soft-baking time and UV transmittance of unexposed
ultrathick SU-8 layer. They suggested that 1000pum-thick SU-8 layer requires 30 hours soft-
baking at 95°C. However, in his research [34], Wang pointed out that soft-baking time can
be reduce by baking at 110°C. Particularly for a 1100um-thick SU-8 film, it only needs 10
hours baking on hot plate at 110°C. He also recommended to use a baking profile (consists

of ramping up, dwell, and ramping down) for soft-baking of ultrathick SU-8 film.

To accelerate the development process, ultrasonic agitation was recommended. Frequency of
waver propagation is one of the most important factors. Williams et al. [35] demonstrated
that with low frequency agitation (KHz range) , e.g. ultrasonic agitation, may cause vibra-
tions, which subsequently leads to cracks, deformation and debonding. Therefore, megasonic
agitation with frequency from 1 to 1I0MHz may be beneficial to obtain high-aspect-ratio struc-
tures. The structure with the aspect ratio about 30:1 for 630um tall crosses (see Fig. 2.5a) up
to 60:1 for 600um tall cylinders (see Fig. 2.5b). The direction of wave propagation was also
discussed. It is suggested that the wafer should be placed perpendicularly to the direction of

waves in order to avoid destruction and de-bonding problem.

i674n Q x 1 GOW 2aen

FIGURE 2.5: Lithography process: development with megasonic agitation. (a) crosses fabri-

cated with 630um tal and 6 - 12um wide, aspect ratio is about 30, (b) cylinders fabricated

with 600pm tall and 10 - 15um wall thickness, aspect ratio is about 60. These figure has
taken from [35].

With well-developed optimal lithography process for thick SU-8 film, number of fabricated
microneedles have been reported. In 2010, Chaudhri et al. [20] introduced the studies on
fabrication of high-aspect-ratio SU-8 microneedles. The 1600um tall microneedles were par-
ticularly constructed for blood sampling applications (see Fig. 2.6a). In their studies, a new
process with dried chips SU-8 was introduced. SU-8 was firstly poured and baked for 12
hours on hot plate before being scraped off to obtain dried SU-8 chips. For further process,
dried chips were placed on wafer and soft-baked with a vacuum oven at 110°C for reflowing.
The process of dried SU-8 chips were applied by Ceyssens et al. [36] to construct a 1000um
tall SU-8 microneedles with 15um wall thickness as shown in Fig. 2.6b. The beveled tips
was created on one face of an wet-etched-silicon V-groove. After wet etching, the sample
was covered with a Ti/Cu seed layer and Cr black deposition. With deposited metal layers,

excellent sharp tips of 3um radius were able to create.
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FIGURE 2.6: Recently proposed SU-8 microneedles for blood extraction. (a) microneedles
fabricated by Chaudhri et al. [20] with 1540pm tall, 15um wall thickness, aspect ratio is over
100, (b) ultrasharp SU-8 microneedles fabricated by Ceyssens et al. [36] with 1000pm tall,
15um wall thickness, aspect ratio is over 65.
In conclude, the fabrication method with conventional lithography has been shown to be
potentially feasible for the fabrication of ultrahigh hollow microneedles. With the optimal
process parameters, high-aspect-ratio microneedles with excellent sharp tips are achievable.
Additionally, a combination of conventional lithography and mold-based fabrication tech-
niques (e.g. PDMS micromolds) is highly desirable for a simple, robust fabrication method

suitable for inexpensive mass production.

2.2 Background

2.2.1 A rigid polymer: SU-8 2150

SU-8 is a epoxy-based photoresist originally developed and patented by IBM in 1989 [37, 38].
It has been commercialized by MicroChem Corporation in 1996 [39]. 3-dimensional high-
aspect-ratio structures are achievable with SU-8 and conventional UV lithography. Microfab-
ricated SU-8 structures have excellent mechanical properties and thermal stability which are

highly desirable in permanent devices.

SU-8 consists of three main components: EPON SU-8 resin, solvent, and a photo-acid gen-
erator (PAG) that make SU-8 very viscous and sticky. Upon heating, solvents start to be
evaporated, frequently leads to an increase in viscosity and hence thicker. SU-8 is a photosen-
sitive polymer, it will cured under exposure with UV source. The UV exposure is typically
performed using a mercury lamp for wavelengths from 320nm to 405nm. The UV absorption
rate increases significantly with wavelengths below 350nm [31]. The desirable wavelengths

for thick SU-8 lithography thus ranges from 365nm to 405nm.

SU-8 is a biocompatible polymer that has been used widely in biomedical applications. The
biocompatibility of SU-8 was previously proved in may studies [40-42]. Cho et al. evaluated

the biocompatibility in [40]. SU-8 based neural microprobes were implanted into transected
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rat and stay there for four weeks. There is no sight of infection of tissues inflammation was

recorded.

There are some alternatives for SU-8 for the fabrication of MEMS-based devices, including:
PMMA (x-ray lithography) or photosensitive glass (UV lithography with wavelengths from
280nm to 320nm [43, 44]).

2.2.2 Structural analysis

With the practical implementation of microneedle arrays for collecting of blood, microneedle
array will be ideally injected along its axis into human skin. In reality, during implementation
of injection, skin resists with an external pressure, acting normally on force-applying area on
microneedle tip. This external pressure can be expressed as a combination of two components
i.e. vertical and horizontal forces. Therefore, two noteworthy failure mechanisms thus are
critical buckling and brokenness due to bending force. Respectively, two noteworthy failure

mechanisms thus are buckling and brokenness due to bending force.

Buckling is a phenomenon of sudden failure when an object is subjected to a compressive
stress. To investigate the underlying mechanism of buckling, a secondary bending moment
is introduced by an axial load eccentricity causing an instability at bottom of the structural
member. i.e. brokenness and buckling. The definition of critical buckling load (P,) was firstly
introduced by Euler way back to 1757 to describe the maximum axial load that structural
member can withstand [45]. His proposed expression (2.1) for P, is simply for an approximate

solution which can only apply for considered long objects with a constant cross section.

2
m KT
Pcr: 12
e

) (2.1)

However, in most of the cases, microfabricated microneedles are typically designed in more
complicated shapes with extremely sharp tip and hollow structure, therefore, (2.1) cannot be
applied in our case. In 1988, based on the theory of energy method, Smith [46] derived an
exact solution for P¢, (2.2) which is applicable for varied cross-section area objects. Energy
method indicates the failure point at which strain bending energy equals to work done by
compressive load. This approach has been applied widely in structural analysis of micronee-
dles [9, 47]. In this dissertation, Smith’s formula is employed to verify the improved properties

of the proposed pyramid-shaped microneedle.

F (L 9 (T2
Pcrzﬁ ; I(z)cos <ﬁ) dz. (2.2)
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As per two other failure mechanisms, bending force plays extremely crucial role toward suc-
cessful skin penetration. Generally speaking, with structural members in the shaped of long,
slender tube, maximum bending force (Py,) is much less than axial force at buckling (P,). To
estimate Py, Euler also introduced a simple formula (2.3) for an approximation of bending
force. This approach has been applied as a good prediction for many previously proposed
microneedles as presented in [48, 49].
oyl

P, = i (2.3)

However, for an exact solution, the expression of Fb must be derived from the distributions of

shear and normal stress [50]. This approach requires much more work and will be presented

in chapter 3.






Chapter 3

Geometry Optimization

This chapter elucidates the failure mechanisms of microneedle during implementation. By
studying the critical buckling load and bending strength of two proposed microneedle designs,
including: pyramid-shaped microneedle (PMNs) and traditional-shaped microneedle (TMNs),
an optimal geometry for designing the microneedles was proposed. The key contribution of
this chapter is the proposed theoretical model for geometry optimization based on the study

of fracture forces.

This chapter consists of four sections. Firstly, section 3.1 describes the proposed design of
PMNSs with pyramidal tip, off-center hollow and square base. These geometrical features are
expected to improve the mechanical properties of PMNs. Secondly, section 3.2 presents the
mathematical frameworks for structural analysis. The development of the proposed theoreti-
cal model is presented in this section. Thirdly, section 3.3 describes how the simulations were
done with COMSOL simulator. Fourthly, section 3.4 presents the results from analytical and
numerical solutions. The obtained results are discussed in this section. Finally, section 77

presents chapter conclusion and proposes the optimal design for microneedles.

17
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3.1 Design of pyramid-shaped microneedles

In this section, a stiffer and more efficient microneedle was proposed with the following
hypothesis of structural advantages. First, with square base, PMNs can tolerate higher axial
and transverse forces because the inertia moment of square is approximately 1.69 times bigger
than that of circle with the same dimension. Second, sharp pyramidal tip may reduce the
insertion force thanks to small contact area. Moreover, pyramidal tip is expected to exhibit
higher strength compared to the tip of TMNs and tapered hollow microneedle [9]. Third,
the cylindrical lumen is not placed in the middle of the microneedle but in the side face of
pyramidal tip, making the tip stronger. All above advantages of PMNs will be studied by
the proposed theoretical model and subsequently by verified by finite element method and

practical measurement of fracture force.

3.2 Analytical solution

3.2.1 Skin deformation and insertion force

Force applying
area

Tip = 485um

152pm

Initial position

(a) (b () (d)
FiGure 3.1: Illustration for microneedle insertion and skin deformation. The skin penetra-
tion is modelded at different penetration depth: (a) Xg = 0, (b) Xo = 152m, (c) 152m < Xq
< 485m, (d) Xo = 485m

In practical use, for bio-fluids extraction, microneedle is required to puncture the skin and
inserted deeply into dermis layer where blood vessels are located. However, in reality, human
skin is a heterogeneous, anisotropic and nonlinear viscoelastic material, in other words, it
will be deformed before being punctured. Additionally, as we know, skin is a complex multi-
layered structure which is quite complicated with different mechanical properties of each layer,
e.g. first outermost layer: stratum corneum (10-20pum), second layer: epidermis (50-150pm),
dermis (1-4mm) and hypodermis (> 4mm). For simplification, in this case skin is considered
as a single layer structure with approximately the same mechanical strength. According to
Kong [51], 152pm is the maximum skin deformation before being punctured. This value will
be used in this research to calculate the initial area of applying forces. The entire process of

skin penetration is presented below in Fig. 3.1.
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Distributed bending force

When the needle is inserted into human skin, skin will be deformed before puncture actually
happens. The actual force applied on the microneedle is a distributed force but concentrated
force. Taking into account the effects of distributed will subsequently create more difficulty
and complexity on further analysis of fracture force. The expressions of bending moments at
two regions as shown in Fig. 3.2: 0 < x < Xg (point Xy) and Xy < x < Tip (point Xy) are

derived as follows:

) 0

y %v u,‘xv
Axo X V dA

| Xc
%W(X)A
Tip

L

vX

F1GURE 3.2: Illustrations for distributed bending force.

. W/2)

Mi(z) = Pumt/ / (x — u)dydu, (3.1)
0 Jwwy2)
Xo W(u)/2)

Ma(z) = Py / / (2 — u)dydu, (3.2)
o Jowa

where Py is the force per unit area and W(x) is the width corresponding to x. Py and
W(x) can be derived as follows:

Wi — Wy
— X

B, P,
P — — . 3.4
unit AXO WX02+W2 . ( )

3.2.2 Mathematical frameworks

The objective of this section is to propose an optimal design of PMNs. One frequently-
used approach is to minimize the failure possibility to ensure as high safety as possible. In
our experiments, a negative tone photoresist SU-8 2150 was used to fabricate microneedle

arrays. One mechanical issue associated with SU-8 microneedles is brokenness. After PEB
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and especially hard baking, microneedles become harder but more brittle [52, 53], leading
to subsequently high failure possibility. Being made from brittle materials, microneedles
are most likely to be fractured than yield [54]. Therefore, two following mechanisms will
be respectively considered: critical buckling load and maximum bending force resulted from
shear stress. The theoretical predictions are subsequently verified by simulational results,
followed by a sectional discussion that proposes an ultimate design of PMNs. The strategy
for evaluating mechanical strength of our proposed microneedle is to estimate failure forces
by using Euler’s elastic theory. As may be noticed before, in elastic buckling model, Euler’s
beam theory can only apply for ”long” column which has slenderness ratio (S) larger than

critical slenderness ratio (S¢y). The formulas for S and S, are expressed as follows:

L 2.1L
§=1 - 22 (3.5)
Tg Imin
A
on2E
Sep = , (3.6)
Oy

where Leg is the effective length for fixed-free column, rg is radius of gyration, L, is the
minimum inertia moment, A is cross section area, E and y are Young’s modulus and yield
strength of the material, respectively. For short and intermediate regions (i.e. S | S¢), there
is no exact solution for calculating critical buckling load except approximate models. Three
frequently-used models are Johnson’s linear (tough materials), parabolic formulas (brittle
materials), and Secant’s formula (eccentrically loaded). Previously, Zahn et al [48] also used
Johnson’s parabolic formula to estimate critical buckling load of his in-plane microneedles.
In this paper, SU-8 2150 is used to fabricate our proposed microneedles with the mechanical
properties of E = 4.02GPa and y = 34MPa. With L = 1800m, S., = 48.3 is obtained by using
(3.6) and S can be calculated using (3.5). S is varied due to an increase in base width (Wy).
This relationship is demonstrated in Table I and in Scenario 1. The values of critical buckling
load obtained from Euler and Johnson models are illustrated in Fig. 4. Pcr calculated with
Johnson’s formula critical buckling load of the proposed design is 3.4%, which is smaller than
P, obtained from (3) when W; = 300um. Therefore, Euler’s theory is still applicable for

further calculations of critical buckling load with the error span of 3.4%.

3.2.2.1 Analysis of critical buckling load

In practice, microneedle is desirably designed to pierce deeply into the dermis layer to reach
the blood vessels. During penetration process, the skin acts as a mechanical barrier, resisting
the insertion of microneedle. Skin resistance is mod-eled as axial and horizontal forces which
may make micro-needle bend or break. At failure point, these forces are called critical buckling

load (P,;) and maximum bending force (Py,). The expression of P, can be derived by applying
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energy method as shown in (3.7).

m2E (L

PCT: 273 0

I(x)cos? (%) dz. (3.7)
To apply (3.7) particularly for the PMN structure, the expressions of (I,(x)) must be derived.
The procedure for calculating (I,(x)) is based on adding/subtracting the inertia moment of
basic shapes (e.g. circle, circular sector, triangle...etc.). The detailed derivations of I,(x)
will be presented in next section and in Appendix A. The x-dependent functions of inertia
moments are highly complex, therefore, the final expression to calculate P, becomes very
complicated and hard to compute manually. All the computations were conducted by pro-

gramming in Maple.

3.2.2.2 The proposed theoretical model for analysis of bending strength

The second failure mechanism is due to transverse force, i.e. bending force. Typically,
bending force is most likely to induce fracture at the microneedle shaft at which is subjected
to the largest bending moment. However, microneedle tips are considerably breakable due to
diminutive tip-size ( 40m). The possibility of tip failure may be subsequently higher than that
of shaft failure. In this paper, we developed a theoretical model to compute the magnitude
of shear stress when the microneedle is subjected to a distributed bending force. With
higher applicability to various structural designs, this model may predict more accurately the
fracture bending force. With the illustration shown in Fig. 3.3, the equation of stress balance

in x-direction was derived and presented in (3.8).

/ 0dA + TpyAgy = / (o0 + do)dA, (3.8)
A A+dA
= /AadA + Ty D(x, y)dx = /A+dA(G + do)dA, (3.9)
M(z) M(x) M(z) ., _
= [ G A - /A (1A = 72, Dl ) (3.10)

In (3.9) and (3.10), D(x,y) is defined as the width corresponding to differential dx (see Fig.
3.3). M(x) is the moment in the cross section current. I,(x) and Q,(x,y) are the second
moment of area (inertia moment) and the first moment of shaded area (Fig. 3.3a) with

respect to neutral axis z, respectively.

- (]I\f((j)) d(]l\f((af)) ) /A+dA ydA = /A ]Z((j)) ydA = 1oy D(x,y)da, (3.11)
(= o + d( (o) Q= (z,y) +dQ.(x,y)) — T.(2) Q.(x,y) = 7oy D(x,y)dz,  (3.12)
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FIGURE 3.3: Illustrations for stress distribution on pyramidal tip. (a) normal stress and shear

stress in xOy plane. (b) 3D distribution of shear stress (7yx) in xOz plane. ¢ and o+do

are normal stress acting on area A and A+dA, respectively. Py represents for distributed
bending force.

M () M (x) M () M () M ()
— = . (3.1
= .(2) Q.+ (o) dQ. + d( (o) )Q. + d( T.(2) )dQ ., (o) Q: = ToyD(z,y)dz. (3.13)
By neglecting high-order differential terms, (3.13) can be simplified as
M () M (x)
= D . 14
The expression of shear stress can be obtained from (3.14) as follow:
1 M(x) dQ, d  M(x)
- s . 1
Toy D(z,y) <Iz(az) dz +Q dar(Iz(a?)) (3.15)

The unknown components in (3.15) are I,(x), Q.(x,y) and D(x,y). In this section, to un-
derstand the procedure to calculate those components, detailed derivations for region 1, the
simplest region in Fig. 3.4), were conducted. Calculation for the rest (i.e. region 2-5 in 3.4)
will be presented in Appendix A. The magnitude of 7y, can be obtained by solving (3.15)
with the insertion of all necessary components. However, mathematical calculations become
more complicated and 7y, difficult to compute manually due to the dependence of I,(x),
Q.(x,y), M(x) and D(x,y) on x and y. Therefore, all detail calculations were performed by

programming in Maple.

Region 1: z from Tip to L

1. Second moment of area I,(x):
L=-Lt_ T2 (3.16)

2. First moment of area Q,(x,y):

e y from 0 to R;

Qla(x7 y) = QAg + QAQ - QAl
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FIGURE 3.5: Cross section at region 1. (a) inertia moment, (b), (¢) illustrate for Q, and
Qb
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Qua(z,y) = W1 5 T w4 5 L — / / ydydz (3.17)
—R%—y2 Y
e y from Ry to Wy /2
w2

le(%y) = QA4 (xa y) - W147 (318)
3. Width D(x,y) corresponding to differential dx:

e y from 0 to Ry

Dio(z,y) = W1 — 24/ R? — o2 (3.19)
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e y from R; to W1/2

Dyp(z,y) = W1 (3.20)

3.3 Numerical solution

The finite element method was applied to study the mechanical behavior of the proposed
microneedles. The theoretical results were verified by COMSOL simulator under the same
following boundary conditions: the whole structure is free while the bottom is set to be fixed
constraint. The magnitude of shear stress was extracted from the stress tensor as illustrated

in Fig. 3.6b. The maximum value of shear stress was obtained by considering the volume
maximum.
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FIGURE 3.6: Finite element method with COMSOI simulator on PMNs (L = 1800um, D
= 80um). Distributed bending force Py, = 0.105N is applied on the shaded area. (a) Extra
fine mesh for simulation with the minimum element size of 2.7x10%m, (b) Simulation results:
distribution of shear stress. (Txy)max = 19.17MPa.
Optimization of mesh size: the element size was calibrated for general physics. The mesh
size was optimized by conducting five studies on five mesh sizes, including: fine, finer, extra
fine, extremely fine and 1/2 size of extremely fine. The illustrations corresponding to five
mesh sizes are shown in Fig. 3.7. In each study, the magnitude of maximum shear stress was
recorded and presented in Table 3.1. The maximum value of shear stress (74y) was recorded.
As can be seen in Table 3.1, the magnitude of shear stress begins to converge in the last
three test cases (Simulation No. 3-5). In addition, the simulation running on Simulation No.
4 and 5 required much longer processing time in compared to the first three scenarios. In
fact, the simulation is not required to be highly accurate. By considering the accuracy and

processing time, in conclude, the mesh size named extra fine (Simulation No. 3) was chosen
for conducting all simulations in this thesis.
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TABLE 3.1: Optimization of mesh size. The mesh size was utilized with the calibration of
General Physics. Distributed bending force (Py, = 0.105N) was applied in the shaded area
as shown in Fig. 3.6a.

Simulation Mesh Size (Txy ) max Tllustrated
No. Name of mesh Mlnlmum (MPa) in Fig. 3.7
element size

1 Fine 1.8x107° 18.73 a

2 Finer 7.2x107° 18.95 b

3 Extra fine 2.7x10°6 19.17 c

4 Extremely fine 3.6x10°7 19.20 d

5 1/2 extremely fine 1.8x10°7 19.21 e
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3.4 Results and Discussion

In this section, the improved mechanical properties of PMNs will be demonstrated with the
results from mathematical calculations and numerical simulations. The following geometrical
values as being relevant for geometry optimization: base width (W), length (L) and hollow
diameter (D). Performance evaluation of PMNs will be conducted with three main scenarios

of critical buckling load, shear stress and normal stress due to bending force.

3.4.1 Failure Mechanism 1: Critical Buckling Load

To predict the failure force due to buckling, energy method was utilized. The proposed PMNs
has five regions of cross section area as depicted in Fig. 3.4. By studying P, as a function of
base width (W;) and length (L), then P, will be compared to the minimum insertion force
of 31.8MPa [55], the first design criterion for axial force can be obtained. In this scenario, the
values of P, were recorded with the variations in Wy for two cases: L = 1800um and L =
1500pm. The results are shown in Fig. 3.8. It can be observed that PMNs can endure higher
axial force at all Wy compared to TMNs, with 2.32N and 2.94N and 1.08N and 1.5N when
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Wi = 300pum, L. = 1800pum and L = 1500um, respectively. This implies that the proposed

PMNs may have better mechanical properties in term of fracture strength against axial force.

: ----I}-'- PMNs (I'SOOpIm lerigth) I :
8 H e — PMNS(1800umlength) /‘. ]

Critical buckling load (P_) (N)

2(I)0 ' 2é0 ' 3(I)0 ' SéO ' 460
Base Width (W) (um)

FI1GURE 3.8: Critical buckling load versus base width and length.

3.4.2 Failure Mechanism 2: Maximum bending force

Base on derived formula 3.15, 3D distribution of shear stress was built in Maple as shown
in Fig. 3.3b. The 3D image was built for the shear stress distribution at the pyramidal tip.
The coordinates are depicted in Fig. 3.3¢ with x varies from 0 to 485um, y from 0 to 150um
and z presents for shear stress magnitude. Shear stress is assumed to have a constant value

in z-axis, and is symmetric about y-axis.

To study the effects of bending force, three scenarios were performed. First, scenario 1
presents the matching of analytical and numerical solutions. Second, scenario 2 studies the
relationship between (7yxy)max and hollow diameter (D) or base width (Wy). Third, scenario
3 predicts the maximum bending force (P}) that the microneedle can endure. All scenarios
were conducted with an increased penetration depth (Xg). It means that the force applying
areas is enlarged as Xg increases i.e. microneedle is incrementally inserted into the human
skin. At each of five considerable points correspond to five values of Xy from 56um to 485um.

The values of (Tyxy)max Will be recorded and presented as a function of Xj.

Scenario 1: Matching of analytical and numerical solutions
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To evaluate the proposed theoretical model, verification with a finite element method is highly
desirable. In this case, COMSOI simulator was utilized. The accuracy of the proposed model
was evaluated through the matching between the magnitude of shear stress obtained from
analytical solution and numerical solution. According to the results, as shown in Fig. 3.9

and Fig. 3.10, a good agreement was achieved.

Firstly, the general matching trend is considered. In Fig. 3.9b, two critical points were
detected, including: 1st MAX (global maximum at Xy) and 2nd MAX (local maximum at
diminutive edge). These points can also be observed from simulation results as depicted in
Fig. 3.9a. Therefore, one thing can be concluded is that the proposed theoretical model can

predict the general trend of shear stress distribution.
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FIGURE 3.9: Scenario 1: Matching of analytical and numerical solutions. A distributed
bending force Py, = 0.105N is applied in the shaded area (Xo=152m). (a) 3D distribution
from simulation results, (b) 3D distribution built by theoretical model for the tip of PMNs,
(c) illustration for system coordinates. Distribution of xy is presented in x-y coordinates and
it is assumed to be uniform in z-direction and symmetric about the y-axis. There are two
critical points with highest values of 74y, e.g. 1st MAX (global maximum at X;) and 2nd
MAX (local maximum at diminutive edge).

Secondly, for statistical evaluation, a scenario studying the relationship between (7xy)max and
Xy was conducted. The results are shown in Fig. 3.10 and Table 3.2. From the red lines in
Fig. 3.10, a very good matching between two solutions is observed at 1st MAX point with
A = 6.9%. On the other hand, this number is A = 20.5% for 2nd MAX point. This number
implies that shear stress prediction for 2nd MAX point is not as accurate as for 1st MAX
point. One possible explanation is the effect of concentrated stress at 2nd MAX point. In
fact, in the ideal sketch, at 2nd MAX point, stress is distributed in diminutive area (see 2nd
MAX point in Fig. 3.9a). Because of the fact that at diminutive features (e.g. sharp edge),
it is very difficult to calculate the exact value of stress. Moreover, magnitude of concentrated

stress is normally very high.
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FIGURE 3.10: Scenario 1: Matching between analytical and numerical solutions - graphical
analysis. (a) 2D plot of the matching of 7, magnitude at 1st and 2nd MAX point, (b) 3D
distribution of 74y, from simulation with Xg: 56um - 485m. The shaded areas illustrate the
force-applying area of a 0.105N distributed bending force.

TABLE 3.2: Scenario 1: Statistical analysis of the matching between analytical and numerical
solutions. Matching of (Txy)max Obtained from analytical and numerical solutions at two
critical points: 1st MAX and 2nd MAX.

1st MAX 2nd MAX

Analytical Numerical A (%) Analytical Numerical A (%)
25.88 28.26 8.78 9.68 12.26 23.50
19.23 19.17 0.31 14.27 16.74 15.90
13.18 13.35 1.30 17.95 15.72 13.27
6.27 7.01 11.18 14.21 9.49 39.83
3.24 3.70 13.09 8.25 9.11 9.95
Average 6.93 20.50

In practice, however, the microneedles cannot be fabricated with a perfect sharp features,
for example the edge at 2nd MAX point. So, to study the effect of sharp edge on shear
stress value, a follow-up scenario was conducted and the results are shown in Fig. 3.11. In
Fig. 3.11, a 0.105N distributed bending force is applied at Xg = 152um. The sharp edge at
2nd MAX point is rounded with the radius of 5pum. The magnitude of shear stress at 2nd
MAX point reduced significantly from 16.7MPa to 6.8Mpa with rounded edge (r = 5um). On
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the other hand, at 1st MAX point, the shear stress remained stable with the magnitude of
approximately 19.1MPa. So, it can be concluded that the fracture at 2nd MAX point would
not occur in practical implementation. The only critical point to be considered is at 1st MAX
point.

P,=0.105N P,=0.105N

A19.17 A 19.078

Vv -2.8281

V¥ -2.8417

Sharp edge
(b)

FIGURE 3.11: Scenario 1: The effect of sharp edge on the magnitude of shear stress. The
values of maximum shear stress between (a) sharp edge, (b) rounded edge (rounded radius
= 5um) at 2nd MAX point was recorded.

Scenario 2: Effects of microneedle geometry

To study the effects of microneedle dimensions on the magnitude of shear stress, two studies
were conducted with the variations of Xy at different values of hollow diameter (D) and base
width (Wy). The results are shown in Fig. 3.12. The presented values of (Tyx)max Was
deduced by taking the average numbers of calculated results and simulated results. One
general trend can be observed in Fig. 3.12 that (7yx)max decreased slightly when D increased
and W increased. However, at low penetration depth (Xy < 250um), value of D and W,
induced more impact on 7y. Therefore, the tip part is most likely to be broken when force is
initially applied (Xp < 152um). In general, at puncturing point (i.e. Xo = 152um), the value
of P, = 0.105N which is higher than 0.084N as presented in Paper P2. In addition, bending
strength becomes higher at deeper penetration depth.

Scenario 3: Mazimum bending force

After (Tyx)max Was calculated, Py, can be deduced by comparing (7yx)max to the shear strength
of SU-8. In this scenario, Py, was studied with the variations in base width (W;) and pene-
tration depth (Xg). Fig. 3.13 presents the magnitude of P, when W; varies from 225um to
400pm and X increases from 152um to 485um. The general trend can be observed in Fig.
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FIGURE 3.12: Scenario 2: Effects of microneedle geometry on the magnitude of shear stress.
Maximum shear stress as a function of Xy at (a) three different values of hollow diameter
(D), (b) four different values of base width (W).
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FIGURE 3.13: Scenario 3: Prediction of maximum bending force. 3D illustrations of the
relationship between Py, W1 and X,.
3.13 that bending strength increase significantly with the increasing penetration depth. The
maximum and minimum of Py, is about 1.21N (X > 485um) and 0.09N (X = 152um). The
values indicate that microneedles were potentially breakable at the initial stage of penetration

i.e. when the microneedles were firstly inserted.

Fig. 3.14 compares the bending strength of two proposed microneedle designs. As expected,

PMNs may have higher bending strength with about 0.7N compared to 0.14N of TMNs (X
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= 485um, W; = 300um). The pyramidal tip is theoretically expected be stronger than bevel
tip of TMNs. The practical verification will be presented in chapter 5.
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F1GURE 3.14: Comparison between Py, of PMNs and TMNs with the variation in base width.

3.4.3 Insertion Force

To ensure the fracture will not occur during operation, the statistical understanding of re-
quired insertion force (Pipsert) to puncture human skin is highly desirable. It has been
stated in [56] that the required pressure to puncture the human skin is about 3.18MPa
= 3.18x10°N/um?. The insertion force, therefore, can be calculated by multiplying the
required pressure to insertion area (Aipgert) tO 3.18><10‘8N/ ,qu. The results are shown in
Table 3.3. The insertion force was estimated corresponding to different penetration depth
as depicted in Fig. 3.15. The results illustrated that the magnitude of P}, is much bigger
than Pipeert at all values of Xy. Therefore, the proposed microneedles are expected not to be

broken during skin pentration.

ALAAA

(a) Xo=52um (b) Xo=152um (c) Xo = 244um (a) Xp=344um (a) Xop=485um
FIGURE 3.15: Illustrations for force applying area (Aipsert) at different penetration depth.
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TABLE 3.3: Estimation of required insertion force to puncture human skin. The values of
Py, were taken from Fig. 3.13.

Insertion pressure

2
Xo (Nm) Ainsert (Mm ) (N//LIHQ) Pinsert (N) Pb (N)
52 17164 3.18x108 0.00055 0.079
152 43540 3.18x10® 0.00138 0.105
244 85103 3.18x1078 0.00271 0.155
335 209777 3.18x10® 0.00667 0.328
485 382833 3.18x1078 0.01217 0.635

3.5 Chapter conclusions

According to the results from theoretical calculations and simulations, PMNs may be stronger
than TMNs in term of force endurance. The results showed a good agreement between
analytical and numercial solutions. The improved properties were verified through the studies
in fracture forces. By comparing to the estimated insertion force (see Table 3.3), the fracture
forces are much bigger than the required insertion force. Therefore, the proposed design of
microneedle may successfully puncture the skin without failure. Further verification with

practical measurements of fracture force will be presented in Chapter 5.

In relation to the limitations of the propose theoretical models, Euler’s beam theory is with
several assumptions on the aspect ratio, slenderness ratio with the elimination of shear defor-
mation. With short or immediate structural members, the effects of shear force on deforma-
tion have to be addressed. For further study, the beam theory developed by Timoshenko can
be utilized for more accurate results. Fig. 3.16 illustrates the difference between Euler’s Beam
theory and Timoshenko’s beam theory [57]. It can be seen that at the beam deformation

is not normal to the beam axis, it is called shear deformation. Based on the obtained data

Z
Euler Bernoulli

Timoshenko

FIGURE 3.16: Deformation of a Timoshenko beam (blue) compared with that of an Euler-
Bernoulli beam (red).
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of fracture forces, an optimal geometry for a single PMNs is introduced with the following
features (as depicted in Fig. 3.17a):

1. Microneedle length (L): 1500pm to 1800um.

2. Base width (W7): 300pum square.

3. Microneedle tip (Wa): 40um square.

4. Microneedle hollow (D): 80um to 120pum. In practice, the hollow diameter has to be
carefully considered with the fabrication ability, especially for high aspect ratio structures.
Small hollow may be very challenging to fabricate due to the limitations of UV lithography
with SU-8, such as: SU-8 UV light absorption, light scattering and diffraction.

5. Tip angle : 25 to 30 degree angle. To fabricate the pyramidal tips, inclined exposure is
utilized. The tip angle depends on the mechanical structure of the Karl Suss. Moreover, light

refraction reduces the incident angle of UV light travel in SU-8 photoresist layer.

In practical use, syringe pump connected to a Imm-inner-diameter polymer tube is used to
generate suction pressure. The integration device (see Fig. 3.17b) is design with three parts

including: SU-8 based microneedle array, PDMS plate and polymer tube. In adition, an

Ws

<+

Microneedle array

PDMS plate

Polymer tube

(b)

FIGURE 3.17: Integration of microneedles array. (a) One single microneedle, (b) An integra-
tion of microneedles array. The microneedle array is fixed to a PDMS plate (mounted with
a polymer tube). The integration needs to be sealed appropriately to avoid leakage problem.

array of 9 microneedles may need to perform better collection of blood. In mechanical point
of view, the microneedle array may withstand higher applied force than individual needles.
The applied force will distributed uniformly on the array, thus reduce the pressure put on
each needle [5]. To fabricate the microneedle array, the photomasks are simply designed with

9 microneedles on one array. The ultimate goal of microneedle array is to safely puncture the
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skin and successfully withdraw blood. Therefore, to minimized the insertion force, micronee-
dle array also need to be designed carefully. In fact, the numbers of microneedles on an array
and the center-to-center spacing can affect directly to the success rate of skin penetration.
If the microneedle arrangement is too dense, insertion force will significantly increase. On
the other hand, sparse arrangement is space-consuming and it may reduce the mechanical
endurance of microneedles. Center-to-center spacing (pitch) needs to be controlled based
on microneedle height. In conclude, an optimal value for microneedle pitch is chosen to be

2000um for 1500pm-high microneedles [58, 59].



Chapter 4

Fabrication of Microneedles

This chapter aims to develop a simple, inexpensive method with high throughput and repeata-
bility for fabrication of microneedles. Two methods were proposed, including: replication of
microneedles (method 1) and direct formation of microneedles (method 2). Method 2 is the
contribution in the experimental part in this thesis. In addition, this chapter also addresses
some practical issues associated during the manufacturing process. In summary, the main

contributions of this chapter are listed as follows:

Contribution C2: A simple, robust method with high throughput and good repeatability to

fabricate microneedles on CNC-machined aluminum sample.

Contribution C3: A solution, namely ”separated lines”, to solve the problem of wafer bending

caused by CTE mismatch between SU-8 and silicon wafer.

This chapter is organized with five sections. Section 4.1 describes the concepts of two pro-
posed fabrication methods and the ideal to perform inclined exposure with a CNC-machined
aluminum holder. Section 4.2 addresses three fabrication issues associated during micronee-
dle fabrication. Section 4.3 describes the optimal lithography process for ultrathick SU-8
on aluminum substrate. Section 4.4 and section 4.5 present the experiments conducted to
fabricate PMNs and TMNs, respectively. Section 4.6 gives a conclusion on the experiment

part.

35
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4.1 Fabrication concepts

This section describes the concepts of two methods which were utilized to realize the proposed
microneedles, including: replication of microneedles (method 1) and direct formation of mi-
croneedles (method 2). In my experiments, method 1 was applied to fabricate pyramid-shaped
microneedles (PMNs), and method 2 was applied to fabricate traditional-shaped microneedles
(TMNs). This part also presents the design of aluminum holder which was used to perform

inclined exposure.

Inclined exposure technique is the core ideal to construct the tip-formation structures i.e.
pyramidal trenches for PMNs and bevel tips for TMNs. The expected outcomes and challenges

of each method will be discussed.

exposure 3

exposure 2

Method 1: molding of
microneedle

Exposure 1: 4-time
inclined exposure

0}

2.1. SU-8 master mold 3.1. PDMS mold 4.1. microneedle formation

double exposure: step I ~ double exposure: step 2

5 hollow pyramid-
shaped microneedle

1. pyramidal tip \

Method 2: direct
formation of microneedle

V

2.2 PDMS mold 3.2 direct formation of 4.2 support plate
hollow microneedle

Exposed SU-8 2150 Unexposed SU-8 2150 . PDMS . Photomask

FIGURE 4.1: Process flow of two proposed fabrication methods. The figures are shown in
cross-sectional view.

4.1.1 Method 1: Replication of microneedles

The ideal of method 1 is to replica the microneedles by using a negative PDMS mould with
pre-defined microneedle-like structures (i.e. microneedle shaft and tip but without hollow).

The proposed process consists of five main steps which are described as follows:

Step 1: Construction of tip-formation structures (i.e. pyramidal trenches for PMNs and
sloped walls for TMNs) as depicted in Fig. 4.2.
Step 2.1: Construction of SU-8 master mold with the microneedle-like holes.
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4-time inclined exposure 2-time inclined exposure

0 o

(a) Pyramidal tip (b) Sloped wall
FIGURE 4.2: Construction of tip-formation structures. (a) 4-time inclined exposure and
pyramidal tip, (b) 2-time inclined exposure and sloped wall.
Step 3.1: SU-8 master mold is replicated to form a negative PDMS mould by performing
inverse PDMS molding two times.
Step 4.1: Molding of microneedles and formation of the microneedle hollows.

Step 5: Microneedle separation.

- Expected outcomes: the fabrication of microneedles using method 1 is expected to be simple,
robust and cost-effective. Most importantly, method 1 may exhibit good repeatability with a
reusable PDMS mold. The microneedles can be replicated robustly by using a pre-constructed
mold. Since the PDMS mold is ideally designed to be reusable, only one single step of SU-8
lithography is required.

- Expected challenges: there are three main challenges that may associate during the fabri-
cation of microneedle using method 1, including: (i) brokenness of structures during mold-
ing/unmolding process of the high-aspect-ratio structures. Specifically, it is not easy to
perform perfect the step of structure releasing with microneedle-like structures (AS~5-6).
(ii) imperfect microneedle tips due to poor PDMS encapsulation into diminutive holes. This
process requires a high vacuum to be accomplished. (iii) high possibility of hollow blocking
due to the effect of light scattering. In the exposure step (step 4.1 in Fig. 4.1), the effect of
light scattering becomes more critical when the unexposed region is relatively smaller than
the thickness of SU-8 layer. The opaque circular area is 80pum-wide and the SU-8 layer (at
step 4.1) is more than 1500um thick.

4.1.2 Method 2: Direct formation of microneedles

Method 2 was developed with the expectations to overcome the challenges remained with
method 1. The key ideal of method 2 is that the microneedles are constructed and released
directly from the tip-formation structures (see Fig. 4.2). The first version of method 2 was
conducted on the PDMS sloped walls. The description for each step in the process flow is

presented as follows:
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Step 1: Construction of tip-formation structures (e.g. pyramidal trenchs for PMNs and
sloped walls for TMNs) as depicted in Fig. 4.2.

Step 2.2: Tip-formation structure is replicated to form negative PDMS mold by performing
inverse PDMS molding two times.

Step 3.2: Formation of microneedle shaft with step 1 of double exposure technique.

Step 4.2: Formation of the support plate for microneedles array with step 2 of double
exposure technique. The exposure should be conducted in a short period of time to control
the thickness of support plate.

Step 5: Microneedle separation.

- Ezxpected outcomes: method 2 is expected to exhibit two important improvements in com-
parison to method 1, including: (i) the improved quality of fabricated tips. In method 2, the
same procedure of 4-time inclined exposure is applied to fabricate the pyramidal tips. But at
step 2.2 in Fig. 4.1, for example, the pyramidal tips are replicated instead of the microneedle-
like structures. With this difference, the tips to be replicated have relatively smaller aspect
ratio (AS~1.6) compared to AS~6 of the microneedle-like structures. Therefore, molding/un-
molding process is much easier to perform and the quality of PDMS pyramidal tips is greatly
improved. (ii) formation of microneedle hollow is more feasible compared to method 1 since

the effect of light scattering may be lowered.

- Fxpected challenges: there are two challenges may associate in the process of method 2,
including: (i) tip-damaging in microneedle separation. The needle tips may be broken in the
releasing step (after step 4 in Fig. 4.1) due to strong adhesion between cross-linked SU-8 and
the substrate. In my experiments, several solutions (e.g. metal coatings, surface modification,
PDMS) were attempted to lower the adhesion, thus increase the possibility to obtain sharper
microneedle tips. (ii) misalignment in double exposure technique. At step 3.2 and 4.2 in
Fig. 4.1, the photomasks should be aligned accurately in order to obtain well-constructed

microneedles.

4.1.3 Design of aluminum holder for inclined exposure

For inclined exposure, a metallic holder is sketched in Solidworks and manufactured by using
CNC precision mechanic. The design of the aluminum holder is shown in Fig. 4.3. The
holder consists of two parts: top part and bottom part. The inner diameter of the top part
is 76.2mm which is capable to contain a 3-inch wafer. The bottom part provides an angle of
18° for inclined exposure. The top and bottom parts are fitted together by rotation joints
(one on the backside of the top part and four on the front side bottom part). Fig. 4.3a shows
the cross section of a assembly of two parts which are fitted together by rotation joints. To

increase the holder stability during exposure, four markers (see Fig. 4.3a) in the bottom side
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Two rotation joints are fitted
together

Top part (movable)

Bottom part
(fixed)

Markers

I !
\ p 3
- T % 3
A
° % \J Y ‘
3645
Rotation joint on Rotation joints on
the top part s the bottom part
vy
2. -~
Ao~y %2
o~y [ {7 A
S 4
i 20L , i
B 74.55 - AR
SECTION A-A SECTION B-B
(b) ©

FIGURE 4.3: Design and working principle of the aluminum holder. (a)cross section of the
aluminum holder, (b) schematic design of the top part, (c) schematic design of the bottom
part.
of the aluminum holder are designed to fit into four trenches on the wafer holder of aligner
machine. Fig. 4.3b, ¢ show a 2D schematic drawing which present the detail dimensions of

the top part and bottom part, respectively.

Pyramidal tips with 4-time inclined exposure: the principle of 4-time exposure process
to form pyramidal tip is illustrated in Fig. 4.4. The top part (movable part) is rotated
relatively to the bottom part (fixed part). Rotation is precisely controlled by four joints on
the bottom part and one joint on the backside of the top part. The sample is exposed four
times (Fig. 4.4a) in total to obtain a complete pyramidal tip. The exposure angle can be
increased from 18° (Fig. 4.4b) to 35° by using an additional part with a 17° increased angle
(Fig. 4.4¢). The illustration for pyramidal tip is shown in Fig. 4.2a.

Sloped walls with 2-time inclined exposure: to fabricate the sloped walls for making
the bevel tips of TMNs, two-time inclined exposure process is utilized with relative rotation
of the top part to the bottom part. The first exposure is conducted when the top part at

position 1 in Fig. 4.4a. The sample is then exposed with the second exposure in the direction
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4-time
exposure

Top part (movable)

Bottom part (fixed)

(a) .
J ' UV light
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FicUrRE 4.4: Working principle of inclined exposure to fabricate pyramidal tips with a
aluminum holder. (a) illustration for 4-time exposure with the holder, (b) schematic design
of the bottom part, (c) schematic design of the top part. The bottom part is fixed during
implementation process while the top part is rotated 4 times by 90° each time. At each
position, the sample is exposed once to create one side of the pyramidal tip.
perpendicular to the sample substrate. The illustration for pyramidal tip is shown in Fig.

4.2b.

4.2 Fabrication issues and solutions

According to the recommended process in datasheet, MicroChem proposes a typical lithog-
raphy process for SU-8 2150 with the thickness up to 550um. With thick SU-8 layer, the
photolithography becomes more complicated and not easy to be well-controlled. Typically,
it is very challenging to obtain high-aspect-ratio structures without any modifications from
the standard process. To achieve quality fabricated microneedles, each process parameter
should be carefully controlled and optimized. Several challenges that need to be addressed,
including: wafer bending due to thermal stress, UV light absorption, air gap problem in
inclined exposure. In addition, aluminum substrate was utilized as an alternative for silicon
wafer. With higher strength, aluminum plate showed to be beneficial in reducing bending
problem and wafer brokenness. The fabrication process were optimized for aluminum plate

with various settings of lithography parameters.
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4.2.1 Bending problem and the proposed solution ”separated lines”

During the photolithography process, fabrication of microneedle has experienced several prob-
lems of cracks, poor adhesion or wafer bending, due to the compressive thermal stress. It is
experimentally observed that the explanation would be the problem of wafer bending. In fact,
It is the most critical issue needs to be addresses, otherwise the structures may be lifted off or
destroyed. Physically, the origin of this stress is the large mismatch in CTE between SU-8 and
the substrate. After exposure and PEB, the exposed SU-8 becomes harder but more brittle
which subsequently results in an increase of thermal stress subjected at the SU-8-substrate

interface. The consequences of thermal stress in SU-8 film was reported in [53, 60, 61].

Separated lines gz

W =500pum, tgyg = 980pum, h =98um

FI1GURE 4.5: Optical photographs illustrate the advantage of the separated lines in thermal

stress reduction. (a), (b) 950um-thick SU-8 layer, no separated lines, deformation height h

= 1700pm. (c), (d) 980pm-thick SU-8 layer, 500pm-wide separated lines, deformation height
h = 98um.

In this thesis, one solution called ” separated lines” was proposed to solve this problem. The
ideal of this concept is to reduce the stress applying area, thus providing more space for
SU-8 to expand/compress upon heating/cooling. In comparison to the solution of ultrasonic
treatment proposed by Du et al. [61], separated line is potentially simpler and easier for
implementation. In addition, the proposed solution is especially suitable for multilayer pro-
cess to produce ultrahigh-aspect-ratio SU-8 structures. Separated lines are patterned on a
photomask to separate and reduce the stress applying area (see Fig. 4.5¢, d), thus providing
more space for SU-8 to expand/compress upon heating/cooling. The optimal width of sep-
arated line (W) was chosen to be 500um based on the numerical and experimental studies.
The tests on 3-inch silicon wafer were conducted to examine the advantage of separated line.
The wafer bending reduced significantly from 1700um to 98um for the cases of W = 0 and
W = 500pum as illustrated in Fig. 4.5a and see Fig. 4.5¢, respectively.
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4.2.2 Air gap problem and glycerol compensation

The core ideal of microneedle fabrication in this thesis is inclined exposure [62-64]. It is
applied to obtain pyramid-shaped trenches and sloped-wall. Because of a large mismatch in
refractive index of SU-8 (n = 1.668 at 365nm wavelength [65]) air n = 1), the incident angle
(i.e. exposure angle) is limited at 36° [64]. The tilted angle of the substrate cannot exceed
45° due to the height limitation between wafer holder and UV lamp. Thus, the maximum

incident angle is actually smaller (approximately 25°).

Inclined exposures
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FIGURE 4.6: The effect of gap between mask and substrate on the pyramid-shaped trenches.
(a)without gap, (b) with gap. In general, the gap is resulted from low uniformity of SU-8
surface or un-leveled hot plate.

Practically, the tilted Aluminum holder is design to have maximum angle of 33°. It means the
incident angle is reduced to approximately 19° with air gap between mask and substrate. To
have higher incident angle in SU-8 layer, compensation with high refractive index material
is desirable. In my experiments, glycerol (n = 1.47) was filled in the gap between SU-8
and mask, thus increasing the incident angle up to 25°. Some researchers suggested to use
water (n = 1.33) [66, 67], however, it is experimentally shown that filling the gap with water
often causes wrinkles on SU-8 surface after exposure step. A higher viscous liquid may be
reasonable in this case. One commonly-used option is glycerol which has been chosen in
numbers of studies [34, 64, 68]. In addition, glycerol compensation also helps to reduce the

effects of light diffraction [69].

In fact, between the photomask and top surface of SU-8 always has a gap due to rough SU-8
surface, un-leveled baking or bad uniformity. With standard exposure in vertical direction,
this problem has no effect on the structures. However, in this case, when performing inclined
exposure, this problem becomes particularly critical. Specifically, in the fabrication of pyra-
midal tips, since the size of opaque regions on photomask vary from 300um to 400um. If the

gap between mask and substrate is relative too high compared to the width of opening area,
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the exposed regions will be changed and reduced in size of developed structures. In addition,
with gap filling with glycerol, hard contact between the photomask and the sample during

exposure can be provided. Illustration for this is presented below in Fig. 4.6.

4.2.3 Aluminum substrate - an alternative for silicon wafer

As an alternative for silicon wafer, aluminum substrate is utilized because of its advantages
in mechanical strength, adhesion and thermal transfer. Some specific properties of aluminum
plate, silicon wafer and SU-8 are presented in Table 4.1. Practically, thermal stress is created
after curing of SU-8, especially after PEB and hard baking process. The problem of internal
stress is presented in subsection 4.2.1. Stress is originally resulted from the mismatch in
coefficient of thermal expansion (CTE) between SU-8 and silicon wafer. Large internal stress
caused many problems in fabrication of thick SU-8 layers, especially for multiplayer structures.

For example: bending of wafer (i.e. wafer curvature), misalignment, poor adhesion and cracks.

TABLE 4.1: Comparison between properties of Aluminum substrate and Silicon wafer.

Properties Al substrate Silicon wafer SU-8 2150
Thickness (um) 1000 350

Young’s Modulus (GPa) 69 [70] 130.2 - 187.5 [71] 4.02 [71]
CTE (ppm/K) 23.1 [72] 307 ] 52 [73]
Thermal conductivity (W/mK) 205 [74] 131 [75]

(@ (b)

FI1GURE 4.7: Illustrations for the use of aluminum substrate in fabrication of pyramidal tips.
(a) Coated SU-8 2150 layer, (b) Pyramid tips on Al substrate after development of SU-8. To
minimize the effect of internal stress, separated lines were also utilized.

Based on the given data in Table 4.1 and experimental results, the replacement of Al substrate

for silicon wafer contributes to:

Wafer bending problem
With aluminum substrate, the sample is no longer bent even with ultrathick SU-8 coating.
This improvement comes from much better mechanical strength of aluminum substrate com-

pared to silicon wafer which is extremely brittle and easily broken.
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Heat transport: longer cooling time

With high thermal conductivity (205 W/mK), aluminum theoretically allows faster heat
transfer. Moreover, thanks to thicker substrate, typically it takes longer time to be heated
up to 110°C, allowing more uniform baking and less wrinkles on SU-8 surface. Heating rate
of aluminum substrate is 13°C/min compared to 40°C/min with silicon wafer. The measured

cooling rate was assumed to be linear.

FIGURE 4.8: A topography 3D image of aluminum substrate built by Interferometer Wyko

NT9100 at 20x magnification. The average roughness R,=384.6nm. Roughness variation is

shown on the legen to be from -1.96um to 1.9um. There are lots of directional scratches
which may help to improve the adhesion between SU-8 and the substrate.

Strong adhesion with cured SU-8

In general, SU-8 has good adhesion with aluminum as stated by Williams et al. in [31].
Moreover, the aluminum substrate that has been used in my experiments has relative high
roughness with scratches during the manufacturing process. The average surface roughness
(Ra) of aluminum substrate is measured to be 384.6nm by Interferometer Wyko NT9100.
Surface roughness of aluminum substrate is studied by scanning on a 3cm-square area. A 3D

topography image, which is built based on the obtained data, is shown in Fig. 4.8.

Using Al substrate allows bubble destruction

Aluminum substrate also has slower cooling rate is approximately 13°C/min. It also helped
to solve the problem of bubbles in pyramid-shaped trenches in the first step of SU-8 coating.
Specifically, with the diminutive pyramidal tips on silicon wafer, it is very challenging to get
rid off all the bubbles in the pyramidal trenches. Specifically, the silicon wafer cools rapidly,
the coated SU-8 thus becomes more viscous, the bubbles are then very difficult to be sucked

up in the vacuum chamber. On the other hand, with aluminum substrate, the necessary
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time for cooling the sample to room temperature is relative longer, therefore, bubbles can
be easily sucked up to the top surface. Most of these bubbles will be disappeared during
baking step, the remaining bubbles can be destroyed manually by using a metallic needle.
Aluminum plate was also used as a substrate for mounting the negative PDMS mould. To
fix the PDMS mould, avoid bending problem during baking step and allowing longer cooling

time for better efficiency in bubble destruction.

4.3 Optimization of lithography process for ultrathick SU-8

layer

This part presents the development of lithography process particularly for thick SU-8 layer.
One lithography process consists of seven main steps. The process parameters in each step
were experimentally studied and optimized. The optimal parameters optimized for specific
structures, for example: pyramidal tips, sloped walls, microneedle shafts and microneedle

hollows, are summarized in the end of this subsection.

Step 1. Substrate preparation

For better adhesion with SU-8, substrates are treated with acetone, IPA and DI water before
being dry with Nitrogen gun. Dehydration was then performed on the hot plate at 120°C
for 5 minutes. Before coating of photoresist, the substrates were primed by Oxygen plasma

cleaner in 3 minutes. After this step, substrate was sufficiently cleaned for further steps.

Step 2. Coating of SU-8: Weight-controlled method

As discussed before in chapter 2, there are several techniques for coating of SU-8, including:
multiple coatings, volume-control coating or constant-volume-injection [76]. In this thesis,
coating of SU-8 is performed by pouring heated SU-8 onto the substrate by a weight-control
approach. More specific, SU-8 was firstly weighted and subsequently poured on the petridish.
Then it was warmed to 60°C for 5 minutes to reduce viscosity and avoid bubbles. This
temperature is above glass transition temperature of SU-8 (Ty = 50-55°C [77, 78]) at which
SU-8 become softer and less viscous. Pre-heating allows SU-8 to flow easily without creating
bubbles. With the density p = 1.19kg/m?, 5.25g of SU-8 2150 is required to get 1mm thick
on 3-inch wafer, but practically it was rounded to be 6g. Wafer can be swiveled letting SU-8
flows across the wafer, reducing the possibility of bubbles formation at the interface between

SU-8 and the substrate.

In addition, with the second SU-8 layer, during baking period, SU-8 can easily flow out of
wafer due to not perfect leveling of hot plate. This situation frequently leads to uniformity
and thinner SU-8 layer. To avoid this problem, a ring of cured SU-8, namely coating barrier

(see Fig. 4.9b), is formed over the edge of substrate, making the barrier to avoid flowing out
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of the heated SU-8. Moreover, SU-8 is very sensitive to the planarization of the hot plate,
therefore, hot plate should be carefully leveled prior to the next step.

SU-8 coating without barrier Formation of coating barrier SU-8 coating with barrier

FIGURE 4.9: Tllustration of SU-8 based barrier for coating of thick SU-8 layer: (a) coating

of second SU-8 layer without coating barrier, (b) coating of second SU-8 layer with coating

barrier (¢) 1400um-thick second SU-8 layer after soft bake. The coating barrier is created by

forming a 1000pm-thick SU-8 ring around the substrate, the barrier is baked at 110°C for

15 minutes before being exposed for 80 seconds and developed in 5 minutes with ultrasonic

agitation. The inner part of substrate was covered by a 3-inch wafer to avoid over-exposed
effect on the inner desired structures.

Step 3. Soft bake

According to the manufacturing datasheet of SU-8 2150, soft baking process contains of two
steps at two different temperatures: 65°C and 95°C. Baking time depends on the thickness of
photoresist. Moreover, as mentioned before, microneedles have to be fabricated in millimeter-
range in order to reach blood vessel for blood collection approach. Therefore, time for soft
baking is supposed to be longer to reduce the retained solvent level. However, it is stated
that baking time can be reduced with higher baking temperature i.e. 100-120°C [76]. The
chosen temperature for baking was 110°C on Aluminum foil and the actual temperature on
the sample is approximately 100°C. In addition, for the second SU-8 layer coated on a sample
with predefined pyramidal tips, the baking time should be carefully controlled and optimized
for optimal solvent evaporation. Hot plate was utilized because it provides more uniform

solvent evaporation, especially for SU-8 near the interface with the substrate.

Step 4. Exposure with UV light

For optimization of exposure time, a 1100um thick SU-8 layer was coated on a 4-inch Si wafer.
The exposure dosage varied from 1000mJ/ cm? to 3500mJ /cm?, other parameters were kept
the same. The results are shown in Fig. 4.10. With thick SU-8 layer, multiple exposures
are required to avoid overheating, scattering, and diffusion on the surface of the resist [34].
Typically, exposures need to be separated in 20-second (or less than 400mJ/cm2 per time)
intervals with 60-second waiting periods in between. As can be seen from Fig. 4.10, when the
exposure dosage was smaller than 3000mJ/ cm?, the pillar were deformed, bent and broken.
Whereas, the quality of pillar were not changed so much when increased the exposure dosage
from 3000 to 35003000mJ/cm?. In conclude, to form the microneedle shafts, the exposure

dosage of 3000mJ/cm? was utilized.
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FIGURE 4.10: Optical illustrations for the optimization of exposure dosage. During develop-

ment with ultrasonic agitation, the pillars were deformed due to soft, underexposed support
at bottom part. The exposure dosage of 3000mJ/cm? was chosen to be optimal exposure
dosage.

Step 5. Post bake (PEB)
In my experiments, PEB needs to be considered and carefully controlled for the reasons of
minimization of thermal stress and development ability. In fact, post-exposure baking time
depends on different structures, particularly for pyramidal holes and out-of-plane pillars.
More specific, in fabrication of pyramidal tips and microneedle-shaped holes, post-exposure
time was approximately 30 seconds to 1 minute. The unexposed regions are expected to be
completely uncrosslinked, however, the SU-8 regions in the holes are partially cured due to
the effects of UV light diffraction and scattering. Therefore, long PEB step will accelerate the
thermal curing, thus leading to the difficulty in development and unwanted SU-8 residual. On
the other hand, in the formation of out-of-plane structures such as the sloped wall or direct-
forming microneedles, the sample should be post-baked sufficiently long for better structural
stability. Fig. 4.11 illustrates the effect of long post-baking time on the pyramidal tips. It
can be observed that when the post-baking time increases, the unexposed SU-8 becomes more
difficult to be developed. The results showed that the optimal PEB time should be from 30
seconds to 1 minute in order to obtain good pyramidal tips. The development time should

also be controlled precisely to avoid damaging the tips.

Step 6. Development

In the photolithography process of thick SU-8, there are numbers of challenges associated
during the development step due to agitation problem. In general, without agitation, the de-
velopment may last hours but normally is still critical to achieve high aspect ratio structures.
Long development also softens the bottom part, damages the fine structures and normally

the structures are not completely developed. Therefore, strong agitation is required and in
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(a) (b) ©

FIGURE 4.11: Optimization of PEB time for the fabrication of pyramidal tips. (a)l minute

at 95°, (b) 5 minute at 95°, (¢) 10 minute at 95°. The exposure dosage for each sample was

the same, 4x700mJ/cm?. The samples were continuously checked during development. For 1

minute baking, development was fully finished and sharp tips can be created. Whereas, with

5 minutes and 10 minutes baking, it is very difficult to develop even with long development

time.

my experimental works, ultrasonic energy is utilized (Ultrasonic Cleaning Brandson). The
advantages of ultrasonic energy is obvious that strong stirring is provided, allowing much
faster development. However, it may cause microstructures destruction, sidewall quality or
debonding of fine patterns if waves propagate laterally to the substrate. Therefore, it is
required that the sample is placed perpendicularly to the direction of wave propagation in
order to minimize the possibility of structure damage. Experimentally, during development
process, the structures are continuously checked when using ultrasonic agitation to avoid
over-development. At the point of pre-finishing, the samples were positioned in a face-down

orientation to take the advantage of gravity force. Better transportation of dissolved SU-8 is

provided, therefore, better profile at the bottom part can be achieved.

Step 7. Flood-exposure and hard bake
To harden the structures after development, flood exposure was performed with exposure
dosage of 400mW /cm? followed by 2-minute hard baking at 130°C. For the final microneedle

structure, longer hard baking is required and the convection oven is preferable.

Summary of optimal SU-8 lithography parameters
In conclude, the parameters for lithography process with SU-8 are summarized and presented
in Table 4.2.

TABLE 4.2: Summary of lithography process for thick SU-8 layer

Thickness Coating  Softbake Exposure Postbake Dep. Flood Hardbake
(um) (mJ/cm?) time  exp.
(min)  (mJ/cm?)

65°C  95°C 65°C  95°C 130°C

(min)  (hrs) (min)  (min)
Pyramidal 3.25g 15 5 700x4 5 30 10 2000  2min
tips
600 3.25¢g 15 5 1800 5 30 10 2000  2min

1200 6.5g 30 12 3000 5 60 15 2000  2min
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Inverse PDMS molding

For a 3-inch wafer, to obtain 2mm - 3mm thick PDMS mould, about 25g - 30g of PDMS
mixture is required. The amount of each chemical was precisely controlled by weighting.
One process of inverse PDMS molding consists of three following steps: (i) Silicon elastomer
(PDMS) was carefully weighted and mixed with curing agent in the proportion of 10:1.The
mixture was then whisked vigorously with a spatula for about 10 minutes to ensure that
the curing agent is uniformly distributed. The homogeneous mixture was then put inside a
vacuum chamber in 1 hour for degassing. (ii) In the meanwhile, a thin anti-sticking chemical
(Silane) was performed on the SU-8 substrate by evaporation process in a vacuum chamber
for 1 hour. The sample must be sufficiently treated before casting of PDMS, otherwise it may
induce difficulty in the unmolding step. (iii) The PDMS mixture was casted on the treated
sample. After casting of PDMS, degassing was performed with a strong vacuum pump which
can reach down to less than 1mbar. The sample was then stored in convection oven at 60°C

overnight to activate curing process.

4.4 Fabrication of pyramid-shaped microneedles (PMNs5s)

exposure 2 exposure 3
Exposure 1: 4-time
inclined exposure L \*\
@
1. pyramidal tip
2. SU-8 master mold 3. PDMS mold 4. microneedle formation 5. hollow pyramid-
shaped microneedle
Mask 1 Mask 2 Mask 3
Exposed SU-8 2150 Unexposed SU-8 2150 - PDMS . Photomask

FIGURE 4.12: Process flow for fabrication of PMNs by using method 1.
The process to fabricate PMNs with method 1 consists of five steps, as shown in Fig. 4.12.
The first step in Fig. 4.12 is to fabricate the pyramidal tips by using 4-time inclined exposure
method. Firstly, 3.3g SU-8 2150 was coated on the substrate and softbaked for 15 minutes
at 65°C and 4 hours at 110°C. The exposure dosage for each time was 700mJ/cm?. Post-

baking time was about 1 minute on a 110°C hot plate. The sample was then immersed
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into the developer mr-Dev 60. Fully developed pyramidal tips was achieved after 10-minute

developing with ultrasonic agitation. 500um-tall pyramidal tips can be observed in Fig. 4.13.

Pyramidal tips on Al substrate (step 1) Inversed PDMS pyramidal tips

FIGURE 4.13: Step-by step results of PMNs fabrication. (a) Pyramidal tips on Al substrate,
(b) Inverse PDMS pyramidal tips.

The second step is formation of microneedle shaft to obtain microneedle-like holes. A 1200um-
thick photoresist layer was coated by pouring 6g SU-8 2150. Soft-baking was performed on
hot plate at 65°C for 30 minutes and at 110°C for 12 hours. The sample was then exposed
with the exposure dosage of 3000mJ/cm? followed by post-baking at 65°C for 5 minutes
and at 110°C for 1 hour. Development time was 15 minutes. An additional flood exposure
(2000mJ /cm?) and hard-baking (2 minutes at 130°C) is desirable for completely curing of
SU-8. After step 2 in Fig. 4.12, the microneedle-like holes were constructed and presented in
Fig. 4.14a.

microneedle shafts

» o e
SRt

- '. - pyramidal tips e b_)’
Microneedle-like holes (step 2) Pyramid-shaped microneedle (step 5)
FIGURE 4.14: Step-by step results of PMNs fabrication. (a) Microneedle-like holes, (b)
PMNs.

At step 3 in Fig. 4.12, the constructed microneedle-like holes were then utilized as the master
mold for performing inverse PDMS molding. The fourth step focused on microneedle molding
through a negative PDMS mold. The SU-8 2150 was cast by weight (~3g) on the PDMS
mold to obtain 300um-thick support plate. Soft-baking time was 15 minutes at 65°C and 5

hours at 110°C. The microneedle hollows were created with 3500mJ/cm?. After 20-minute
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development, the microneedles arrays were separated from the substrate manually by using

metallic tweezers.

The step-by-step fabrication results are illustrated in Fig. 4.14- Fig. 4.15. Fig. 4.14a shows
the optical micrographs of pyramidal tips. The lateral dimension was measured to be ap-
proximately 300um with tip-size of 42um. The process with method 1 was experimentally
studied. The manufacturability of this method were also considered with the following cri-
teria: quality of the fabricated microneedle, repeatability and throughput. There were four

main limitations with method 1 are presented as follows:

(i) Tip damaging and brokenness during molding/unmolding: in method 1, inverse PDMS
molding was performed two times to create negative PDMS mould with microneedle-like
holes. Gentle separation is highly desirable when performing the high-aspect-ratio structures
i.e. microneedle-like holes, however, brokenness was occurred and lowered the repeatability

and throughput.

(ii) Problem at the interface between the first and second SU-8 layer: at step 2 in Fig. 4.14,
the quality of vertical walls (i.e. microneedle shafts) did not provide good repeatability
since the cavity created at the interface between the first and second layer was not perfect.

Moreover, development step must be carefully controlled to achieve straight shaft.

(i4i) Difficulty in the formation of microneedle hollows: it was experimentally shown that it is
very challenging to form high-aspect-ratio microneedle hollows. The circular opaque features
patterned on photomask is much smaller compared to the opening area. The effect of light

scattering thus becomes more critical.

(iv) Misalignment: distance between alignment marks on mask and on substrate ~1lmm,
therefore they cannot be optically focused at the same time under microscope, thus inducing

alignment error.
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FIGURE 4.15: Step-by step results of PMNs fabrication. (a) misaligned PMNs, (b) well-
aligned PMNss.
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4.5 Fabrication of traditional-shaped microneedles (TMNs)

This section presents fabrication of TMNs on pre-constructed sloped walls by using method 2.
Method 2 was firstly introduced to overcome the problem during molding process with lower
aspect ratio structures i.e. pyramidal tips and sloped walls. The molding/unmolding process
with sloped walls is hoped to be more feasible. In addition, the microneedle shafts are directly
formed by a single-step lithography process. The effect of light scattering is reduced due to
small opening area on the photomask as compared to opaque regions (see mask 2 in Fig. 4.16).
The fabrication process was developed through two main experiments conducted on PDMS
sloped walls and SU-8 sloped walls . The fabrication process was further improved with the
utilization of CASW. The process development will be presented step-by-step through three

experiments as follows:

4.5.1 Fabrication of TMNs on PDMS sloped walls

Double Double
2-time inclined exposure: step 1 exposure: step 2 Hollow traditional-
exposure
o @

shaped microneedle

1. SU-8 sloped walls 2. PDMS sloped walls 3. microneedle shaft 4. support plate

Mask 1 Mask 2 Mask 3

Exposed SU-8 2150 Unexposed SU-8 2150 I roms ] Photomask

FIGURE 4.16: Process flow for fabrication of TMNS on PDMS sloped walls. Step 1: SU-8
sloped wall; Step 2: PDMS sloped wall; Double exposure: step 3: formation of microneedle
shaft, step 4: formation of support plate; Step 5: desired TMNs.

Fabrication of TMNs begins with the formation sloped walls followed by the direct formation
of microneedles and microneedle separation. The arrays were gently blown dry using a nitro-
gen gun prior to flood exposure and hard bake. At step 1 in Fig. 4.16, the SU-8 sloped walls
were lithograpically defined by 2-time inclined exposure with mask 1. To form the sloped
walls, the preheated SU-8 was cast manually by weight onto on aluminum substrate to obtain
a thickness of 1050um. The sample was softbaked for 30 minutes at 65°C and 12 hours at
110°C. The sample was exposed two times with the exposure dosage of 3000mJ/cm? for each
to form the vertical and sloped side. Postbaking step was 5 minutes at 65°C and 1 hour at

110°C. Full development was achieved after 15 minutes developing with ultrasonic agitation.
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After the sloped walls were constructed, inverse replica molding of PDMS was performed two

times to obtained the negative PDMS mould of sloped walls (see step 2 Fig. 4.16).

Step 3 and 4 illustrate double exposure method to form the microneedle shaft and the support
plate by using mask 2 and mask 3, respectively. 9g SU-8 2150 was coated on the substrate,
the sample was then softbaked for 15 hours at 110°C. Double exposure includes two steps

of exposure, including: step 1: 3000mJ/cm? and step 2: 300mJ/cm?

. Mask alignment is
an important step in double exposure technique, especially at step 4 in Fig. 4.16. Specifi-
cally, when performing the shallow exposure to form the support plate, alignment error may
lead to the blocking of microneedle hollow. For easier alignment, a solution called double
PEB step was introduced by Wang et al. [79]. An additional PEB step was conducted at
110°C for 5 minutes after performing step 3 in Fig. 4.16, thus making the exposed regions
become optically clearer under the built-in microscopes of the aligner machine. However, in
my experiments, the microneedle shafts were relocated upon heating. The reason for this
would be the exposed regions are much smaller compared to the unexposed regions. And
the unexposed SU-8 regions will become liquid at PEB temperature which is normally over
the glass transition temperature of SU-8 (50-60°C). Subsequently, the exposed structures will
flow randomly due to the flowing of liquid SU-8. And obviously, the desired microneedles

with support plate cannot be created.

At step 5 in Fig. 4.16, the microneedles were separated from the substrate during development
or by using tweezers. In this step, one crucial problem is the brokenness of microneedle tips
due to strong adhesion between microneedles and the substrate. With PDMS sloped wall,
separation of microneedles was easily performed since cross-linked SU-8 and PDMS has very
low adhesion. Therefore, quality tip profile is achievable with the process on PDMS sloped
walls. Fabrication results are presented in Fig. 4.17. TMNs were fabricated with the total
length of 1515um ((627um tip and 888um shaft), 300um base square and the hollow diameter
of 148um. Tip dimension was measured to be approximately 39um as shown in Fig. 4.17b.
The hollow-structure can be observed and demonstrated from the top-view image as shown
in Fig. 4.17¢c. It indicates that the obtained microneedles may have the ability to transport

fluids with center-positioned hollow structure.

Considering the results in wafer scale, more than 30 arrays in the total of 54 arrays were
misaligned or damage after separation. The possible explanations are addressed through the
discussions on remaining limitations of the process on PDMS sloped walls. Although the
sharp bevel tips were able to be constructed, there are several limitations with the process
on PDMS sloped walls, for example: bad surface profile (e.g. non-uniform, wrinkles) and

alignment error due to thermal expansion of PDMS mould and small sloped angle.

(i) Bad SU-8 surface profile: PDMS is a rubber elastic polymer with high chemical and

thermal resistance. However, upon heating/cooling the PDMS mould was greatly deformed.



Chapter 4: Fabrication of SU-8 microneedles 54

38,903pum

FIGURE 4.17: Optical micrographs of fabricated TMNs. (a) side view, (b) magnified image
of the microneedle tip, (c) top-view. A top-view image is focused at bottom of the support
plate. These figures were captured by Leica at 10x magnification.
Flat, uniform coating surface is therefore cannot be obtained. There are two possible solutions
that may help to improve this problem. By applying slow cooling rate or mounting the
substrate on a hard, rigid surface to reduce the thermal deformation. In my experiments, an

aluminum substrate was utilized. However, the problem of wrinkles still remained.

(i) Misalignment due to PDMS thermal expansion: upon heating at 110°C, PDMS will
expand due to high thermal expansion. This induces a significant error on aligned structures.
To fully solve this problem, the patterned on photomask should be compensated based on

the total displacement of PDMS mould due to thermal expansion. The misaligned error can
be calculated based on (4.1).

AL = o AT L. (4.1)

Where AL is total displacement (i.e. alignment error),ayq, is the coefficient of thermal expan-
sion of PDMS (a1, = 3.1x10°* (°C!)). L is the original length, I, = 30mm (0.03m) is the
distance of rightmost microneedle from the center. AT is temperature difference. In this case
AT = 110°C - 22°C = 73°C. The maximum calculated alignment error AL = 0.6789mm.

Based on this number, the masks can be designed to overcome the misalignment problem.
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(iii) Misalignment due to distance (d) and sloped wall geometry: at step 3 in Fig. 4.16,
coating of a 1000um-thick SU-8 layer induces a distance (d = 1000um) between alignment
marks on substrate and on photomask. Perfect mask alignment is thus very challenging to
perform. Specifically, the alignment marks cannot be observed at the same time under the
microscope of mask aligner, therefore, this error source cannot be avoided. This problem is
also critical for the process performing on SU-8 sloped walls. Another factor that affect the
alignment accuracy is the dimension of fabricated sloped walls. Together with the error source
of distance (d), it is experimentally figured out that performing mask alignment on narrow
sloped walls is very challenging. The width of sloped walls defined by inclined exposure
was measured to be about 450um (25 degree sloped angle, 1000um height) which has the
comparable size to desired microneedle width (300-350um).

Alignment
marks on mask

Alignment marks
on substrate
3D illustration for mask alignment Top-view of mask Side-view of mask alignment
alignment

FicURE 4.18: Misalignment due to the distance between the alignment marks on mask

and substrate. A distance between the alignment marks on mask and on substrate is about

1000pm i.e. the thickness of second SU-8 layer at step 3 in Fig. 4.16. Therefore, the

alignment marks cannot be brought into focus at the same time, thus leading to alignment
error.

4.5.2 Fabrication of TMNs on SU-8 sloped walls

The second experiment was conducted directly on SU-8 sloped walls. By using the pre-defined
structures patterned on a hard, non-deformed aluminum substrate, this process is expected

to avoid the alignment error caused by thermal expansion of the substrate.

The advantages of SU-8 sloped walls patterned on aluminum substrate are: (i) the sample
was no longer be expanded/ contracted upon heating and cooling, the alignment error due to
thermal expansion was thus reduced significantly. (ii) the coated SU-8 layer becomes flat and
smoother (i.e. no wrinkles on SU-8 surface) since the aluminum substrate is sufficiently stiff to
avoid bending and deformation. However, with SU-8 sloped walls, separation of microneedles
was more difficult due to strong adhesion between cross-linked SU-8 microneedles and SU-8

sloped walls. The microneedle tips were damaged as depicted in Fig. 4.20b, c.

One possible reason is the small angle of fabricated sloped walls. In fact, the microneedles
are not strong enough with extremely sharp tips due to small sloped wall angle. Therefore,

the tips will be broken easily during microneedle separation. The solution is to fabricate the
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Metal deposition Double Double
2-time inclined by evaporation exposure: step 1 exposure: step 2 Hollow traditional-
exposure shaped microneedle
o @

ﬁ
1. SU-8 sloped walls 2. SU-8 sloped walls 3. microneedle shaft 4. support plate 5. TMNs
coated with metals
Mask 1 Mask 2 Mask 3
Exposed SU-8 2150 Unexposed SU-8 2150 .Metal layers (Cr/Cu or Cr/Au) . Photomask

FIGURE 4.19: Process flow for fabrication of TMNs on SU-8 sloped walls. Step 1: SU-8
sloped wall; Step 2: PDMS sloped wall; Double exposure: step 3: formation of microneedle
shaft, step 4: formation of support plate; Step 5: desired TMNs.
sloped wall with higher angle. However, in practice, it is not possible due to light refraction.
Therefore, the surface of SU-8 sloped walls need to be modified, otherwise the microneedle
tips will be damaged. In addition, surface modification may also provide better encapsulation
of SU-8 into the trenches between sloped walls, i.e. less effort is required for degassing.
Normally, anti-sticking layers are performed by chemical spinning. However, with 1000um-
tall sloped walls, uniform coating via spinning is not possible to achieve. The suggested
technique is to use vapour deposition. In this experiment, I utilized two techniques to perform
surface modification: vapour deposition of silane in vacuum chamber; thermal deposition of
metals: 20nm Cr and 500nm Cu, 20nm Cr and 20nm Au. It is showed that metal coatings
improved significantly SU-8 encapsulation. The experimental results showed that it was easier
to separate the needles from metal coated SU-8 sloped walls than form original SU-8 sloped
walls. However, some of microneedle tips still got damaged after separation. There are two
phenomena that could possibly be the reason for this, including: (i) Narrow sloped walls
could be the reason for weak bevel tips. The sloped walls were fabricated with the sloped
angle of 25°, thus weakening the microneedle tips; (ii) The adhesion of coated metal layers
on SU-8 sloped walls is not as good as on silicon wafer or metal substrate. After separation

step, at some arrays the metal layers were lifted off and stick to the microneedle tips.

In the process on SU-8 sloped walls, it was very difficult to have perfect alignment when
performing the second exposure step in double exposure technique. Two error sources are:
(i) the distance between mask and alignment marks on sample; (i) narrow lithographically
patterned sloped walls. These two issues were addressed before in the process on PDMS

sloped walls.
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Damaged tips remained
on sloped walls

Damaged tips
after separation
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FI1GURE 4.20: Tip-damaging problem caused by strong adhesion between microneedles and
the sloped walls. (a) SU-8 sloped walls, (b) Damaged tip parts remained on SU-8 sloped
walls, (c) Fabricated TMNs with damaged bevel tips, (d) a top-view image which verifies the
existence of microneedle hollows. The figures were captured by Olympus MVX10.

4.5.3 Fabrication of TMNs on CNC-machined aluminum sloped walls

After experiments on PDMS sloped walls and SU-8 sloped walls, to address the remaining
issues, a new promising approach to produce SU-8 TMNs was proposed. This approach
utilized the CASW for creating the bevel tips. Instead of fabricate the sloped walls by SU-8
photolithography, the ideal of this approach is to fabricated the sloped walls with precise
mechanic technology. For instance a Computerized Numerically Controlled (CNC) machine
is one promising option with extremely high resolution (up to 0.0lmm). The advantages of
CASW are discussed in Appendix B which also presents the detailed experiments on three
aluminum samples. Fig. 4.21 shows three types of sloped walls made by PDMS, SU-8 and

aluminum.

Table 4.3 summaries the main limitations associated with PDMS sloped walls and SU-8

sloped walls. It also addresses the expecting superiority of CNC-machined sloped walls. It
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can be observed that PDMS sloped wall provides better possibility to release the microneedle
arrays compared to SU-8 sloped walls (without surface modification). However, PDMS mould
induces several problems, for example bending, deformation, alignment accuracy and bad
profile of coated SU-8 layer. On the other hand, SU-8 sloped walls patterned on aluminum
plate can avoid the problems of substrate bending and wrinkles. But two factors of distance

(d) between mask and substrate (Fig. 4.18) and limited sloped angle still remained.

TABLE 4.3: Summary of the advantages and disadvantages of TMNs fabrication on three
different sloped walls, including: PDMS sloped walls (Fig. 4.21a), SU-8 sloped walls (Fig.
4.21b) and CNC-machined aluminum sloped walls (CASW) (Fig. 4.21¢).

Material

Advantages

Disadvantages

PDMS
sloped walls

- Low adhesion with crosslinked SU-8,
easy to release the microneedles

- Large surface tension (PDMS
and SU-8), difficult to perform
SU-8 encapsulation.

- Misalignment caused by: (i)
thermal expansion (mask com-
pensation is required), (ii) dis-
tance between alignment marks
on mask and substrate, (iii) lim-
ited sloped angle.

SU-8 sloped
walls

- No bending, no misalignment
caused by thermal expansion.

- Tip damaging due to strong
adhesion with crosslinked SU-8.
Surface modification is required.
- Misalignment caused by: (i)
distance  between  alignment
marks on mask and substrate,
(ii) limited sloped angle.

CASW

- Flexible design dimension (height,
width, sloped angle)

- Better process control.

- Better accuracy in mask alignment.

- Microneedle length controllable with
coating barrier.

- Reusable sample with low manufac-
tured cost.

- Good repeatability and high through-
put

- Tip damaging due to strong
adhesion with crosslinked SU-8.
Surface modification is required.

As can be seen from Table 4.3, the issues associated with the process on PDMS and SU-8
sloped walls limited the quality of fabricated microneedles and the overall throughput. A
solution of CNC-machined aluminum sample (CAS) was introduced with the expectations to
overcome the remaining limitations of SU-8 sloped walls. The advantages of CAS are listed
in Table 4.3. The detail description for each advantage of CAS is presented in Appendix B.

Appendix B summarizes the process to optimize method 2 for using on CAS. It is located
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PDMS sloped walls SU-8 sloped walls CNC-machined Al sloped walls
FIGURE 4.21: Three different types of sloped walls. (a) PDMS sloped walls, (b) cross-linked
SU-8 sloped walls, (¢) CNC-machined aluminum sloped walls.
separately to provide a detail picture of the key contribution of this thesis. In this part, two

main advantages are described, including:

(i) High flexibility in design of sloped wall dimensions: the sloped walls can be flexibly de-
signed with various dimensions. Therefore, sloped walls with higher angle are experimentally
proved to improve the alignment accuracy. Fig. 4.22 shows the 3D sketches of CAS in Solid-
works. Various sloped angle can be designed, however, in practice, the CAS was manufactured
with the angle of 45°. One single angle of sloped walls simplify the manufacture process, thus
saving cost and time. Fig. 4.21 shows the aluminum sloped walls fabricated with 45° sloped
angle, 12um height and 1200pum width. This width is larger than of PDMS and SU-8 sloped
walls (400-450pm). Therefore, it is easier to position mask 1 (see step 3 in Fig. B.4).

1.4mm 1mm 0.7mm

(@) (b) ©

FI1GURE 4.22: Highly flexible design of CNC-machined aluminum sloped walls. Aluminum
sloped wall with the sloped angle of (a) 50°, (b) 40°, (c) 30°.

(i) Improvement in mask alignment: the aluminum sample was designed with alignment
marks positioned at top surface, thus avoiding the alignment error. There is no gap between
alignment marks on mask and substrate (d = 0, see Fig. B.lin Appendix B. Therefore,
the alignment marks can be brought into focus at the same time, thus improving alignment

accuracy.

On the other hand, there was one issue associated with method 2 on CAS - tip damaging in
microneedle separation. The reason for this problem is the high adhesion between crosslinked
SU-8 microneedles and the substrate. Previously, an experiment conducted on SU-8 substrate
illustrated that Cr/Au worked best. However, in this case, aluminum sloped walls were

utilized, therefore, another experiment is required. An experiment was conducted on one
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CAS sample which has four regions coated with four materials, including: Cr/Au, Cr/Cu,
silane and aluminum. The detailed experiment is presented in section B.1 in Appendix B.
Again, the results confirmed that the region coated with Cr/Au provided highest possibility

to successfully release the microneedles arrays.

In relation to the fabrication of microneedles on CAS, three experiments were conducted on
three aluminum samples to fabricate the TMNs. The sample process as applied for PDMS
sloped walls was utilized. Detail fabrication process is presented in Appendix B. Fig. 4.23
shows the TMNs fabricated with different lengths. Specifically, three aluminum samples were
utilized with 700pum, 1000pum and 1500pm in the height of coating barrier. Correspondingly,
different microneedle lengths of 645um, 950um and 1410um were fabricated as shown in Fig.
4.23a-c, respectively. In addition, the microneedles arrays were successfully fabricated with

pitch size of 1500um.

260p?n
b . 'S:.tﬂ
F1GURE 4.23: Optical micrographs of SU-8 TMNs fabricated with three different lengths.
The microneedle length was measured to be (a) 645um, (b) 950pum, (c) 1410pum. The length

was controlled by the height of coating barrier.

4.6 Chapter conclusions

The experiment part in this thesis aims to develop a simple, cost-effective method for fab-
rication of polymer-based microneedles. The process development started from method 1
(Replication of microneedles) and improved to method 2 (Direct formation of microneedles).
Method 2 was introduced to overcome some limitations of method 1, providing higher ca-
pability to fabricate the polymer-based hollow microneedles. Our experiments confirmed
that method 2 is relatively better than method 1 in terms of the quality of fabricated mi-
croneedle tips, repeatability, fabrication time, and cost. Specifically, when performing PDMS

molding/unmolding, the high-aspect-ratio structures were easily broken, thus leading to the
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imperfection or destruction of the final molded microneedles. In addition, the possibility of
successfully fabricating microneedle hollows in method 2 is higher than that of method 1. The
effect of light scattering was more critical because of the large opening area. In method 2,
microneedle separation is easier. The process of method 2 was studied and optimized before
proposing an optimal process. Two scenarios were conducted on PDMS and SU-8 sloped
walls for investigation of the important factors, for example: tip damaging, substrate bend-
ing, deformation, misalignment problem...etc. Based on what have been found, an optimal
process was proposed on the CNC-machined aluminum samples which were utilized as the

replacement for lithographically patterned sloped walls.

The process of method 2 utilized for fabrication of TMNs can also be applied to fabricate
PMNs. However, one thing should be considered during the fabrication of pyramidal tips is
that the sharpness of pyramidal tips fabricated by using 4-time inclined exposure method was
limited. The shape of pyramid tips was affected by the inaccurate rotations. During relative
rotation of the top part (as described in Fig. 4.4a), the error may occur causing imperfect
pyramidal side faces. Moreover, partially-exposed SU-8 may also affect the tip-size. One
alternative to make the pyramidal tips, is using anisotropic wet etching on <100> silicon
wafer. The fabrication of sub-micron pyramidal trenches was achievable [80, 81]. However,
the tip angle is therefore about 70.6°, the pyramidal tips are then limited to about 200um-
high.

In addition, this chapter gives the answer for the motivating question number 2: ” Question 2:
Is it possible to fabricate and integrate the microneedle array with the proposed geometry? If
yes, what kind of technologies can be applied to fabricate it? If yes, what kind of technologies
can be applied to fabricate it?”. The answer is yes. The microneedles with the proposed

dimensions are manufacturable. The fabrication results can be summarized as follows:

1. Pyramid-shaped microneedles (PMNs): the microneedles were fabricated by using method
1 - molding of microneedles. The measured dimensions of fabricated PMNs are:1470um

in length, 300um in based width with the pyramidal tips of 43um.
2. Traditional-shaped microneedle (TMNs):

e PDMS sloped walls: the 1515um-tall TMNs were formed with the tip-size of 39um.

Misalignment due to PDMS thermal expansion was observed.

e SU-8 sloped walls: the quality of fabricated microneedles was not good. Most of
the microneedles were damaged or broken, especially at the microneedle tips. Tip
damaging was occurred when separating the microneedle arrays. This problem

was caused by strong adhesion between microneedle and SU-8 sloped walls.

e CNC-machined aluminum sloped walls: the microneedles were fabricated with

different lengths: 645um, 950pm and 1410um corresponding to three experiments
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on three CNC-machined aluminum samples manufactured with 700pm, 1000pum
and 1500um-high coating barrier, respectively. The average tip-size was measured

to be 23um. Bevel tips were constructed in a good quality.

In conclude, method 2 performing on CNC-machined sloped walls provides good repeatabil-
ity with high throughput. Three experiments were successfully conducted to produce the
microneedles with the desired lengths and sharp tips. The proposed process only has one
issue of tip-damaging during separation step. This issue can be addressed by coating two
metal layers (Cr/Au) to lower the adhesion between crosslinked SU-8 microneedles and the
aluminum surface. More than 97% of the arrays were successfully released in a good condition

(e.g. no tip-damaging, flat support plate).



Chapter 5

Performance Evaluation

This chapter describes the procedure to evaluate the performance of the microfabricated
microneedles in terms of mechanical properties and skin penetrability. In addition, this

chapter gives the answer for two motivating questions:

Question 3: Whether the microneedles as proposed in this thesis can safely penetrate the

human skin and can it survive after penetration process?

Question 4: How to evaluate and test it? Does it cause pain or uncomfortable feeling during

implementation

This chaper is organized with three sections corresponding to three experiments. Experiment
1 focused on the mechanical strength by measuring the fracture forces and matching of the
measured data, calculated results and simulated results. Experiment 2 studied the skin
penetrability of the fabricated microneedles. The insertion test was conducted for a single
microneedle and the 9x9 microneedle array. Experiment 3 examined skin penetrability of

hypodermic metallic needles on human fingers.

63
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5.1 Measurements of fracture forces

The measurement setup on Shear Tester Delvotec 5600 is shown in Fig. 5.1. The microneedle
was mounted on the force driving tip. The movement is precisely controlled by a built-in
motor with the resolution of 0.01N. To measure the fracture force, a rigid surface (1mm-thick
aluminum plate with 69GPa in Young’s modulus) was used as a penetration object. To min-
imize the effect of slippery, a thin layer of epoxy resin UN3082 was spun on aluminum plate.
This layer provided a softer surface to immobilize the microneedle tip during measurement.

The measurement error due to slippery thus can be minimized.

Measurements were conducted repeatedly three times for each of pyramid-shaped micronee-
dles (PMNs) and traditional-shaped microneedles (TMNs). The results are shown in Table
5.1. Force-time plot was recorded and displayed on the screen as shown in Fig. 5.2. Fail-
ure point was determined automatically by the system when there is a sudden decrease of
applied force. There are two points at which the microneedles were broken corresponding to
tip failure and shaft failure. PMNs exhibited higher fracture forces (2.74N for tip failure and
3.45N for shaft failure) compared to TMNs (0.46N for tip failure and 2.32N for shaft failure).
The average measured forces are presented in Table 1. In comparison with the results from
theoretical study, the average differences in percentage are A = 8.16% and A = 29.5% for
PMNs and TMNs, respectively. When the microneedle tip is broken, the total length is re-
duced. Fracture force thus increased. With average tip-fracture force of 2.82N, pyramidal tip

may be stronger than bevel tip which only can withstand to the maximum force of 0.51N.

TABLE 5.1: Measurement of fracture force on fabricated microneedles

Measured force (N) Calculated A (%)

Shaft failure o Tip failure T force (N) ¢
PMNs 3.4 1.8% 2.82 2.0% 3.2 8.16
TMNs 2.37 2.1% 0.51 7.8% 1.7 29.5

According to the results from measurements, the hypothesis of the improved strength of
PMNs is verified. In comparison to TMNs, PMNs may endure larger axial force, specifically
3.15N (1470u length) compared to 2.05N (15154 length). As inspected in Fig. 5.2, there are
two secondary critical points at 2.74N (Fig. 5.2a) and 0.46N (Fig. 5.2b). At those points, the
microneedle tips were initially broken at lower values: 2.74N and 0.46N respectively for PMNs
and TMNs. The fractures may be resulted from the force subjection of sharp microneedle
tips. However, the measured results of tip fracture force verifies the improved strength of the

pyramidal tips as compared with that of the bevel tips.
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FIGURE 5.1: Measurement setup with Shear tester Delvotec 5600. (a), (b) equipment setup,
(¢) microneedle mounted on force driving tip. Microneedle array was bonded to the metallic
surface by using a two-side copper tape. The test was conducted with an aluminum plate as

the penetration object.
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FIGURE 5.2: Measurement results of fracture force of PMNs and TMNs. The forces were
recorded as a function of applying time. (a) Force-time measurement plot of PMNs, (b)

Force-time measurement plot of TMNs.
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By comparing the measured forces to the calculated forces of PMNs (3.2N) and TMNs (1.7N),
the average force difference between calculated results and measured results is about 8.16%
and 29.5% for PMNs and TMNs, respectively. Three possible reasons for this difference could
be: :

e (Clalculation errors: from the theoretical models. The theoretical models was developed
based on several assumptions of geometry and boundary conditions. More specific, with
low or average high aspect ratio structural objects, Euler’s beam theory is no longer
accurate. The effects of shear deformation become more critical. This limitations of

the proposed theoretical model was discussed in the chapter conclusion of chapter 3.

o Measurement errors: the errors that may caused by the effects of slippery and friction
on the testing object (i.e. a rigid aluminum plate). The errors may also come from
the measurement setup, however, the accuracy of Shear tester Delvotec 5600 is 1cN

(0.01N). So, this error source can be eliminated.

e Brokenness of microneedle tips: when the microneedle tips are initially broken at lower
force values, the microneedle length will be reduced and the tip dimension will be
enlarged. The endurance of the microneedles thus increases, leads to larger measured

values of fracture forces.

5.2 Testing of skin penetrability on human fingers

5.2.1 Testing of microfabricated SU-8 microneedles

For practical evaluation, skin penetrability of the fabricated microneedles was assessed on
volunteers’ fingers through two scenarios. The first and the second scenario was conducted
on a single microneedle and a 3x3 microneedles array, respectively. To implement the first
test on single microneedle, a microneedle was pressed perpendicularly to the human finger by
manually pushing then pulled out by metallic tweezers. On the other hand, with the second
test on microneedles array, the volunteers were asked to push their fingers down to the fixed
array, then stay at that position for couple of minutes before removing their fingers. The

insertion process was optically inspected under the microscope Olympus MVX10.

Scenario 1: Skin penetrability tested on single microneedle:

The fabricated microneedles showed to be able to penetrate the skin barrier without breaking.
Tip brokenness was not observed when separating the microneedles from human finger. Fig.
5.3a, b show the insertion of a single microneedle into human finger. The insertion spot was
then observed under the microscope as illustrated in Fig. 5.3b. One drop of blood came out

after pulling the microneedle out.



Chapter 5: Performance Evaluation 67

insertion of one single
microneedle

a

o 4 P § L e

FIGURE 5.3: Scenario 1: Testing of skin penetrability with one single microneedle.

Scenario 2: Skin penetrability tested on 3x 8 microneedles arrays:

The configuration of 3x3 microneedles array is expected to have two main advantages, in-
cluding: (i) better opportunity to open the skin and collect blood with higher collection
efficiency (9 times more effective than one needle), (ii) easier to perform vertical insertion
with an array of 3x3 microneedles. In one test case, one recorded practical issue was the
brokenness of the support plate during insertion. The optical illustrations for support plate
brokenness are presented in Fig. 5.4. The support plate of the testing sample was measured
to be approximately 210um thick (200mW /cm? exposure dosage). The brokenness might be

caused either by too large insertion force or too thin support plate.

broken part was
remained on finger

brokenness of the
support plate

FIGURE 5.4: Brokenness of the support plate during insertion of microneedle array. (a)

broken part on the integration of microneedle array, (b) broken part is left one the human

skin after the microneedle array was pulled out. The support plate was measured to be about
210pm thick.

In practice, the insertion was performed manually. It is thus difficult to predict the exact
amount of applied force. Therefore, this possibility was not considered. At each time per-
forming the test, approximately the same force was applied. To deal with this issue, another
possible solution is to fabricate the microneedles array with thicker support plate. It was
expected to reduce the possibility of support plate brokenness. In practice, the adjustment
in support plate thickness can be accomplished by simply increasing the exposure dosage of

the second shallow exposure step in double exposure technique. The optimal thickness was
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experimentally chosen to be thicker than 300pm. Fig. 5.5 illustrates a successful skin pen-
etration of a microneedles array fabricated with 330um-thick support plate. Fig. 5.5 shows
a successful insertion of an array into human finger. The results indicate that the fabricated

microneedles arrays may be able to puncture human finger and reach the blood vessels.

A

R My
ood came out at
insertion spot

insertion of a 3x3
microneedle array

FIGURE 5.5: Scenario 2: Successful insertion of a 3x3 microneedles array. The support plate
was measured to be about 330pm thick.

The fabricated microneedles arrays were successfully punctured human finger. According to
the testing results, the fabricated microneedles were able to be inserted safely into human
skin with the configuration of 3x3 microneedles array. It was experimentally shown that the
array arranged with 1500um and 2000um microneedle pitch might be easier to puncture the
skin compared to the array arranged with 1200pm pitch. In both scenarios, after pulling out
the microneedles, at the insertion spots, as depicted in red circles in Fig. 5.3b and Fig. 5.5,
blood came out. The presence of blood implies that the microneedles may be able to reach

the blood vessels.

The practical tests on human skin provide the preliminary results on the study of skin pene-
trability of the fabricated microneedles. The results showed that the proposed microneedles
may be strong enough to puncture the human skin and long enough to reach the blood vessels
at human fingers. The conducted tests are only the initial demonstrations for the mechanical
properties of the first prototype of microneedle array. For further verification and validation,
a more complex testing protocol is required and the microneedles need to be tested and eval-
uated again and again before getting close to the conclusion of a functional blood-sampling

device.

5.2.2 Testing of hypodermic stainless steel needles

A test of skin penetrability on the hypodermic needle was conducted to give a comparison
between the performance of fabricated microneedles and hypodermic needles in clinical ap-
plications. Regarding to the manufacture of stainless steel needles, the technologies for mass-

production of hypodermic needles (i.e. normal stainless steel needles) are well-developed.



Chapter 5: Performance FEvaluation 69

The stainless-steel tube is drawn and cut by using small dies. Extremely sharp bevel tips
are manufacturable. Fig. 5.6b shows the comparison between tip-size of the bevel tips of
the fabricated SU-8 microneedles and the tip of hypodermic stainless-steel needle. It can
be seen that the tip-sizes are comparable. The tips are beveled and polished to be enhance
the skin penetrability. In the test, hypodermic needle was inserted gently into volunteer’s
finger, in other words, the needle was slightly placed on the finger without insertion force.
The microneedle tips were able to open the skin nicely and mostly did not cause pain. A
blood drop came out after pulling the needle out. This test illustrated that the key factor for

successful insertion is the sharpness and tip shape.

Insertion of hypodermic
stainless-steel needle

FIGURE 5.6: Testing of skin penetrability with a hypodermic stainless-steel needle. (a)
insertion of needle into human finger, (b) tip-size comparison between SU-8 bevel tip and
the tip of hypodermic stainless-steel needle.

5.3 Chapter conslusion
Performance evaluation of the fabricated microneedles can be summarized through the an-
swers for two following questions:

Question 8: Whether the microneedles as proposed in this thesis can safely penetrate the

human skin and can it survive after penetration process?

Question 4: How to evaluate and test it? Does it cause pain or uncomfortable feeling during

implementation.
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Firstly, the measurement of fracture force verified the prediction made by theoretical model
and finite element method. The measured force is higher than the required insertion force
to puncture human skin. Therefore, brokenness may not occur. Secondly, the tests on skin
penetrability showed that the fabricated microneedles can puncture the skin. Yes, insertion
of fabricated microneedles (single needle and needles array) did cause little pain at the first
time when the skin was opened. However, to conclude that it can collect blood, further

verification as well as validation are required.



Chapter 6

Conclusion

This thesis has achieved the main goals of design

This project aims to build a blood-sampling microneedle-based device for blood-related dis-
ease diagnostic. Firstly, this thesis has achieved three main goals which are: (i) construction
of an optimal design of microneedles array with high strength for safer collection of whole
blood, (ii) fabrication of SU-8 microneedles array with high aspect ratio, hollow structure
and sharp tip. (iii) performing early-stage tests and demonstrations on the performance of
the fabricated microneedle array in terms of skin penetrability and collection ability. Sec-
ondly, this thesis has contributed to the research field of SU-8 microneedles with three main

contributions of this thesis are summarized as follows:

1. Development of a theoretical model for geometry optimization. A model developed to
study the fracture force of structural members which are polymer-based microneedles. The
accuracy of this model was verified by finite element method and practical measurements. The
obtained results from calculations, simulations and measurements, show that the proposed
model may be useful for designing microneedles, with high strength for blood extraction.
The model can also be applied to other structures of microneedles for geometry optimization.

Details about this model is presented in Article P1.

2. Development of a simple, robust method to fabricate SU-8 microneedles. With one single
step with SU-8 lithography, a method with the utilization of CNC-machined aluminum sample
(CAS) showed to be potentially manufacturable. The advantages of the proposed process
are: (i) Low-cost fabrication of CAS, (ii) high flexibility of fabricated microneedles (i.e.
different lengths, tip angle) due to controllable CAS dimensions, (iii) a promising method for
mass-production of microneedles due to low chemical consumption, good repeatability, CAS

reusability and high throughput.
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3. Proposing a simple solution, namely ”separated lines”, to reduce the effect of thermal
stress in thick SU-8 films. By separating the arrays with 500um-wide lines, the phenomenon

of wafer bending as subjected to thermal stress was greatly reduced.

In addition, this thesis has also provided interesting preliminary results for further develop-
ment of this project in blood-sampling microneedle-based devices. According to the results
from the practical tests on skin penetrability, the sharpness and shape of microneedle tips are
the most important factors that determines whether the microneedles can open the skin and
collect blood or not. It is therefore suggested that the studies on blood-collection micronee-
dles should focus on fabrication of microneedles with extremely sharp tips. The sharpness of
microneedle tips is the limitation remained in the experiment part in this thesis. There are

several potential approaches, for example:

e Sharper microneedles are achievable higher higher-resolution CNC-machined aluminum
sample: the aluminum surface could be polished before being used in order to reduce

the roughness, thus improving the profile of fabricated tips.

e Gray tone lithography - a new approach to fabricate complex 3D structure: with gray
tone mask, complex 3-dimensional SU-8 structures can be fabricated by using gray-
scale photolithography [82, 83]. The principle is to control the distribution of features
patterned on the photomasks, thus control the exposure dosage of the UV light.

e The method to produce and sharpen the fabricated microneedle: to minimize as low
insertion pain as possible, diminutive tips are highly desirable. The sharp tips may
gently open the skin and take out blood without causing hurt. One worthy studied
approach is the fabrication of sharper microneedles with higher-resolution CNC samples

in method 2.

e Fabrication of metallic microneedles: Metallic microneedles may also be a good op-
tion for extremely sharp microneedle tip. To fabricate metallic microneedles, electrode

plating is one of the most frequently-used approach for metal deposition.

Regarding to practical operation of microneedles, in the future research, two aspects should
be considered in order to manufacture the functional devices, including: (i) packaging of
the microneedles array, (ii) biological verification and validation of functional microneedle

prototypes.



Appendix A

Mathematical derivations

In Appendix A, the detailed expressions of I,(x), Q,(x,y) and D(x,y) for cross-section region
2-5 were respectively derived. The two most complicated cross-sectional areas are at region
3 and 4. The illustrations to calculate I,(x) for regions 3 and 4 are presented in Fig. A.1b, c.

The results are presented below:

z4 )
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Region 3 Square

Region 4 Square Sector_4 Tfiangle 4

FIGURE A.1: Five cross sections of PMNs. (a) five cross sections correspond to five regions

along z-direction; (b), (c) illustrations for calculation of inertia moment in Regions 3 and 4,

respectively. They are the most difficult regions for calculating inertia moment due to the
dependence on z of all geometrical variables.
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FIGURE A.2: Cross section at region 1. (a) inertia moment, (b), (c) illustrate for Qi, and
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(b) First moment of area Q,(x,y):
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FIGURE A.3: Cross section at region 2. (a) inertia moment, (b), (c) illustrate for Q2, and
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FIGURE A.4: Cross section at region 3. (a) inertia moment, (b), (c) illustrate for Qs, and
Qsb
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where h3(z) = Wéz) — M a3(z) = 21/R% — hy(z)? and ¢3(x) = 2acrCos <h‘";%(2x)>
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where hy(z) = %1 — W2($),a4(x) = 2/R3 — hy(z)? and ¢4(z) = 2acrCos (h‘;g))
(b) First moment of area Q,(x,y):
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(c) Width D(x,y) corresponding to differential dx:

Ds(z,y) = W(x) (A.24)






Appendix B

A simple, robust fabrication
method with CNC-machined

aluminum sample

This part presents the development of a new method which has been developed based on the
ideal of method 2. The core ideal of this method is the utilization of a CNC-machined alu-
minum samples (CAS). This appendix chapter begins with the descriptions for the advantages
of CAS followed by the design of CAS. In the experiment part, three scenarios were conducted
on three CAS manufactured with three different heights of coating barrier. Three types of
traditional-shaped microneedles (TMNs) were fabricated with 645pm, 950um and 1410pm in
length. Very sharp bevel tips with the with the tip-size of 23um were manufacturable.

B.1 Advantages of CNC-machined aluminum sample in mi-

croneedle fabrication

As mentioned in chapter 4, 5, a sample made by aluminum with pre-defined structures is
an promising replacement for SU-8 sloped walls. This replacement may greatly improve the
quality of fabricated microneedles as well as the fabrication process itself. Moreover, with
CAS, the possibility to develop a low-cost, simple method with high throughput becomes
more potential. Most importantly, it can give the solutions to overcome several fabrication
issues associated with SU-8 and PDMS sloped walls. The advantages of CNC-machined

aluminum sloped walls (CASW) are presented as follows:

(i) Flexible design dimension: high flexibility with controllable dimension of sloped walls

(i.e. sloped angle, height and width of sloped walls). With CASW, the limitation in sloped
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angle can be solved (maximum degree angle = 25).

(ii) Better process control: with significantly stronger aluminum plate, it is able to solve
the problems of wafer bending (SU-8 sloped walls) and thermal expansion (PDMS sloped
walls)

(iii) Better accuracy in mask alignment: the alignment marks are brought to the surface,
therefore, there is no gap between the alignment marks on mask and on substrate. The
illustration for this improvement is shown in Fig. B.1. In fact, with PDMS and SU-8 sloped
walls fabricated with inclined exposure, the existence of the gap (d = 1000um as depicted in
Fig. B.1¢, d) cannot be avoided. On the other hand, as can be seen in Fig. B.1b, the CAS is
designed with d = 0. On the other hand, PDMS and SU-8 sloped walls which were fabricated
by using inclined exposure, the existence of the gap (d = 1000um as depicted in Fig. B.1c,
d) cannot be avoided. The alignment marks therefore can be brought into focus at the same
time, thus reducing significantly alignment error. Practical demonstration will be presented

in the next section.

Alignment
marks on mask

Alignment marks
on Al substrate

Alignment marks on CAS Side-view of alignment marks

Alignment
marksonmask — "

Alignment marks
on substrate
Alignment marks on PDMS/SU-8 Side-view of alignment marks
substrate
FIGURE B.1: Ilustration for the improved accuracy in mask alignment. (a) 3D view, (b)
side-view of mask alignment on CAS; (c¢) 3D view, (d) side-view of mask alignment on
PDMS/SU-8 substrate. With CAS, there is no gap between the alignment marks on the
mask and substrate in CAS. Therefore, the alignment marks can be brought into focus at
the same time, thus improving the alignment accuracy.

(iv) Microneedle length controllable: by designing the barrier height which is depicted
in Fig. B.2, the length of microneedle shaft can be controlled. Moreover, the barrier also
helps to prevent SU-8 flowing out, subsequently leads to a reduction in the thickness of coated

SU-8 layer. Microneedles with different length can be fabricated by controlling the height of
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coating barrier.

F1GURrE B.2: Illustration for coating barrier.

(vi) Reusable sample with low manufactured cost: the aluminum sample can be man-
ufactured by using well-established CNC-precision machine which allows fabrication of high-
precision sample with reasonable cost. After each process, the aluminum sample can be
reused with several cleaning step. With high stability and good strength, the structures are
expected to be not damaged after lithography process.

(v) Good repeatability and high throughput: the process on aluminum sample enables
the possibility for mass production of polymer-based microneedles. In this project, aluminum
samples were designed with the size of 3-inch wafer in order to reuse the photomasks. For
further project, the aluminum sample can be designed with bigger size, for example with the

size of 4”7, 6” or 8” wafer. It would significantly improve the overall throughput.

B.2 Design of CNC-machined aluminum sloped walls

Three samples with pre-defined CASW were designed by SolidWorks and fabricated by using
CNC-precision machine with the resolution of 0.0lmm. Specifically, the sloped walls were
designed with 45-degree sloped angle, 1.2mm-high and 1.2-wide sloped walls as shown in Fig.
B.4. To control the length of microneedles, the outer barrier was designed to be higher than
the sloped walls, creating a coating barrier. Coating barrier helps to control precisely the
SU-8 thickness, thus controlling the microneedle legnth. Three samples were fabricated with
different barrier height: h; = 700pm, hs = 1000um and hz = 1500um as depicted in Fig.
B.3. With these samples, the microneedle lengths were expected to be 700um, 1000pm and
1500pm with 300pm-thick support plate.

B.3 Problem of damaged tips and surface modification

When performing the experiment on original aluminum sample, most of the microneedles

were damaged at their tips. The explanation for this would be a high adhesion between
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h; = 700pm h,= 1000um

Sample 1 Sample 2 Sample 3

FIGURE B.3: Illustration for three different coating heights. (a) h; = 700um, (b) hy =
1000pm, (c¢) hy = 1500pm.

Aluminum sloped walls

L4 4 Ad 4 L44

FiGURE B.4: Optical micrographs of SU-8 sloped walls and CNC-machined aluminum sloped
walls. (a) SU-8 sloped walls fabricated by 2-time inclined exposure, (b) aluminum sloped
walls manufactured by CNC precise-mechanic machine.

cross-linked SU-8 and the aluminum substrate. The broken tips were remained on the sloped
walls an result in tip destruction. To solve this problem, the aluminum surface has to be
modified. Typically, the suggested method is to coat a layer of material which has lower
adhesion with SU-8, for example metals (copper, gold) or anti-sticking chemicals (silane).
The prefer method is to perform coating as evaporation. Three materials were utilized to
modify the surface of aluminum sample, including silane (vacuum coating), chromium-copper

(Cr/Cu) (thermal evaporation), chromium-gold (Cr/Au) (thermal evaporation).

The investigation of the most suitable material for adhesion lowering was performed in sce-
nario 1 on a CAS 1. The sample was divided into 4 regions coated with Cr/Au, Cr/Cu,
silane and no coating (i.e. original aluminum surface), respectively. Fig. B.5 presents the
distribution of microneedle arrays on 4 regions after 10-minute developing. It can be seen
that in region 1 of gold coating, all the arrays were peeled off. On the other hand, only 6 out
of 12 arrays in region 2 of copper coating were automatically peeled off after 10-minute de-
velopment. In region 3 and 4, there was no automatic separation. The arrays were manually
released by using tweezers. The efficiency of each coating material was evaluated through two
factors: the percentage of damaged arrays and the mechanism to separate the microneedles.
The required development time is important for separating the microneedle arrays as well as

the flatness of the support plates. The data was recorded and presented in Table B.1.
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FIGURE B.5: Tllustration for three different methods for surface modification. (a) 20nm Cr

and 20nm Au coated by using thermal evaporation, (b) 20nm Cr and 500nm Cu coated by

using thermal evaporation, (c) silane coated by using vacuum chamber, (d) original aluminum

surface, (e) arrangement of 4 regions on aluminum sample. Copper and gold were utilized
due to their low adhesion with cross-linked SU-8.

TABLE B.1: Comparison between different methods to lower the adhesion of the surface of

CAS.
Scenario Surfe.mce Percentage of ‘ Quality of Development
modifica- damaged Separation method the support .
No. . time

tion arrays plate

1 1. Cr/Au 0% (0/15) 100% self-released flat 10 minutes
2. Cr/Cu 40% (6/15) 60% self-released 60% flat 15 minutes
3. Silane 83% (10/12)  manually released  deformed 25 minutes
4. Al 100% (12/12)  manually released deformed 25 minutes

2 Cr/Au 3.7% (2/54) 96.3% self-released flat 10 minutes

3 Cr/Au 1.8% (1/54)  98.2% self-released flat 10 minutes

B.4 Fabrication of traditional-shaped microneedles

To demonstrate the advantages of aluminum sloped walls as mentioned above, three CAS were
utilized for fabrication of TMNs. The process flow is presented in Fig. B.6. The fabrication
process includes three main steps, including: (i) deposition of metal layers (Cr/Au), (ii)
double exposure (step 1 and step 2), (iii) microneedle separation. A layer of 20nm-thick
chromium was deposited by using thermal evaporation, being used as adhesion layer. A
20nm-thick gold layer was then deposited on the sample coated with chromium. This gold
layer is the target layer to reduce the adhesion between the substrate and cross-linked SU-8
microneedles. In addition, surface modification with metallic layers provides better SU-8

encapsulation, less effort is required for degassing. Double exposure technique was performed
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Metal deposition Double Double
by evaporation exposure: step 1 exposure: step 2

Hollow traditional-
shaped microneedle

=)
1. Aluminum sloped . .
alls 2. Aluminum sloped 3. microneedle shaft 4. support plate 5. TMNs
W walls coated with metals
Mask 1 Mask 2
Exposed SU-8 2150 Unexposed SU-8 2150 .Metal layers (Cr/Cu or Cr/Au) . Aluminum . Photomask

F1GURE B.6: Process flow for fabrication of TMNs using method 2 and CAS.

with exposure dosage of 3000mJ/cm? and 300mJ/cm? to construct the microneedle shaft
and the support plate, respectively. Double exposure technique is illustrated at step 3,4 in
Fig. B.6. The sample was developed for 10 minutes in developer mr-Dev 60 with ultrasonic
agitation. The microneedles were released automatically during development process. Gentle
separation with tweezers may be needed. The aluminum samples were reusable by cleaning

with Acetone in ultrasonic machine.

The traditional-shaped microneedles were fabricated with sharp bevel tip (23um tip-size).
Three types of microneedles were fabricated with the total length of 645um, 950pm and
1410pum corresponding to scenario 1, 2 and 3, respectively. It is experimentally showed that
the fabrication time was significantly reduced since the first lithography step to form the
sloped walls was not performed. More specific, about one third of the fabrication time was
saved. In addition, this process showed to be potentially beneficial in terms of chemical

consumption, because only one process of SU-8 lithography is needed.

In conclude, the performance of method 2 with the utilization of CAS was greatly improved
in term of fabrication quality. With the advantages of less time-consuming, high efficiency in
chemical consumption, high throughput and good repeatability, the proposed method is very

promising for mass-production of polymer-based microneedle arrays.
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F1GURE B.7: Optical micrographs of SU-8 TMNs fabricated with CNC-machined aluminum
samples. The microneedle length was measured to be (a) 645um, (b) 950um, (c) 1410um.

The length was controlled by the height of coating barrier.

Yot 5

F1GURE B.8: Optical micrographs of microneedle array fabricated with CNC-machined alu-
minum samples. (a) an array of 3x3 1410um-long microneedles obtained from scenario 3, (b)
focused image of the bevel tip. Tip-size was measured to be approximately 23um.
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Optimal design of the polymer-based microneedle for improved collection of whole blood
from human fingers

Hoa Le Thanh, Hai Le The, Nhut Tran-Minh, Vy Nguyen, Kaiying Wang and Frank Karlsen

Department of Micro and Nano Systems Technology (IMST), Buskerud and Vestfold University College, Postboks 235, 3603
Kongsberg, Norway.
E-mail: thanhhoa.hcmut@gmail.com

In this paper, a highly applicable theoretical model and a simple, inexpensive mold-based method was introduced to design and fabricate the
pyramid-shaped SU-8 microneedle. The main purpose was to be able to extract blood at point-of-care sites from up to 80% of typical nurse-home
patience with a disorder of blood circulation in the fingers and toes (Raynaud’s phenomenon). Geometry optimization was conducted based on the
study of fracture force which can be accurately predicted by the proposed theoretical model. The accuracy of the proposed theoretical model was
confirmed by the finite element study and practical measurement. For practical verification, measurement of fracture force was conducted on
fabricated SU-8 microneedles, including: 1470pm-tall pyramid-shaped microneedle and 1515pm-tall traditional-shaped microneedle. The
measurement results confirmed the improved strength of the proposed pyramid-shaped microneedle, especially of the pyramidal tips which can
exhibit significantly higher applied force with 2.82N compared to 0.51N of bevel tip. The practical tests of skin penetrability on human fingers
showed that the microneedles fabricated with the proposed geometry may be sharp and strong enough to safely puncture the human skin and long

enough to reach the blood vessels.

1. Introduction: Early diagnostic and pre-disease detection are
extremely important to increase patient survival rates. Accuracy and
reliability is highly desirable for adequate selection of suitable
therapeutics. The project of POCNAD has been done in order to
develop a platform for rapid screening or diagnosis clinical or
environmental variations that is related-gene activity. The platform is
desired to operate with seven main functions of patient sample
collection, concentration/separation, pre-treatment, preparation,
purification, amplification and target detection. For blood-sampling
device, hypodermic needles are traditionally utilized in every health
care system for direct collection from blood veins. However, with
numbers of downsides, such as: insertion pain, tissue trauma [1],
patient discomfort or needle phobia [2], lack of convenience and user-
friendly ability [3], the requirement of expertise and specialized
medical knowledge for implementation [4], the utilization of
hypodermic needles has been replaced by a new approach of Sample
Collection Related (SCR) micro-scale needles i.e. microneedles.
Especially for patients who need periodic and continuous monitoring,
e.g. diabetic patients [5]. The first main purpose of SCR micro needle
arrays is to make human blood available in any health station, nurse
homes or family homes. The second main purpose is to make it
possible to extract blood from a typical point-of-care setting including
patience or old people with very low blood circulation. The main
challenge for the health personal with low blood circulation or a
disorder blood circulation (Raynaud’s phenomenon) or reduced
systolic pressures in the fingers is the challenge including
conventional needles to get out any whole blood sample.

During practical implementation of microneedles, brokenness of
microneedle, particularly tip fracture, is one of the most crucial issues.
Broken part may remain inside the human skin or enter the blood
vessels, causing injury, inflammation or abrasion. Therefore,
geometry optimization is highly desirable, especially with blood-
sampling microneedle (length must be longer than 1500pm [6]). One
frequently-used approach is to minimize the failure possibility to
ensure as high safety as possible. Previously, numbers of studies on
mechanical failure have been conducted with either mathematical or
simulation models [7-10]. The failure criteria of yield strength and
shear strength may provide better accuracy for the prediction of
fracture force [11].

In this study, we propose a stronger design of pyramid-shaped
microneedle (PMNs) that may exhibit safer skin penetration. The
improved mechanical strength of PMNs was verified by the
comparison of fracture force with traditional-shaped microneedle
(TMNs). Then, the geometry optimization was conducted based on
the proposed pyramid-shaped microneedle. The accuracy and
reliability of the fracture analysis of the proposed pyramid-shaped
hollow microneedles was verified by finite element method with
COMSOL and practical measurements. To fabricate high-aspect-ratio
hollow microneedles, we utilized mold-based method in [12].
According to this method, conventional SU-8 lithography and PDMS
micromolds are combined to develop a low-cost, simple method with
good repeatability and high throughput. Skin penetrability our
proposed pyramid-shaped hollow microneedle is also tested by
inserting a single/array of pyramid-shaped microneedle into the
human fingers to evaluate the practical performance of the fabricated
PMNs in many aspects, such as: mechanical failures, skin
penetrability and extraction ability.

2. Geometry optimization by structural analysis: PMNs are
expected to improve the mechanical performance (i.e. larger force
endurance) with the special features of the square base, off-center
lumen and pyramidal tip. The structural strength of PMNs was studied
through the investigation of fracture forces, including critical buckling
load (P.;) and maximum bending force (P,). The dimension of each
geometrical feature can also be optimized with the study on fracture
forces.

2.1 Analytical and numerical solutions: The first failure mechanism to
be considered is structural buckling. To calculate critical buckling
load (P), (1) was utilized. This formula has been used in numbers of
studies to compute P of varied cross-section structures, such as
tapered hollow microneedles [8] and square pyramid column [11]. In
our previous work [13], this approach was applied particularly for
PMNs. In this letter, (1) was utilized to estimate P, of two different
designs of microneedles: PMNs and TMNs.
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Fig. 1 lllustrations for shear stress derivation. o and o+do are normal
stress distributed on the area A and A+dA. t, is assumed to be
uniform in z-direction. Py, represents for the distributed bending force
acting on y-direction.

a Stress balance in xOy plane

b Distribution of shear stress (ty,) in pyramidal tip

The second failure mechanism is due to transverse force, i.e.
bending force. Typically, bending force is most likely to induce
fracture at the microneedle shaft at which is subjected to the largest
bending moment. However, microneedle tips are considerably
breakable due to diminutive tip-size (~40pm). The possibility of tip
failure may be subsequently higher than that of shaft failure. In this
paper, we developed a theoretical model to compute the magnitude of
shear stress when the microneedle is subjected to a distributed
bending force. With higher applicability to various structural designs,
this model may predict more accurately the fracture bending force. As
illustrated in Fig. 1a, the equation of stress balance in x-direction is
presented in (2).

Io-dA+ Ty = j (o +do)dA @)
A A+dA
= Io-dA+ 7, D(x, y)dx = I (o +do)dA 3)
A A+dA
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The integrals in (4) is observed to be the expression for the first
moment of area Q,(x,y). Consequently, (4) becomes:
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Equation (5) can be simplified by neglecting high-order
components. Thus, the final expression of shear stress (t,,) can be
deduced as follows:

1 (MEde, . d(M®
TXy_TyX_D(x,y)(IZ(X) dx Q% dx[[z(x))] ®

where D(x,y) is the applying width of shear stress, Q,(x,y) and I,(x) is
the first and second moment of area, M(x) is the bending moment
resulted from the distributed bending force P,. All components are
illustrated in Fig. 1b.

For PMNs, the components in (6) were computed for five different
cross sectional areas corresponding to five regions of x. The
calculations were conducted by programming with Maple software.
The theoretical results were then verified by COMSOL simulator
under the same boundary conditions. Specifically, the whole structural
parameters were variable except the bottom is set to be fixed
constraint. A distributed force P, = 0.105N is applied on the shaded
area in Fig. 2a with X, = 152pm. The values of shear stress can be

extracted from the stress tensor. Distribution of 1,y is presented in x-y
coordinates, and it is assumed to be uniform in z-direction and
symmetrical on y-axis.

2.2 Analytical analysis results and numerical simulation results: Fig.
2 shows the matching of shear stress between analysis results and
simulation results. There are two critical points, 1st MAX (global
maximum at X,) and 2nd MAX (local maximum at diminutive edge)
(see Fig. 2), at which fracture is most likely to happen. A good
matching between analysis results and simulation results can be
observed in Fig. 2, 3. The standard deviation is about 6.5% and 25.4%
for the 1st and 2nd MAX point, respectively. Since the concentrated
stress is distributed in a diminutive edge at 2nd MAX point, the
magnitude of 1y is significantly increased. In practice, the fabricated
microneedle will not exhibit this problem because the fabrication of
extremely sharp features is very challenging in practice. However, the
prediction of 1y at 2nd MAX helps to verify the accuracy of our
proposed model. Fig. 3b depicts how 1, atlst MAX point reduces
with an increase in X,. Also, the tip failure is most likely to occur
before shaft failure. By comparing (tyy)max to the shear strength of SU-
8 (19.5MPa), P, can be deduced.

2nd MAX ™

4g5um

! |
150um 150

Fig. 2 Distribution of shear stress (1) at the microneedle tip when P,
is applied in the shaded area (X,=152um)

a 3D distribution from simulation results

b 3D distribution from theoretical calculation

c Illustration for system coordinates on a half of pyramidal tip
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Fig. 3 Matching of the results from simulation and calculation results

a 2D plot of the matching of t,, magnitude at 1st and 2nd MAX point

b 3D distribution of t,, from simulation with X,. 56pm - 485 pm
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Fig. 4 Results from mathematical frameworks
a Critical buckling load (P,,) versus base width (W)
b Maximum bending force (Py,) versus base width (W)

The relationship between P, and base width (W;) was investigated
with W, ranges from 200pm to 400pm. The effect of length (L) was
also taken into account with two values of L: 1800pm and 1500pm.
The results are shown in Fig. 4. The endurance of PMNs against axial
force is about 1.7 times higher than that of TMNs, verifying the
improved strength of PMNs. In Fig. 6b, we can see that the possibility
of tip brokenness is significantly high when X, = 152pm (i.e. the
puncturing point of microneedle into human skin). When W; =
300pm, L = 1500pm, the proposed PMNs can withstand 2.94N (axial
force) and 0.105N (bending force at X, = 152ppm) compared to 1.71N
( axial force) and 0.065N (bending force at X, = 152pm) of TMNs.
The theoretical results show that the pyramidal tip may be stronger
than bevel tip in terms of bending force resistance.

With the same procedure as presented, this model can be applied
for other structures, such as: traditional-shaped microneedle, tapered-
tip microneedle or truncated cone microneedle, for more accurate
prediction of fracture bending force.

3. Fabrication of microneedles: To develop an inexpensive method
with high throughput for fabrication of microneedle, two mold-based
methods with SU-8 epoxy photoresist (MicroChem, Newton, MA)
were proposed and compared (see Fig. 6). Fig. 6a, b presents the
procedure to construct the pyramidal tips by using 4-time inclined
exposure. The top part is relatively rotated 90° at each time of
exposure. The actual tip angle will be reduced due to the effect of
light refraction (ng;, = 1, nsy.g = 1.668 [14]). Therefore, a tip angle of
25° is achievable with a 35-degree-angle aluminum holder.

Fig. 6¢ presents the concept of two fabrication methods, including:
method 1 (molding of microneedles) and method 2 (direct formation
of microneedles). The difference between two methods is at step 2-4
in Fig. 6¢. At step 1 in Fig. 6¢, SU-8 coating was performed by using
weight-controlled method i.e. the thickness of coated layer is
controlled by weighting SU-8 2150 (p = 1.19 kg/m®) before pouring to
the substrate. 600pm-thick and 1100pm-thick SU-8 layers are layers
are achievable with 3.3g and 5.8g SU-8 2150, respectively. The
sample was soft-baked for 15 minutes at 65°C and 4 hours at 95°C
followed by 4-time inclined exposure with the exposure dosage of
700mJ/cm? for each time of exposing. The 500pm-tall pyramidal tips
were obtained after 10-minute development. With the process on
silicon wafer, wafer bending is a serious issue, which subsequently
may lead to misalignment, poor adhesion and cracks. We proposed a
solution, named "separated line", to reduce the effect of internal stress
in multilayer structures of thick SU-8 film, which subsequently may
cause wafer bending [15]. Separated lines are patterned on a
photomask to separate and reduce the stress applying

W = 500pm, ts.s = 980pum, h = 98um

Fig. 5 Bending problem and the solution of separated lines
a, b 950pm-thick SU-8 layer, W = 0, h = 1700pm
¢, d 980pm-thick SU-8 layer, W = 500nm, h = 98pm

area (see Fig. 5c, d), thus provide more space for SU-8 to
expand/compress upon heating/cooling. The optimal width of
separated line (W) was numerically and experimentally studied to be
500pm. A test on 3-inch silicon wafer was conducted to examine the
advantage of separated line. The wafer bending reduced significantly
from 1700pm (see Fig. 5a) to 98um (see Fig. 5¢) for the cases of
without separated lines and with 500pm-wide separated lines,
respectively.

In method 2 is firstly considered. At step 2.2, primary PMDS mold
with pyramidal tips were constructed by performing inverse molding
two times. A 1000pm-thick SU-8 layer was then coated on the PDMS
mold. The sample was soft-baked for 15 minutes at 65°C and 10 hours
at 95°C. Double exposure step was then conducted with the exposure
dosage of 3000mJ/cm? and 300mJ/cm? to form the microneedle shaft
and the support plate, respectively. The hollow microneedle array was
obtained after 30-minute development with ultrasonic agitation
followed by gentle separation. On the other hand, in method 1, after
the pyramidal tips were constructed, a master mold of microneedle-
shaped holes was obtained after exposure (step 2.1). The primary
PDMS mold was created by performing inverse PDMS molding twice
(see step 3.1 in Fig. 6¢).

Our experiments indicate that method 2 is relatively better than
method 1 in terms of the quality of fabricated microneedle tips,
repeatability, fabrication time, and cost. At step 3.1 in Fig. 6¢, when
performing PDMS molding/unmolding, the high-aspect-ratio
structures were easily broken, subsequently leads to the imperfection
or destruction of the final molded microneedles. In addition, the
possibility of successfully fabricating microneedle hollows in method
2 is higher than that of method 1. The effect of light scattering is more
critical at step 4.1 in Fig. 6¢ because of the large opening area (80pm
diameter of patterned feature). In method 2, microneedle separation is
easier.

For the fabrication of TMNs, we utilized method 2. The bevel tip
was created on a 25° sloped wall. The microneedle shaft, hollow, and
the support plate were formed by double exposure. TMNs were
obtained after SU-8 development and separation. PMNs were
fabricated with 1470pm in total length (490pm tip and 980pm shaft),
310pm in base width, 80pum in hollow diameter, tip-size of 43pm, and
210pm - 330pm thick in support plate. TMNs were fabricated with
1515pm in total length (627pm tip and 888pm shaft), 314pm in base
width, 80pm in hollow diameter, tip-size of 39pum, and 200pm thick
in support plate.
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Fig. 6 Illustrations for fabrication of polymer-based hollow microneedies.
a Principle of the inclined exposure. The top part is movable and can be rotated 90 degree relative to the bottom part. The sample was exposed

four times to form the pyramidal structure
b Tllustration for the inclined exposure with the aluminum holder

¢ Process flow of two methods for the fabrication of microneedles, the figures are shown in cross-sectional view

4. Performance evaluation:

4.1 Measurement of fracture force: The measurement setup on Shear
Tester Delvotec 5600 is shown in Fig. 7. The microneedle is mounted
on the force driving tip. The movement is precisely controlled by a
built-in motor with the resolution of 0.0IN. To measure the fracture
force, a rigid surface (Imm-thick aluminum plate with 69GPa in
Young's modulus) was used as a penetration object. To minimize the
effect of slippery, a thin layer of epoxy resin UN3082 was spun on
aluminum plate. This layer provides a softer surface to immobilize
the microneedle tip. Thus, the measurement error due to slippery can
be minimized. The measurements were conducted repeatedly three
times each for PMNs and TMNss.

Force-time plot was recorded and displayed on the screen as shown
in Fig. 8. Failure point was determined automatically by the system
when there is a sudden decrease of applied force. There are two points
at which the microneedles were broken corresponding to tip failure
and shaft failure. PMNs exhibited higher fracture forces (2.74N for tip
failure and 3.45N for shaft failure) compared to TMNs (0.46N for tip
failure and 2.32N for shaft failure).

microneedle

Fig. 7 Photo of testing instrument for measurement of fracture force
a Equipment setup on Shear Tester Delvotec 5600

b Microneedle and penetration object (aluminum plate)

¢ Microneedle is mounted on the force driving tip

The average measured forces are presented in Table 1. In
comparison with the results from theoretical study, the average
differences in percentage are 8.16% and 29.5% for PMNs and TMNs,
respectively. When the microneedle tip is broken, the total length is
reduced. Fracture force thus increased. With average tip-fracture force
of 2.82N, pyramidal tip may be stronger than bevel tip which only can
withstand to the maximum force of 0.51N.

Table 1: The measured results of fracture axial force

Measured force (N) Calculated | Difference
Type of — - — force (shaft (shaft
MNs | Shaft | & Tip o failure) failure)
failure | (o4 |failure| (o4) N) (%)
PMNs 34 1.8 [ 282 ] 20 32 8.16
TMNs | 2.37 21 (051 7.8 1.7 295
Force-Time
Fle] @
200,00 4 pyramid-shaped R
microneedle
200.00 + ‘%
100.00 {é’é
o 1000.0 2000.0 J000.0 a0i00 = \
Force-Time
FleN]
traditional-shaped
200.00 + microneedle
100.00 +
1000.0
Time in ms “

Fig. 8 Measurement results of fracture force of PMNs and TMNs. The
forces were recorded as a function of applying time.

a Force-time measurement plot of PMNs

b Force-time measurement plot of TMNs



4.2 Skin penetrability: Skin penetrability of the fabricated
microneedles was assessed on volunteers' fingers, as shown in Fig. 8.
Two scenarios were conducted on human fingers for a single
microneedle and a 3x3 microneedle array. The microneedles were
pressed perpendicularly against the human finger by manually
pushing then pulled out by metallic tweezers. The insertion process
was optically inspected under the microscope Olympus MVX10 as
depicted in Fig. 9.

In scenario 1, the single PMNs were safely inserted into human
skin. The fabricated microneedles showed to be able to penetrate the
skin barrier without breaking. Tip brokenness was not observed when
separating the microneedles from human finger. Fig. 9a, b show an
inserted PMNs and the insertion spot at which the presence of blood
was observed. In scenario 2, an array of PMNs was successfully
punctured human finger. According to the testing results, the
fabricated PMNs (42x42pm tip) were able to insert safely into human
skin with the configuration of microneedle array. Specifically, it is
easier to perform vertical insertion on 3x3 array than a single
microneedle. Moreover, the pre-positioned microneedles on the array
made it possible for vertical insertion. The array fabricated with
1500pm and 2000um microneedle pitch was experimentally proved to
be potentially penetrable into human skin compared to the array with
1200pm pitch. To avoid brokenness of the support plate, the thickness
of the support plate can be controlled by adjusting the exposure
dosage at step 4.2 in Fig. 6c. The optimal thickness was
experimentally chosen to be thicker than 300pm. Fig. 9c, d illustrate a
successful skin penetration of fabricated microneedles array with
330pm-thick support plate (300mJ/cm?).

After separation of single microneedle and array of microneedles, at
the insertion spots, as depicted in red circles in Fig. 9b, d, blood came
out. The appearance of blood implies that the microneedles may be
able to reach the blood vessels. Moreover, it also gives the
preliminary results for further development of microneedle-based
blood-sampling devices.

insertion of one single
microneedle
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; o
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insertion spot
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insertion of a 3x3
microneed|e array

[ ST A

Fig. 9 Skin penetrability was tested on volunteer's finger with one
single PMNs and a 3x3 array of PMNs. After insertion, insertion
spots can be inspected on the volunteer's finger.

a Inserted single PMNs into human finger

b Insertion spot of single PMNs on human finger

¢ Inserted PMNs array into human finger

d Insertion spot of 3x3 array of PMNs on human finger

5. Conclusion: This paper proposed an optimal design of the
pyramid-shaped microneedle for whole blood collection. The
geometry of the proposed microneedle is optimized to minimize the
possibility of brokenness. A mathematical model was introduced to
predict the facture bending force based on shear strength criterion
with the verifications of simulation and measurement on fracture
force. The proposed method of direct formation of microneedles
experimentally showed to be potentially feasible for mass-production.
In addition, the concept of method 2 opens a new path to develop an
inexpensive method that suitable for mass-production. We suggest
constructing an aluminum-based sample with pre-defined structures
for a replacement of pyramidal tips (PMNs), sloped walls (TMNs).
This aluminum sample can be fabricated with a conventional CNC
machine. An adequate testing protocol is necessary for more accurate
biological evidences. Further testing have to done in order to prove
whether these microneedles are more useful for collection of whole
blood from fingers with reduced systolic blood pressure.
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A Novel Design of Hollow Microneedle for Blood Sample Collection

Hoa Le-Thanh, Nhut Tran-Minh, Hai Le The, Frank Karlsen

Abstract— In this study, a novel design of microneedle is
proposed based on structural and fluidic analysis. For blood
collection applications, a hollow microneedle is designed with
optimal features. The features and size of this microneedle
provide improved structural strength for optimal skin
penetration. Mechanical evaluations are studied with intensive
calculations of maximum allowance axial and transverse forces,
followed by numerical simulation of the insertion process. In
addition, the fluid behavior is also investigated. The dual
diameter design of the hollow part was shown to maximize the
extraction efficiency and minimize the clogging problem for
high-volume collection of blood. Our study proposes a design
guideline on making a high-performance microneedle for blood
collection.

Keywords—hollow  microneedle;  mechanical failures,
structural analysis; fluidic analysis, shear rate, blood clogging

I. INTRODUCTION

In clinical point of view, a user friendly, representative
and point-of-care related sampling of biological components
is an important initial process for diagnostic and treatment.
The traditional sampling process is normally conducted at
hospitals with hypodermic needles and cannot be done
without educated personal. However, they are associated with
some issues like pain, discomfort, possible failure,
complications, and invasiveness due to large structural
geometry. With metallic needles, biocompatibility is also a
critical problem that needs to be considered.

One of promising alternatives would be the fabricated
microneedles. In order to reach the blood vessels in the upper
dermis, microneedles have to be fabricated in millimeter-scale
length (~1500um) with addition desired features such as:
sharp tip, small contact area, biocompatible material, etc. But
the problem of mechanical failures then becomes more
critical with an increasing aspect ratio. In relation to
mechanical failure, numbers of studies have been conducted
with either mathematical or simulation models [1-5]. The
solutions have been given for typical geometries of
microneedles such as: traditional-shaped, truncated cone, and
tapered microneedles. However, a full picture of designing
guidelines has not been provided since these models are
applied for microneedles with intermediate length and simple
structures.
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The motivation of this study is to propose a new design of
microneedle with better mechanical strength and collection
efficiency for invasive blood collection. Potential failures of
high microneedles will be investigated in terms of critical
buckling load and maximum bending force. An analytical
solution for our proposed microneedle will be derived in
detail without any geometrical assumptions. The performance
of microneedles will be tested with various parameter settings
before achieving proper design specifications.

The rest of this paper is organized as follows. Section II
briefly describes our proposed microneedle and its special
features. Section III presents the underlying theory. Section
IV demonstrates the hypothesis mentioned in Section II.
Section V discusses the results and introduces an optimal
geometry of our proposed microneedle. Finally, Section VI
concludes the paper.

II. SPECIFICATIONS OF PYRAMID-SHAPED MICRONEEDLE

Microneedles are typically designed with a variety of
shapes which are imitations of natural needles. Female
mosquito's fascicle is one example with long, slender, hollow
tube. The mechanical strength of microneedles is one of main
concerns. A microneedle should not be broken during the
insertion process. The broken part may remain inside the
human body, causing injury or abrasion.

Theoretical calculation and simulation have shown that
our proposed microneedle has a high mechanical strength.
Improved mechanical properties are obtained by using the
following structural features: pyramid tip, square base, and
asymmetrical position of microneedle hollow. Moreover, with
a dual-diameter hollow, our proposed microneedle may
improve collection ability due to an increasing shear rate in
the body of the microneedle. Therefore, the possibility of
blood coagulation can be minimized.

(a) (c) (d)

Figure 1. Horizontal cross sections of our proposed microneedles: (a)
microneedle with uniform diameter hollow, (b) microneedle with dual-
diameter hollow, in which the diameter of the tip is bigger than diameter of
the body; compared with (c) traditional-shaped microneedle [1], (d) tapered
hollow microneedle [2]. The brighter parts indicate the hollows of the
microneedles

(b)



III. METHODS FOR PERFORMANCE EVALUATION

In this section, the theoretical solutions are presented. It
begins by considering the applicability of Euler's theory,
followed by the derivation of critical buckling load and
maximum bending force. In addition, the insertion force is
also studied with numerical simulation in COMSOL. Lastly,
Casson's model is used to model blood flow.

A. Consideration of applicability of Euler's theory:

The strategy for evaluating mechanical strength of our
proposed microneedle is to estimate failure forces by using
Euler's elastic theory. As noticed before, in elastic buckling
model, Euler's theory is only applicable for "long" column
which has slenderness ratio (S) larger than critical
slenderness ratio (S,). The formulas for S and S are
expressed as follows:
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where L. is the effective length for fixed-free column, ry is
radius of gyration, I, is the minimum inertia moment, A is
cross section area, E and o, are Young's modulus and yield
strength of the material, respectively.

For short and intermediate regions (i.e. S < S), there is
no exact solution for calculating critical buckling load except
approximate compensations. The most commonly used
solutions are Johnson's linear (tough materials), parabolic
formulas (brittle materials), and Secant's formula
(eccentrically loaded). Previously, Zahn et al [3] also used
Johnson's parabolic formula to estimate critical buckling load
of his in-plane microneedles. The applicability of Euler's
theory will be proven in Section IV.

B. Mechanical strength - Axial force

In this paper, the study of P, and F, will be implemented
with the performance comparison of the following
microneedles: our proposed microneedle with uniform
diameter hollow, our proposed microneedle with dual-
diameter hollow, traditional-shaped microneedle proposed by
Kou et al [1], and tapered microneedle proposed by Kim et al
[2]. At failure point, axial component is called critical
buckling load which can be calculated by using (3) derived in
[2].
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In (3), I(z) is inertia moment. In our proposed
microneedle, cross section of the microneedle is not constant
but varies due to z-direction. There are five shapes of cross
section which are shown in Fig. 2, thus the final value of P,
consists of five integrals corresponding to five cross sections.
For each region, the formula for I(z) will be presented as
follows:
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Figure 2. Cross sections of our proposed microneedle. (a) five cross
sections correspond to five regions along z-direction; (b), (c) illutrations for
calculation of inertia moment in Regions 3 and 4, respectively. They are the
most difficult regions for calculating inertia moment due to the depencence

on z of all geometrical variables.
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Figure 3. Examples for the cross section view at the tip of traditional-
shaped microneedle. At the body, cross section is a hollow circle with outer
and inner diameter is By and D, respectively.

where h3(Z)5 a3(Z)7 h4(Z)> a4(Z): ¢3(Z)a (1)4(Z)> d3(Z) and d4(Z) can
be calculated based on basic geometry mathematic from Fig.
2(b) and Fig. 2(c).

- Region 5: z from Z3to L
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With traditional-shaped microneedle as in Fig. 1(c), the
calculations are more complicated than in our first proposed
microneedle structure as in Fig. 1(a). On the other hand,
cross section of tapered microneedle is simpler with the
subtraction between inertia moment of circulars. Fig. 3
presents the illustrations of two most difficult sections at the
tip of traditional-shaped microneedle structure followed by
the corresponding formulas:

L=1 I

circle D

+Ixect0rvA2 _1A732 (11)

~1, g+, , (12)

A_By

circle Bl -

3 circleg, circlep, sector,, sector _ Ay,

All computations are done by Maple 16 and the results
will then be presented in Section IV.

C. Mechanical strength - Transverse force

In this part, criterion of maximum normal stress (c,) is
applied to investigate failure due to transverse force.
Brokenness is most likely to happen at the point of maximum
stress, i.e. outermost edges at bottom of microneedle. And
the formula for calculating maximum bending force (Fy) is as
follow:

3 o*yI
- cL

This failure criterion is only applicable when neglecting
the contributions of local stresses, i.e. concentrated stresses,
which potentially cause cracks and propagation of cracks.
This problem is especially critical for brittle materials such
as cured SU-8. The detail calculations for F, will be
presented in Section [V.

D. Model of blood flow in microneedle

Microneedles are normally integrated as an array for
high-volume collection of blood. In order to draw blood out,
a certain value of negative pressure should be applied at the
output of microneedle integration. In relation to collection

F, (13)

/7 @ Dﬁp / @ Dbody

Figure 4. Design of dual-diameter microneedle hollow.

efficiency, clogging problem should be considered for
continuous collection. Dealing with this problem, a dual-
diameter hollow is proposed with diameter of tip (Dyp) is
larger than diameter of body (Dpqy) as in Fig. 4. The idea is
to create an increasing velocity from tip to body to increase
shear rate. Optimal value of Dy, and D4y can be obtained
from fluidic analysis.
The blood flow can be modeled by Casson's equation [4].
4 1
0=- nD ﬁ(l_ﬁéz +i§_ig4). (14)
128u, L 7 3° 21
In (14), AP is pressure drop, Q is flow
rate, D is hollow diameter, p =1060kg / m’ is blood density

te = ppe?™®M is the degree of Casson viscosity, u, =

0.00125 Ns/ m?is the viscosity for a blood plasma, §&=
MDYC;—IF: is the stress ratios, and 1y = 0.004 N/ m? is the

Casson yield stress.

E. Simulation of skin penetration

For a fuller understanding of the mechanical picture when
microneedle penetrates the skin, a numerical simulation is
conducted. The required skin piercing pressure of 3.18MPa
was indicated by Wilke et al in [6]. This value is used as a
boundary condition for microneedle model in COMSOL
4.3. The answer for question of how much stress will be
created with applied pressure of 3.18MPa will be given in
the next section.

IV. RESULTS

A. Consideration of applicability of Euler's theory:

(Introduce briefly the general purposes of conducting six
scenario)

In this paper, SU-8 2150 is used to fabricate our proposed
microneedles with the mechanical properties of E = 4.02GPa
and o, = 34MPa. With L = 1800um, S, = 48.3 is obtained by
using (1) and S can be calculated using (2). S is varied due to
an increase in base width (B;). This relationship is
demonstrated in Table I and in Scenario 1.

e Scenario 1: The values of critical buckling load
obtained from Euler and Johnson models are illustrated in
Fig. 4. P, calculated with Johnson's formula critical buckling
load of the proposed design is 3.4%, which is smaller than P,
obtained from (3) when B; = 300pm. Therefore, Euler's
theory is still applicable for further calculations of critical
buckling load with an error span of 3.4%.

TABLE L. SLENDERNESS RATIO AND AP, VERSUS BASE WIDTH
B, 280 | 285 | 290 | 295 | 300 | 305 | 310 | 315
(pm)
S 49.7 | 489 | 48.1 | 473 | 46.6 | 459 | 452 | 445
APy 0 0 [093]218 | 34 | 49 | 634 | 7.81

(%)
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Figure 5. The comparison of P, between Euler and Johnson's models,
applying for the proposed structure (without pyramid tip). P, from Johnson's
formula is smaller than the value obtained from Euler's formula.

B. Mechanical strength

This section evaluates the mechanical performance of our
proposed microneedle by comparing its P, and F, with those
of other proposed microneedles in Fig. 1. Testing procedure is
established with four following scenarios.

Fig. 6 and Fig. 7 demonstrate the dependence of P, on
microneedle length (L) and base width (B;). Obviously, our
proposed microneedle has higher P, compared to other design
in the whole testing range of variables. In the interest range in
length from 1500pm to 1800pm, P, of dual-diameter hollow
microneedle decreases from 2.84N to 2.27N. These values are
approximately two times higher than those of other designs:
1.45N - 1.09N for traditional-shaped microneedle and 1.2N -
0.84N for tapered microneedle. Scenarios 3 and 4 also
investigate the effect of dual-diameter hollow on P.. With
Dy;=100pm, Dyoq,=80pm, P decreases slightly and the
change in Dy, does not degrade structural strength of our
proposed microneedle. Additionally, mechanical strength
becomes stronger when B, increases. The verification could
be seen in Fig. 7 and Fig. 8.

® Scenario 2: P, and microneedle length
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Figure 6. Critical buckling load (P) versus microneedle length. Pcr tends

to decrease when length increases. With a microneedle length in the range

1200-2000pm, P, of our proposed microneedle is significantly higher than
that of previously proposed microneedles.

e Scenario 3: P, and base width of microneedle
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Figure 7. Critical buckling load (P.,) versus base width. P, increases when
the base width increases and P, of our proposed microneedle is

approximately 2.3 time larger than that of traditional-shaped and tapered
microneedles.

® Scenario 4: Maximum bending force
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Figure 8. (a) Maximum bending force (F,,) versus base width, (b)
Maximum bending force versus microneedle length. Our proposed
microneedle has relatively higher F, (approximately two times) compared to
traditional shape microneedle and tapered microneedle.

e Scenario 5: Simulation of the insertion force

This scenario shows the ability of safe injection of our
proposed microneedle. A pressure of 3.18MPa is applied
uniformly over an area, called force-applying area (A). When
microneedle penetrates deeply into skin, A also rises with the
increasing penetration depth (D).

Fig. 9 presents insertion force and first principal stress (o))
corresponding to five different values of D. Second point of D
= 152pm (Z, in Fig. 2) illustrates the punctured position due
to the deformation of skin before being penetrated. At this
point, 6, = 7.05MPa which then rises to the maximum value
of 12.3MPa at D = 244pm, i.e. point of (Z,+Z,)/2 in Fig. 2.
Tress will be released when D reaches 580pm with o, =
4.71MPa.

Fig. 10 illustrates how force is applied and the resulting
deformation of microneedle (D = 580pm, 1.22N). In Fig.
10(b), stress is distributed primarily at the top and bottom
parts of microneedle. Therefore, crack and brokenness are
most likely to happen at these regions. Moreover, the
structure is slightly bent with maximum displacement of
6.23pm.
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Figure 9. Insertion force and First Principal Stress caused by insertion
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Figure 10. Microneedle under insertion force of 1.22N; (a) force-applying
area; (b) deformation of microneedle
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Figure 11. Flow rate versus pressure drop for three types of lumen. Pressure
drop on the dual-diameter design with Dy,=100ppm, Dyoqy=80pm (red line
with circle marker) is relatively lower than two others. In other words, it

provides higher volumetric rate at the same value of applied negative
pressure.

B. Model of blood flow in microneedle
Scenario 6: Flow rate versus pressure drop

In this scenario, collection efficiency of two types of
microneedle hollow (Fig. 1a,b) are analyzed and the results
are shown in Fig. 11. The collection ability refers to drop
pressure (AP) in a system, which is the necessary negative
pressure that needs to be applied in order to achieve a certain
flow rate (Q). Typically, AP is expected to be as small as
possible for any fluidic device.

With Q = 1ul/s, a dual-diameter hollow (Dg,=100pm,
Diogy=80pm) has the lowest drop pressure of 4.1KPa
compared to 5.6KPa for single diameter hollow and 12.4KPa
for dual-diameter hollow (Dy;;=80pm, Dyeq,=60pm).

V. DISCUSSIONS

A. Mechanical strength

Theoretical calculation and simulation show that our
proposed microneedles have improved mechanical
properties. Specifically, the proposed microneedle can
tolerate higher critical buckling load and higher bending
force as shown in Fig. 6 - Fig. 8. These improvements could
come from the optimal geometry of our microneedles. In
fact, inertia moment of square is higher than circle with the
same area. The structure with a square cross-section is thus
stiffer and possibly can bear higher axial and transverse
forces.

In simulation of insertion force as show in Fig. 9, as long
as o, is kept smaller than the yield strength of material, i.e. o,
= 34MPa, failure will not happen. However, failure may
happen at point of (Z,+Z,)/2 where o, reaches its maximum.
This issue will become more critical when insertion force
increases.

In this paper, we examine the failure due to normal stress
generated by bending force. However, bending force may
also induce shear stress acting along y,z-axis. As be noticed,
failure due to shear stress is one of the critical failure
mechanisms that should not be neglected. Moreover, the
calculations in this paper are conducted for concentrated
force. However, resistance forces are practically distributed
in a specific force-applying area. Thus maximum bending
force particularly should be treated as a uniformly distributed
force. These two aspects should be taken into account in
failure analysis.

B. Model of blood flow in microneedle

One advantage of dual-diameter hollow is low pressure
drop. Low drop pressure will benefit the system in terms of
stability and working efficiency.

Moreover, in UV lithography, transmission of lights
becomes difficult with a millimeter-range layer of SU-8 due
to light scattering phenomenon. With small hollow diameter
(for example 60pm), high aspect ratio structure may not be
easy to obtain. Therefore, with the chosen of diameters
(Dp=100pm,  Dyoq,=80pm), fabrication of ultra-high
microneedles can be easier with relative large dimension of
printed features on mask.



C. Design criteria for our proposed microneedle

According to the results shown previously in section VI,
an optimized geometrical specifications for microneedle is
chosen based on the following criteria:

- Base width: Base width of microneedle can be designed
in the range from 275pm to 325pm, which provides P, >
1.83N and F;, > 0.054N. In this range, microneedle can
be treated as long column and be able to use Euler's
theory. In this paper, it was chosen for another reason,
i.e. due to the ability of unmolding SU-8 microneedle
from PDMS mould.

- Microneedle length: 1500pm -1800pm. However, it
cannot be fabricated with L > 1800pm due to the
limitation of SU-8 coating - reflowing of SU-8 as
developed by Lin et al. in [7].

- Tip angle: 30°. There is a trade-off between insertion
force and mechanical strength. Moreover, an inclined
angle is limited up to 40° due to small distance between
base and UV light source in Mask Aligner Karl Suss,
MA 150 CC.

- Cylindrical hollow: dual-diameter hollow with
Dy;p=100pum, Dpogy=80pm  introduces an increase in
shear rate in the body part of microneedle. The value of
80pm is chosen because diameter hollow for blood
extraction must be bigger than 50pm [8].

VI. CONCLUSION

This paper proposes a design of pyramid-shaped
microneedle for continuous blood collection that requires
strong microneedle. Our results from mathematical
frameworks confirm that our proposed microneedle can
tolerate higher applied forces compared to other previous
designs. In addition, the new design of dual-diameter hollow
shows the ability to reduce blood clogging, thus improving
collection efficiency.

Further studies are to fabricate and to test our proposed
microneedles. The following fabrication techniques can be
used: lithography with ultra-thick SU-8 2150, and PDMS
replica molding. The pyramid tip can be constructed by
multiple exposures with a certain angle, i.e. tip angle. In
addition, failure mechanism due to shear stress will also be
investigated in our next work.
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A Study on Mechanical Strength of Pyramid-Shaped Microneedle

Hoa Le-Thanh*, Nhut Tran-Minh, Hai Le The, Frank Karlsen

Abstract— This paper introduces a novel design of hollow
microneedle for efficient blood extraction. With special features
such as square base and pyramid tip, our proposed microneedle
may have better mechanical strength compared with that of
previously proposed microneedles. We also provide mathemati-
cal frameworks for analyzing both mechanical strength and
fluidic transport efficiency of microneedles. To evaluate the
performance of our microneedle compared with that of pre-
viously proposed microneedles we conduct intensive calcula-
tions with various parameter settings. According to calculation
results, our proposed microneedle may be optimal for blood
collection. Moreover, our proposed microneedle provides conti-
nuous blood collection with higher volumes because of its op-
timal hollow width with recommended applied pressure.

Keywords—microneedle; blood extraction; mechanical failure
analysis; fluid mechanics

I. INTRODUCTION

Disease diagnostics are mostly analyzed from fluids in
which blood is one of priceless sources, containing much in-
formation about health status of the object. Blood is a prob-
lematic complex fluid due to the none-Newtonian behaviors,
the very large number of cells and polumers and the coagula-
tion force. Blood is traditionally collected by hypodermic
needle which normally causes pain and requires medical im-
plementation. Therefore, a painless alternative such as, a mi-
cro-scale needle, that is able to handle whole blood was intro-
duced.

In [1], the authors introduce numerical simulation for tra-
ditional shaped microneedle. They study blood filling process
with surface tensions acting as driving force instead of inves-
tigation fluidic behaviors. In contrast, the authors in [2] only
focus on analytical solution for critical buckling load of ta-
pered hollow microneedle which is weaker with significant
increase in microneedle length (longer than 1500um), intro-
duces possibility of failure. As study in [3], a microneedle for
blood extraction is designed only based on simulations of
bending force and fluid flow without producing mathematical
models. Moreover, only one test with specific dimension of
the microneedle is carried out. Therefore, it does not provide
good guidelines for designers. Motivated by the above issues,
in this paper we propose a new design of microneedle that
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may be stronger and more efficient for blood extraction and
initial treatment.

The rest of this paper is organized as follows. In Section 2,
we describe the novel design of our proposed microneedle
and its advantages. In Section 3, we provide mathematical
models to analyze the structural strength for all and blood
flowing inside microneedles. In Section 4, calculation results
are presented and discussed. Optimal design is then selected
based on the analysis results of mechanical strength and fluid
flow. Finally, Section 5 concludes the paper.

II. THE NOVEL DESIGN OF OUR PROPOSED MICRONEEDLE

In the practical use of microneedle, one of the most criti-
cal problems is the brokenness of microneedle tip. Therefore,
designing a microneedle with strong structure is extremely
important. In this paper, we propose a stronger and more
efficient microneedle. Fig. 1 shows four different micro-
needles and the corresponding cross-sections of all micro-
needles i.e. our proposed microneedle, traditional shaped
microneedle [1], double lumen microneedle [3] and tapered
hollow microneedle [2].

e
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Figure 1. Different microneedles and their cross sectional areas. (a) our
proposed microneedle, (b) traditional shaped microneedle [1], (c) double
lumen microneedle [3], (d) tapered hollow microneedle [2]

The geometrical structure of our proposed microneedle
has the following special features. Firstly, with square base,
our proposed microneedle can tolerate higher axial and
transverse forces because the inertia moment of square is
approximately 1.69 times bigger than that of circle with the
same dimension. Second, with pyramid tip, our proposed
microneedle reduces the insertion force because of smaller
contact area compared to the tip of double lumen micro-
needle [3] and tapered hollow microneedle [2]. Third, the
cylindrical lumen our proposed microneedle is not placed
exactly in the middle of the microneedle but in the side face
of pyramid tip, making the tip stronger. If the center of
hollow is at middle of structure, the contact area will be
much smaller, inducing higher possibility of failure. All
above advantages of our microneddle will be proved
mathamatically in Section 3 and Section 4 with various input
parameters.



III. MATHEMATICAL FRAMEWORKS FOR EVALUATING THE
PERFORMANCE OF MICRONEEDLES

In this section, we present step-by-step the mathematical
frameworks for evaluating two important characteristics of
microneedles: the mechanical strength of and fluid transport
efficiency.

A. Analytical model of mechanical strength

Microneedle is designed to pierce deeply into the dermis
layer in order to effectively extract blood. However, during
penetration process, the skin acts as a mechanical barrier,
resisting the insertion of microneedle. Skin resistance is mod-
eled as axial and horizontal forces which may make micro-
needle bend or break. At failure point, these forces are called
critical buckling load (P;) and maximum bending force (Fy).
In this section, we derived mathematical expressions to calcu-
late P, and F, for four different shapes of microneedles in Fig.
L.

The compressive load (U,) and strain bending energy (Uy)
can be expressed as

Uczmzfj[wj dz, )]
2o\ dz
o G @
) 2EI(z)

According to Euler's beam theory, the critical buckling
load (P.,) of P is obtained by giving (1) equals to (2). This is
called the energy method. Thus, the final formula for P, is

2L,
P, = ?LZ IZI(Z).COSZ (%j dz, 3)

0 i=0

where 4 is the displacement, £ is Young's modulus, L is the
total length of column, Y(z) is the deflected shape, M(z) is the
bending moment and /(z) is the inertia moment.

The general formula of inertia moment used in (3) can be
presented as

I(z)= ZS: 1.(2), “

where /;(z) is the function of inertia moment for each cross-
section when z increases from 0 to microneedle length.

We will derive formulas of inertia moments for all
microneddles in the following parts by adding or subtracting
the inertia moments of basic shapes such as square, circle,

LW . W(2) W(z)

X

Figure 2. Cross-sections of different microneedles. (a) our proposed
microneedle, (b) traditional shaped microneedle [1]
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circular sector and triangle. Fig. 2 shows in detail the cross
sections of our proposed microneedle and the microneedle
designed by Kuo et al. In Fig. 2, A; and B;refer to correspond-
ing circular sector and triangle at each cross sectional area.

Firstly, we derive the expression for /;(z) of our proposed
microneedle which is composed of five cross sectional areas
as in Fig. 2a

I,=1 square W, I circle D (5)

I, =1 square W(z) I circle D? (6)

I = IsquarefW(z) - IcircleiD + IAI - IB, > (7
I, = Isquare_W(z) + IA2 - 132 5 (®)
Is=1 square W(z)* ©)

In the above equations, /; and /, are simply obtained by
subtracting the inertia moment of circle with diameter D
from the inertia moment of square with dimension W(z).
W(z) is a z-dependent function which can be calculated as

. =-W (10)

L

tip

W)= W, -

where W, is the width of base, W, is the width of micro-
needle tip and Ly, is the length of pyramid tip.

Second, the inertia moments of traditional shaped micro-
needle can be calculated with same method that applied for
our proposed microneedle above.

1 = Lige w, ~ Leire o (an

L =100 w — Lo 0 714 — 1, (12)

I, = IcircleiB] _IcirclefD - IA5 + IB5 +IA4 — 134 (13)
L=1,-1,+1, -1, (14)
I=1,-1, (15)

Third, the inertia moments of double lumen microneedle
as illustrated in Fig. 3a are calculated as follows

I =1 circle W1 — 1 circle_D, ? (16)
I=1 circle W, I circle D, ? a7
I =1 circle W(z) I circle_D, * (18)
Yols T g0}
@ @ ® ®

Figure 3. Cross-sections of different microneedles. (a) double lumen

microneedle [3], (b) tapered hollow microneedle [2]



Lastly, for the tapered hollow microneedle there is only
one formula for inertia moment as

I=1

circle_ W(z) -

1 (19)

The effect of maximum bending force is also investigated.
According to Euler's beam theory, the formula for maximum
bending force (Fy) is derived as

circle D(z)*

ol
F,=—2,

cL

(20)

where o), : the yield strength, I is the inertia moment, c is the
distance from the neutral axis (z axis in this case) to the out-
ermost edge of the microneedle, L is the length of the micro-
needle. All of the computations are done by Maple 16 and
the results are presented in Section 4.

B. Analytical model of blood transport efficiency

In microneedle design, the diameter of hollow is signifi-
cantly important to blood transport efficiency. We investigate
blood flow in the hollow of microneedle by using three mod-
els. The first model of blood flow rate is developed by Oka
in [5] as

nR* AP

6.1 4. 1
—_ _ 24 e 4 21
0 8nL(l 7§+3<§ 21&), 20

where Q is the flow rate, R is inner radius, # is the Casson’s
coefficient of viscosity, & is the shear stress which is pre-

sented in (22).
4t (-APY"
g‘?(Tj

Two other models are the models that we derive from the
modified Bernoulli's equation [6] as follows

80"
n°D*

(22)

Ap_ 1280QL YK

(23)
nD*

pg(Z,~2,),

where p is the kinematic viscosity of blood, AP is pressure
drop, O is flow rate, D is diameter, p is blood density, and K
is inertial minor loss.

Equation (23) is a quadratic function of Q. By solving
(23) we obtain the second model of blood flow rate in case of
without gravity effect as

32nln +\/1024172L27zz +2pAPT* D'y K+2p°gn’ D' (Z,~2,)  (24)
4p2K

The third model of blood flow rate in case of with gravity
effect is then derived from (24) as

3mLr+ 10247 Lr +2pAPe* D' Y K +20°¢°° DY (Z,~Z,)  (25)

4p>' K

IV. PERFORMANCE EVALUATION AND DISCUSSIONS

In this section, we evaluate the structural strength of our
proposed microneedle compared with that of previous mi-
croneedle by changing several design parameters such as
length, base size, and hollow diameter. We also show how
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well blood flows in our microneedle with different pressure
drop and hollow diameter.

Table I presents the parameter settings of three scenarios
for evaluating the strength of our proposed microneedle.
Firstly, critical buckling load (P.,) is examined in scenario 1
and 2 by changing microneedle length (L;) and hollow di-
ameter (D). Secondly, maximum bending force (Fy) is stu-
died in scenario 3, by changing microneedle width (W,).

Fig. 4 and Fig. 5 show that the structural strength of our
proposed microneedle is significantly higher than that of the
other microneedles in all settings of microneedle length and
hollow diameter. Specifically, in Fig. 4 when L=1800um, the
critical buckling load of our design is 2.37IN which is
approximately two times bigger than 1.09N, 1.19N, and
0.837N of traditional shaped microneedle, tapered hollow
microneedle, and double lumen microneedle, respectively.
Fig. 4 also illustrates that the cylindrical hollow should be
placed on the side face of the pyramid tip for stronger
structure. In Fig. 5, when changing microneedle hollow
diameter our proposed microneedle also has better strength
under axial force. However, the change in D does not induce
much difference in critical buckling force. Therefore, the
design of hollow must be based on a criterion of fluidic
analysis, which will be presented in the next subsection.

TABLE L TEST PROCEDURE FOR CRITICAL BUCKLING LOAD AND
BENDING FORCE
Scenario Variable | Range (um) Values (um)
P 1-Fig 4 L 1200 -2000 | W;=300 D=80
°r 2-Fig.5 D 50 - 120 L=1800 | W,;=300
Fy 3-Fig. 6 W, 200 - 400 L=1800 D=80
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Figure 6. Maximum bending force with change of microneedle width

Fig. 6 shows the impact of square base on bending force
with different hollow diameter. As we can see in Fig. 6, with
square cross section our proposed microneedle has
F,=0.081N, which is 1.65 times stronger than F,=0.049N of
the rest three microneedles with circular cross-sections.

Additionally, the value of critical buckling load 2.371N
for one single microneedle, the total critical force for a 3x3
microneedle array is 21.34N. In related to skin resistance, the
necessary pressure for piercing human skin is 3.18Mpa, then
the required penetration force for a microneedle array is
approximately 2.43N. Therefore, our proposed microneedle
may not only successfully penetrate human skin but may also
can resist a large value of external forces which will be
presented in future research.

Next, we examine the characteristics of blood flowing in
our microneedle. Constants in (14-19) are chosen as follows:
1=0.0035 Ns/m?, p=1060 kg/ m®, the minor losses at the inlet
and outlet are K,=0.5 and K,=1, n=0.003 Ns/m?, Ty = 0.004
N/m’ and p, = 0.00125 Ns/m’. We create two scenarios as
below:

e Scenario 1: We increase the applied pressure drop from
1KPa to 30KPa with a 80pm-diameter single lumen. The
obtained flow rates are shown in Fig. 7.

e Scenario 2: We change the diameter of single lumen
from 50um to 120pm with two values of pressure drop,
i.e. 7KPa and 11Kpa. The obtained flow rates are shown
in Fig. 8.

According to Fig. 7a and Fig. 8a, there are two models
that suitable to model blood flow in microneedle hollow, i.e.
the model developed in [5] and the model we derived from
Bernourlli's formula without gravity effect.

From Fig. 7b and Fig. 8b we can see that small testing
range of flow rate provides guidelines for designing
microneedle hollow. Specifically, hollow diameter can be
selected based on the expected values of flow rate and
extracted volume. In addition, according to the results in Fig.
7b when flow rate is 1pul/s the corresponding pressure drop of
single lumen is approximately 5.58KPa. It means that
pressure drop in microneedle hollow, which is also called as
extraction ability as in [4], is the required negative pressure
that need to be generated by actuator or pump.
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Figure 7. The relationship between flow rate and pressure drop. (a) big
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Figure 8. The relationship between flow rate and hollow diameter. (a) big
range of flow rate, (b) small range of flow rate

V. CONCLUSION

In this paper, we propose a novel hollow microneedle
which may have better mechanical properties, higher strength
against skin resistance and external forces. The calculation
results confirm that our proposed microneedle can bear high-
er critical buckling load and maximum bending force com-
pared to previously proposed microneedles such as tradition-
al shaped microneedle, double lumen micro needle, and ta-
pered hollow microneedle. Moreover, with an analysis of
blood flow and optimal values of diameter of hollow and
fluidic parameters the ability to demonstrate continuous
blood extraction without coagulation is at hand. Our pro-
posed microneedle can be fabricated by using lithography
with ultra-thick SU-8 2150, inclined exposure, and PDMS
molding. Numerical simulations, fabrication, verification and
validation will be presented in our next work.
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