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ABSTRACT

Development and Characterisation of Microneedles Based Electrode

for Biopotential Measurement

Bio potential signals of human brain activity are used to monitor the health of an
individual. The electroencephalogram (EEG) is a record of the electric signals of the
brain activity and is useful in diagnosis, treatment of various diseases, and monitoring

the fatigue and alertness of a personnel.

The current electrodes are not suitable for portable and long-term recording
applications. Also, the conventional biopotential electrodes demand for additional
skin preparation and need conductive gel. However, conductive gel may cause
allergic reactions or skin irritation. Microneedle electrodes are dry electrodes and do
not require any skin preparation and conductive gel. Microneedles pierce into the skin
and keep direct contact with the conductive epidermal layer of the skin and are

promising for long-term recording applications.

The research work is carried out to identify suitable materials for microneedle
fabrication for biopotential measurement. Microneedle design is carried out by taking
skin anatomy and their properties into consideration. Finite Element Analysis (FEA)
is carried out to optimize pitch and base diameter for maximum penetration of the

skin and minimum strain of the microneedles.

Research is carried out initially using micro-stereolithography (MSL) system to
realise microneedles. The research work investigated fabrication of microneedle using
Hexanediol diacrylate (HDDA) by UV photo polymerisation. Novel method of step
less fabrication of HDDA microneedle by MSL is presented. Investigation carried out
to co-polymerise HDDA and PMMA using MSL system is presented. Samples are
characterized using FTIR. FTIR spectrum of samples shows limitations in curing
PMMA.



Replication technique carried out for micro mould fabrication is presented. The
Teflon negative mould is used for making positive polydimethylsiloxane (PDMS)
micro mould, which is again used for making PDMS negative mould. The PDMS
microneedle fabricated by this work is used as master for subsequent microneedle
fabrication using PMMA. It was observed that the PMMA sticks to PDMS mould.

Further, the work is carried out to fabricate microneedles using micromachining
centre. Layer-by-layer machining strategy is adopted with varying machining
parameters at different heights of microneedles. Microneedle array consisting of
10x10 microneedles having base and tip diameters 120 um and 5 pm, height 200 um
and pitch 400 um are micro milled. Fabricated needles are tested for compression,

shear and penetration into chicken skin.

Characterisation results of microneedles and chicken skin penetration test results are
presented. The results of tests show the microneedles have capability for skin
penetration. To make PMMA microneedles electrically conductive, electroless silver
plating has been carried out. Electrical testing of needles conducted shows that the
needles offer less electrical resistance. The results show that PMMA microneedles

with conductive layer are found to be suitable for biopotential measurement.

Key words: Microneedle, Biopotentials, Polymethyl methacrylate, Micro-Stereo

lithography, Micro Milling, Electroless Silver Plating
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CHAPTER 1

1 INTRODUCTION

1.1 OVERVIEW

Biopotential signals like electroencephalogram (EEG), electrocardiogram (ECG) and
electromyogram (EMG) are important in monitoring and understanding the
pathological and physiological conditions of human beings. EEG, ECG and EMG are
biopotential signals acquired from brain, heart and muscle activities, respectively. Use
of these biopotential signals is on the rise for various special applications.
Traditionally, to get these signals, silver (Ag)/silver Chloride (AgCl) electrodes or
gold disks are used. Skin surface is prepared by abrading and then applying a
conductive gel between the electrode and the skin to enhance the conductivity. These
electrodes are called as wet electrodes. Conductive gel is an electrolyte used as a
conductive gel between skin and electrode. The conductive gel can only be used for
short time, as it gets dried out over the time and loses its conductivity leading to
higher contact impedance (Conor et al., 2011). These wet electrodes are also sensitive

to motion artefacts. Also, the electrolyte gel may also cause irritation to the skin.

There are applications where the human subject’s biopotentials need to be measured
in motion. Application could be to monitor the EEG signal of pilots for alertness or
soldiers deployed at borders for monitoring fatigue. These EEG signals need to be
tapped continuously to get the mental alertness of subjects. There is a need to use the
electrodes for a longer time without causing any irritation to skin, and at the same
time electrodes are expected to give biopotential signals on par or better than the wet
electrodes without giving any motion artefacts. Sweat accumulation affects the
conductivity, which is an issue during long-term usage (Minjae et al., 2015). To
overcome the disadvantages caused by the conventional electrodes, various dry
electrodes of invasive type have been studied. Conor et al. (2011) studied about
silicon-based microneedle array with conductive metal coating on it to acquire ECG

signals. The results showed good biopotential signals in terms of signal acquisition

1



and fidelity. Elena et al. (2012) studied the microneedle array-based dry electrode for
EEG, ECG and EMG measurements. Study showed promising results of microneedle-
based electrodes and concluded that these electrodes are promising alternative to wet
electrodes. Li-Sheng et al. (2014) studied barbed microneedle array-based electrode
for EEG and ECG recording and concluded that the results are comparable to wet
electrodes. There is a gap exists in realising cost effective bio compatible microneedle

based electrode for measuring EEG signal for longer duration.

1.2 SKIN ANATOMY

Anatomy of skin is important for designing microneedles. The human skin has three
layers, namely stratum corneum, epidermis and dermis as illustrated in Figure 1.1
(www.philipsplastics.com). Stratum corneum (SC) is the top layer of the skin that acts
as a barrier for microneedle insertion. It is made of dead, flat skin cells that shed about
every 2 weeks (Heather, 2014).

|

=2
i

& _=.
QE;\,AM”S

(b)

Stratum Corneum A\ |
15~20pm

(a)

Epidermis

150~250pm

Dermis

Figure 1.1 (a) Skin Anatomy (b) Cross-Section of Human Skin
(www.philipsplastics.com)

Epidermis lies below the stratum corneum. Stratum corneum is of 15 to 20 pm
thickness and has less number of nerves and blood vessels. Epidermis thickness varies
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from 150 to 250 um and it has a tissue of living cells. Stratum corneum acts as barrier
and causes impedance, which needs to be overcome. Force of 0.1 N to 0.45 N is
required to pierce through SC (Henry et al., 1998) reported that the penetration of the
microneedle into epidermis is painless, as it is not touching the nerves. Microneedle is
not required to reach dermis, which contains living cells, nerves and blood vessels as
otherwise it is painful, but it has to penetrate through the stratum corneum and able to
have more contact with the living cells of epidermis. Hence, the study of skin
anatomy is very important in analysing the effective working of microneedles.

1.3 BIOPOTENTIAL SIGNALS

Typical electrical signals or biopotentials that are commonly monitored are ECG from
the heart, EEG from brain and electromyograms (EMG) from muscles. The measured
signals have extremely small amplitudes in the range of micro-volts. Usually, gold-
plated electrodes are secured on the scalp to get EEG signals with low resistance

(Nitish, 2000). Characteristics of biopotential signals are tabulated below.

Table 1.1 Biopotential Signal Characteristics

Signal Name Amplitude (mV) Frequency Range (Hz)
ECG Electrocardiogram 0.5-5.0 0.01-250
EEG | Electroencephalogram 0.01-50.0 0.1-100
Electromyogram
Electromyogram
ENG Electroneurogram 0.05-10.0 0.01-1,000

Biopotentials are result of bodily activities. These potentials are measured and used as
signals for health monitoring and/or for diagnosis. Measured signals compared with
the standard reference signals, and the difference is used for accurate diagnosis.

Characteristic signals are amplitude, frequency/time duration and wave shape.




There are biological interferences from skin, electrodes, motion, etc., and noise from

environmental sources like power line, radio frequency, electromagnetic, etc.

As shown in Figure 1.2, beneath the skin, human body has ions like sodium Na’, CI,
and potassium K*. There is difference in ion concentration depending upon the
activities. lonic Potential difference occurs between two points of ionic

concentrations.

Figure 1.2 Cell Wall and Potassium and Sodium lons (Teemu, 2006)

Permeability of the cell changes depends upon the activities. At rest, the cell is more
permeable to ions like K and CI” than to Na*. Potassium ions (K*) are pumped in, and

sodium (Na") ions are pumped out of the cell.
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Figure 1.3 Typical Action Potential

This results in differential rate of pumping of ions (Na™> K*) and leads to
establishment of negative electrical potential of about —70 mV between the inside and
outside membrane of the cell. Cell is considered as polarised. Potassium ions (K") are
pumped out, and sodium (Na") ions are pumped into the cell. This again results in
differential rate of pumping of ions (K*> Na") and leads to establishment of positive

electrical potential, which is about —20 to 40 mV and lasts for few seconds.

Cell gets depolarised. After some time, the cell permeability returns to original value
and the restoration of rest potential happens. Cell is said to be repolarised. The
resulting variation in cell potential with respect to time is called as action potential.
Figure 1.3 shows the typical action potential. Action potentials produced by
combination of many cells result EEG signals. When the wave of ions reaches the
electrodes on the scalp, they can push or pull the electrons on the electrode. The
difference in push or pull can be measured by a voltmeter. Recording this over time

gives us the EEG.



The EEG is defined as electrical activity recorded from the scalp surface after being
picked up by metal electrodes and conductive media (Teplan, 2002). EEG measures
the electric activity of brain from scalp. It results from the activities of billions of
neurons. EEG signal has an amplitude range of 0.001-0.01 mV, bandwidth of 0.5-40

Hz. Figure 1.4 shows the amplitude and bandwidth for various activities.

EEG in the States of Vigilance

Alertness: beta waves
W A s n A AN N
Relaxing: alpha waves
Rt g i g il
Sleeping: theta waves

NWNW;WJW#Wmtw
:

Mj!lhAw*ﬁ_w!ﬁ'#iwdq‘:{?wﬁ‘ﬂw?'h\“:l:.: fl‘:; 1 l‘;l* .

Light sleep
J

Deep sleep: delta waves

il r
\Atile /\MJU VA ijﬁ‘r.]’t

Paradoxical sleep: dreaming {(REM)
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Figure 1.4 EEG Signals for Various Activities (Sabbatini, 1997)

EEG measures complex neural activities within the fraction of a second. Relative

strengths and positions of electrical activity in different brain regions can be
determined using EEG.



EEG wave forms are divided into bandwidths and their applications in medical/health

are listed below.

Table 1.2 EEG Band and its applications

Wave Frequency, Hz Medical
(Normal)
Delta <4 Sub critical lesions

(Adult slow wave sleep)

Theta 4-7 Deep midline disorder
(Idling/Drowsiness)

Higher in children

Alpha 8-15 Coma
(Eyes closed/Relaxed)
Beta 16-31 Benzodiazepines
(Mild obsessive, Active Thinking)
Gamma 32+ cognitive decline

(Short term memory)

Mu 8-12 Autism

a) Therapeutic applications of EEG

EEG is useful for practitioners in the treatment of addiction, migraine, depression,
sleep disorders, anxiety, learning disabilities, chronic pain, epilepsy, insomnia,
attention deficit hyperactivity disorder (ADHD/ADD), Tourette's Syndrome, etc.
(Peter, 2009).

EEG neuro-feedback, which measure brain waves provides a valuable tool for both
the therapist and the patient. The patient assumes a much more active and involved
role in the process, with the therapist taking one more of the role of educator and
coach. Neuro-linguistic programming (NLP) is one example of how the brain codes

learning and experience. This can provide skills for development and success in any
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area of life, including business, education, training, performing arts, public speaking,
etc. The treatment is capable of being time monitored and statistically followed for
each patient, which is important for the requirements of managed care organisations

(www.alpha-active.com).

Hypnosis is a powerful agent in the treatment of many psychosomatic disorders, such
as agoraphobia, anxiety states and phobias. The EEG can be used in a pain relief
clinic for monitoring patients. It is invaluable to be able to monitor the patients’ state

of mind to ensure that therapy is effective (Griffiths et al. 2005).
b) Applications in neuroscience

EEG monitoring is useful in understanding, treatment and prevention of many
neurobehavioral disorders such as head injury, epilepsy, pain syndromes, movement
disorders, cerebrovascular disorders, metabolic and neurodegenerative disorders
(including age-related), thought disorders, mood disorders, anxiety disorders,
personality and substance dependence disorders, chronic stress, Alzheimer’s disease,
schizophrenia, and many other problems and illnesses. In Cognitive Science Research
(www.alpha-active.com), the EEG signals can be used in the study of cognitive
processes, decision-making, driver alertness, perception of advertising (neuro-

economics and neuro-marketing), multi-sensory perception, etc.
c) EEG in gaming applications

By developing EEG games controlled by the users’ brainwaves directly, users can
train themselves to reproduce this mind state when they wish. EEG-driven games are
helpful for dynamic mental stress testing, aided learning, in treatment of attention

deficit hyperactivity disorder (ADHD), brain training and, for entertainment and fun.
d) Other applications of EEG

After the administration of stimulus, neural activity can be recorded within short

period, which is an advantage of EEG. EEG is useful determining the relative



strengths and positions of electrical activity in brain (Teplan, 2002). Clinical

applications of EEG are listed below.

e To locate areas of damage following head injury, stroke, tumour, etc.
e To test afferent pathways (by evoked potentials)

e To control anaesthesia depth (servo anaesthesia)

e To investigate epilepsy and locate seizure origin

e To test epilepsy drug effects

e To assist in experimental cortical excision of epileptic focus

e To monitor human and animal brain development

e To test drugs for convulsive effects
e) Electrodes for EEG Measurement

Biopotential electrodes are used to tap the EEG signal and basically transduce ionic
conduction to electronic conduction. Electrodes are metal contacts packaged in such
way that they can be easily attached to body.

Basic electrode consists of body and casing, electrode made of high-conductivity
material, wire connector, cavity for electrolytic gel and adhesive rim. A layer of an

electrolyte gel is used in between metal plate and skin to improve the conductivity.

Figure 1.5 Cup Electrodes for Measurement of EEG



Nickel-silver alloy, silver, gold and platinum are the materials used as metal
electrode. There are suction-type electrodes to make it easy to attach to skin. Figure
1.5 shows typical cup electrode for EEG measurement. Metal disc with conical shape
has provision for introducing electrolyte gel or paste from the top of the cone. This is
useful when the gel gets dried up. Skin is prepared by abrasion or cleaning and then

electrode is placed close to the source being measured.

@ (b) .
wire fo measUrement electronics. electrolytic ge
no electrolytic gel - Stetim Gomeu 5. 104
spikes — Epidermis 50-100 ﬁm

Figure 1.6 (a) Spiked Electrode (b) Conventional Electrode (Patric Griss, 2002)

To increase the transduction of ionic currents, electrolytic gel is applied between
electrode and prepared skin. The top layer of the skin, stratum corneum, is rubbed
with abrasive paste to reduce the skin impendence level. Acceptable impendence level
for EEG signal acquisition is less than 20 kQ. With wet electrodes, time required to
achieve acceptable value of impedance takes a longer time. Wet electrodes are not
suitable for long-term measurement, as the impedance of wet electrodes deteriorate
from 5 to 15 kQ within five hours after gel application (Lopez - Gordo et al., 2014).
Wet electrodes and dry electrodes are compared and details given in the table 1.3

To record an accurate EEG signal, the contact impedance value should be between 1
to 10 kQ (Ali Bulent, 2009). If it is less than 1 k€, then there may be short circuit
between electrodes and if the impedance value is greater than 10 kQ, then it would

give distorting artefacts.

Microneedles cause less damage to the tissue due to smaller dimensions of the needles
(Boehm et al., 2011).

10



Table 1.3 Spiked Electrodes vs. Conventional Electrode

SL. No. | Spiked Electrode Conventional Electrode
1. No need for skin preparation Need for skin preparation
2. Can stick to skin for longer time | Can't stick to skin for longer time
3. Lesser impedance Higher impedance
4. High signal acquisition Weak signal acquisition
5. Low electrical noise level High electrical noise level
6. Maximum comfort for subject | Minimum comfort for subject

1.4 RESEARCH HYPOTHESIS AND OBJECTIVES

The basis for using micro-electrode is framed on the supposition that the electrodes
penetrate the impedance-causing stratum corneum and are directly in contact with sub
dermis. The electrodes are aimed to be used in dry condition without usage of any
conductive gel and without any need for skin preparation. Array of micro-electrodes
are not expected to reach dermis where nerves presence would cause pain. Dry
electrodes are aimed at acquisition of EEG signals for long duration compared.
Penetration of array of micro-electrodes into the skin is aimed at keeping electrodes to
be in contact with living cells in sub dermis without causing motion artefacts to the
acquired signals. From the point of biocompatibility to human skin and method of
fabrication, polymer material is considered as the material for fabrication of
microneedle based electrode.

The major objective is to design and fabricate biocompatible microneedles that can be
used to acquire EEG signals continuously for longer duration. To achieve this, the
following objectives are set:

e Study on polymer material suitable for microneedles

e Design and analysis of micro-array needle array

e Fabrication, testing and characterisation of biocompatible microneedle array

11



Organisation of Thesis

Chapter 1 provides introduction to micro needle based dry electrode and compares it
with traditionally used wet electrode for EEG measurement. This chapter deals with
skin anatomy, bio-potential signals and EEG signals for various activities. Research

hypothesis and objectives are detailed in this chapter.

Chapter 2 deals with the material aspects of microneedle. Various materials used for
biopotential signal acquisition are reviewed. Comparison of metallic microneedle and
polymeric microneedle is dealt. Advantages of selecting polymer material for
microneedle based electrodes are detailed. This chapter explains the various

techniques and methods used for fabrication of microneedle-based electrodes.

Chapter 3 describes the design aspects and analysis of microneedle. Analytical
design and FEM analysis carried out have been illustrated. FEM analysis has been
carried out with the objective of optimising the microneedle parameters for minimum

strain of needle and maximum penetration.

Chapter 4 deals with the experimentation to fabricate microneedle by MSL,
micromachining and micro moulding, and directly by micromachining. Experiments
conducted for conductive coating have been explained. This chapter explains the
mechanical characterisation of microneedle fabricated. Compression test, shear test,
penetration test, adhesiveness test and other test for conductivity have been dealt in

this chapter.

Chapter 5 discusses the results of the testing and characterisation performed with
respect to:
e MSL process for fabrication of HDDA microneedle
e Limitation of MSL process for processing of microneedle using
PMMA materials
e Experimentation of fabrication of micro mould using
polydimethylsiloxane (PDMS)

e Direct micromachining of microneedles

12



e Compression and shear test of microneedle and penetration of microneedle
over skin

e Adhesion test of conductive coating

e Conductivity of microneedle for biopotential measurement

Chapter 6 brings together overall summary of outcome of the research work carried
out. The thesis concludes with limitations of the current work and suggestions for

future investigation.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

This section describes the principles and practices developed and adopted by various
researchers and scientists in fabrication, testing and characterisation of microneedles.
Here, theoretical and experimental investigations conducted in fabrication of micro
needles through various processes have been reported. An overview of the material
combinations and fabrications methods used for processing various materials
respective to their chemical properties and processing method is also presented. The
increasing use of polymers by various researchers and scientists in order to have

biocompatible polymers is of prime area for research and is reported here.

2.2 MICRONEEDLE FABRICATION, TESTING AND
CHARACTERISATION

Patrick et al. (2002) investigated on micro-fabrication, packaging and testing of a

micro machined dry biopotential electrode.

(a) (b) (©) (d)
:—S.'ilicon Table
Silicon
Isotropic etch 1 Anisotropic etch 1

Figure 2.1 Combination of Isotropic and Anisotropic Etching Process for Out-of-

Plane Fabrication of Microneedle (Patric et al., 2002)
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The electrode consists of an array of micro-dimensioned, very sharp spikes designed
for penetration of human skin circumventing high impedance problems associated
with layers of the outer skin. The spikes were etched in silicon by deep reactive ion
etching as shown in Figure 2.1 and were subsequently coated with silver chloride

double layer.

Observations made by the authors show that low amplitude biopotential from the
activity of the brain resulted in EEG signals of high quality. Thus, spiked electrodes
allowed a high quality recording of low-level biopotentials. Also, the insertion and
removal from the skin was fast and uncomplicated. The spiked silicon electrodes are
compared with conventional electrodes and it is stated that the EEG signals are
similar. Inference is that spiked electrodes are convenient to use and are comfortable.
Hence, the spiked electrode offers a promising alternative to standard electrodes in
biomedical applications and is of interest in research of new biomedical methods.
However, silicon is neither bio compatible nor bio-stable (Wang et al., 2005). There is

a disadvantage in using silicon materials, as it will break during usage.

Luttge et al. (2008) presented the work on microneedle array electrodes for EEG
monitoring. A new replication process for numerous types of microneedles arrays was
done. Polymer microneedle array electrodes with 64 microneedles in nested 4x4
arrays were positioned on circular disc of 100 um. Photolithography fabrication was
carried through prepared silica hard moulds using photoresist SU-8. The Processes
involved for making electrodes are lengthy as it comprises of Photo Lithography,
Deep Reactive lon Etching (DRIE), Hard Lithography and Soft Lithography. Also,
proprietary bio compatible plastic material Hysol® had been used to make
microneedles. Electrical characterisation of micro needle showed a value of 150 kQ
and it had improved many times when gel was used along with it. These electrodes
were certified for EEG measurement. The Ag-coated microneedle array electrodes

show excellent signal-to-noise ratios.

A novel micro machined physiological recording electrode with hollow microneedles
for ECG measurement was studied by Yu et al. (2008). In comparison with

conventional electrode, a unique characteristic of this device was that a hollow
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microneedle array was made of silicon, which could pierce through the outer skin
surface; fabrication of microneedles of these was done by etching and the formation
of back reservoir The silicon die was fabricated at wafer level using three-SiO2-mask
and three-step Deep Reactive lon Etching (DRIE) process. Figure 2.2 shows hollow

microneedles with reservoir. This invention was used for ECG measurement.

r—Reservoir —Hole ¥ MicroNeedle —Silicon

N
.-

“—Polymer Pt Electrode —TInlet for Electrolytic Solution

Figure 2.2 Hollow Microneedles With Reservoir (for Filling NaCl) for ECG
Measurement (Yu et al., 2008)

The electrolytic solution stored in the backside reservoir provides direct electric
connection between outside electrodes and inner skin layer. This minimised the high
signals from skin layer and resulted in a good signal-to-noise ratio. The study
compared the ECG signals measured using hollow microneedles and standard wet
electrodes. It is reported that the hollow micro needles compare well with the
commercially available wet electrodes. Combined with wireless communication, a
portable ECG recording system with micro-fabricated bio-electrodes makes it a
potential long-term and repetitive ECG measurement for out-of-hospital diagnosis,

especially for health-care management of aged people living alone at home.

Yu Mike Ch (2010) described wireless, mobile-based health-care devices having
significant interest towards developing alternative biopotential electrodes for patient
physiological monitoring. The conventional wet adhesive Ag/AgCl electrodes used
universally in clinical applications today provide an excellent signal, but are

cumbersome and irritating for mobile use. While electrodes that operate without gels,
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adhesives and even skin contact have been known for many decades. However, they
are yet to achieve acceptance for medical use. In this paper, the author explored the
use of dry/non-contact electrodes for clinical use by explaining the electrical models
for dry, insulated and non-contact electrodes and show the performance limits, along
with measured data. The theory and experimental data showed that the common
practice of minimising electrode resistance might not always be necessary and
actually led to increased noise depending on coupling capacitance. Theoretical
analysis was followed by an extensive review of the latest dry electrode developments
in the literature. The paper concluded with highlighting some of the novel systems
that dry electrode technology had enabled for cardiac and neural monitoring. Salvo et
al. (2012) presented the design, fabrication and testing of 3D-printed dry electrode.
The electrode consisted of a conical support (0.5 mm height, base diameter 15 mm,

top base diameter 13 mm) on which an array of conical needles was placed.

Figure 2.3 3D-Printed Microneedle Made Out of Biocompatible Acrylic-Based Resin
(Full Cure® 720), Salvo et al. (2012)

Each needle was about 3 mm high, 600 um base diameter and 100 um tip diameter.
The array consisted of 180 conical needles (distance = 250 um) on a truncated conical
base. The metallisation process underwent two steps sputtering of titanium as
adhesion promotion layer and evaporation of gold to lower the impedance and prevent
oxidation of the electrode. After electrode characterisation, experimental results were
presented and compared with planar wet Ag/AgCI electrodes for recording ECG—
EEG. Performance of coating was tested using scotch tape test and it is reported that

there was no pulling off of coating. This study is found to be useful for conductive

18



coating of polymers. The needles were tested using 32 channel impedance analyser.
Test results showed impedance value less than10 kQ for 3d printed dry electrodes.
The measured impedance values are less and the electrodes are suitable for EEG
measurement. The developed dry electrodes were reported to be suitable as valid

sensors for ECG and EEG recording.

Vanlerberghe et al. (2011) studied the design and fabrication of a novel two-scale
topography dry electrode using macro-and microneedles. The macro needles enabled

biopotential measurements on hairy skin.

g m

PDMS mold

Figure 2.4 Steps Involved in Microneedle Fabrication
(Vanlerberghe et al., 2011)

master

Also, it was described how micro-precision milling and inexpensive moulding steps

were used to create a two-scale dry electrode (Figure 2.5) in a cost-effective way.

Figure 2.5 (a) and (b) 2 Scale Topography of Microneedle Fabricated by

Vacuum Casting Technology (Vanlerberghe et al., 2011)
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Initially, aluminium master mould was fabricated using CNC milling and then
silicone rubber (PDMS) was vacuum moulded out from it as shown in Figure 2.4.
Silicone mould was used to make SU-8 microneedle structure. Ag/AgCIl was done to
obtain a conductive layer for signal transmission. Further, a fast and accurate
impedance measuring protocol was developed to compare and evaluate the contact
impedance of various types of electrodes. The research work showed comparison of
different conductive coatings (Ag/AgCI/Au). AgCl is found to be slightly better than
Ag as coating material, and Au-coated electrodes have the highest impedance. Also, a
fast and reliable impedance characterisation protocol was described. Based on this
impedance measurement, promising results were obtained with the fabricated

electrodes.

Seong et al. (2010) designed and fabricated PMMA microneedle array with electrical
functionality with the final goal of electroporating skin’s epidermal cells to increase

their transfection by DNA vaccines.

Pulse Generator

Stratum
Corneum

+ - + -
Viable “° W\ fl° N flasW f 2N [/ ¢
Epidermis * W\ s\ fle oW o2 1/ +

e *\//* * | DNA vaccine
Dermis
Cells

Figure 2.6 Scheme of Electrically Activated Microneedle Array for DNA
Vaccination (Seong et al., 2010)

20



Fabrication process of microneedle array was made of PMMA by micromolding
technology from a master PDMS mould, followed by metal deposition, patterning
using laser ablation and electro deposition. Microneedle electrode arrays were strong
enough to insert into the skin. Additional experiments with red blood cells and human
prostate cancer cells showed that these microneedle electrodes were electrically active
and capable of electroporating cells with high efficiency. In this research work,
PMMA was chosen as micro needle material citing the reason it has been safely used
in medical devices approved by U.S. Food and Drug Administration (FDA). In this
study PMMA micro needles have not been used for EEG signal acquisition, however,
it was found that the micro needles were able penetrate human skin for
electroporation. The research work supports the use of PMMA as material for micro
needle.

Patric (2002) studied the characterisation of dry spiked biopotential electrodes and
suitability test to be used in anaesthesia monitoring systems based on the
measurement of electroencephalographic signals. The spiked electrodes consist of a
micromachined chip containing an array of silver or silver chloride-coated
microneedles glued onto a carrier. The assembly of the electrode was altered to
simplify production, that is, the carrier used consists of a circular double-sided printed
circuit board and the lead wire is soldered to the carrier. Biopotential electrodes that
were applied onto the forehead dry spiked electrodes had the potential to be used as

sensors recording EEG for anaesthesia monitoring.

James (2006) gave details about preliminary data that suggested safety concerns were
surmountable due to relatively minor and transient abrasions that were created in skin
and the impressive regenerative capacity of the tissue. However, the kinetics and
mechanisms of skin healing in response to these assaults on skin integrity were not

completely defined.

Miyako (2015) studied about fabrication of SU-8 based polymer microneedle for
recording brain activities. SU-8 polymer microneedle was replicated from PDMS
mould made using SU-8 mould fabricated using lithography process. Nano-porous

parylene was deposited over silver-coated needles to avoid peeling off of silver. The
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researchers developed 20x20 polymer microneedles with needle height of 230 um and
a tip curvature radius of 17 pm.
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Figure 2.7 a) Fabrication of SU-8 Micromould, b) Fabrication SU-8 Microneedle c)
Formation of Microneedle Electrode (Miyako Arai et al., 2015)

Contact impendence value of less than 10 K was measured, and it was found to be
comparable to the impendence value of wet electrode. Micro needles were tested for
EEG signal acquisition for 3 hours. Low impedance value observed shows the
effectiveness of microneedles for longer duration.

Teplan (2002) reviewed the fundamentals of EEG signal and acquisition.
Classification of brain waves like beta (>13 Hz), alpha (8-13 Hz), theta (4-8 Hz) and
delta (0.5-4 Hz) with respect to frequency was described. EEG recording technique
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using various electrodes, amplifier with filters, A/D converter and recording device
were explained in the review. 10-20 electrode placement system for EEG signal

acquisition was described.

Priyanka et al. (2004) studied the design of microneedles for medical applications.

Skin resistance was taken into account while designing the microneedles.
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Figure 2.8 Yield Stress Values of Different Configurations (Rectangular,
Square and Circular) of Microneedles (Priyanka et al., 2004)

Various cross-sections of microneedles were analysed from the mechanical strength
point of view, and it was concluded that circular cross-section preferred over square
and rectangular cross-sections for in-plane micro needles. Ramasubramanian et al.
(2008) analysed the mechanism of fascicle insertion into the skin by mosquito.
Analytical and mathematical modelling was compared with experimental data
obtained from a high-speed camera.
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Figure 2.9 a) Mosquito Head and Proboscis b) Fascicle Tip with Labella Retracted
(Ramasubramanian et al., 2008)

Results show that the lateral support of the fascicle provided by labium avoids
buckling of the fascicles. The lowest force of 10 mN has been estimated for sharp
microneedle. It was observed that the mosquito moves its head back and forth, at a
frequency starting from 15-17 Hz and gradually reducing to about 6 Hz during the
insertion process. The critical buckling load for a typical fascicle is very low (~3 mN)
and not sufficient to penetrate the skin. This study reveals the fact that the human skin

can be easily penetrated by a tiny fascicle tip with very low force.

Nahe Mane et al. (2013) analysed microneedle design for drug delivery using

COMSOL. Silicon as material for hollow microneedle was considered for analysis.

Figure 2.10 Stress Analysis (Nahe Mane et al., 2013)
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Analysis showed that needle can withstand a pressure of more than 3.18 MPa. This is
the pressure required to puncture the skin. Maximum buckling force of microneedle
was found to be more than the resistance force in the microneedle. Breaking of
needles was not reported.

Ashraf et al. (2010) used FAE to determine the mechanical forces exerted on the skin
during the insertion of silicon microneedle in transdermal drug delivery applications.
Authors studied the effect of compressive force and transverse force. Results showed
that the yield strength of the material was much higher than the force required to

penetrating the skin.

Groves et al. (2013) modelled the human skin in FEA and described that the needle

penetration was having non-linear stress—strain relationship.

It was described that the skin exhibits anisotropic, non-linear and viscoelastic
properties. FEA results were compared with indentation tests on the skin. Figure 2.11

shows the FEM analysis of indentation of skin.
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Figure 2.11 FEM Analysis of Indentation of Skin (Groves et al., 2013)
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(a)

(b)

Figure 2.12 (a) Axial Fracture Force Measurement (b) Transverse Shear
Force Measurement (Yusuf et al., 2013)

Yusuf et al. (2013) tested the polymer microneedles using micromechanical tester
(Instron H Model 5969, Instron, Norwood, MA). A single microneedle was forced
into the metal mill at 500 mm/sec in each test. Figure 2.12 (a) and (b) shows loading
on microneedle in axial direction and transverse direction. The mill and microneedle
were aligned using a microscope camera. Needle failure force was determined as the
point just before sudden decrease of force during the application of axial load and
transverse load. Figure 2.13 (a) to (d) shows deformation of the microneedle when
axial load and traverse loads are applied on microneedles made of Sodium Alginate
26



(PA) and Poly Lactic-co-Glycolic Acid (PLGA). Table 2.1 lists the force at which the

microneedles failed due to
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Figure 2.13 (a) Mechanical Analysis of SA MNs Under Axial Loading. (b)
Mechanical Analysis of Polymeric PLGA MNs under Axial Loading. (c) Mechanical

Analysis of Polymeric 10% (w/w) SA MNs under Transverse Loading. (d)
Mechanical Analysis of Polymeric PLGA (Yusuf et al., 2013).
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Table 2.1 Fracture Failure Values of Polymers due to Axial and Transverse Forces

Test Type MN Type Force/Needle (N)
Axial failure PLGA 1.06+0.02

SA (Sodium alginate) 0.18+0.05
Transverse failure PLGA 0.46+0.04

SA 0.04+0.02

For failure to occur, PLGA MNs required a force of 1.06 N/needle under axial

loading, whereas the force acting on the needle was 0.18 N/needle. It is therefore

concluded that the fracture force of PLGA MNs was approximately five times greater

than that of SA MNs. Similarly, fracture force required in transverse for PLGA was

more than 10 times in the case of PLGA compared with SA.

Davis et al. (2004) studied the effect of microneedle fracture force with respect to the

tip radius and force of insertion with respect to microneedle interfacial area.
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Figure 2.14 (a) Fracture Force vs. Microneedle Interfacial Area
(b) Insertion Force vs. Microneedle Interfacial Area (Davis et al., 2013).

Figure 2.14 (a) shows analytical values and experimental values of fracture force on

increase of tip radius. As the tip radius increased, a marginal increase in fracture force

was observed. Figure 2.14 (b) shows the experimental values with 95% confidence
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limits marked in dotted lines. Increase in microneedle surface area necessitated the

need for higher insertion force.

Khanna et al. (2010) quantified the fracture limits of axial and radial forces of silicon
microneedle. Figure 2.15 (a) shows the set up for applying axial and radial force.
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Figure 2.15 (a) Experimental Setup for Testing Axial Fracture Force, Shear Force and
Skin Insertion Force (b) Plot of Axial Force vs. Needle Deformation (c) Plot of Shear
Force vs. Needle Deformation (d) Applied Force on Skin vs. deformation of
Microneedle (Khanna et al., 2010)
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Custom-built Lab View programme was used to control the actuators. The setup also
consisted of facilities for video capturing and imaging through high-resolution
camera. Figure 2.15 (a) reveals that the axial fracture force at which the microneedle
failed is about 740 gram-force (7.25 N) and Figure 2.15 (b) shows the shear force
required for fracture due to shear load was about 300 gram-force (2.94 N). Figure
2.15 (d) reveals the force required to penetrate the skin is much less than the fracture

force of the silicon microneedle.

Literature on various processes used for microneedle fabrication and features of it are
listed in Table 2.2.

Table 2.2 Processes Used for Micro-needle Fabrication and Its Features

Team/Year Process Special Feature Remarks
Park et al. MEMS masking and BD polymer
(2004) etching, vacuum-based

PDMS mould

Kabseog Kim et | MEMS-based process SU-8 is used for Hollow metallic
al. (2004) Spin coating of SU-8 fabrication microneedle
UV exposure, Ni
electroplating,
planarising SU-8,
polishing,

removal of SU-8

Park et al. Photo lithography Master Mold: PDMS mold is

(2007) technique is used. SU-8 | SU-8 used about 100
master mould is made by | Mold: PDMS times. Micro
integrated lens Micro needle needles are meant
technique. materials: for transdermal

PLA/PLGA/PGA | drug delivery.
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Team/Year Process Special Feature Remarks
Wang et al. LIGA-like technique Biodegradable Micro-injection
(2008) used PLA is used as method is used for
moulding material | molding
microneedles
Seong -0 PMMA-micro moulding | PMMA First MEMS
Choi et al. forms PDMS fabricated MN for
(2009) Metal deposition DNA vaccine
Patterning using laser delivery for
and electro deposition electroporation
Shaun et al. 2 photon polymerisation | Using these Polymer exhibits
(2009) and micromolding moulds, water and
Solid microneedle microneedle perspiration
arrays, fabricated by arrays were resistance
means of 2PP, were used | prepared by
to create negative moulding, eShell
moulds from PDMS. 200, a photo-
reactive acrylate-
based polymer
Chu et al. Localising of more drug | Dissolving
(2010) at the tip polymer
microneedle
matrix, drug
encapsulation
Model drug used:
Sulfothodamine B
Fiedler et al. Standard titanium pins Electrode of @1.5
(2010) with interconnections mm has been used.

have been used

TiN coating

produced excellent
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electrochemical
characteristics.
EEG signal quality
has been compared
with Ag/AgCl
electrode and
quality of signal is

adequate.
Ashraf et al. MEMS-based Piezo electrically | Silicon hollow
(2010) DRIE actuated micro- Microneedle with
Isotropic and anisotropic | pump integrated pump
etching (ICP) Effect of voltage
and frequency on
silicon membrane
deflection and
flow rate were
studied
Donnelly etal. | Optical coherence Piercing force Polymeric
(2010) tomography is used to versus depth of microneedle
study the effects of penetration 520 um
microneedle geometry studied
on skin penetration.
Daudimont et Micro-array needle was | Association of Hollow
al. (2010) used with electric pulse | microneedles with | microneedle

and vibratory assistance
to disrupt stratum

corneum

electric pulses for

electroporation

limitation for DNA

electro transfer

Lyle Hood et al.
(2011)

Design analysis silica

tubing for microneedles

150 diameter of
silicon tube
showed laminar

flow

Diameter 100 um
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Boehm et al. Light dynamic Biodegradable Imaging of
(2011) Mask MSL, polymer quantum dot by
Micromolding and ink Wide range of multi-photon
jet printing pharmacologic microscopy
agent
compositions
Microneedles with
guantum dot
Ashraf et al. MEMS-based micro- Micro-pumps and | Overview on
(2011) pump and microneedles | Microneedles micro-pumps and

microneedles

Donnelly, 2011

Micromoulding

microneedles

Laser-based micro

mould preparation

Polymeric

microneedle

OCT study of 600 and 900 um
piercing ht.
Prasanna Bulk lithography Step-less feature Polymer
Gandhi et al. technique is used. Fast microneedle has
(2011) Step-less process not been tried
Shaun D et al. MSL-based process Microneedle Silver coating used
(2011) Fabrication of BD dimensions: for antimicrobial
polymer by visible light | height: 748 to 828 | therapy
and dynamic mask um. Width: 517 to
lithography 805 pum.
Silver coating using Depth: 311 to 347
pulsed laser pum.
Choi SO et al. Micromoulding by metal | Electroporation Electroporation
(2012) transfer improves uptake of
molecules
Miyako Arai et | Micromoulding Mould material: Meant for EEG
al. (2015) PDMS measurement.
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Needle material:
SU-8

Deposited with
silver in vacuum
and parylene film.
Used artificial skin
(urethane
elastomer) for

testing
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Table 2.3 Comparison of Micro-needles Developed by Various Researchers

Team Material Process Needle Impedance | Coating
size value
Patric et al. (2002) | Silicon MEMS/dry | Ht: 160 - Ag/Ag
etching pm Cl
Q: 40 um
Wilke et al. (2005) | Silicon Wet Ht: 300 - Gold
Etching pm
Lutege et al. SU-8 Photo Ht: 320 150 kQ Ag
(2008) lithography | pum
Q: 100 pm
Linetal. (2011) Foam + - 14 mm x8 | 4-12 kQ) Cu Foll
Cu layer mm X 8 Impedance
mm
Lun-De Liao etal. | Beryllium | Turning, Dia.>0.5 10 kQ Gold
(2011) copper Coating mmi7elect | |moedance
rodes
Vanlerberghe etal. | SU 8 Vacuum - - Ag/AgCI
(2011) moulding
Salvo et al. (2012) | Acrylic- 3D printing | Ht.: 3mm - Titanium
based Dia.: 600 & gold
polymer pHm
Tip dia.:
100 pm
Miyako et al. SU8 Moulding/li | Ht.: 230 6 kO Parylene
(2015) thography pm Impedance /silicon
Tip dia.:
17 pm
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2.3 MATERIALS FOR MICRONEEDLE

Materials for microneedles are required to have mechanical strength to penetrate the
skin and are required to be biocompatible. Metals and silicon have enough strength to
penetrate. Not all polymers have the required strength and are biocompatible. Metal
and silicon needles are brittle, and there is a possibility of breaking off while inserting
into the skin. Polymers are emerging as alternative material. Failure forces for
polymer microneedle are much more than the forces required for penetrating the skin.
Biodegradable polymers have required mechanical properties as the needles penetrate
into the skin and remain in the skin for a longer time. Hence, biocompatibility is an

important factor in selecting the material for microneedles.

Tungsten was studied for its high mechanical properties. However, it has long-term
effect to health (Laurence Knott, 2014). Stainless steel being corrosion resistant,
biocompatible, highly stiff and easily electrochemically coated was considered to be a
suitable material (www.microprobes.com). Pure iridium has by far the lowest tip
impedance. Also, it is found to be inert and very resistant to corrosion. Surface can be
easily activated to increase the charge by electrochemical cyclic voltammetry

(www.microprobes.com).

Stainless steel has properties like high corrosion resistance, good formability and
strength; it finds application in medical industry where manufacturing precision,
reliability and hygiene are important (Nitish et al., 2000). Stainless steel
(SS316/316L) is used in medical industry, as it does not corrode and stain. It has
antibacterial properties and non-magnetic. In medical industry, stainless steel is used
as temporary implant. Some of the medical applications of stainless steel including
medical needles are precision stainless steel tubing, orthopaedic implants
(predominantly 316/316L), artificial heart valves (predominantly 316/316L), bone
fixation, mandrels/tools, chemical containers/hazardous waste containers, wires, wire
coils, wire forms, speciality guide wires, curettes, screws/prostheses/plates, medical
needles, medical syringes, sensor probes, catheters, otolaryngology ear scope nozzles,

sinks/bowls/surfaces/trays/knives. Stainless steel is among the difficult to machine
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materials. It has poor machinability because it is tougher and tend to work harden

rapidly.

Titanium is a biomaterial. In medical industry, titanium and its alloy are used as
bioimplants. Typical implants include hip joint, knee joints, bone plates, dental
implants, screws, pacemakers and artificial hearts. Elias et al. (2008) had listed the
important biocompatible properties as low level of electronic conductivity, high
corrosion resistance. Dielectric properties of titanium are comparable to water.
Titanium material is used as dental implants, cardiovascular devices, external
prostheses and surgical instruments. Weight of the titanium is about 56% of steel, and
strength is equivalent to steel. Titanium is poor conductor of electricity and heat
(www.totalmateria.com). Titanium is considered as difficult machine material due to
its high strength, low thermal conductivity and chemical reactivity with tool materials.
Also, due to its low young’s modulus of elasticity, spring back happens. This results
in poor surface quality on the finished part. It will be much more challenging to

machine micro features on titanium.

Silicon, a semiconductor material, is widely used in electronic industry due to its
physical and chemical properties. Silicon allows fabrication of precise features using
micro-fabrication process. Technology for fabrication micro-features using silicon is
sophisticated, well established and is used for production of devices in mass in
semiconductor industry. The cost of the device is low due to production of parts in
volume. Silicon is neither biocompatible nor biostable (Anfenget et al., 2005). Use of
porous silicon for biomedical application is being researched. Research study on
porous silicon-based biomaterials for bone tissue engineering was carried out by Wei
Sun et al. (2007). Wei Sun had concluded that porous silicon is a strong candidate for

bone tissue engineering.

ot

Figure 2.16 400 um Tall Silicon Microneedles (www.tyndall.ie)
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http://www.totalmateria.com/

Tyndall National Institute, Ireland, had developed silicon-based microneedles (Figure

2.16) for drug delivery as well as for EEG and ECG monitoring (www.tyndall.ie).

Figure 2.17 Sugar Microneedle (www.kcl.ac.uk)

Sugar (sucrose) micro needle array (Figure 2.17) has been used by Kings College,
London. Sugar microneedles dried up with vaccines get dissolved when inserted into

the skin. Silicon mould is used for casting sugar microneedles (www.kcl.ac.uk).

Lifeng et al. (2013) used poly (ethylene glycol) diacrylate (PEGDA) to fabricate
polymeric microneedle using photo lithography technique for drug delivery. Tests

conducted show that the PEGDA can be used as microneedle for drug delivery.

From literature, SU-8 is found to be the most suitable material for fabrication of micro
components especially with high-aspect ratio by lithography process. Its mechanical
properties like elastic modulus and hardness are also similar to PMMA. Also, SU-8 is
mostly referred as biocompatible material (Nemeni et al., 2013). Sung et al. (2008)
indicated that SU-8 is biocompatible after proper curing and sterilisation and is little
to no toxic. Gabriela et al. (2003) successfully tested SU-8 on test animal and
concluded that gold, silicon nitride, silicon dioxide and silicon are biocompatible and
gold, silicon nitride, silicon dioxide and SU-8 showed reduced bio fouling. Ferdinand

Walthe et al. (2007) concluded by conducting cell proliferation assays on plasma-
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activated SU-8 that SU-8 is biocompatible but do not allow tissues to grow on SU-8

unless activated with oxygen plasma.

Poly lactic acid (PLA) is prepared by polymerising the fermented renewable
agricultural feed stocks such as corn starch. It is biodegradable and has properties
comparable to petroleum-based products (Victoria et al., 2005). Kyriacos et al. (2009)
had reported polyglycolic acid (PGA) may be suitable for orthopaedic applications.
PLA is suitable for slow releasing of bioactive agents in situ. PLA has degradation

duration of about six months to two years (Donald, 2001).

PMMA, also called as acrylic glass, is compatible with human tissue. It is commonly
used to manufacture intraocular lenses that are implanted in eyes. PMMA is also used
as bone cement to affix the bone and prosthesis in orthopaedic surgery. It is
transparent, strong and light weight. To reduce wrinkles and scars, PMMA
microspheres are suspended in biological fluid and injected under the skin. To meet
the stringent requirement of pressure rated bioprocess chromatography columns,
acrylic tubes are used as alternative to stainless steel. PMMA is durable and safe;
hence, it is used as material for incubators.

Advantages of PMMA:

Bio-compatible and bio-degradable
Non - toxic

Long service life

Easy to fabricate by thermoforming
100% recyclable

Relatively easy to manipulate

V V. V V V V V

Versatile and reliable
» Encourages tissue growth

24 COMPARISON OF MECHANICAL PROPERTIES OF MICRONEEDLE
MATERIALS

Mechanical properties of various materials that were used as microneedle materials
are listed in Table 2.4. Metallic needles have very high tensile strength, and sugar has

the least tensile strength.
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Table 2.4 Mechanical Properties of Microneedle Materials

Material Tensile Yield Elongation Young’s
Strength Strength % Modulus
MPa MPa GPa
SS304 540 250 45 180
Titanium ASTM 240-550 170-483 24-15 103-107
(Grade 1-5)
Silicon 7,000 - - 135-185
Sugar 1.3 - -
PLA 57.8 - 10 2.7-16
Polymers- 48-76 - 2-10 1.3-3
PMMA

2.5 SUMMARY

Patric et al. (2002), Yu Mike Ch (2010), Salvo et al. (2012), Vanel berghe et al.
(2011) and Miyako, (2015) carried out research in using dry electrodes for
biopotential measurement. Results of their research show that the dry electrodes are
promising alternative to wet electrodes. Micro fabrication processes like deep reactive
ion etching (DRIE), photo lithography, 3D printing, micro molding and milling were
used in fabrication of dry electrodes. PDMS material was used as a mould material for
replicating micro needles. Materials like Silicon, SU-8, Foam and Copper layer,
PDMS, and Beryllium copper were used by various researchers. Literature shows the
use of Ag/AgClI, titanium, parylene and gold coating on electrodes to improve the

EEG signal quality.

From the point of fabrication of micro features with titanium and stainless steel
materials offers more challenges compared to polymers. The speeds and feeds that
could be used for micromachining of PMMA can be manifold compared to the cutting

conditions used for machining metallic micro needles. This offers huge advantage in
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improving productivity. Stainless steel and Titanium can be a choice of microneedle

material if the cost making is not a concern when compared to polymer.

Silicon and metal microneedles are brittle; there is a possibility of accidental
breakage. Also, as these materials are not biodegradable, biocompatibility is still
questionable. On the other hand, biocompatible polymers will not be an issue with
human skin. As failure forces for polymer microneedle are much more than the forces
required for penetrating the skin, biopolymers have potential for human health
monitoring. PMMA is a bio compatible material. PMMA had been used as micro
needle material for DNA vaccination by Seonget et al. (2010). However, use of
PMMA as microneedle material for electro potential measurement has received little
attention. Analysis of mechanism of fascicle insertion into the skin by mosquito is
found to be useful in designing micro needle geometry.

Not all microneedle designs can penetrate into the skin and at the same time to tap the
biopotential signals. No previous study has been made to model and analyse the
mechanical behaviour of PMMA microneedle and behaviour of skin while insertion
into skin. There has not been any previous study on optimisation of base diameter and
pitch distance between needles with respect to skin penetration and strain. Also, there
is no previous study made on coating of silver on PMMA using electroless deposition.
Also, PMMA as a material has not been used in micro additive process for micro
needle fabrication. Similarly, micro machining of PMMA micro needles has also been
not attempted. Stainless steel and Titanium materials are electrically conductive.
PMMA is not conductive and hence conductive coating needs to be done to acquire
bio potential signals. Salvo et al. (2012) used two step process for metallisation of
bio-compatible acrylic-based Resin (Full Cure® 720). Titanium layer was coated first
for improving the adhesiveness and then gold was coated to make acrylic material
electrically conductive. The same method can be adapted for making PMMA
electrically conductive. However, it calls for optimisation coating thickness. Cost of
conductive coating can be brought down by using a batch of microneedle patches for

coating together.
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In this research work, effort is made to use PMMA as material for micro needle.
Design and analysis of micro needle is carried out to ensure that the micro needle
array would be able penetrate the skin with less deformation. Experimentations are
carried out using micro stereolithography, micromolding and micro machining to
establish the process for fabrication of PMMA micro needles. Effort is made to find
out the failure loads of the micro needles when forces are applied in axial and
transverse direction. Also, effort is made to have conductive coating on PMMA micro

needle for EEG signal acquisition.
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CHAPTER 3

MICRONEEDLE DESIGN AND ANALYSIS

3.1 INTRODUCTION

In this chapter, design and analysis of microneedle is dealt. The objective of the study
is to design the microneedle to assure robust design so that the needle can be inserted
without breaking. Park et al. (2007) estimated that the force required for piercing skin
was about 5 mN for polymer material having Young’s Modulus of 3 GPa. Also,
recommendation was made to use geometries with an aspect ratio (length-to-
equivalent diameter) of below 12:1 and suggested to use needles with sharp tip that
facilitate insertion. For the same cross sectional area of rectangular and circular
needles, the axial load carrying capacity remains same. From the point of fabrication,

circular microneedle geometry is preferred.

The effective working of a microneedle poses significant challenges during design
and development. Following are the few major requirements need to be considered

during the development of microneedle.

= Needle needs to be biocompatible

= Needle should have longer life (two days or more)

= |t should be painless to user

= Needle should withstand penetration (compressive) force
= Needle should withstand shear force

= It should be sharp enough

= Needle should have high electrical conductivity
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3.2 PARAMETERS FOR DESIGN

=  Type of material

= Tensile strength and Young’s modulus

= Base diameter and Tip diameter

= Length

= Compressive force on microneedle during insertion

= Bending and Shear force on microneedle during use

Human skin consists of epidermis and dermis. Epidermis has a thin top layer called
stratum corneum. Microneedle has to penetrate and overcome the resistance offered
by stratum corneum. Microneedle is not required to reach dermis that contains living
cells, nerves and blood vessels, as otherwise it is painful; however, it has to penetrate
through the stratum corneum and it has to have more contact with the living cells of
epidermis. The stratum corneum is of around 15 pm, which also varies from person to
person and different locations of human body. The thickness of epidermis is varies
from 150 to 250 um. Based on the thickness of stratum corneum (15 pm) and
epidermis (150 to 250 um), the length of needle is fixed as 200 um to ensure the
needle is very much in contact with living cells of epidermis. Penetration is easier if
the tip is sharp. Keeping manufacturing challenges and strength of the needle into

account, the tip diameter was fixed as 0.005mm.

3.3 FORCE REQUIRED TO PIERCE THE HUMAN SKIN

A study on pressure distribution during piercing of needle into the skin was carried
out by Henry et al. (1998). The theoretical pressure required to pierce human tissue
was reported to be 3.183 MPa. The decrease in pressure was observed once the needle
enters into the skin after a certain depth. After piercing the skin, the pressure was
about 1.6 MPa (Priyanka et al., 2004). Force required to pierce the skin depends on
the tip diameter and properties of the skin. Based on theoretical pressure required for
piercing the skin, force required for puncturing the skin is calculated for tip diameter
of 0.005 mm.

The resistance offered by human tissue is given by the following equation.
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Fissue = Ptissue X A Egn. 3.1

Ptissue = 3.183 MPa

1 x0.0052

Fuissue = 3.183x ——

Ftissue = 0.00006 N
An axial force of 0.06 mN is sufficient for penetration of human skin by a single
microneedle having tip diameter of 0.005 mm. Table 3.1 shows the force required to
pierce the skin for different tip diameters. After piercing SC, the force required for
further penetration will be much less, as the skin below SC is softer (Priyanka et al.,
2004).

Table 3.1 Force Required for Piercing the Skin

Parameters 1 2 3 4 5
Tip dia., um 5 10 15 20 30
Ficsue, N 0.00006 | 0.00025 0.00050 | 0.00100 | 0.00220

3.4 FORCES ACTING ON MICRONEEDLE

When the microneedles penetrate into the top layer of skin, stratum corneum, there
will be a compressive load on the needles. Stratum corneum is a tougher than the
layer beneath it. Also, microneedles are subjected forces of bending, and shear as

shown in the Figure 3.1 depending upon the direction of application of microneedle.

Compressive
Force
‘ Shear Force
Bending
Force

Figure 3.1 Forces acting on Microneedle
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3.5 MAXIMUM BENDING FORCE

In an ideal situation, the needle is expected to experience only compression due to
axial load. In actual applications, the needle is also subjected to bending moment and

shear load. Figure 3.2 shows the bending force action on microneedle.

_..| d '.._
Fp AR T

b Py

Figure 3.2 Bending force on Microneedle

The maximum bending force that the microneedle can withstand is given by equation.
_ I

Fom= Sy x— Eqn. 3.2

Where Sy is the Yield strength, 50 MPa

mxd*

64
c is the neutral axis to outer edge of the microneedle,

I, Moment of inertia =

c=2=0'—05=0.025mm
2 2

L, length of the microneedle = 0.2 mm

D is the base diameter of microneedle = 0.05 mm
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p, Specific gravity =1.14 g/cm®

Fbm = SyX
— 50 1ix 0.05%/64
=YX 70.025%02
Fom = 0.003 N

Fom=0.0015 N (with factor safety of 2)

Maximum bending force the needle can withstand is calculated for different diameters

and is given in the table 3.2. As expected, large base diameter of the needle gives

more strength against bending.

Table 3.2 Maximum Bending Force of Microneedle

Parameters 1 2 3 4 5 6
Base dia, um 50 70 90 110 130 120
Bending Force, Fpm, N | 0.0015 0.0042 0.0089 | 0.016 0.026 0.021

3.6 MAXIMUM AXIAL FORCE

Micro-needle is normally aimed for insertion in axial direction. The Figure 3.1 shows

the axial force on single microneedle.

p
1
~{d|=
S
-l
B
— D —

Figure 3.3 Axial Force on Microneedle
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To determine maximum compressive force, Euler equation is used for long column
(Zhan et al., 2000) and Johnson’s equation is used for short column. Slenderness ratio
decides whether the column is short or long. If the slenderness ratio is less than the
critical slenderness ratio then it is considered as short column (Zhan et al., 2000). For
a tapered column, the surface area; A, varies with the height of the column. To
evaluate the mechanical failure of the tapered microstructure, the general buckling
formula for a straight column needs to be adapted to a tapered column by introducing
an equivalent diameter. The equivalent diameter of a linearly tapered column can be
calculated from the equation 3.3 to analyse a tapered member. This equivalent value

can be used for computing the slenderness ratio and the critical load.

Deq = Dyip + (@) Eqn. 3.3
L
Critical Slenderness Ratio = (—)
k Cr
n2E
= Egn. 3.4
2xS, an

Length of the needle, L = 0.2 mm
Young’s Modulus, E =2770 MPa
Yield Strength, Sy = 50 MPa
Factor of Safety = 2

Radius of gyration, k = \/%

Critical Slend Rati —(L) = n2x2770_23 36
ritical Slenderness Ratio = | - oo ox7s = 23

Calculation of slenderness ratio for the needle having equivalent diameter of 0.0633

mm and length of 0.02mm:
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Slenderness Ratio, =

Slenderness Ratio,— =

k

:>|~|r

Slenderness ratios calculated for various equivalent diameters of the micro-needle are

calculated given in the table 3.3.

Table 3.3 Slenderness Ratio

Parameters 1 2 3 4 5 6
Tip dia, pm 5 10 15 20 30 5
Base dia, um 50 70 90 110 130 120
D equivalent, um 20 30 40 50 63.33 43
Length, um 200 200 200 200 200 200
Slenderness Ratio, L/k 40 26.6 20 16 13.33 18.62
Critical ~ Slenderness

Ratio, L/k 2390

Column Type Long Long Short Short Short Short

From the table 3.3, it can be observed that the needles having equivalent diameter 20

and 30 um are to be treated as long column due to their high slenderness ratio.

Whereas other needles are treated as short column as their slenderness ratio is less

than the critical slenderness value.
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Maximum force that the needles withstand due to buckling can be calculated (Park et
al., 2007) by considering needles under SI. No. 3, 4, 5 & 6 of table 3.3 as short
column by using Johnson’s formula:

L 2
53’(r )
g

P =AS, |1-—&

Eqgn. 3.5

Deq =0.02 mm

Sy = Yield Strength of PMMA= 50 MPa
Factor of safety= 2

Sy =50/2 = 25 MPa

Le, Effective Length =L x K

L, Length of the needle=0.2

K, End fixity factor = 0.7

Le, Effective Length = 0.2 x 0.7=0.14mm

R = Eq. Dia./2=0.043/2

ry, Radius of gyration= D/4= 0.050/4=0.0125
E- Young’s Modulus= 2770 MPa

The above values are substituted in egn. 3.5 to calculate P,

25 0.14
P.. = 0.00363 x25 [1 _ Ml

4122770
Per =0.036 N (for base diameter of 50 um, tip diameter of 5 um and height of 200 um)

Micro needles can be modelled as long column for needles having equivalent
diameters 20 and 30 um and the Euler equation for buckling load calculation can be
applied.

P, = Eqn. 3.6

Critical load calculation for equivalent diameter of 0.020 mm by substituting values

in eqgn. 3.6.

4
0.2x 2x 2770 X x0.02

P, = st =0001N

0.22
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Critical loads for various base diameters and tip diameters were calculated and

presented in Table 3.4.

Table 3.4 Critical Load of Failure

Parameters 1 2 3 4 5 6
Tip diameter, um 5 10 15 20 30 5
Base diameter, um 50 70 90 110 130 120
D equivalent 20 30 40 50 63.33 43
Length, um 200 200 200 200 200 200
Critical load, Pcr N 0.001 0.005 0.029 | 0.048 0.074 0.036
Minimum force 0.00006 | 0.00025 | 0.0005 | 0.001 0.002 | 0.00006
required to pierce skin

Skin pr. x area, N

From the table, it could be observed that the critical load of failure of microneedle due

to buckling is much higher than the minimum force required piercing the skin.

3.7 MAXIMUM SHEAR FORCE

Shear force is another mode that can cause failure to micro needle. Shear strength is
approximated as half the value of yield strength. Needle can shear at any plane
depending upon where the load is applied. Here, equivalent diameter is considered
while calculating area of shear.
Maximum shear force, Sg, = Sz—y x A Eqgn. 3.8
Factor of safety = 2

Maximum shear force the needle can withstand for equivalent diameter of 0.020 mm

diameter is calculated as below

F.o= 50 xnxo.022
sh ™ 5x2

= 0.0039N

The maximum shear force the needle can withstand for other equivalent diameters are

calculated and listed in the table 3.6.
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Table 3.5 Maximum Shear Force

Parameters 1 2 3 4 5 6
Tip diameter, um 5 10 15 20 30 5
Base diameter, um 50 70 90 110 130 120
D equivalent 20 30 40 50 63.33 43
Maximum shear | 0.0036 0.0083 | 0.0157 | 0.0245 | 0.0389 | 0.0181
Force, N

From the table 3.5, it is evident that the larger needle base diameter and larger tip

diameter can take higher shear force.
3.8 DEFORMATION OF MICRONEEDLE

The needle is considered as supported at the end B and subjected to compressive load
of P from the top. Deformation at critical load of failure can be calculated by using
the formula from strength of mechanics. The equation for deformation due to axial

loading for varying cross section is given as:

5= PL Eqn:3.7
~ TEdD qn: 3.

Deformation for d = 0.005 mm, D = 0.050 mm,

Critical load of failure: 0.001 N

5= 4x0.001x0.2
" mx2770%0.005x 0.050

6 =0.00036 mm
6 =0.36 um

Deformation of the needle for critical load for various micro needle dimensions are

calculated and given in Table 3.6.
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Table 3.6 Load vs. Deformation of Microneedle

Parameters 1 2 3 4 5 6
Tip diameter, d, um | 5 10 15 20 30 5
Base dia., D, um 50 70 90 110 130 120
Length, L, um 200 200 200 200 200 200

Critical load, Pcr, N | 0.001 0.0185 0.031 0.048 0.077 0.034

Deformation, 6 0.36 um | 1.9 um 20um | 1.7pum | 3.8 um 5.4 um

Maximum deformation of the needle was from the minimum size of the microneedle.

The deformation was less than 5%.

3.9 FINITE ELEMENT ANALYSIS

Design on PMMA microneedle insertion into skin is reported. Simulation study was
performed using Solidworks Simulation Package. Design of microneedle array block
is carried out to meet below requirements. The model dimensions and variables
selected are also listed in Table 3.4. The aim of the study is to design microneedle
array for skin insertion around 200 pum with allowable strain as 5-7%. The study
involves testing microneedle block with different microneedle pitch, base diameter

and compressive load.

Keeping skin anatomy into consideration, microneedle is expected to penetrate skin to
a depth of at least 120 um and the strain on needle length is to be < 5-7 %. To model
the microneedle, parameters like microneedle block size, length, tip diameter and
number needles in the block are kept as constant. All these parameters are listed in
the table 3.7.
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Table 3.7 Constant Parameters/Dimensions

Microneedle block size 10 mm

Number of needles in array 100

Tip diameter >5 um
Length 200 pm

It was necessary to arrive at set of values for pitch, base diameter and the load. Based
on manufacturing considerations and the load required to penetrate the skin, values

were arrived and listed in Table 3.8.

Table 3.8 Minimum and Maximum Value of Variables for FEM Analysis

Parameter Min. Max.
Pitch of the needles 0.3mm 0.7 mm
Base diameter 50 um 120 pum
Load 5N 10 N

Table 3.9 gives the consolidated data consisting of requirement, fixed parameters and
variable parameters. Table 3.9 gives the values for needle dimensions and variables

like pitch, base diameter and load.

Table 3.9 Microneedle Dimensions & Variables

Model Dimensions and Variables Value

Microneedle penetration into skin > 120 pm

Microneedle block size 10 mm dia. x 2 mm thick

No. of needles in array (For max. pitch of 0.7 mm) 100

Tip diameter 5um

Pitch of the needles, mm 0.3,0.4,05,0.6,0.7

Base diameter, micrometres >0. 60, 70, 80, 90, 100, 110,
120

Load, N 56,7,8,9,10
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Assumptions

e Complete skin anatomy is considered as having homogenous mechanical
properties.

e Linear and static model is considered for analysis.

3.9.1 Model information

Information on microneedle material and its properties, skin properties, parameters for

meshing, loads and fixtures are given in the tables 3.10.

Table 3.10 Model Information for FEM Analysis

Treated As Volumetric Properties

Solid body Mass: 0.187019 g
Volume: 157.158 mm®
Density: 1.190 g/cm®
Weight: 0.00183278 N

Solid body Mass: 0.000399007 kg
Volume: 339.292 mm®
Density: 1.176 g/cm®

Weight: 0.00391027 N

Microneedle made out of PMMA and skin is considered as solid body. Skin is
considered to exhibit property uniformly in all direction (isotropic). Skin is assumed
to behave in a linear mode and is considered as elastic. Table 3.11 and table 3.12

gives out the complete physical properties of microneedle material PMMA and skin.
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Table 3.11 Physical Properties of Microneedle

Physical Properties Micro Needle

Material

PMMA

Model Type

Linear Elastic Isotropic

Default failure criterion

Max von Mises Stress

Yield strength 65 MPa
Tensile strength 81 MPa
Elastic modulus 2,770 MPa
Poisson's ratio 0.394
Mass density 1,190 g/cm®
Table 3.12 Physical Properties of Skin
Physical Properties Skin
Model type Linear
Elastic
Isotropic

Default failure criterion

Max von Mises Stress

Yield strength 0.5 MPa
Tensile strength 0.6 MPa
Elastic modulus 5 MPa
Poisson’'s ratio 0.49

Mass density 1,176 glcm®
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3.9.2 Meshing

Curvature-based MESH and elements with tetrahedron shape (Figure 3.4), which has
four vertices, six edges and four triangular faces were considered in meshing. Details
of parameters considered for meshing are listed in the Table 3.13.

Table 3.13 Parameters Considered for Meshing

Mesh used Curvature-based mesh
Jacobian points 4 points

Maximum element size 0.891 mm

Minimum element size 0.178 mm

Total nodes 75,479

Total elements 50,116

Maximum aspect ratio 228.25

% of elements with aspect ratio < | 86.3
3
% of elements with aspect ratio > | 3.48
10

% of distorted elements (Jacobian) | O

Figure 3.4 Microneedle Block With Tetrahedral Solid Mesh

57


https://en.wikipedia.org/wiki/Tetrahedron

3.9.3 Output from Finite Element Analysis

Strain plots for various loads, pitches and base diameters are generated as output from

FEM analysis. Output is generated for varying loads of 2 N to 10 N, pitches of 0.3

mm to 0.7 mm and base diameters of 0.05 pm to 120 pum.

Figure 3.5 shows the typical output for 0.4 mm pitch and load 6 N. From Figure 3.5, it

is observed that strains on all needles are uniform and the variation in strain is

between 3 - 6 um, which is less than 5% of 200 um (needle length).

Element: 17790

Name Type Min. Max.
Microneedle Strain ESTRN: Equivalent | 3.03396e-006 2.11656
Strain

Element: 28093

Walue:

3727

Element:
X Y, Z Location: |-0,351-2.45.2.2 mm

5.699e-002

/

ESTRN
1.033e-001
l 9.472e-002
_ 8.611e-002
- 1.750e-002
. 6.889e-002
. 6.028e-002
_ 5.167e-002
_ 4.306e-002
_ 3.445e-002

_ 2.584e-002

" 1.723e-002
l 8.614e-003
3.034e-006

Displacement plot of skin due to penetration by microneedle is shown in Figure 3.6.
Centre portion of the plot shows that the deformation of whole skin to certain depth.

Figure 3.5 Strain Plot

58




Valley created by the needles shows the deformation of the skin due to individual

microneedle.
Name Type Min. Max.
Skin Penetration UZ: Z Displacement -1.08392 um 235.583 [im

Node: 61,730 Node: 4,209

UZ (micron)
2,356e+002
2,159e+002
1.961e+002

_ 1.764e+002

1.567e+002

. 1370e+002
”’, 1.172e+002
_ 9.753e+001
_ T.780e+001
- 5.808e+001

_ 3.836e+001

l 1.864e+001
-1.084e+000

Figure 3.6 Displacement Plot
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3.10 LOAD VS. PENETRATION AND STRAIN WITH RESPECT TO
APPLIED LOAD

To arrive at optimum microneedle design, simulation study was performed by
applying various loads on different geometries of microneedles. Height of the needle

is kept constant. Load is varied from 2 N to 10 N, and the base diameter is varied

from 0.04 mm

Load = 6N Pitch = 0.4 mm
(a) T T T T T T T T 0.070
0.119 A o —m— Penetration (mm)
[N —— Strain - 0.068
0.118 4 + 0.066
0.117 4  0.064
- 0.062
0.116
+ 0.060
0.115
+ 0.058
0.114 - L 0.056
0.113 + 0.054
0.112 [ 0.052
+ 0.050
0.111 T T T T T T T T
0.04 0.05 0.06 007 0.08 0.09 010 0.1 0.12 0.13
Base Dia (mm)
(b) Load = 6N Pitch = 0.6 mm
0.082 T T T
- —m— Penetration (mm) .
0.081 4 _ 01— Strain [ 0.046
o—0
\
0.080
I 0.044
| | \
0.079 N\
\. |} O— N E{
0.078 \ I 0.042
\\ [ ]
0.077
+ 0.040
0.076 - \ \wi
=N
§
0.075 / N - 0.038
— -
0.074
0.036

Figure 3.7 Plots on Penetration, Strain Vs. Base Diameter at 6 N Load for a Pitch of

t0 0.120 mm. 0.3 mm to 0.7 mm pitch values are considered for study. Results arrived
are plotted as Load vs. Penetration of the needle into the skin and strain with respect

Base Dia (mm)

0.4 mm & 0.6mm

T T T T T T T T
0.04 005 0.06 007 0.08 0.09 010 0.11 0.12 0.13

to applied load for the given base diameter and pitch (Figure 3.7).
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Figure 3.8 shows the reduction in strain and the penetration for increase in base
diameter increases. Reduction is due to the reason the increase in base diameter

reduces the included angle of the conical microneedle.

Load = 8N Pitch = 0.4 mm
T T T T T T T T T T T T T T T T 0.095
| ] —Hm— Penetration (mm)
0.158 o —[— Strain

%I _ 0.090

O L
0.156 - \D
L 0.085

0.154 -
h— —R - 0.080
0.152
- 0.075
B [ | |
0.150 L 0.070
/. —
] . i
0148 T T T T T T T T T T T T T T T T T 0065

0.04 005 006 007 008 009 0.10 0.11 0.12 0.13

Base Dia (mm)

Figure 3.8 Plot on Penetration, Strain vs. Base Diameter at 8 N Load for a Pitch 0.4

mm

Steeper the needle better would be the penetration. Beyond certain point, i.e., from
0.09 mm base diameter, increase in base diameter leads to increase in penetration due
to the reason the needle becoming strong enough to penetrate the skin. At 0.12 mm

base diameter, the penetration is high and the strain is almost the least.
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Plot in Figure 3.9 shows similar trend as that of plots in Figure 3.8. Reduction in
strain is observed when the base diameter keeps increasing. Increase in penetration

occurs after 0.09 mm base diameter.

Load = 9N Pitch = 0.4mm

(a) T T T T T T T T
172 4 jm} —Hm— Penetration (mm) - 0.095

l\ —[— Strain

0.170 - \ - 0.090

0.168 '\_\ - 0.085
[ |

| ~ \ L
0.166 - 0.080

0.164 - 0.075

m]
] | \ r
/ (]
0.162 - 0.070
T — T T

T T T T T T T T T
0.04 0.05 0.06 007 008 0.09 0.10 011 012 0.13

Base Dia (mm)

( ) Load = 9N Pitch = 0.6mm
0.120 — T T T T T T T T 0.076
o —m— Penetration (mm)
—O— Strain - 0.074
n
0.118 1 L 0.072
- 0.070
0.116 T~ | 0.068
] \ - 0.066
01147 D\ - = 0.064
| O - U.
<4 D/
- 0.062
0.112
- 0.060
/./. D\D
1 ]
- 0.058
0.110 | — T T T

— T T — T T T T T
0.04 005 006 0.07 008 0.09 0.10 0.11 0.12 0.3

Base Dia (mm)

Figure 3.9 (a) and (b) Plot on Penetration, Strain vs. Base Diameter at 9 N Load for a
Pitch of 0.4 mm & 0.6 mm



Figure 3.10 shows the reduction in strain and the penetration as the base diameter
increases. Reduction is due to the reason the increase in base diameter reduces the

included angle of the conical microneedle.

Load = 10N Pitch = 0.4mm

T T T T T T T T T T T T T T T

0.198 4 —M— Penetration (mm) —0.115
D\ —0O— Strain

0.196 - n - 0.110
Xﬂ |

0.194 - - L 0.105
./I

0.192 - b —F L 0.100

0.190 - L 0.095

| |
0.188 - L 0.090
- /.

O

0.186 n 0o L 0.085

T T T T T T T T T T T T T T T

0.04 005 006 007 008 009 010 011 0.12 0.13

Base Dia (mm)

Figure 3.10 Plot on Penetration, Strain vs. Base Diameter at 10 N Load for a Pitch of
0.4 mm

Plots in Figure 3.10 show the reduction in strain and the penetration as the base

diameter increases. Reduction is due to the reason the increase in base diameter

reduces the included angle of the conical microneedle. In the simulation study, as

expected, increase in load leads to increase in strain and penetration of the

microneedle array. As the base diameter increases, strain is found to be less and the

penetration of the needle is found to be reducing. Beyond certain valve, the
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penetration of the needle increases due to the reason the needle has become strong.
Table 3.14 shows the selected results for pitches for which the penetration is more and

the strain is less.

Table 3.14 Strain and Penetration for Applied Load

SI. No. | Load Penetration | Base Dia. Needle Strain
(N) (mm) (mm) Pitch (mm)
1 6 0.116 0.12 0.4 0.051
2 6 0.118 0.12 0.6 0.068
3 8 0.154 0.12 0.4 0.068
4 9 0.115 0.06 0.4 0.068
5 9 0.165 0.06 0.6 0.070
6 10 0.129 0.12 0.4 0.090

3.11 SUMMARY

Design and analysis of microneedle for skin penetration is described in this chpater.
The information on requirement of microneedle is explained. Geometry of
microneedle with respect to cross-section and length is discussed. Based on anatomy
of skin, length of microneedle is fixed as 200 um. This is arrived to avoid
microneedle reaching nerves through dermis of the skin. An axial force of 0.06 mN is
sufficient for penetration of human skin by a single microneedle having tip diameter
of 0.005 mm. This is because pressure required to pierce human tissue is 3.183 MPa
Safe loads for failure due to different failure modes like bending, compressive and
shear forces are calculated. Safe bending load for single microneedle having base
diameter of 120 pum and tip diameter of 5 um is 0.021N. Safe load in compression is
0.036 N and in shear is 0.018N. It can be observed that the microneedle tend fail in
shear much easily than bending and compressive loads. Microneedle penetration into
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the skin is modelled, and simulation is performed for varying conditions of load, pitch
and base diameter of the microneedle patch. Strain and penetration of microneedle
into the skin are studied. Based on the simulation study, microneedle dimensions and
pitch value are arrived for maximum penetration and minimum strain. From the table
3.14, it can be inferred that micro needle patch with the base diameter of 120 um and
pitch of 0.4 mm gives maximum penetration and minimum strain. Micro needle
dimensions like base diameter (120 pum) and tip diameter (5 pm) are almost in
agreement with the design adopted by Seong et al. (2010). In their study, PMMA
microneedle of base diameter 110 pum and tip diameter of 15 um were used for

electroporation of skin for gene delivery.

Experiments conducted for fabrication and characterisation of microneedle are dealt
in Chapter 4.
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CHAPTER 4

EXPERIMENTATION

4.1 INTRODUCTION

This chapter gives a detailed insight into the various processes that have been
considered during development of microneedles. The main focus is to develop
microneedle using micro stereolithography (MSL), as it offers numerous advantages
over other processes. Micro stereolithography is a mask less process and bottom up
process. There will not be any material removal in this process. This process has got
potential to deploy for large quantity production with latest developments happening
in projection based MSL. In projection based MSL, entire layer is scanned at a time
instead of scanning the polymer line by line. This chapter describes the use of scan
based MSL system for microneedle fabrication. This is expected to pave way for
migration to projection based MSL. There is a limitation regarding achievable finer

feature size in micromolding and micro milling. Comparison of all these three

processes is given in Table 3.1.

Table 4.1 Comparison of Various Processes

SI.No. Micro Micro Moulding Micro Milling
Stereolithography
1 Bottom up process: Near net shape process. | Top down process:
No wastage of Less wastage of Wastage of Material
material material due to removal
2 No tools/ Tooling Needs expensive Micro cutting tools
required Tooling required
3 Feature size as small Limitation in minimum | Limitation in
as 10 um possible feature size 50 pum and | minimum feature
above possible Size of 30 um and
above possible
4 Scaling up possible Offers high volume SPMs with multi
with Projection MSL | production capability. spindle heads required
Hence, reduced to volume production
cost/piece
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This chapter describes work carried out using micro stereolithography, micromolding
and micromilling processes. Problem formulated and objectives defined were
investigated along with the details of laboratory conditions, experimental setup,

testing equipment used and procedure adopted for the experimental investigations.

Experimentation

e Micro needle fabrication by micro stereolithography with HDDA as material
e UV Curing of MMA

e Co-polymerisation of HDDA and PMMA

e Micro Molding

e Micro Machining

e Conductive Coating on PMMA

Testing and Characterisation:

e Peel off Test

e Compression Test

e Shear Test

e Insertion Test on Chicken Skin

e Test for electrical conductivity

42 FABRICATION OF MICRONEEDLE
4.2.1 Fabrication of Microneedle by UV Curing

Initially, experiments were conducted to fabricate microneedle by curing HHDA
liquid resin by exposing UV light source. UV laser and UV LED are the light sources
available for radiation curing. Radiation curing is a process used to transform the
specially formulated 100% reactive liquids into solids with UV or any other light as
energy source by polymerising and cross-linking of functional monomers and

oligomers into a cross-linked polymer network (Takhcs &Wojnarovits, 1997).
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In principle, UV light is exposed over the photocurable resin surface and then a light-
induced photopolymerisation occurs, constructing solid microstructures. With focused

light spot scanning, a focused laser spot permits micron-scale spatial resolution.

(Gel Part

@ Cross Linked Polymer
\P\f:\ Monomer
>,< SolPan

UV

Liquid Resin ——_—Viscosity Increase (:’>Gehﬁon C— >Hardening

Figure 4.1 The Cure Mechanism (Mcgrath et al., 1998)

Since most monomers or pre-polymers do not have the ability for self-initiation of
cross-link upon irradiation, a low-molecular-weight organic molecule (initiators)
introduction becomes necessary that will start polymerisation, through photo physical
and photochemical processes (Mcgrath et al., 1998). Figure 4.1 shows a schematic
representation of the curing mechanism for any photo-polymerisable resin. Photo

initiators are mixed with monomers and are exposed to UV source.

During the irradiation of light, the photo initiators absorb some of the photons that are
in excited state. Some of these are converted into reactive initiator molecules Pi*.
These molecules then react with monomers to form polymerisation initiative
molecules, PM*. This is the chain initiation step. Additional molecules go on to react

and form longer molecules (Varadan et al., 2001)
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Figure 4.2 shows the sequence of photo polymerisation process for HDDA monomer
mixed with BEE initiator.

Benzoin ethyl ether

./ L/ Poly methyl methacrylate

@ @ ——Pi-Photo initiator (4%)

L
. . ® ‘ — M - Monomer

@
Photo initiator excitation

. . . and free radical (pi*) generation

o, pi* - reactive initiator
| molecule with free radical

% o Chain intiation
% ; ¥ -
—=PM* - Pol isati
° ‘ ° olymerisation

initiating molecule

Chain propagation
“

Figure 4.2 Photo polymerisation (a) Monomer and Photo Initiator (b) Free
Radical Generation (c) Polymerisation Initiating Molecule (d) Chain

Propagation (Varadan et al., 2001)
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Polymerisation of HDDA

Initial experimentations were carried out using HDDA and the BEE initiator. In-house

built MSL system was used for UV curing of HDDA. For the preparation of polymer,

commercially available precursor material, 1,6-HDDA (Sigma Aldrich, USA) was

selected as the monomer and mixed with benzoin ethyl ether (BEE, Sigma Aldrich,

USA), a type | photo initiator undergoing a uni-molecular bond cleavage upon

irradiation to yield free radicals. Table 4.2 and 4.3 shows the various properties of the

precursor material.

Table 4.2 Properties of 1.6-HDDA Monomer

SI. No. Properties Values
1 Molecular weight 226
2 Chemical formula C12H1504
5 Appearance Colourless to
yellowish
4 Physical form Liquid
5 Odour Ester-like
6 Density at 25°C 1.015 g/cm®
7 Refractive index at 20°C 1.457
8 Boiling point 107catos
mbar
9 Solidification point 8-11°C
10 Viscosity at 25°C 6 mPa:s
11 Specific heat capacity (of liquid) 1.88 kJ/(kg-K)
O
HZC/YO NP AT
O

Figure 4.3 2D Structure of 1.6-HDDA
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Table 4.3 Properties of BEE Photo Initiator (Sigma Aldrich MSDS)

SI. No. Properties Values

1 Molecular weight 240.3

2 Formula Ci16H160:

3 Appearance White to off-white
powder

4 Melting point 56-59°C

5 Boiling point 194-195°C

6 Refractive index 1.5727

S

O CHs

Figure 4.4 2D Structure of Benzoin Ethyl Ether

The monomer (4-5 ml) was placed in a round bottom flask of 25 ml size, carefully
measured by using a micropipette of 0.001 least count and quickly transferred to the
flask covered with aluminium foil. The precursor for photo polymerisation was
prepared for different chemical proportions by varying the photo initiator
concentration from 0.075% to 0.15% by weight in HDDA.. The photo-curable solution
was then stirred at room temperature in a dark environment created by aluminium
wrap covering the flask for duration of two to three hours continuously for proper

mixing of the resin.

Silicon wafer was used as a substrate material to develop structures in the present
study because its surface properties are favourable to the process. DLC-coated silicon
substrate and the uncoated silicon substrate were considered for the study to
understand the interlayer bonding between the surface of substrate and sample.

Preliminary studies show that uncoated silicon substrates showed high intra-surface
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bonding between the substrate and the sample, making it difficult to remove the
sample from the surface of the substrate. Also, for uncoated silicon substrate, effect of
beam scattering was high in the fabricated mesh structure when observed for cured
line width under confocal microscope. Effect of scattering and adhesion of fabricated
layer over the surface of DLC-coated wafer were found to be negligible during
processing. Hence, silicon wafer along with DLC coating of 300 nm layer thicknesses

was considered to be a proper substrate material for use in the present work.

Experimentation by scanning MSL

In-house built scan-based MSL system, which works on the vector-by-vector
scanning or raster scanning principle, was used for fabrication. This MSL system was
not developed as a part of this research work. However, modification is carried out to
fabricate microneedle. A control for AOM was introduced to vary the power of the
laser. The major components are Argon ion laser, XYZ stage, acoustic optic
modulator (AOM), and optics for beam expanding, directing and focusing. The

schematic diagram is shown in Figure 4.5.

Argon Ion LASER AO!
f g /— AOM

_~—Beam Splitter

- Platform

TV Resin

_|

Controller—

Figure 4.5 Schematic Diagram of MSL Setup
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Figure 4.6 Structure of MSL Process

Figure 4.6 shows the structure of the MSL for building up a set up for
experimentation. The setup was built on a Newport isolation table as can be seen in
Figure 4.7. Lab View program of National Instruments was used to control the system
components. Graphic user interface (GUI) was used to interface the motion controller

with numerical code generated using Unigraphics NX5 CAD software.

Figure 4.8 Schematic Diagram of Micro-stage, Petri Dish and Focused UV Light
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An argon ion laser source system operates wavelength in range 333.1-364 nm and
maximum current of 60 A. However, the wavelength was set to 363 nm. Precision
linear positioning stage with 0.1 um resolution in X-Y-Z stages (Figure 4.8) enabled
precision scanning of laser beam over the photo curable monomer. Beam delivery
system consisted of acoustic optic modulator, aperture, beam expander, mirrors and
focusing lens. Acoustic optic modulator with system driver and crystal controlled
oscillator was used as switch to control the state of beam. Focusing optics and beam
expander were essential to obtain small laser spot size. A fixture assembly was
attached to linear positioning stage to hold Si substrate rigidly to get uniform layer
thickness in the multi-layered microstructure. CAD design tool provided 3D model

design of micro-parts, slicing and NC program generation.

The CLS file was post-processed to get NC file that consists of X&Y coordinates. The
post-processor developed indigenously was configured to control acoustic modulator
and linear stage. The CLS file was then post-processed using the developed post-
processor such that an NC file was readable by the developed Lab View interface. All
NC files so generated in case of multi-slice operation were combined to form a single
program and transferred to the machine through the interface created using Lab View

environment.

Fabrication of individual devices can be accomplished in a few hours. A complex 3D
object was separated into general 2D objects or slices. The slices were physically
realised by focusing laser beam on a UV curable region. Polymerisation occurs layer

by layer when beam was focused on the monomer.

Step-less fabrication of microneedles by MSL

In micro-additive manufacturing, in general, the parts are fabricated layer by layer.
When the parts are fabricated layer by layer, steps form at the interface of the layers.
Step height depends on layer thickness. Smaller the step height, smaller would be the
step, whereas the time taken for processing would be more. Again there is a minimum
limit for step height, and it depends on stage accuracy in Z direction, laser beam spot

diameter and laser intensity. To get step-less features on microneedle, a novel method
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has been found out and used for fabrication. The following paragraphs explain such

method of fabrication.

Curing width and curing depth are two important parameters with which size and
shape of microneedle could be controlled.

The formula for curing width is given by the equation (O. Dufaud and S. Corbel,
2003).

_ g Ca
Lw =B 20, Eqn. 4.1

where,

B - Spot diameter

Cq- Curing Depth

D, - Penetration depth (at which the beam intensity is reduced to 1/e of its surface

value)

By having control over the spot diameter, curing width was controlled apart from
having control over curing depth. Cured depth for the Gaussian intensity profile laser
was predicted by using classical Beer Lambert’s law of light propagation in absorbing
media ((\VVaradan et al., 2001).

E
Cqa =Dp ln% Eqn.4.2
C

where,

Cq - Cured depth

D, - Penetration depth of the resin
E. - Critical energy of the resin

Emax - Maximum energy

From the above equation, it was found that the curing depth could be controlled by
varying the energy exposure. MSL set up has been modified for this purpose. By
varying the voltage input to the AOM, output power of the laser is changed. 4™ Axis

facility available in the MSL controller is used in this experimentation. Other way is
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to control the curing depth was through varying the scanning depth. Parameters used

for fabrication are given in Table 4.4.

Table 4.4 Power of the Laser Beam, VVoltage and Focal Distance

SI. No. Voltage, V Power, mW | Vertical distance of focal

point from the base, um
1 1 8 10
2 0.9 7 20
3 0.8 6 30
4 0.7 5 40
5 0.6 4 50
6 0.5 3 60
7 0.4 2 70
8 0.3 1 80
9 0.2 0.5 90
10 0.1 0 100

A controller controlled the Z motion of the stage and laser intensity through the

acoustic optic modulator. By varying the intensity of the laser beam while the stage

was lowered vertically, the beam spot was varied and proportionately the curing width

and curing depth was reduced.

Projection

Gaassian beam
Emax

1trerrreyy

Cured
Cure depth(Cd) spot

[}

Cure width (Cw)

Figure 4.9 Gaussian Beam Profile
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It was demonstrated that the HDDA microneedles could be fabricated using MSL

process.
Figure 4.10 Microneedles Fabricated by Varying the Intensity
Table 4.5 Dimensions of Fabricated Microneedles
SI. No. Microneedle Parameters Dimensions
1 Base diameter @60 um
2 Tip diameter @3.75 um
3 Height 110 pm

Microneedles have been fabricated by exposing the resin consisting of monomer,

HDDA and initiator, BEE by vertically scanning and at the same time varying the

laser power intensity using acoustic optic modulator. The results obtained showed

novel way of achieving features of micro-size without any step. Table 4.5 gives the

dimensions achieved by this process.

UV curing of MMA

Microneedles have been successfully fabricated using HDDA material. HDDA is not

biocompatible and does not have the strength as that of PMMA. Whereas, PMMA is

biocompatible material. Its curing aspects had to be studied.
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Figure 4.11 MMA Photo Polymerisation

Percentage of initiator (BEE) required for adding to MMA monomer had to be found
out by conducting experiments.

There are many photo curable resins that absorb different wavelengths. UV radiation
is most widely used in photo polymerisation because it involves low temperature
curing and also it is economical and simple to produce UV radiation. Photo
polymerisation reaction of MMA monomer in the presence of BEE as photo initiator

is illustrated in Figure 4.11.

PMMA, among polymers possesses a remarkable combination of useful properties,
including versatility in forming, excellent clarity, colour stability to light and heating,
and moderately high softening temperature, which makes it the best synthetic glass-
like plastics. The cured photopolymers applicability is assessed by its dimensional
properties such as accuracy and dimensional stability along with physical and
mechanical properties. These properties mainly depend on selected photo resins, Pl

and process parameters.
Experimentation to cure MMA by UV light source

Experimental work on MMA photo polymerisation was carried out with setup
comprising equipment like UV LED (Hamamatsu) light source shown in figure

operating at 368 nm, 10 W power with focal length of 10 mm as shown in Figure 4.12.
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Figure 4.12 Schematic Diagram of UV LED Lamp Setup

The experimentation involved preparation of photo resin formulation by mixing
MMA monomer (Sigma Aldrich) with different concentration of Benzoin Ethyl Ether
(Alfa Aesar) as Pl and exposing each formulation to UV radiation for varying time

duration. Mold filled with resin is cured under UV exposure for different duration.
Experimentation to cure MMA by UV laser source

Monomer MMA with BEE of suitable proportion was mixed, and MSL system was
used to cure the mixture. Maximum power of laser was used by setting maximum
voltage to acoustic optic modulator. 3D model was divided into layer by layer using
Unigraphics CAD module. Laser path was generated as line by line, and same was
translated into XY motion using microcontroller integrated using National
Instruments (NI) interface. Polymerisation did not happen due to lack of power
available with the 365 nm laser. Experiments conducted by varying intensity while
moving the stage also did not yield polymerisation due to lack of power available with
the UV laser.
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Experimentation to co-polymerise 1,6 HDDA and PMMA using UV light source

When two or more different monomers unite together to polymerise, their result is
called a co-polymer and its process is called co-polymerisation. Here, two monomers
HDDA and MMA are considered for co-polymerisation.

The precursor was prepared by adding optimal amount of BEE (1.5% by wt.) into
mixture of 1,6 HDDA (75%) & MMA (25%), magnetic stirred at room temperature in
the dark for a duration of two to three hours continuously for uniformity of the

mixture.

The mixture is filled into petri dish having a work platform immersed in it. The work
platform is attached to XYZ micro-stage. Intensity of the laser was set using a
command in the program. Microneedle CAD model is sliced into layers and for each
layer, tool path was generated using Unigraphics CAD/CAM software. The post-
processed program was fed to the Lab View environment for controlling the micro-

stage and acousto-optic modulator.

Simple rectangular blocks were fabricated with above-said precursor at feed rate 0.5,
1.0, 1.5 mm s-1 on MSL. Later the samples were analysed using FTIR spectroscopy
technique to find out MMA and HDDA in the fabricated sample.

FTIR spectra of standard samples

Before carrying out experimentation on co-polymerisation, standard samples of
HDDA, PMMA, BEE and co-polymerised HDDA and PMMA were characterised
using FTIR to get their stretching frequencies. The results of FTIR spectra of samples

are presented and discussed in Chapter 5.
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4.2.2 Microneedle by Micromolding

MMA (liquid monomer for PMMA-Biocompatible material) was used in MSL for
microneedle array fabrication on laser-based MSL but was unsuccessful due to its

process incompatibility.

Microneedles have been fabricated by combining micromachining and injection
moulding with microneedle dimensions being around 500 um tall and 25 pm tip
diameter by Jordan (2010). The present work focused on fabrication of PDMS
microneedles preferably shorter than 250 um after understanding the skin anatomy for
ensuring minimal interaction of microneedles with nerves in dermis layer for pain-

free application.

PDMS has been used to prepare microneedle mould because it has the following

properties.

e Low surface energy (21.6 dyne/cm)

e Chemically inert

e Non-hygroscopic

e Good thermal stability

e Optically transparent down to wavelengths of ~300 nm, mechanically durable
e Low cost

e FElastomer with 0.5 MPa Young’s modulus

e Low adhesion to facilitate separation of microstructures from micro moulds

e Ability to conformal coating of microstructures and fill micro moulds

The fabrication methodology involved grinding custom carbide tools followed by
using these micro-tools for creating micro-hole array in mould and finally PDMS

casting.
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Focus was to design and manufacture tungsten carbide micro-tools with the objective
to reflect tool dimension on final microneedle structure to be fabricated. Two different
types of tools have been ground with one for drilling and other for indenting
operation. Micro-tools were ground for this purpose using conventional EWAG,
Precision Tool Grinder (WS11, EWAG, Etziken, Switzerland) with built-in 40X
measuring microscope (Figure 4.13). Silicon carbide cylindrical rods with 3 mm

diameter shank were chosen for making micro-tools.

Figure 4.13 Precision Tool Grinder

The tools were ground in 24° conical form on one end as shown in Figure 4.14 using
diamond grinding wheel. Out of two types of conical tools ground, one tool is

provided with additional relief for chip flow for drilling operation.

Micro drill
——

~ Indenter

Figure 4.14 Carbide Micro-Indenter and Micro-Drill
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Tools were measured using profile projector for included angle of 24° and tip
diameter was found to be =21-22 pm with grinding wheel grit size being the
limitation for any further reduction in size. Tools were made by using a cutting speed
of 942 mm/min and depth of cut of 20 um for roughing and a cutting speed of 1143

m/min and 3 pm for finishing.

In general, the micromolding process consists of master structure fabrication, negative
mould fabrication, casting and separation. Figure 4.15 shows the sequence of process

involved in micro molding.
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Figure 4.15 Micromolding: a) Micro-Tool Grinding, b) Micro-Hole Drilling, ¢)
Indentation, d) PDMS Casting, €) PDMS Curing f) PDMS Microneedle Array
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In the conventional molding process, direct casting of a variety of polymers into the
mould is performed to complete the process. Advances in micromolding technology
and material science now make possible a range of cost-effective alternatives for

components that are miniature, complex, and require high-precision tolerances.

Teflon was selected as mould material due to its softness and ease in machining.
Teflon mould selected as shown in Figure 4.16 had pre-machined to 10 mm diameter
and 2 mm deep slot. Micro-drilling operation was carried out using Ultra Precision
Micromachining Centre (Kern Evo, Kern Microtechnik, Eshenlohe, Germany) for
making 10x10 array 220 um deep holes in 10 mm slot in teflon mold (Figure 4.16)
with distance between two adjacent microneedles being 400 um. The process
parameters chosen for machining are presented in Table 4.6. During machining,
water-soluble coolant was used particularly to reduce thermal expansion problem

resulting from high spindle rotational speed.

Figure 4.16 Micro-Holes Drilling on Micromachining Centre

PDMS was chosen as casting material since it had been widely demonstrated to
replicate high aspect ratio microstructures with very good accuracy and also easy

separation from mould.
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Table 4.6 Micromachining Process Parameters

Process Parameters Drilling Indentation
Depth of cut (um) 10 220
Spindle rotational speed 8,000 -
(rpm)

Feed (mm/min) 5 20

PDMS offered greater flexibility in deciding on curing temperature to suit with the
functional polymer to be casted later during replication. Low viscosity curable PDMS
is a commonly used silicon elastomer in micro-fabrication as demonstrated by Yu et
al. (1996) and Jones et al. (2000). It is highly flexible, chemically and thermally
stable, and biocompatible. It is also well-known as an excellent soft material for soft-
lithography, especially in biological and medical usage, due to a number of reasons as
described by McDonald et al. (2000).

For micromold casting, PDMS pre-polymer (Sylgard 184, Dow Corning) was used in
mixing weight ratio 10:1. Binder and elastomer was thoroughly mixed and filled into
Teflon mould, which is a negative mould of microneedle array. The mould was
degreased at 20 inch of Hg vacuum in a vacuum desiccator for one hour mainly for
removing entrapped air in micro-holes to facilitate proper mould filling.
Subsequently, uncured PDMS-filled Teflon mould was placed in oven maintained at
100°C for one hour. PDMS-positive microneedle mould was gently demoulded from
Teflon mould. Experimentation conducted to fabricate PMMA micro needle from
PDMS mould. Due to adhesion of PMMA to PDMS mould material, fabrication of

micro needle was not realised.
4.2.3 Micromilling of Microneedles

To carry out microneedle machining, a precision micromachining centre (Kern Evo,
Kern Micro and Feinwerktechnik, Germany) was considered. Microneedle was
modelled using Solid Works 2014 and then imported to Unigraphics (Version NX

7.5) CAD/CAM software for generating tool path for machining microneedle. Figure
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4.17 shows the flow chart of microneedle fabrication from modelling to product

testing.

Microneedle CAD
Model
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FEA Simulation

Y

CAM Program
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v
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Mechanical
Testing
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Skin Penetration
Testing

Figure 4.17 Block Diagram for Micromachining

CAD model made using solid works is shown in Figure 4.18. Features like extrude
feature, linear array were used to model the microneedle array. CAD modelling was
done by drawing circle of 10 mm diameter in sketch tab, extruding sketch up to 2 mm
in feature tab, drawing microneedle array using linear array option in sketch tab and

then extruding microneedle sketch up to 0.2 mm with draft angle.

Figure 4.18 CAD Model of Microneedle Array
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PMMA raw material dimension of 10 mm diameter and 2 mm was considered as
blank. Microneedles of tip diameter, 5 um, base diameter, 120 um, height of 200 um
and pitch of 400 um were optimised in the previous chapter of design analysis and

same were considered for machining.

Unigraphics NX 7.5 was used for generating Tool Path generation. Initially the tool
path was generated to machine the top surface, so that tips of all the microneedles
were made to be in same plane. Secondly, tool path was generated for machining
outer area of the microneedle. Tool of 1 mm was used for face milling. Tool diameter
of 0.2 mm was selected for microneedle machining, based on pitch distance of 0.4 um
between the needles and a base diameter of 120 um of the microneedle. Sequence of
arriving at final tool path starts with modelling the microneedle patch and importing
CAD model (.SLDPRT) file to Unigraphics CAD/CAM workstation. Initially, work
offset was set to make top surface to zero (for generated program) and then
manufacturing module was started by assigning work co-ordinate to machine co-

ordinate.

CNC tool path generation sequence involves selection of 3D model of microneedle
bock, cut area and face at the bottom of microneedles to indicate depth of cut. Further,
tool path generation involves selection of tool path as follow part, setting of 2 um
depth of cut for initial 10 um height, selecting tolerance as 1 um in stock option in
cutting parameters and selection of plunge and clearance 3 mm in non-cutting
parameters. Postprocessor of Kern Micro machining centre that is already available
was used. Finally, Series of processes like face milling and end milling were
performed.

Table 4.7 gives the details of cutting tools used for face milling and for micromilling

of needles. Figure 4.19 shows the micro end mill used for machining.
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Table 4.7 Cutting Tool Data for Face Milling

SI. No. Parameter Value
1 Tool diameter 1 mm
2 Flute length 3mm
3 No. of flutes 2
4 Material Tungsten carbide

Figure 4.19 End Mill (@0.2 mm) for Micromilling

Table 4.8 Cutting Tool Data for Micromilling of Needles

SI. No. Parameter Value
1 Tool diameter 0.2 mm
2 Flute length 0.9 mm
3 No. of flutes 2
4 Material Tungsten carbide

Process parameters for face milling

Face milling was required to ensure that tip of all the microneedles were in one plane.

Process parameters used for face milling are given in the following Table 4.9.
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Table 4.9 Process Parameters for Face Milling

Sl. No. | Parameter Value

1 Feed 100 mm/min

2 Depth of cut lum

3 Rotational speed 5,000 rpm

5 Coolant Water-soluble oil
6 Profile tolerance 10 um

Process parameters for micromilling of needles.

Strategy for simulation of micromilling was divided into multiple stages. As the tip
diameter is small, i.e., 5 um, smaller depth of cut of 2 um was considered up to a
depth of 10 pum for milling of microneedles. 10 um depth cut was considered for
remaining depth of 190 um. Process parameters used for face milling are listed in
Table 4.10.

Table 4.10 Process Parameters for Micromilling of Needles

Sl. No. | Parameter Value

1 Feed 100 mm/min

2 Depth of cut 2 pum forl0 pum, 10 pm for 190pum
3 Rotational speed 16,000 rpm

4 MM/tooth 0.003

5 Coolant Water-soluble oil

6 Profile tolerance 1pm

Machining simulation of surface external of microneedle with @1 mm end mill is

depicted in Figure 4.20.
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Figure 4.20 Tool Paths for Removal of External Surface

CAM for micromachining

Figures 4.20 to 4.22 show simulation of tool path. Work reference was set the centre
of the microneedle block before starting of simulation. Initially, face milling operation

was carried out to ensure flatness.

Figure 4.21 Simulation of Tool Path

Figure 4.22 shows the tool path generated wherein the entire length of microneedle
was divided into 24 layers, and each layer was machined completely before
proceeding to next layer. Machining of 2 um layer machining initially ensured lower
cutting loads on the surface of microneedle, which ensured microneedle to retain

sharp tip and also the surface to be smoother.

91



Figure 4.22 Simulation of Tool Path for Machining Microneedle
(Layers with 10 um depth of cut below fine layers)

CNC program

Cutter line (CL) data was the output from simulation. As the microneedle was planned
to be machined on Kern Ultra Precision 5 Axis micromachining centre with
Heidenhain control system, the post processer of this machine was used to process the
CL data to get CNC program. CNC Program generated was transferred to Kern
Machine controller using DNC mode available in the machine. CNC Programs thus

generated for face machining and for microneedle micromachining were used.

Micromilling

Micromilling is relatively a simple, fast and cost-effective way to realise complex
structures irrespective of material involved. Micromilling process requires the use of
high-speed machining. Critical design parameters to be considered in micromilling
machine are positioning accuracy, spindle run out, spindle rotational speed, dynamic
stiffness, vibration and thermal stability. To fabricate microstructures with high aspect
ratio, form accuracy, dimension tolerances, the suitability of the machine may be
decided based on the above-mentioned parameters. In present work, precision
micromachining centre (Make: Kern; Model: Evo) shown in Figure 4.23 was used for
micromilling microneedle.
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Figure 4.23 Kern 5 Axis Micromachining Centre

The machine is fitted with direct drive to provide fast acceleration and feed rates,
which are required for high-speed machining of microneedles. The machine is
suitable for micro machining as it has features like very low compliance, high-speed

machining capability, capability to give very low depth of cut and fast response.

Figure 4.24 Microneedle Machining Setup With High-Speed Milling Spindle

Machine is made out of Epoxy-based composite material construction having rigidity
10 times that of cast iron. It can give a high precision of about £0.5 um according to
VDI/DGQ 3441 on the workpiece. The micro machining centre has the features like

spindle run out and repeatability less than 1 um.
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PMMA rod of diameter 10 mm with 2 mm length was held using collet holder, which
was held using pneumatically operated quick change clamping system. Tool was held
using miniature collet holder having HSK taper shank to fit into Kern machine spindle
taper. Tool diameter and length offsets are set by using vision-based tool setting

device mounted on machine.

Micromilling is based on the mechanical removal of substrate materials. Process
parameters such as spindle speed, depth of cut, feed rate and working environments
affect the final surface quality of the micromilled substrate (Chen et al., 2014).
Micromilling can be used to fabricate components directly or can be used to fabricate
master, which can be used for replication by other processes (Chuan et al., 2014). In
end milling process, the chip load varies during a single engagement of a tooth in the
cut and the cutting mechanism may change from ploughing-dominated to shearing
dominated and back to ploughing dominated again within a single excursion of a
tooth through the cut. Furthermore, owing to the very small chip loads in

micromachining, the well-known size effect plays a significant role.

Figure 4.25 Micromachined PMMA Microneedles

In microscale machining, where chip loads may range from submicron levels to a few
microns and depths of cut may be in the range of a few microns to perhaps 100 um,
the cut geometry and the grain sizes of the workpiece material are now comparable in

size. If the chip load is of the same order or less than the edge radius of the tool, then
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a chip may not be formed during each tooth passing. This phenomenon is known as
the minimum chip thickness effect (Kim et al., 2002). The minimum thickness of cut
might be on the order of 1/10 of the cutting edge radius (lkawa et al., 1991).
Compressed air is proven to be better coolant in delivering a better surface quality
than the oil coolant, and depth of cut has the largest impact while the spindle speed
has the minimised impact to the surface quality of a micromilled PMMA substrate
(Chuan et al., 2014). The step over is one of the dominant factors affecting the
machined surface roughness mostly (Jiao et al., 2014). The tool selection has critical
role on machining accuracy and surface as the tendency of surface roughness results
observed for Tungsten carbide tools is towards a lower roughness value with an
increase in feed rate in comparison with single crystal diamond and CVVD-coated tools
(Jiao et al., 2014).

In present work, considering above reasons, Tungsten carbide micro-end mill tool
with 3 um cutting edge radius was used to machine PMMA with 3 um chip load.
Cutting speed used during machining was 1 m/min with 16,000 rpm. Figure 4.25
shows microneedle array fabricated by micromilling.

43 CONDUCTIVE COATING

Microneedles need to be conductive to tap electric potential generated due to brain
activity. As PMMA is electrically non-conductive, to acquire biopotential signals the
surface of PMMA should be conductive; therefore, it is decided to coat a conductive
layer on surface of PMMA having an optimal thickness with sufficient adhesion and
surface conductivity. Coated surface needs to be characterised for adhesion and
conductivity. Biopotential electrode functions as sensor that couples the ionic
potentials generated inside the body to an electronic instrument. Biopotential
electrode needs to conduct small current across the interface between the body and the

electronic measuring circuit.
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4.3.1 Electroless Silver Deposition

Among the many methods available for coating, electroplating method is cost-
effective as the apparatus is simple and suitable for mass production. Electroless
silver plating is highly conductive and biocompatible, even its oxide forms conductive

unlike other metals. There are two categories.

First category, galvanic exchange deposition is suitable for metals and the second
category, electroless deposition method, which uses reducing agents that could be
used for depositing metals on polymer (Koura, 1990). Figure 4.26 shows Schematic

representation of PMMA microneedle coated with silver (Ag).

Poly Methyl Metha

Acrylate substrate

.52 4

Figure 4.26 Schematic Representation of PMMA Microneedle Coated With Silver

Silver (Ag) plating

It is a Redox technique used to deposit a layer of silver on a solid surface. A reducing
agent like aldehyde is used in the chemical process for depositing silver. The success

of plating depends on pre-treatment process carried out on specimen.

PMMA sheet of thickness 10 mm was cut to 10 mm discs using CO,, laser. The discs
surface was ultrasonicated using distilled water. The surface was modified using 220,
500, and 1000 grade silicon carbide coated grit paper and the samples were named as
a, b and c respectively. The procedure for coating of silver is by reducing ammonical

silver nitrate solution using dextrose.
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Figure 4.31 describes the reaction involved in silver deposition. For depositing silver,

well known Tollen’s Regeant is used.

0 0
/“\ + 2[Ag(NHs),]' + 30H —— )k + 2Ag + 2H,0 + 4 NH:
R OH

R H

Glucose (Aldehyde) + Tollen’s Agent —»  Carboxylic Acid + Silver + Water + Ammonia
gas

Figure 4.27 Generic Reactions for Silver Deposition

Preparation of Tollen’s Regeant: The transparent silver solution was prepared by
dissolving AgNO3(99.8%) in water with the addition of several drops of the aqueous
ammonia (28-30%), then NaOH and finally several drops of aqueous ammonia were

added until the solution turned to be transparent.

Reducing agent solution: The treated PMMA substrates were immersed in the
aqueous solution of reducing agent, consisting of Dextrose (CgH1206), and were

stirred for duration of 10 minutes.

The mixture of PMMA and reducing agent was poured into the Tollen’s Regeant and
stirred for 60 minutes at room temperature. During the coating process, the pH was
kept at 10-11. Dextrose was oxidised into its respective carboxylic acid, and Tollen’s
agent was reduced into silver, water and ammonia gas as shown in Figure 4.27. After
washing and drying, the silver-plated PMMA substrates were obtained. The surface
morphology of the substrates before and after coating of silver was studied using Carl
Zeiss Stereomicroscopy (model: M2M). Powder X-ray diffraction (XRD) was used
for the determination of crystal structure of the coated material over the polymer
surface. XRD measurements were performed on Bruker D8 advance X ray
diffractometer with Cu Ka radiation, (A=1.5418A) at a step size of 0.033°s™ to
determine the crystallinity of the sample. The variation in the surface Roughness of
the sample was studied using Form Tally Surf (Taylor Hobson SGA series 2). This is

a contact mode measurement where a stylus scans over the surface to measure the
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surface roughness. The roughness (Ra) parameter before and after coating was also
measured. The surface morphological and topography studies of the coated polymers
were further studied using Carl Zeiss, FESEM (Model: Neon-40). In order to
determine how well the coated silver substrates adhere to polymer, the generally used
tape test based on the ASTM standard (ASTM D 3359-08) was performed by
applying and removing pressure-sensitive tape over the silver coated polymer. The
tape test is qualitative this will only give weather the adhesion is there are not.
Though the test is qualitative but it is simple and moreover it provides rapid

assessment of adhesion level.

The conductivity of the silver deposited on PMMA was measured using, four probe
tester. Each tip is supported by springs on the end to minimize the damage during
probing. A high impedance current source is used to supply current through the outer
probes; a voltmeter measures the voltage across the inner two probes to determine the

resistivity.
4.4 PEEL OFF TEST FOR COATING

The peel off study was carried out using 3M scotch tape. The peel off study was done

on silver-coated smooth and rough sample.

Figure 4.28 Silver Coated Samples for Peel off Test: a), b) PMMA as Received
c) PMMA After Roughened Out Using Abrasive Belt

The silver that was coated over the PMMA smooth sample was peeled off completely.
Figure 4.28 (a) & (b) shows the peeled off samples. However, the silver coated on the
rough sample adheres to the PMMA surface with the minimum peel off. Figure 4.32

(c) shows the adherence of coating on sample after the peel off test.
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45 COMPRESSION TEST FOR PMMA MICRONEEDLE

PMMA is a plastic material, and it is viscoelastic in nature. Mechanical properties
depend on temperature and time (Milena, 2005). Plastics have significantly lower
stiffness and much higher elastic limits compared with metals. PMMA has an
elongation of 2 to 10%; ultimate strength of PMMA varies from 48 to 76 MPa,
compressive strength of 80-110 MPa and hardness of 85-2015 HRM.

Stub

Microneedles
Steel Plate

Mini Dynamometer

~—Machine Table

Figure 4.30 Test Setup for Compression Test
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Plastics have large amount of recoverable elastic strain. It can be more than 500%. In
metals, the amount of recoverable elastic strain is less than 1%. Compressive strength
for plastics is done using UTM. Compressive strength testing is done as per ASTM
D695 and ISO 604 for plastics.

Figure 4.31 Micro Machine Tool for Compression Test

As the minimum load that can be applied using UTM is 20 Nm and that of Micro
UTM is 2 Nm, a special test setup was made on a multipurpose machine tool as
shown in Figure 4.31. Camera attached to the setup (Figure 4.30) aids while doing

experimentation with micro features.

The force required for fracture due to compression load was tested using multipurpose
Micro machine tool (DT-110, Mikro Tools, Sg) with the aid of mini-dynamometer.
Initially, patch with microneedle array was fixed using adhesives on a metal plate.
Metal plate was mounted on top of mini-dynamometer (Model 9256C, Mini Dyn
Multi component dynamometer, Kistler, Switzerland). Metal plate was precision
ground to have a flatness value less than 5 um to ensure all the microneedles loaded at
the same time.
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Figure 4.32 Image of Microneedles Under Compression

Mini Dyn, a three-component dynamometer shown in Figure 4.33, was used for the
dynamic and quasi-static measurement of the three orthogonal components of any

force acting on the top plate (Fx, Fy and Fz).

Figure 4.33 Mini Dyn Multi Component Dynamometer,
Model 9256C, Kistler, Switzerland
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The whole force measurement chain consists of piezoelectric-based mini-
dynamometer, connecting cable, charge amplifier and a computer loaded with data

acquisition and data analysis software (Dynoware).

Needle patch was aligned in such a way that its axis was in line with Z axis of the
spindle of the micro machine tool. The whole setup was again fixed on a mini-
dynamometer, which was again clamped on to worktable of micro machine tool. A
steel stub was specially made to have provision for clamping on to the collet holder of
the spindle of the micro machine tool.

Figure 4.34 Compression Image Captured Through Camera

Compressive load was applied by moving Z axis of the micro machine. Vertical axis
was moved at the feed rate of 1 um/sec. The camera attached to the machine showed
the deformation of the microneedle under load. Display of image captured through
camera is shown in Figure 4.34, and Figure 4.35 shows the Scanning Electron
Microscope (SEM) image of compressed needle. Mini-dynamometer measures the
vertical force with respect to time. With the load being applied with known feed rate,
needle deformation was found out based on feed rate.
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As both the results were having force and deformation in time scale, a plot was

correlated for load versus deformation.

Figure 4.35 SEM Image of Compressed Microneedles

The test was done to find out the strength of the needle against the applied load by a
steel stub. If the metal stub was replaced with a material similar to skin, then very less

deformation can be expected.
46 SHEARTEST

Microneedle array was subjected to shear load by fixing needle patch on mini-
dynamometer mounted on DT-110 micro machine tool as shown in Figure 4.37 and
4.38. Needle patch was fixed in such a way that its axis was placed perpendicular to

the Z axis of the spindle of the micro machine tool.

ZX/A P . ~Microneedles
- ‘- Steel Plate

Mini Dynamometer

‘ /--—l\lachine Table

Figure 4.36 Schematic Diagram of Shear Test of Microneedles
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Figure 4.37 Setup for Shear Test

Figure 4.38 Needles Under Shear
Shear load was applied in the lateral direction by using stub that was moved by the X
axis of the micro machine tool. Figure 4.42 shows the needles under shear. Since the
needle array was 10x10, in the beginning, 10 microneedles of one column were
subjected to shear load. Subsequent microneedles subjected to shear column-wise.
Mini-dynamometer captured the resistance offered by the microneedle.
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4.7 INSERTION TEST

To carry out insertion test, setup is made on Mikro Machine Tool (DT-110), Mikro
Tools, Sg., as shown in Figure 4.40. Figure 4.39 shows the schematic diagram of the
performance of the insertion test. PMMA microneedles fabricated were inserted into
PDMS and chicken skin, mimicking the micro needle insertion into the skin. Similar
to human skin, chicken skin has epidermis, dermis and hypodermis layers. Outer layer
of chicken has flattened, horny cell layer (www.poultryhub.org). However, chicken
skin properties differ from human skin. Chicken skin has a Young’s modulus of 4.13
MPa compared to 5 MPa for human skin. Hence, chicken skin is having higher strain
than human skin. Tensile strength of the chicken skin is about 0.6 MPa (Charlotte
Tsui, 2007). Tensile strength of human skin is about 0.5 MPa. As testing was done on
fresh skin sample, cells are alive in the skin. Mini-dynamometer was used to measure

the penetration force.

' I o Stub
Microneedles
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)

Figure 4.39 Schematic Diagram of Test Setup for Piercing
Chicken Skin Sample

e Machine Table
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Figure 4.40 Test Setup for Piercing Chicken Skin by Microneedle

Feed for penetration was controlled by the Z axis of the micro machine tool. Needles

were subjected to a load of 7.5 N for a penetration of 150 pum.

4.8 TEST FOR CONDUCTIVITY

Satisfactory EEG signals determine the quality of the EEG electrodes. EEG electrodes
are the means by which the electrical activity of the brain is communicated to the
input circuit of amplifiers in the EEG machine. Fundamental requirement is that flow
of ion within the brain has to become flow of electron within the electrode. In
conventional cup type electrodes, electrolytes act as interface and at this interface

flow ion is converted into flow of electrons.

When dry electrodes inserted into skin, push and pull of ions acting on the dry
electrodes create potential difference in electrodes in contact. To measure the
potential difference, the electrodes need to be electrically conductive. PMMA micro
needle patch coated with silver was used for checking the conductivity. Skin-electrode
contact impedance is an important parameter that will affect the quality of EEG
recording ( Vanlerberghe et al., 2011). Impedance is measured by applying a small
external voltage to the electrodes and then measuring the amount of current flowing in

the circuit formed between the leads. Typically, the measurement is made by using a
106



10 to 30 Hz AC signal, which is well within the range of EEG signal frequency
spectrum. Surface electrodes are expected to have an impedance value of less than 5 k
Ohms.

Figure 4.41 Electrical Resistance Measurement Using Multimeter

A simple test is carried out using multi-meter to check the resistance offered by the
micro needle. Figure 4.41 shows electrical resistance measurement using Multimeter.
The resistance values varied from 6.5 Q to 11.8 Q when tested at the top of the
surface. Hegde et al., 2013 had reported variation in electrode resistance from 200 Q

tol Q . It is preferred to have needles with as much as less electrical resistance.
49 SUMMARY

The chapter describes the various experiments conducted to realise microneedle.
Experiments performed using scan-based MSL setup, micromolding and

micromachining facilities are presented.

Using scan-based MSL system, microneedles are fabricated in a novel way.
Innovative method of fabrication of microneedle using step-less process by MSL
system is explained. Using micro stereolithography system, it has been testified that
HDDA microneedle of very fine tip diameter of less than 5 um was achieved. Step-
less fabrication is new technique and is expected to be very useful in additive

manufacturing.

Experiments were conducted optimise composition of MMA monomer and BEE
initiator. Experimental results testify the use of 4 % BEE initiator for polymerisation
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of MMA. This composition curing resulted in maximum hardness of 0.13 GPa and

maximum Young’s Modulus of 4.2 GPa

Experiments were conducted to co-polymerise HDDA and PMMA. FTIR
spectroscopy shows stretching frequency of HDDA only. Co-polymerisation had not
happened. This could be due to low reactivity of PMMA.

To realise microneedle by micro moulding, hybrid approach of combination of micro
milling and micro moulding was attempted. PDMS master mould was taken out from
positive Teflon fabricated using micro milling. However, due to adhesion of PMMA

with PDMS master mould, it was not possible to realise microneedle.

Finally, micro milling method was used to machine micro needles. Micro machine
tool was used to fabricate micro needle. Challenge of achieving finer tip diameter of
10 pm was met by adopting layer by layer machining and varying the cutting
conditions at each of the layer. It is observed that there is not much deviation in base

diameter. Variation in length is less than 5% and the tip diameter is around 10 pum.

Electroless silver plating was carried out to make PMMA microneedle electrically
conductive. XRD results confirm the presence of silver on coated samples. Further,
the samples were coated with gold by sputtering. Samples were tested for electrical
resistance and it was measured to be 6.5 Q to 11.8 Q. A resistance value of around 10

Q is considered to be satisfactory for acquiring EEG signals.

Compression and Shear test were conducted using micro machine tool with the aid of
mini dynamometer. Experiments demonstrate that the microneedles deformed to 25
pum for a load of 4 N. At 0.5 N shear load, needles failed. It testifies the microneedles

are comparatively weak in shear.

Results of insertion tests conducted on chicken skin show that at 3 N force, the
needles penetrated to a depth of 120 um. Results show that insertion force is

sufficiently low for insertion by hand.
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CHAPTER 5

RESULTS AND DISCUSSION

The investigations made in the previous chapters give a thorough insight into the
various aspects related to development of microneedles. In there, design of
microneedles, analysis and experimental studies were carried out. Experiments were
carried out to develop micro needles by copolymerisation, micro molding and micro
machining. In this chapter, results of FEA, experimental results of copolymerisation,
compression test, shear test, chicken penetration test are presented and discussed. All
the observations made during the experimentation in analysing the development of

microneedle are summarised in the current chapter.
5.1 RESULTS OF FEM ANALYSIS

FEM analysis was carried out to simulate PMMA microneedle skin penetration. The
desired result is that penetration depth must be higher and needle strain must be lower
during penetration. It is required for microneedle to penetrate more than 120um depth
into epidermis (live skin tissue) to acquire low impedance signal. The data was
analyzed for design of microneedle array to have lower strain while penetrating skin
for about 120um. Figure 5.1 shows the simulation model before and after simulation.

(a)

Figure 5.1 FEM analysis-PMMA Microneedle Skin Penetration (a) Microneedle
Penetrating Skin. (b) Punctured Skin After Penetration
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Total number of iterations/alternatives considered in designing was 48 but only 6
alternatives mentioned in table 5.1 were shortlisted considering strain below 7%.
Results of FEM analysis of skin penetration and needle strain for various other
alternatives are given in Appendix |and II.

Table 5.1 FEA Input Parameters and The Results

SI. | Load(N) | Base Dia Needle | Penetration | Strain
No. (mm) Pitch (mm)
(mm)
1 6 0.12 0.4 0.116 0.051
2 6 0.12 0.6 0.118 0.068
3 8 0.12 0.4 0.154 0.068
4 9 0.06 0.4 0.115 0.068
5 9 0.06 0.6 0.165 0.070
6 10 0.12 0.4 0.129 0.062

In the simulation study, it was observed that increase in load leads to increase in strain

and penetration of the microneedle array.

Oplimization
0.18

0 : T - 1
— Number on Bar indicate needke pitch (me)

0.16 1

4 0.1

Load (N}
Figure 5.2 Load Vs. Strain & Penetration

As the base diameter increased, strain was found to be less with a reduction in needle

penetration. Beyond certain value, the penetration of the needle increases, due to
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increase in compressive strength of the needle. Figure 5.2 shows the selected results
for pitches for which the penetration is more and the strain is less. Among the selected
results, for a pitch of 0.4 mm, a minimum strain and penetration value more than 120

pUm was observed.
52  OPTIMISATION OF PARAMETERS FOR PMMA CURING

In the current investigation, mechanical characterisation of UV LED photo cured
PMMA was carried out and optimum values of photo initiator concentration and cure

time was obtained for achieving higher elastic modulus and hardness.

Results of experimentation carried out to optimise the parameters for curing PMMA
are summarised in Table 5.2. Also, Figure 5.3 shows the effect of varying Pl
concentration on Young’s modulus and hardness for the given curing time. Hence,
from the nano-indentation test results shown in Figure 5.4, it was evident that initially
hardness and Young’s modulus increased with increase in cure time due to increase in
degree of polymerisation. However, after reaching a threshold value, the hardness and
Young’s modulus decreased due to photolysis and degradation effect. Overcuring of
PMMA results in decomposition of radical end and chain termination as described in
literature (Fox et al., 1964).

In the current investigation, hardness and Young’s modulus was considered for
mechanical characterisation of UV cured PMMA alone. The sample No. 5 with 4% PI
concentration and 45 minutes cure time was found to be the optimum value for photo
polymerisation of MMA with hardness and Young’s modulus values as 0.13 GPa and
4.2 GPa, respectively.
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Table 5.2 Mechanical Properties for Varied Pl Concentration and Curing Depth

Hardness Young’s
Sample Curing modulus
No. P1 (%) time (min) (GPa) (GPa)

1 3 75 0.07 2.7
2 3 90 0.08 3.2
3 4 25 0.04 1.8
4 4 35 0.06 2.6
5 4 45 0.13 4.2
6 4 60 0.07 1.6
7 5 25 0.02 0.9
8 5 35 0.08 3.2
9 5 45 0.11 3.5
10 5 60 0.09 2.3

—_
Q
~—

Modulus E (GPa)

Cure Time (3) Cure Time (3)

Figure 5.3 (a) Influence of Cure Time on Elastic Modulus of PMMA (b) Influence of
P1 Concentration on Hardness of PMMA
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From the experimental investigation, the significance of Pl concentration in photo
resin and curing time on the mechanical strength of cured PMMA was studied. Nano-
indentation test was carried out by assigning an input of 2.5 um indenter displacement
into the sample. The indentation plot for sample no. 5 (having maximum mechanical
properties) is shown in Figure 5.4. It can be observed from the Figure 5.3 that
hardness is lower within the surface. This was the result of lower degree of curing in
comparison to surface having lower transmissibility of top layers after initial photo

polymerisation.
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Figure 5.4 (a) Nano-Indentation Plot for Sample 5 (b) Hardness & Modulus Variation
With Indentation Load

53 RESULTS OF CO-POLYMERISATION

Initially, HDDA alone was experimented for photo polymerisation and characterised
to get its FTIR spectrum. Table 5.3 shows the stretching frequencies of HDDA alone
and Figure 5.5 shows the FTIR spectrum of the HDDA alone. Stretching frequencies
match with the FTIR spectrum and confirms that the sample is HDDA. This result
would be useful for characterising copolymerised HDDA and PMMA.

Co-polymerisation is attempted using HDDA and PMMA wusing micro
stereolithography setup. Simple rectangular blocks were fabricated with HDDA and
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PMMA precursor at feed rate 0.5, 1.0, 1.5 mm s on MSL. Later the samples were
analysed using FTIR spectroscopy technique to find out the amount of presence of
MMA and HDDA in the fabricated sample.

HDDA standard
Table 5.3 Stretching Frequencies of HDDA
SI. No. | Wave number (cm™) Groups
1 1,168 C-O Stretching
2 1,620 C=C Stretching
3 1,718 C=0 Stretching
4 2,861 and 2,941 C-H aliphatic stretch
HDDA
100 | — h\\/(ﬂ_% X N‘M M'\a
é et won " Sarel meetem” e
E 60 |
g
—
& a0 L
20 L
‘A”*:l ""."r: o t' ’
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Figure 5.5 FTIR Spectrum of HDDA
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BEE standard
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Figure 5.6 FTIR Spectrum of BEE
Table 5.4 Stretching Frequencies of BEE
Sl Wave number Groups
No. (cm™)
1 688-712 Aromatic C=C bending
2 1,104 C-O Stretching
3 1,168 CH, Bending
4 1,449 Aromatic C=C stretching
5 1,679 C=0 stretching
6 2,869 Aliphatic C-H stretching
7 3,069 Aromatic C-H stretching
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MMA standard
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Figure 5.7 FTIR Spectrum
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Table 5.5 Stretching Frequencies of MMA

SI.No. | Wave number (cm™) Groups
1 1,157 C-O Stretching
2 1,639 C=C Stretching
3 1,700 C=0 Stretching
4 2,965 C-H stretch
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FTIR spectra of fabricated (co-polymerised) samples
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Figure 5.8 FTIR Results Sample Fabricated at 0.5 mm/s

The FTIR spectrum of the sample fabricated with above-said precursor (feed rate of
0.5 mm/s) in Figure 5.8 matches with the stretching frequencies of HDDA alone (both

intensity and wave number). No stretching frequencies corresponding to BEE and

PMMA were observed.
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Figure 5.9 FTIR Spectrum of Sample Fabricated at 1.0 mm/s
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Figure 5.10 FTIR Spectrum of Sample Fabricated at 1.5 mm/s

No stretching frequencies corresponding to BEE and PMMA were observed from
samples fabricated with scan speed of 1.0 mm/s and 1.5 mm/s. Similar was the case

with these two samples that were fabricated (Figure 5.9 and 5.10).

Even though vertical shift is observed, it might be due to various reasons such as
difference in crystal cleaning, improper sample clamping on the diamond crystal,
absorption of light by air molecules, etc. It was found that the required structure of
PMMA has not formed.

54 EXPERIMENTATION ON MICRONEEDLE MOLD FABRICATION

In order to evaluate the fabricated microneedle structure and dimension,
characterisation was done using SEM. Figure 5.11 shows the actual image and SEM
image of PDMS microneedle array. From SEM characterisation, it was found that the
height of needle and tip diameter measured between 210-220 um and 31-35 pum
respectively, whereas the micro-tools used in mould fabrication had tip diameter
between 20-22 um. With this, it was observed that a close replication between the

final fabricated structure and micro-tool dimensions exists. This minimal deviation of
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final fabricated structure was the resultant of mould fabrication and final casting
process.

Figure 5.11 (a) PDMS Microneedle Array, (b) SEM Image of PDMS Microneedle

Array

A simple hybrid approach combining micromachining and micromolding processes
for fabrication of solid polymeric microneedle was studied. The PDMS microneedle
array so fabricated was used as master mould for fabrication and reproduction of
microneedles by several methods. Experimentation conducted to fabricate PMMA
micro needle from PDMS mould had not yielded desired results due to adhesion of
PMMA material to PDMS.

5.5 RESULTS OF MICROMACHINING

Figure 5.12 (a) SEM Image of Microneedle Arrays (b) Top View of Needles

Confocal image of fabricated microneedle is shown in Figure 5.12 with tip diameter

around 7.5 pum and height 225 um. SEM image of single microneedle is shown in
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Figure 5.13. The microneedle was found to be sharp and retaining its shape well.
Against the programmed value of 200 um, the height values are around 200-230 pm.

Whereas the tip diameter was around 5-15 pum against the programmed value of 5 pm.

Figure 5.13 SEM Image of Single Microneedle

Base diameter of 120 um more remained constant for all needles throughout the
development process. When measured using SEM, whose details are provided in
Appendix 111, it was observed that all the microneedles are of uniform size (<5%

variation).
56 ELECTROLESSSILVER PLATING

Stereo Microscopic Studies

The stereomicroscopic images before coating clearly indicate that the surface was
roughened which is as shown in figure 5.14. Figure 5.15 represents surfaces coated

with silver.

Figure 5.14 Images of Roughened Surface With Different Grit Papers (220, 500, and
1000) before coating
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Figure 5.15 Images of Roughened Surface With Different Grit papers (220, 500, and
1000) after coating

X-ray diffraction (XRD) study

The X ray diffraction studies of the different silver coated PMMA discs are
represented in Figure 5.16. The XRD analysis clearly indicated the formation of silver
over PMMA. The sharp peaks at 20 values of 38.11, 44.38, 64.54, 77.54 and 81.56
which agree well with literature values of silver. These peaks can be indexed to (111),
(200), (311) and (222) planes respectively and indicates a face centered cubic lattice.
One can also notice that apart from the silver peaks, other peaks were absent indicates

that, the so formed coating is free from impurities.
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Figure 5.16 Stacked XRD Spectrum of silver coated polymer

Roughness measurement

The surface roughness studies before and after coating reveals that, the surface
roughness plays a major role in deposition of silver. As the surface roughness

increases which increase sites for silver deposition. As a result one can observe that
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there is a huge variation in the surface roughness values before and after coating for
sample al. But in the case of sample bl and sample c1 the surface roughness is
relatively less, therefore one can found that there is a marginal difference in the
surface roughness values. Thus surface roughness studies were clearly states that the
surface roughness decreases which may be due to the coating of silver over the

roughened track. The surface roughness studies were given in figure 5.17.

P | e %,';;,m\

' © _ |k ()

Figure 5.17. (a), (b), (c) Surface Roughness Before Coating Using Different Grit
Papers (220, 500, and 1000) and (al), (b1), (c1) Surface Roughness After Coating
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The measured surface roughness values are given in the table 5.6

Table 5.6 Surface Roughness Values Before and After Coating

Sl Sample Ra before coating Ra after
No. (um) coating
(Hm)
1. Modified with 220 0.83 0.70
grit paper
2. Modified with 500 0.19 0.20
grit paper
3. Modified with 1000 0.07 0.07
grit paper

Field Emission Scanning Electron Microscopic (FESEM) studies

The FESEM of images (Figure al, bl & cl) clearly show that the coating happened
over the surface, one can also observe the tracks along with the coating, and these

tracks are because of the roughness created over the polymer surface before coating

by grit paper.

Figure 5.18 FESEM Images of Coated Samples
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Figure 5.18 represents the surface morphology studies using FESEM. Figures 5.18 a,
b and c represent the roughened surface with different grit papers (220,500 and 100)
and Figures 5.18 al, bl and cl represent the roughened surface with different grit
papers (220,500 and 100) after coating. Surface charging effect was not observed in
FESEM images which clearly represents that the Surface is coated with metallic
silver. The sample which is having higher roughness shows higher amount of coating
this may due to the fact that the higher surface roughness samples gives more area of
tracks which will help the particles to accumulate in these tracks. As the roughness

decreases, this will decrease the amount of coating also.

Peel-Off Studies

It is evident from the figure 5.19 (al) that only minimal amount of silver was peeled
off from the high rough substrate. The increase in adhesion can be attributed to the
greater mechanical interlocking due to the increase in surface roughness of the

substrate. Figure 5.19 shows the results of the adhesion test.

Figure 5.19 Peel Off Test After Electroless Deposition of Silver Over Smooth
And Rough PMMA Surface

Resistivity Measurement

The resistivity study of the sample c1 was carried out using four probe tester. The
resistivity of the sample was measured at different areas with two different source
current. The results obtained are tabulated in table 5.7.

124



Table 5.7 Resistivity of the Sample

Sample ID Source VAB mv VAD mv Resistivity
Current mQ-cm

cl 1mA | 142 1.44 6.13 | 6.04 1.534
2mA | 2.89 285 | 12.23 | 12.32 1.546

The resistivity at different areas of the sample was found to be 1.534 and 1.546 mQ-
cm, which indicates uniform coating over the surface. It was also observed that the
coating of silver and adhesion was found to be better, as the roughness increased, the
electrical conductivity is expected to be higher than the sample c1. But the roughness
of the other two samples was found to be very high and the four probe tester was
unable to detect the current flowing through the coating on the sample. This may be
due to the formation of peaks and valleys by surface modification resulting in

discontinuous deposition of silver.

The resistance of microneedle array due to electroless deposition with silver and

sputter coating with gold was tested using a multi-meter.

Figure 5.20 Resistance Measurement

The resistance values varied from 6.5 Q to 11.8 Q when tested at the top of the
surface as shown in Figure 5.20. Resistance of less than 10 Q had been reported
(Hedge et al., 2013) with the micro needles. As the resistance values obtained are
comparable and microneedles coated with silver and gold are expected provide

satisfactory biopotential signals.
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5.7 Skin-Electrode Impedance Measurement

Micro needle patch was mounted using silver oxide on to commercially available
stubs. Both wet electrodes and dry electrodes are fixed on forehead using self-
adhesive tape. Skin electrode impedance for dry electrode and wet electrode are
measured using the measurement set up available at DEBEL, Bangalore.

Experiments were carried out with scholar as subject (Fig. 5.21)

Figure 5.21 Impedance Measurement

Table 5.8 Skin Electrode Impedance Values (with wet electrode as reference and

ground)
. Skin Electrode . Skin Electrode
Position Position
Impedance Impedance
FP1 Dry Electrode 40 kQ F4 Wet Electrode 46 kQ
FP2 Dry Electrode 47 kQ F3 Wet Electrode 31 kQ
C3 Wet Electrode 48 kQ

Table 5.9 Skin Electrode Impedance Values (with dry electrode as reference and

ground)
. Skin Electrode . Skin Electrode
Position Position
Impedance Impedance
FP1 Dry Electrode 26 kQ C3 Dry Electrode 37 kQ

FP2 Dry Electrode 17 kQ
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Table 5.8 & Table 5.9 shows the impedance values for dry electrode and wet
electrodes. It can be observed that the impedance values for micro needle based dry
electrode are comparable to wet electrode. Micro needles overcome electrical and
mechanical SC barrier and provide improved conductivity and reduction in contact

impedance.

5.8 EEG Signal Acquisition

To find out the correlation between microneedle based dry electrode and conventional
wet electrode, EEG signals were acquired using the 4 channel signal acquisition set up

(Fig. 5.22) available in house.

Figure 5.22 EEG Signal Acquisition Setup
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Figure 5.23 Signal Acquired at (a) Subject in Active State (Eyes Open) (b) Subject in
Inactive State (Eyes Closed)

EEG signal acquired (Fig. 5.23) using dry and wet electrode were analysed for
correlation and it was found that the correlation obtained was about 94%. Signals

from dry electrodes are almost analogous to wet electrodes. This testifies the good
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performance of micro needle based dry electrode for EEG signal acquisition under

static conditions.

59 COMPRESSION TEST RESULTS

Compression test was mainly performed to assess the PMMA microneedle for its
strength when it was subjected to loading by non-deformable object. Compressive
load was done on 10x10 PMMA microneedle array which was micro machined. The
needles were getting compressed gradually as the load was being applied. From
Figure 5.25, it is observed that up to duration of 90 seconds, there was no contact
between the needle tip and the loading stub. After 90 seconds, loading of needle

started due to contact and reaction forces started acting.

_“‘:n
—

Figure 5.24 Compression Test on microneedle array (a) Needles before the Test
(b) & (c) Needles after the Application of Compressive Load
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Reaction forces were continuously measured using mini-dynamometer. Figure 5.24
shows the needle before and after compression. From the graph 5.25, load vs
deformation, it is observed that the reaction force was less initially. This was due to
the reason that the needle was weak at the tip. Later the reaction force was increasing

linearly with respect to compression in axial direction.

1A

Load, N

|

Deformation, um

Figure 5.25 Compressive Load vs. Deformation

The test was carried out until the deformation was observed to be 150 um. It can also
be found from the figure that the needles have deformed from 240 pum to 145um.
Microneedle could withstand a load of 4 N for a deformation of 25 um, which is

around 10% strain.
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5.10 SHEAR TEST RESULTS

Microneedles are usually subjected to axial load. It may also be subjected to
transverse load during some situations. It is necessary to know the load at which the
needles fail. Figure 5.26 (a) shows the needle before shear test and the 5.26 (b) shows
the needle after shear. It is observed that needle has not fractured due to shear but
only has got yielded. This is one of the main advantages of going for polymer as there

will not be any trace of material in skin if the needle fails.

Figure 5.26 Shear Test Images (a) Needle Before Shear (b) & (c) Needle After the
Application of Shear Load
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Yusuf et al. (2013) had conducted testing of poly (lactic-co-glycolic acid) (PLGA)
and sodium alginate (SA) microneedles and found that SA needles failed at 0.05 N
load when the load was acting on single microneedle.

Fx [N]

400 500 600

Deformation, pm Cycle No.: 1

Figure 5.27 Results from Shear Test (a) Shear Load vs. Deformation of the Needle
Array

From the results of shear test it was observed that first row of 10 needles withstood
loads greater than 0.5 N before completely shearing and for complete array of needles
it will be understandably much higher. Microneedle array is considerably weaker in
shear, which is attributed to aspect ratio of the structure and fabrication material
(PMMA). However, during insertion care must be taken to ensure that the

microneedles are mostly subjected to compressive loads by controlled insertion.
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5.11 INSERTION TEST RESULTS

PMMA microneedles were inserted into Chicken Skin mimicking the mechanical

property of skin. Mini-dynamometer was used to measure the load applied.
Ir" |

Figure 5.28 Insertion Test (a) Test Rig (b) Chicken Skin Under Insertion (c) &
Needle Before Insertion (f) Needle After Insertion (d) & (e) Chicken Skin After

Insertion

Figure 5.28 (a) shows the test rig for PMMA microneedle insertion into chicken skin.
The feed for penetration was controlled by the Z Axis of the micro machine tool (DT-
110, Mikro Tools, Sg). Needles were subjected to a load of 7.5 N for a penetration of
150 um. Figure 5.28 (c) shows needle before insertion of needle into chicken skin and
Figure 5.28 (f) shows needle before insertion of needle into chicken skin. Image under
figure 5.28 (e) confirms the needles penetration into the chicken skin.
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Figure 5.29 Load vs. Penetration Plot (Skin Insertion)

By comparing microneedle height, it was observed that the microneedle deformation
was 10 um and maximum load that microneedle array could withstand was 7.5 N
(Figure 5.26). Also, buckling of needle was not observed. Though the needles can
withstand beyond 150 um, the experiment was stopped at this point as this meets
minimum requirement of 120 um penetration. It was observed that 3 N force only

required for insertion to a depth of 120 um.
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CHAPTER 6

CONCLUSIONS AND SCOPE FOR FUTURE WORK

CONCLUSIONS

PMMA is compatible with human tissue. It is commonly used to manufacture
intraocular lenses that are implanted in eyes. To reduce wrinkles and scars,
PMMA microspheres are suspended in biological fluid and injected under the skin
for reducing wrinkles and scars. PMMA is durable and safe. Hence, PMMA was

selected as a material for fabrication of microneedle.

Force required to pierce the skin is about 0.06 mN for the tip diameter of 5 um
and 2.0 mN for tip diameter 30 um, whereas failure force of needle due to
compression was 1 mN and 36 mN for tip diameter of 5 um and base diameters of
50 pum and 120 pm, respectively. Theoretical calculations show the force required

to pierce the skin is much less than the force required for microneedle failure.

As per theoretical calculation, deformation of the needle was about 6.6 pm for the
needle tip diameter of 5 um, base diameter of 120 um and length of 200 um. The

deformation of the needle was less than 5%.

FEM simulation of microneedles insertion into skin for various loads (5 N-10 N)
base diameters (50 pm-120 pm) and pitches (0.3 mm-0.7 mm) shows the
behavioural properties of PMMA microneedle. As expected, increase in base
diameter of needles strengthen the needles. Increase in base diameter of needle at
the same time reduced the penetration and strain up to a certain point. Beyond this
beyond, penetration increases, strain continues to reduce. For a base diameter of
120 pum and pitch of 0.4 mm, penetration is more and the strain is less. Based on
this, optimum values pitch of 0.4 mm and base diameter of 120 um was arrived

for microneedle geometry.

The research activity came out with a novel method of microneedle fabrication

using MSL process with HDDA material. It turned out to be a step-less unique
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fabrication process. Challenge of making PMMA microneedle using this process

still persists due to low reactiveness of PMMA material.

FTIR spectrum of HDDA and PMMA co-polymerisation experiment shows the
stretching frequencies HDDA only. Absence of PMMA stretching frequency
shows the poor co-polymerisation.

Negative micro mold was successfully fabricated using PDMS mould through
micromachining and micro molding route with the aid of UV LED curing.
Adhesiveness problem associated with PMMA sticking to the Teflon and PDMS
mould still needs to be addressed.

Direct micromachining of PMMA using micromachining centre yielded needles
of required structure. Strategies like layer-by-layer machining, varying depth of
cut and cutting conditions enabled realising the microneedle to the required size.
SEM image of single microneedle shows the geometrical integrity of fabricated
microneedle. Microneedles were found to be sharp and retaining their shape well.
Against the programmed value of 200 um, the height values are around 200-230
pm. Whereas the tip diameter was around 5-15 um against the programmed value
of 5 um. Base diameter of 120 um more or less remained constant for all needles
throughout the development process. When measured using SEM, it was observed
that all the microneedles are uniform (<5% variation).

Initial compression testing of microneedle showed that the micro milled needles
penetrated the skin with less deformation. Microneedle withstood a load of 4 N for
a deformation of 25 pum, which is less than 10% strain. [0.1 N-3 N is sufficient for
piercing skin (Shawn P. Davis et al., 2003)].

From the results of shear test it was observed that first row of 10 needles
withstood loads greater than 0.5 N before completely shearing and for complete
array of needles it will be understandably much higher. Microneedle array is
considerably weaker in shear, which is attributed to aspect ratio of the structure
and fabrication material (PMMA). Care must be taken to ensure microneedles are
mostly subjected to compressive load by controlled insertion.
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e Insertion of microneedles on chicken skin shows that the microneedle deformation
was as less as 10 um and maximum load that microneedle array could withstand
was as high as 7.5 N.

e Electroless coating has been tried for coating silver on PMMA. Surface roughness
of the substrate is an important factor in adhesiveness of the silver onto PMMA.
XRD results of PMMA coated with silver showed the formation of silver.

e The resistance of microneedle array due to electroless deposit with silver and
sputter coating with gold was tested using a multi-meter. The resistance values
varied from 6.5 Q to 11.8 Q when tested at the top of the surface. Results show
that the needles offer less electrical resistance and could be used for biopotential
measurement after a protective coating on needles to avoid oxidisation of silver

e Correlation of EEG signals acquired from dry and wet electrodes was about 94%.
Signals from dry electrodes are almost analogous to wet electrodes. This testifies
the good performance of micro needle based dry electrode for EEG signal

acquisition under static conditions.

Results show that the designed microneedle patch could be fabricated using micro
machining. With the conductive coating on it, the microneedle patch could be used for
biopotential measurement with less pain and without much deformation to

microneedle.
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6.2 SCOPE FOR FUTURE WORK

Although microneedles were fabricated by micromachining and characterisation of
microneedles were carried out, following future work may be undertaken for further
improvisation.

e Performance of microneedles when used for longer duration.

e Performance of microneedles under dynamic conditions.

e Polymerisation of PMMA with higher power laser/light source using MSL.

e Nano-imprint lithography and micro-injection moulding as an option for volume
production of microneedle arrays.

e Biocompatible, UV curable and conductive polymer as a potential material for
microneedles.

e Biocompatibility tests: Microneedles made of PMMA are directly in contact with
human tissue. Hence, biocompatibility test is essential. There are three tests
essentially required to show that the material is biocompatible. The tests needed
are cytotoxicity as per 1SO 10993-5, Skin Sensitization Study as per ISO 10993-

10 and acute irritation/intracutaneous reactivity as per 1ISO 10993-10.
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APPENDIX |

Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 2N

Load 2N
Pitch 0.3 mm 0.4 mm 0.5 mm 0.6 mm 0.7 mm
Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Dia. Penetrati Strain Penetrati Strain Penetrati Strain Penetrati Strain Penetrati Strain
(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)
0.05 0.05521 | 0.039203 | 0.039541 | 0.02280 | 0.034209 | 0.02299 | 0.027108 | 0.01529 | 0.027168 | 0.018418
0.06 0.05442 | 0.037571 | 0.039241 | 0.02193 | 0.033435 | 0.02141 | 0.026433 | 0.01511 | 0.026656 | 0.017701
0.07 0.0544 | 0.038204 | 0.038788 | 0.02161 | 0.03344 | 0.02190 | 0.026193 | 0.01514 | 0.026108 | 0.017531
0.08 0.052276 | 0.033979 | 0.037751 | 0.01993 | 0.03236 | 0.01958 | 0.025347 | 0.01429 | 0.025059 | 0.015758
0.09 0.051867 | 0.032604 | 0.037236 | 0.01984 | 0.031335 | 0.02029 | 0.02494 | 0.01429 | 0.024811 | 0.016133
0.10 0.051772 | 0.032451 | 0.0374 0.02007 | 0.03115 | 0.02023 | 0.024832 | 0.01423 | 0.024741 | 0.016346
0.11 0.054103 | 0.029682 | 0.038643 | 0.01725 | 0.031595 | 0.03159 | 0.025386 | 0.01286 | 0.025042 | 0.015667
0.12 0.054362 | 0.029977 | 0.03868 | 0.01703 | 0.031592 | 0.01835 | 0.025886 | 0.01252 | 0.024772 | 0.015189
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 3N

Pitch 0.3 mm 0.4 mm 0.5 mm 0.6 mm 0.7 mm
Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Diameter | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain

(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)

0.05 | 0.082333 | 0.05733 | 0.059311 | 0.03420 | 0.051441 | 0.03439 | 0.040662 | 0.02294 | 0.040752 | 0.02762
0.06 0.081942 | 0.05611 | 0.058862 | 0.03289 | 0.050223 | 0.03202 | 0.039649 | 0.02267 | 0.039984 | 0.02655
0.07 0.082052 | 0.05691 | 0.058182 | 0.03241 | 0.05021 | 0.03279 | 0.039289 | 0.02271 | 0.039162 | 0.02629
0.08 | 0.077716 | 0.05015 | 0.056626 | 0.02989 | 0.048747 | 0.02914 | 0.038021 | 0.02144 | 0.037588 | 0.02363
0.09 0.077944 | 0.04864 | 0.055854 | 0.02976 | 0.046905 | 0.03050 | 0.03741 | 0.02143 | 0.037216 | 0.0242
0.10 0.077747 | 0.04856 | 0.0561 | 0.03011 | 0.046726 | 0.03035 | 0.037249 | 0.02134 | 0.037111 | 0.02451
0.11 | 0.081721 | 0.04580 | 0.057965 | 0.02587 | 0.047392 | 0.02843 | 0.037978 | 0.01936 | 0.037562 | 0.02350
0.12 | 0.081662 | 0.04483 | 0.05802 | 0.02554 | 0.047388 | 0.02752 | 0.038764 | 0.01883 | 0.037157 | 0.02278
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 4 N

Pitch 0.3 mm 0.4 mm 0.5mm 0.6 mm 0.7 mm

Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Dia. Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain

(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)

0.05 0.109769 | 0.07646 | 0.079083 | 0.04560 | 0.068588 | 0.04585 | 0.054216 | 0.03059 | 0.054337 | 0.03683
0.06 0.10918 | 0.07501 | 0.078483 | 0.04386 | 0.066869 | 0.04283 | 0.052865 | 0.03022 | 0.053311 | 0.03540
0.07 0.107982 | 0.07422 | 0.077576 | 0.04322 | 0.066117 | 0.04454 | 0.052386 | 0.03029 | 0.052215 | 0.03506
0.08 0.103619 | 0.06687 | 0.075502 | 0.03985 | 0.065008 | 0.03892 | 0.050694 | 0.02859 | 0.050117 | 0.03151
0.09 0.103733 | 0.06520 | 0.074471 | 0.03968 | 0.062539 | 0.04067 | 0.049879 | 0.02858 | 0.049622 | 0.03226
0.10 0.104088 | 0.06503 | 0.0748 | 0.04015 | 0.062301 | 0.04047 | 0.049664 | 0.02846 | 0.049481 | 0.03269
0.11 0.108965 | 0.06106 | 0.077285 | 0.03449 | 0.063189 | 0.03790 | 0.050639 | 0.02581 | 0.050083 | 0.03133
0.12 0.108882 | 0.05978 | 0.077359 | 0.03406 | 0.063185 | 0.03670 | 0.051684 | 0.02510 | 0.049543 | 0.03037
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 5 N

Pitch 0.3 mm 0.4 mm 0.5 mm 0.6 mm 0.7 mm
(mm)
Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Diameter | Penetrati Strain Penetrati Strain Penetrati Strain Penetrati Strain Penetrati Strain
(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)
0.05 0.13721 0.0955 0.09885 | 0.05700 | 0.08552 | 0.05749 | 0.06777 | 0.03824 | 0.06792 | 0.04604
0.06 0.13632 0.0937 0.0981 0.05483 | 0.08359 0.0535 0.06608 | 0.03778 | 0.06664 | 0.04425
0.07 0.13639 0.0951 0.09697 | 0.05402 0.0836 0.05476 | 0.06548 | 0.03786 | 0.06506 | 0.04395
0.08 0.13069 0.0849 0.09438 | 0.04982 | 0.08128 | 0.04857 | 0.06337 | 0.03574 | 0.06265 | 0.03939
0.09 0.13083 0.0816 0.09309 0.0496 0.07817 | 0.05084 | 0.06235 | 0.03573 | 0.06203 | 0.04033
0.1 0.12958 0.0809 0.0935 0.05019 | 0.07785 | 0.05056 | 0.06208 | 0.03558 | 0.06185 | 0.04086
0.11 0.13489 0.0746 0.09661 | 0.04312 | 0.07899 | 0.04738 | 0.06346 | 0.03217 0.0626 0.03916
0.12 0.1359 0.0749 0.0967 0.04257 | 0.07898 | 0.04588 | 0.06461 | 0.03138 | 0.06193 | 0.03797
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 6 N

Pitch 0.3 mm 0.4 mm 0.5mm 0.6 mm 0.7 mm

Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Diamete | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain
r(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)

0.05 0.16467 | 0.11467 | 0.11862 | 0.06841 | 0.10262 | 0.06900 | 0.08132 | 0.0458 0.0815 | 0.05525

0.06 0.16358 | 0.11246 | 0.11772 | 0.06579 | 0.10051 | 0.06395 | 0.0793 0.0453 | 0.07997 0.0531

0.07 0.16367 | 0.11415 | 0.11636 | 0.06483 | 0.09891 | 0.06701 | 0.07858 | 0.0454 | 0.07832 | 0.05259

0.08 0.15543 | 0.10031 | 0.11325 | 0.05978 | 0.09753 | 0.05829 | 0.07604 | 0.0428 | 0.07518 | 0.04727

0.09 0.15698 | 0.09802 | 0.11171 | 0.05952 | 0.09381 | 0.06101 | 0.07482 | 0.0428 | 0.07443 0.0484

0.1 0.15613 | 0.09756 | 0.1122 | 0.06023 | 0.09342 | 0.06067 | 0.0745 0.0426 | 0.07422 | 0.04903

0.11 0.16327 | 0.09189 | 0.11593 | 0.05174 | 0.09478 | 0.05686 | 0.07596 | 0.0387 | 0.07512 | 0.04700

0.12 0.16333 | 0.08972 | 0.11604 | 0.05109 | 0.09478 | 0.05505 | 0.07766 | 0.0375 | 0.07431 | 0.04556
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 7 N

Pitch 0.3 mm 0.4 mm 0.5 mm 0.6 mm 0.7 mm
Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Diameter | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain
(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)
0.05 0.19320 | 0.13383 | 0.13355 | 0.07428 | 0.11531 | 0.08294 | 0.09228 | 0.05784 | 0.08967 | 0.06202
0.06 0.19065 | 0.12905 | 0.13087 | 0.07072 | 0.11432 | 0.08111 | 0.09020 | 0.05353 | 0.08782 | 0.06018
0.07 0.18995 | 0.12663 | 0.13045 | 0.06847 | 0.1143 | 0.07755 | 0.08839 | 0.05306 | 0.08752 | 0.05921
0.08 0.18238 | 0.11540 | 0.12711 | 0.06429 | 0.10908 | 0.06879 | 0.08611 | 0.05059 | 0.08641 | 0.05258
0.09 0.18288 | 0.11090 | 0.12609 | 0.06285 | 0.11129 | 0.06805 | 0.08637 | 0.04925 | 0.08518 | 0.05337
0.1 0.1815 0.10994 | 0.12778 | 0.06322 | 0.11015 | 0.06512 | 0.08692 | 0.04965 | 0.08576 | 0.05212
0.11 0.18836 | 0.09991 | 0.13032 | 0.05738 | 0.11147 | 0.06367 | 0.08852 | 0.04655 | 0.08709 | 0.04993
0.12 0.1909 | 0.10253 | 0.12892 | 0.05499 | 0.10468 | 0.07110 | 0.08848 | 0.04602 | 0.08606 | 0.04893
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 8 N

Pitch 0.3 mm 0.4 mm 0.5mm 0.6 mm 0.7 mm

Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Diamete | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain
r(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)

0.05 0.21954 | 0.15292 | 0.15817 | 0.09120 | 0.13718 | 0.09170 | 0.10843 | 0.0611 | 0.10936 | 0.07306

0.06 0.21846 | 0.14979 | 0.15697 | 0.08772 | 0.13374 | 0.08566 | 0.10573 | 0.0604 | 0.10662 | 0.07080

0.07 0.21881 | 0.15177 | 0.15515 | 0.08644 | 0.13376 | 0.08761 | 0.10477 | 0.0605 | 0.10409 | 0.07033

0.08 0.20773 | 0.13333 0.151 0.07971 | 0.12966 | 0.07822 | 0.10139 | 0.0571 | 0.10023 | 0.06303

0.09 0.20932 | 0.13067 | 0.14894 | 0.07936 | 0.12508 | 0.08135 | 0.09976 | 0.0571 | 0.09924 | 0.06453

0.1 0.20946 | 0.12877 | 0.1496 | 0.08031 | 0.1246 0.08095 | 0.09933 | 0.0569 | 0.09896 | 0.06538

0.11 0.21769 | 0.12253 | 0.15457 | 0.06899 | 0.12638 | 0.07581 | 0.10154 | 0.0514 | 0.10017 | 0.06266

0.12 0.21776 | 0.11956 | 0.15472 | 0.06812 | 0.12637 | 0.07340 | 0.10337 | 0.0502 | 0.09909 | 0.06075
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 9 N

Pitch 0.3 mm 0.4 mm 0.5 mm 0.6 mm 0.7 mm
Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Diameter | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain
(mm) | on(mm) on (mm) on (mm) on (mm) on (mm)
0.05 0.24841 | 0.17206 | 0.1717 0.0955 | 0.14854 | 0.1066 | 0.11864 | 0.07437 | 0.11522 | 0.0796
0.06 0.24512 | 0.16593 | 0.16826 | 0.0909 | 0.14698 | 0.1042 | 0.11597 | 0.06884 | 0.11292 | 0.0773
0.07 0.24423 | 0.162/9 | 0.16772 | 0.0880 | 0.14696 | 0.0997 | 0.11366 | 0.06797 | 0.11255 | 0.0761
0.08 0.23451 | 0.1483 | 0.16347 | 0.0825 | 0.14006 | 0.0907 | 0.11081 | 0.06499 | 0.11127 | 0.0675
0.09 0.23513 | 0.14261 | 0.16184 | 0.0810 | 0.14267 | 0.0871 | 0.11142 | 0.06306 | 0.10929 | 0.0687
0.1 0.23335 | 0.14135 | 0.16298 | 0.0821 | 0.14151 | 0.0862 | 0.11159 | 0.06386 | 0.11027 | 0.0669
0.11 0.24218 | 0.12845 | 0.16715 | 0.0741 | 0.14332 | 0.0818 | 0.11382 | 0.05985 | 0.11198 | 0.0642
0.12 0.24544 | 0.13183 | 0.16576 | 0.0707 | 0.13458 | 0.0914 | 0.11376 | 0.05917 | 0.11094 | 0.0626
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Results of FEM analysis: Skin Penetration and Needle Strain for a Load of 10 N

Pitch 0.3 mm 0.4 mm 0.5mm 0.6 mm 0.7 mm
Base Skin Needle Skin Needle Skin Needle Skin Needle Skin Needle
Diamete | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain | Penetrati | Strain

r (mm) | on (mm) on (mm) on (mm) on (mm) on (mm)
0.05 0.27442 | 0.19115 | 0.19771 | 0.11401 | 0.17104 | 0.11499 | 0.13554 | 0.07649 | 0.1367 0.09133
0.06 0.27263 | 0.18745 | 0.1962 | 0.10966 | 0.16688 | 0.10739 | 0.13217 | 0.07557 | 0.13328 | 0.08850
0.07 0.27277 | 0.19028 | 0.19394 | 0.10805 | 0.16737 | 0.10932 | 0.13096 | 0.07572 | 0.13012 | 0.08791
0.08 0.25966 | 0.16667 | 0.18876 | 0.09964 | 0.16259 | 0.09714 | 0.12674 | 0.07149 | 0.12529 | 0.07879
0.09 0.26165 | 0.16333 | 0.18618 | 0.09920 | 0.15667 | 0.10145 | 0.12470 | 0.07146 | 0.12405 | 0.08066
0.1 0.26183 | 0.16096 0.187 0.10039 | 0.1557 0.10112 | 0.12416 | 0.07116 | 0.1237 0.08172
0.11 0.27241 | 0.15266 | 0.19322 | 0.08624 | 0.15797 | 0.09476 | 0.12693 | 0.06433 | 0.12521 | 0.07833
0.12 0.27221 | 0.14954 | 0.19340 | 0.08515 | 0.15796 | 0.09176 | 0.12921 | 0.06277 | 0.12386 | 0.07594

161




162



APPENDIX 11

PLOTS ON PENETRATION, STRAIN VS. BASE DIAMETER FOR APPLIED

LOADSOF2NTO 10N

0.0555

Load = 2N

Pitch = 0.3mm

0.040

0.0550

0.0545

0.0540

0.0535

0.0530 +

0.0525

0.0520

0.0515

0

\u/\

T T
—m— Penetration (mm)
—— Strain

- 0.038

r0.036

r0.034

0.032

- 0.030

0.028

Figure 10.1 Plot on Penetration, Strain vs. Base Diameter at 2 N Load for a Pitch 0.3 mm
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Figure 10.2 Plot on Penetration, Strain vs. Base Diameter at 2 N Load for a Pitch 0.4 mm
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Figure 10.3 Plot on Penetration, Strain vs. Base Dia. at 2 N Load for a Pitch 0.5 mm
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Figure 10.4 Plot on Penetration, Strain vs. Base Dia. at 2 N Load for a Pitch 0.6 mm
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Figure 10.5 Plot on Penetration, Strain vs. Base Dia. at 2 N Load for a Pitch 0.7 mm
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Figure 10.6 Plot on Penetration, Strain vs. Base Dia. at 3 N Load for a Pitch 0.3 mm
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Load = 3N Pitch = 0.4mm
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Figure 10.7 Plot on Penetration, Strain vs. Base Dia. at 3 N Load for a Pitch 0.4 mm
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Figure 10.8 Plot on Penetration, Strain vs. Base Dia. at 3 N Load for a Pitch 0.5 mm
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Load = 3N

Pitch = 0.6mm
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Figure 10.9 Plot on Penetration, Strain vs. Base Dia. at 3 N Load for a Pitch 0.6 mm

— T
0.04 005 0.06 O

07

— T
0.08 009 010 011

Base Dia (mm)

——
0.12 0.

13

Load = 3N Pitch = 0.7mm
T T T T T T T T T T T T T T T
0.0410 —m— Penetration (mm) I |- 0.028
| | —[1— Strain
0.0405 1
-0.027
0.0400 1
a]
0.0395 | - 0.026
]
0.0390 1
- 0.025
0.0385 a|
D/
-0.024
0.0380 - D/ 00
0
0.0375 7 ) '\ L 0.023
\l\./ \E
0.0370 1
— T T T T " T T T T T 0.022
0.04 005 006 007 0.08 009 010 011 012 013

Figure 10.10 Plot on Penetration, Strain vs. Base Dia. at 3 N Load for a Pitch 0.7 mm
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Load = 4N Pitch = 0.3mm
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Figure 10.411 Plot on Penetration, Strain vs. Base Dia. at 4 N Load for a Pitch 0.3 mm
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Figure 10.12 Plot on Penetration, Strain vs. Base Dia. at 4 N Load for a Pitch 0.4 mm
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Load = 4N Pitch = 0.5mm
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Figure 10.13 Plot on Penetration, Strain vs. Base Dia. at 4 N Load for a Pitch 0.5 mm
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Figure 10.14 Plot on Penetration, Strain vs. Base Dia. at 4 N Load for a Pitch 0.6 mm
169



Load = 4N Pitch = 0.7mm
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Figure 10.15 Plot on Penetration, Strain vs. Base Dia. at 4 N Load for a Pitch 0.7 mm
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Figure 10.16 Plot on Penetration, Strain vs. Base Dia. at 5 N Load for a Pitch 0.3 mm
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Load = 5N Pitch = 0.4 mm
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Figure 10.17 Plot on Penetration, Strain vs. Base Dia. at 5 N Load for a Pitch 0.4 mm
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Figure 10.18 Plot on Penetration, Strain vs. Base Dia. at 5 N Load for a Pitch 0.5 mm
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Pitch = 0.6 mm
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Figure 10.19 Plot on Penetration, Strain vs. Base Dia. at 5 N Load for a Pitch 0.6 mm
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Figure 10.20 Plot on Penetration, Strain vs. Base Dia. at 5 N Load for a Pitch 0.7 mm
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Load = 6N Pitch = 0.3 mm
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Figure 10.21 Plot on Penetration, Strain vs. Base Dia. at 6 N Load for a Pitch 0.3 mm
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Figure 10.22 Plot on Penetration, Strain vs. Base Dia. at 6 N Load for a Pitch 0.4 mm
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Load = 6N
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Figure 10.23 Plot on Penetration, Strain vs. Base Dia. at 6 N Load for a Pitch 0.5 mm
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Figure 10.24 Plot on Penetration, Strain vs. Base Dia. at 6 N Load for a Pitch 0.6 mm
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Load = 6N

Pitch = 0.7 mm
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Figure 10.25 Plot on Penetration, Strain vs. Base Dia. at 6 N Load for a Pitch 0.7 mm
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Figure 10.26 Plot on Penetration, Strain vs. Base Dia. at 7 N Load for a Pitch 0.3 mm
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Load = 7N

Pitch = 0.4 mm
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Figure 10.27 Plot on Penetration, Strain vs. Base Dia. at 7 N Load for a Pitch 0.4 mm
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Figure 10.28 Plot on Penetration, Strain vs. Base Dia. at 7 N Load for a Pitch 0.5 mm
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Load = 7N Pitch = 0.6 mm
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Figure 10.29 Plot on Penetration, Strain vs. Base Dia. at 7 N Load for a Pitch 0.6 mm
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Figure 10.30 Plot on Penetration, Strain vs. Base Dia. at 7 N Load for a Pitch 0.7 mm
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Pitch = 0.3 mm
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Figure 10.31 Plot on Penetration, Strain vs. Base Dia. at 8 N Load for a Pitch 0.3 mm
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Figure 10.32 Plot on Penetration, Strain vs. Base Dia. at 8 N Load for a Pitch 0.4 mm
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Load = 8N Pitch = 0.5 mm
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Figure 10.33 Plot on Penetration, Strain vs. Base Dia. at 8 N Load for a Pitch 0.5 mm
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Figure 10.34 Plot on Penetration, Strain vs. Base Dia. at 8 N Load for a Pitch 0.6 mm
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Load = 8N Pitch = 0.7mm
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Figure 10.35 Plot on Penetration, Strain vs. Base Dia. at 8 N Load for a Pitch 0.7 mm
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Figure 10.36 Plot on Penetration, Strain vs. Base Dia. at 9 N Load for a Pitch 0.3 mm
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Pitch = 0.4mm
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Figure 10.37 Plot on Penetration, Strain vs. Base Dia. at 9 N Load for a Pitch 0.4 mm
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Figure 10.38 Plot on Penetration, Strain vs. Base Dia. at 9 N Load for a Pitch 0.5 mm
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Load = 9N Pitch = 0.6mm
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Figure 10.39 Plot on Penetration, Strain vs. Base Dia. at 9 N Load for a Pitch 0.6 mm
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Figure 10.40 Plot on Penetration, Strain vs. Base Dia. at 9 N Load for a Pitch 0.7 mm
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Load = 10N

Pitch = 0.3mm

0-276 T T T T T T T T
0.274 4 —0— Strain 0.

4 \D/

] L] -

0.272 - —

A 0.18
0.270
0.268

E 0.17
0.266 O

4 \D
0.264 0

] 0.16
0.262 - - -

1 / [}
0.260 . ™~ L o0.15
0258 T T T T T T T T T T

0.04 0.05 0.06 007 0.08 009 010 0.11 0.12 0.13

Figure 10.41 Plot on Penetration, Strain vs. Base Dia. at 10 N Load for a Pitch 0.3 mm
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Figure 10.42 Plot on Penetration, Strain vs. Base Dia. at 10 N Load for a Pitch 0.4 mm
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Load = 10N Pitch = 0.5mm
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Figure 10.43 Plot on Penetration, Strain vs. Base Dia. at 10 N Load for a Pitch 0.5 mm
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Figure 10.44 Plot on Penetration, Strain vs. Base Dia. at 10 N Load for a Pitch 0.6 mm
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Load = 10N Pitch = 0.7mm
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Figure 10.45 Plot on Penetration, Strain vs. Base Dia. at 10 N Load for a Pitch 0.7 mm
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APPENDIX 111

Micro Needle Dimensions after Micro Machining

Measured Values of Micro Needle features

Row/Column 11 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 1,10
Tip Dia. pm 5.4 7 6.7 6 4.7 11.38 4.6 10.19 4.2 6.75
Base Dia. pm 115 118.3 115 114.5 114.4 115 113 112.5 115.6 113.4
Height pm 233 226.7 225.7 228 227.3 220 227 221.8 2214 223.8
Row/Column 2,1 2,2 2,3 2,4 2,5 2,6 2,7 2,8 2,9 2,10
Tip Dia. pm 8.46 7.16 10.11 15 5.2 6.3 16.8 2.1 10.15 7.6

Base Dia. pm 1151 113.4 114.9 113 114 112 114.5 112.6 114.3 115.3
Height pm 221.4 228.7 227.4 211 232 225 209.6 233 227 227.4
Row/Column 3,1 3,2 3,3 3,4 3,5 3,6 3,7 3,8 3,9 3,10
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Tip Dia. pm 8.8 7.5 10.54 14.7 2.56 6.33 9.3 8.4 9.277 8.43

Base Dia. pm 1125 116.8 1155 115.8 115.7 115.8 114.1 115 116.4 115.9
Height pm 223.2 225.2 209.5 212.5 229.4 232.5 223.3 216.1 220 224.9
Row/Column 4,1 4,2 4,3 4,4 4,5 4,6 4,7 4,8 4,9 4,10
Tip Dia. pm 9.35 8.4 8 3.8 6.3 10.12 5.54 7.1 16.8 18.1

Base Dia. pm 114.5 117 116.2 114.6 116.1 114.4 114.8 116 117.2 116.4
Height pm 226.3 221.6 233.9 231.9 226 221.4 235.1 223 211.3 214.8
Row/Column 51 52 53 5,4 5,5 5,6 5,7 58 59 5,10
Tip Dia. pm 7.6 8.1 6.3 4.7 15.81 10.95 5.8 8 3.4 16.43
Base Dia. pm 116.3 1171 1175 116.5 116.8 115.6 116.9 116.8 118.2 117.3
Height pm 227.8 222.3 226.5 231.8 231.4 219.4 230.1 225.6 236.1 211

Row/Column 6,1 6,2 6,3 6,4 6,5 6,6 6,7 6,8 6,9 6,10
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Tip Dia. pm 12.75 7.174 8.467 4.2 11.24 6.7 12.64 7.5 3.8 6.3

Base Dia. pm 115.5 117.4 116.2 117.6 114.9 116.5 115.4 114.4 117.5 114.7
Height pm 216.5 226.5 222.7 235.4 229.2 229.3 226.4 228.4 236.6 236.7
Row/Column 7,1 7,2 7,3 7,4 7,5 7,6 7,7 7,8 7,9 7,10
Tip Dia. pm 10.12 8.4 17.32 9.7 9.8 6.74 8.46 9.2 7.17 9.72
Base Dia. pm 117.3 114.9 117.6 115.9 117.5 115 116.6 117 116.4 116.9
Height pm 228.5 227.4 203 229.4 225.7 227 227.3 223.4 227 227.1
Row/Column 8,1 8,2 8,3 8,4 8,5 8,6 8,7 8,8 8,9 8,10
Tip Dia. pm 151 14.7 8 7.59 8 10.11 9.2 5.4 9.6 17.7
Base Dia. pm 1175 116.3 117.9 116.9 117 115.8 115.1 116 115.6 114.7
Height pm 214 211.7 225.4 228.8 229.3 225.8 226.8 227 227.5 215.6
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Micro Needle Dimensions after Micro Machining (Continuation)

Measured Values of Micro Needle features

Row/Column 91 9,2 9,3 9,4 9,5 9,6 9,7 9,8 9,9 9,10
Tip Dia. pm 8 11.8 3.8 5.9 9.3 6.3 8.8 8.8 8 24.47
Base Dia. pm 115.9 115.7 118.2 117.8 117.6 118.6 117.9 117.2 116.8 116.3
Height pm 232.5 2238 | 2332 | 2333 | 2295 | 233.6 | 2344 | 2257 | 228.7 | 201.7
Row/Column 10,1 10,2 10,3 10,4 10,5 10,6 10,7 10,8 10,9 10,10
Tip Dia. pm 7.5 17.29 3.3 7.5 5.4 7.1 11 8.9 9.2 12.6
Base Dia. pm 116.3 117 117.2 115 115.5 114 115.9 117.7 117.5 116.3
Height pm 230 2094 | 2375 | 2229 | 2339 | 2355 | 227.2 229.3 | 2355 224
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APPENDIX IV

Summary of Micro Needle Dimensions after Micro Machining

SI. No. Description Value
1 Tip Diameter, Minimum, pm 4.20
2 Tip Diameter, Maximum, pum 24.47
3 Base Diameter Minimum, pum 112.50
4 Base Diameter, Maximum, um 118.60
5 Height, Maximum, pm 236.7
6 Height, Minimum, pm 209.40
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