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ABSTRACT 

In this work, Silicon (Si) in-plane microneedles are designed for precise 

transdermal drug delivery and localized blood sampling with minimal invasion of the 

human tissue. A range of loading conditions acting on the microneedle is examined to 

ensure mitigation of crack initiation and propagation. In addition, a criterion is 

proposed for design of microneedle with optimized dimensional constraints that can 

withstand maximum forces based on theoretical models. The proposed formulation is 

then simulated using a commercial finite element simulation tool "ANSYS" . A novel 

fabrication process to realize these microneedles, along with integrated piezoelectric 

sensors (AlN) at various lengths has been proposed in this work. The surface 

micromachined piezoelectric sensors form an integrated force sensing feedback 

system. 

In this thesis, a novel theory-based model is proposed that predicts drift 

velocity of blood-flow through micro-channels fabricated within microneedles. The 

profile of blood flow in the microneedles is determined by solving the conservation of 

momentum equation of the liquid phase, coupled with the force balance equations. 

i i i 
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Chapter One: Introduction 

1.1 What is MEMS 

Micro Electro Mechanical Systems (MEMS) integrates of mechanical elements, 

sensors, actuators, and electronics on a common silicon substrate through micro-

fabrication technology. While the electronic components are fabricated using integrated 

circuit (IC) process sequences (e.g. CMOS, Bipolar, or BICMOS processes), the 

micromechanical components are fabricated using compatible micromachining processes. 

M E M S has been identified as one of the most promising technologies for the 21st century 

and promises to revolutionize nearly every product category by bringing together silicon-

based microelectronics with micromachining technologies, thereby making possible the 

realization of a complete lab-on-a-chip [1]. M E M S is truly an enabling technology 

allowing the development of smart products by augmenting the computational ability of 

microelectronics with the perception and control capabilities of microsensors and 

microactuators. 

Micromachining refers to a set of design and fabrication tools that involves 

precise machining and forming of structures or elements at a microscale. There are two 

main micro fabrication methods: bulk micromachining and surface micromachining. In 

the bulk micromachining method, the substrate is selectively etched and patterned to 

obtain the desired shape; while in surface micro machining, new structural or sacrificial 

layers are deposited and etched selectively to form the desired shape. 

A typical M E M S based microsystem consists of four main components: sensors, 

microelectronics, actuators, and mechanical elements. The sensors gather the 

information from the surrounding environment by measuring the mechanical, biological, 
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or chemical parameters of the process or system. This information is then fed to the 

"brain" or the integrated microelectronics, where the accumulated information gets 

processed and decisions are taken. The electronics then direct the actuators to respond by 

moving, vibrating, or regulating the mechanical elements to achieve the desired results. 

When M E M S devices are fabricated for pharmaceutical and healthcare 

applications, the devices are commonly called BioMEMS devices. The micrometer 

featured devices can be referred as microarray chips, microfluidic chips, lab-on-a-chip, 

micro total analysis systems (uTAS), biochips, or simply chips. These biochips make it 

possible to fabricate devices for massive parallel testing for drug delivery, small hand

held portable analyzers for point-of-care testing, and lightweight analyzers for use on 

space exploration missions where the weight is limited. 

1.2 Drug Delivery Methods 

Drug treatments require introducing a drug into the body (administration) so that 

it can mix with the bloodstream (absorption) and travel to the specific site where it is 

needed (distribution). Drugs can be taken by various routes, such as by mouth (orally), by 

injection, by inhalation, or by placing the drugs at specific locations [2]. Each route has 

specific advantages and disadvantages. 

1.2.1 OralRoute 

The oral route is a very common method in which the medication is given by 

mouth in the form of pills. Oral administration is the most convenient, usually the safest 

and the least expensive among the various drug administration methods. However, drugs 
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administered orally are absorbed from the gastrointestinal tract. To reach the blood 

circulation system, the drugs must pass first through the intestinal wall and then the liver. 

This long passage may chemically metabolize specific drugs and decrease their 

effectiveness. In addition, orally administered drugs may irritate the gastrointestinal tract 

and harm the lining of the stomach, causing ulcers. 

1.2.2 Injection Route 

Another common and also faster way of therapeutic administration is by injecting 

the drug directly into the bloodstream using a needle. Injection can be given by 

subcutaneous, intramuscular, or intravenous routes. When administering drugs by the 

subcutaneous route, a needle is inserted just under the skin. After being injected 

subcutaneously, the therapeutics move into small blood vessels and are then carried into 

larger bloodstreams. The subcutaneous route is used for many protein drugs, such as 

insulin, which would be otherwise digested in the gastrointestinal tract i f taken orally. 

The intramuscular route, which injects drugs beneath the muscular layer, is preferred to 

the subcutaneous route when larger volumes of a drug are being administered. 

Figure 1-1: Various Injection Routes [3] 
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As the muscles lie deeper than the skin, longer needles are used, which cause 

pain. In the intravenous route, a needle is inserted directly into a vein. The intravenous 

injection can be more difficult to administer than other injections. Fig. 1-1 shows the 

above mentioned injection routes [3]. 

1.2.3 SublingualRoute 

Some drugs are placed under the tongue (given sublingually) so that they can be 

absorbed directly into the small blood vessels lying beneath the tongue [4]. However, 

most drugs cannot be given this way because absorption is often incomplete and erratic. 

1.2.4 Inhalation 

Some drugs are inhaled in form of gases such as drugs used for anesthesia. These 

drugs travel through airways directly into the lungs, where they are absorbed into the 

bloodstream. This mode is used for very few drugs because inhalation must be carefully 

monitored to ensure that a person gets the right amount of drug within a specified time. 

1.2.5 Transdermal Route 

A drug delivery system that involves the application of a drug into the skin to 

achieve therapeutic effects is the transdermal drug administration route. Drugs pass 

through the skin and are directly absorbed into the human blood circulation system. The 

transdermal route is limited by how quickly the drug can move through the skin. Various 

methods have been developed to increase rates of transdermal transport with varied levels 
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of success. Chemical enhancers can increase permeability of skin to small molecules but 

also trigger skin irritation or other safety concerns, which limit their use. 

Arrays of microneedles promise to improve administration of existing medication, 

allowing development of new therapeutic compounds and opening the door for 

development of a fully automatic lab-on-a-chip microsystem for sampling biological 

fluids, analyzing the fluids, and creating controlled delivery of therapeutics in response to 

metabolite levels. 

1.3 Microneedles Needs and Advantages 

Many applications in BioMEMS are characterized by complex experimental 

protocols that need both sampling and insertion of biological fluids/drugs with minimal 

invasion of the tissue [5-7]. As discussed above, drugs can be taken by various 

conventional methods, such as the oral route, the injection route, inhalation, or by placing 

drugs at specific locations. However, these conventional methods have their own 

limitations, such as absorption from the gastrointestinal tract, or lead to infection or 

causes pain. 

One emerging option for drug delivery is the use of microneedles integrated with 

a total analysis system to address these limitations. The combination of these needles 

with micropumps and other devices can yield more sophisticated systems that can 

potentially deliver drugs or perform sample extraction in a more controlled manner. The 

primary motivation for the development of the microneedle is the need for needles that 

are economical to fabricate and are small enough to reduce insertion pain and tissue 

trauma. 
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Currently the smallest commercially used needles are 30-gauge or 31-gauge, 

indicating outer diameters of 305(im and 254 |j.m, respectively. These needles are 

manufactured by traditional machining methods that limit their diameter. Hence, 

reductions in the size of these conventional needles are difficult to achieve. Further, it is 

extremely difficult to design and fabricate complex micro-structures with traditional 

methods. 

As microneedles are defined lithographically, they can be designed for smaller 

size and geometry. Complex needle geometries such as 90-degree bends can be easily 

incorporated into microneedles. Small microneedle sizes, in the range of micrometers, 

allow the needles to be used easily and effectively for transdermal therapeutics 

administration. In addition, microneedles cause less compression of the contacting human 

tissues or pain receptors, thereby decreasing insertion discomfort. Moreover, the stress on 

the skin is inversely proportional to the skin surface area over which the insertion force is 

being applied. Therefore as the tip radii of microneedles decrease, the stress imposed on 

the skin surface increases, allowing lower insertion forces. Drug delivery into the patient 

by using these microneedles is independent of the drug composition and relies only on 

the drug absorption rate into the bloodstream. This absorption occurs at a much faster rate 

than permeation of a solution across the skin. Arrays of microneedles with multiple outlet 

ports allow the injection of different drugs/ fluids from the same device. 

1.4 Specific Applications of Microneedle 

Because microneedles allow compact, potentially portable, and precise delivery of 

therapeutics, they are well suited for any drug delivery system. A microfabricated 
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delivery module with integrated microneedles also allows more freedom in a patient's 

drug regimen. This section describes some of the vital areas of drug delivery that can 

benefit significantly from of the advent of microneedle-based systems. 

1.4.1 Diabetes 

Diabetes indicates a high glucose level in the blood. Blood contains a fixed 

percentage of glucose that is responsible for providing the energy required for the 

essential metabolic processes of the body. However, an increase in this glucose level is 

often undesirable for health. Glucose comes from food and is metabolized by insulin 

secreted by the pancreas. If the body fails to produce enough insulin or i f the insulin fails 

to achieve the desired effect, glucose cannot enter the cells and instead stays in the blood. 

This leads to a high blood glucose level, causing diabetes. Treatment for diabetes 

includes injecting insulin into blood using insulin shots or pumps. Over the long run, 

diabetes can lead to serious problems in the eyes, kidneys, nerves, and heart. Various 

implantable devices with feedback mechanisms for glucose monitoring and insulin 

release are being proposed currently. However, the sensor mechanisms in these 

implantable devices lack long-term stability. An effective alternative to implantable 

devices can be a minimally invasive transdermal monitor using microneedles. Diabetics 

normally monitor their blood glucose levels three to four times a day and use this 

information to determine how much insulin to deliver in an injection [8]. The amount of 

insulin released in the blood is controlled by getting feedback on the increased glucose 

level into the blood, so that it gets absorbed in the liver. Microfluidic devices and 

sampling through a microneedle allow a feedback loop between a sensor which monitors 
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the glucose levels in the body and a delivery module that can deliver insulin in a time 

varying fashion as needed. 

1.4.2 Chemotherapy 

Cancer is a disease that propagates through the cells. Human bodies consist of 

millions of cells, grouped together to form organs or tissues such as the lungs and the 

liver. Genes inside each cell coordinate its growth, work, reproduction, and death. 

Sometimes these cells might start growing abnormally and over a period, groups of these 

abnormal cells, also called cancerous cells, form lumps or tumors. Cancerous 

cells/tumors might spread to other parts of the body, which can be dangerous. Treatment 

of cancer by injecting drugs that destroy these affected cancer cells by inhibiting their 

growth is known as chemotherapy. Chemotherapy often consists of using more than one 

drug called combination chemotherapy [9]. Chemotherapy drugs work by interfering with 

a cancer cell's ability to divide and reproduce by itself. These affected cancer cells are 

damaged by this drug and eventually die. 

Unfortunately, chemotherapy drugs can also affect normal cells in the body, often 

causing unpleasant side effects. Because chemotherapy is toxic to both cancer and 

normal cells, the regimen and administration has to be carefully planned. Chemotherapy 

is usually administered intravenously, in which a fixed dose of drug is infused through a 

thin needle inserted into a vein. By delivering the chemotherapeutic agents continuously 

through a microneedle, the patient may receive continuous therapy over a longer period 

of time. This method could also lead to a lower dosage of the toxic drugs. 
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1.4.3 Vaccinations 

Currently there are many medications, such as the Hepatitis B vaccine, which 

require several shots over a period of time. Quite often, people receive the first or second 

shot but fail to return for subsequent shots. If a single device incorporating microneedles 

delivers a complete vaccination regimen over a period of time, a patient does not have to 

return to the doctor several times. 

1.5 Current Research in Microneedles 

In recent years, interest in the field of BioMEMS has increased immensely with 

special emphasis on production of high quality microfabricated microneedles. 

Microneedles are of two main types: 

1. In-plane microneedle 

2. Out-of-plane microneedle. 

For in-plane microneedles, the longitudinal axis of the microneedle is parallel to the 

wafer, whereas the microneedle is out-of-plane i f the longitudinal axis of the microneedle 

is perpendicular to the wafer. In-plane microneedles are much longer than out-of-plane 

microneedles but have low microneedle density. The out-of-plane needles have a higher 

microneedle density, are fragile i f made very long, and have the major problem of 

channel clogging. 

The following section discusses the different approaches used for fabrication of 

both in-plane and out-of-plane microneedles, each with their specific advantages and 

disadvantages. 
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1.5.1 Initial in-plane Microneedle Design 

Lin [5, 6] produced one of the first in-plane microneedles. To fabricate the 

microneedles, Lin combined surface micromachining with bulk micromachining 

techniques. In these needles, the microchannel runs along the complete length of the 

microneedle, and a silicon nitride shell forms the closed passage for fluid flow (Fig. 1-2). 

These channels running along the length make possible fluid delivery or chemical sensing 

of various blood components like red blood cell count, glucose level and so on. 

Figure 1-2: (a) shows the fabrication details Figure 1-2: (c) shows the tip of the 

for Lin microneedle [5,6] microneedle [5, 6] 
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In Lin's process, the wafers are selectively doped with boron to a depth of 12 mm. 

The heavily boron doped areas are not etched because boron acts as an ethylenediamine 

pyrocatechol (EDP) etch stop that defines the mechanical support silicon [5, 6]. A thick 

(8 mm) sacrificial phosphosilicate glass (PSG) layer is then deposited as a sacrificial 

spacer layer. A 2.5 mm thick silicon nitride shell is deposited over the spacer oxide. The 

sacrificial oxide is etched in a concentrated hydrofluoric acid (HF) bath opening the 

microchannel. Then, a timed EDP etch thins the undoped silicon substrate to 120 mm 

from the backside of the wafer. An etch hole defining the needle shape is opened on the 

topside of the wafer, and the silicon is further etched in EDP. This patterning step thins 

the support layer to 50 mm while at the same time releasing the needles. After this step, 

the microneedles still remain attached to the handle wafer by anchors to allow batch post 

processing. 

The needles are then separated by mechanically breaking anchor elements from 

the handle wafer. Lin also incorporated polysilicon line heaters to pump fluid down the 

shaft of the needle by bubble pumping. This process produced sharp, functional 

microneedles. However, there were a few complications that limited the viability of the 

process. The silicon nitride microshell used for the fluid transport was not mechanically 

robust, and the EDP release etch had to be so closely timed that yields were very low. 

Longer EDP etches caused a "cornering" effect that blunted the microneedle tips. 

1.5.2 Fabrication of Neural Recording Array 

While Lin was fabricating in-plane microneedles, Chen and Ken Wise were 

fabricating neural recording arrays with selective chemical delivery at the University of 
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Michigan [10]. Their microneedles were formed using a buried channel process in the 

silicon substrate combined with a dissolved-wafer process. The Wise process also used 

EDP because of its anisotropic etching capabilities and the availability of highly doped 

boron etch stop as shown in Fig. 1-3. First, the wafer was heavily doped with boron to a 

depth of 2 um. This doping with boron prevents the etching of the doped area because 

boron acts as an EDP etch stop. Then reactive-ion etching (RIE) was used to etch 2.5 um 

wide trenches down through the doped silicon to expose the undoped silicon beneath. The 

trenches were arranged as a row of closely fitted "chevron structures" down the length of 

the needle where the flow passage was intended to be. The wafers were etched in EDP, 

which etches only the undoped silicon at the bottom of the trenches. Because the EDP 

etched slowest along the <111> plane of the silicon, the etching undercut the patterned 

and doped regions and formed a continuous channel with a series of bridges above it. 

Figure 1-3: Fabrication Steps for Microneedle by Ken Wise [10] 
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A long boron diffusion step then doped the walls of the fluid channels to a depth 

of 15 um. The wafer was then thermally oxidized. The oxidation step caused a volume 

change and the bridges expanded to close the gaps between them. Next, an L P C V D layer 

of oxide was applied to seal the channel completely. At this point, further dielectric and 

metallization layers could be deposited. The wafer was then thinned from the backside 

with a wet isotropic silicon etch and then the final release was done in EDP. 

1.5.3 Surface Micromachined Metallic Microneedles 

As the interest grew in the M E M S based microneedles, newer materials were used 

to fabricate the needles. Bruno Frasier [11-15] fabricated surface micromachined hollow 

microneedles and provided metallic characterization for these microneedles. 

To begin, three films of metal—namely, the adhesion layer (Ti) to provide 

adhesion between the substrate and the overlying electroplating seed layer, the 

electroplating seed layer (Cu) to facilitate electroplating on the surface, and an overlying 

Figure 1-4: SEM micrograph of three needles in a five-needle array by Bruno -

Frazier [11] 
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protective layer (Cr) to prevent oxidation/contamination of the seed layer—were 

respectively deposited on the silicon substrate. 

Following this step, a 40 um thick photoresist layer was deposited and patterned 

to define the micro molds for the bottom wall of the microneedle. A 35 um layer of 

palladium was then electroplated into the micro molds. To form the microchannel in the 

microneedle, a 40um thick photoresist layer was deposited on palladium. 

A 1500 0 A gold layer, which served as an electroplated seed layer to form the top shell, 

was deposited. After sputtering, patterning a 30 um photoresist layer, which defined the 

micro mold for the top wall of the shaft and structural cross members of the microneedle 

array, 25 um of palladium layer was electroplated through the micro mold to form the top 

wall and the structural cross members as shown in Fig. 1-4. In the end, the microchannel 

was etched of photoresist layer, freeing the microneedle. This work focuses on the 

quantitative information on the various forces, such as the fracture force, buckling force, 

fluid force etc acting on microneedle while it is being inserted into human skin. These 

microneedles were tested for penetration forces and the buckling forces. A horizontal 

loading setup was used for the purpose of the penetration force and buckling force 

studies. The test platform consisted of a load cell connected to a rigid steel platform and a 

horizontal translator controlled by a micromanipulator which forced the needle against 

the load cell. The load cell could measure loads up to 500 g, which was interfaced with 

the Labview to obtain real time data. The skin penetration force was found by passing 

these microneedles through a skin-like material having Young's Modulus of 1.37 MPa. 
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Buckling tests were performed by forcing the needles of three different shaft 

lengths against a rigid metal surface. Fig. 1-5 shows the plot of buckling force versus the 

microneedle shaft length. 

500 1000 1500 
Length of trie needles ( rricrorreters) 

2000 

Figure 1-5: Buckling Force vs. length of microneedle [12] 

The penetration force was determined by forcing needles of different lengths and 

angles against a skin-like material as shown in Fig. 1-6 

Figure 1-6: Force acting on the microneedle on forcing through skin [12] 

1.5.4 Fabrication of Microneedles by using molded wafers 
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Here [18], molded microneedles were made by using patterned mold wafers. In 

this fabrication, a single silicon wafer was patterned on both sides instead of patterning 

two wafers separately, leading to tedious wafer-to-wafer alignment issues. 

7 V 7 V J 1 
1) The mold wafer is fabricated 

4) The po h'silicon is depo sited 

1 

T 1 
5) The external p o lysilira n is removed 

2 ) Aj i oxide release layer is deposited 

7 V 7 r j 
6) The needles are released in H F 

3) The w afei-s are bonded 
(no alignment necessary) 

Figure 1-7: Fabrication Steps for Molded Microneedle by Jeffrey Zahn [18] 

In the beginning, a double polished silicon wafer was wet oxidized at 100 0 C to 

grow 1 um of thermal oxide as shown in Fig. 1-7. The patterned oxide was then etched 

using reactive ion etching. Next, the wafer was coated with 0.3 um of low stress silicon 

nitride. The backside of the wafer was aligned and patterned to the needle design. In 

addition, the silicon nitride and oxide films were etched away using reactive ion etching 

(RIE) leaving a through hole mask. The through holes were etched with potassium 

hydroxide (KOH), and the nitride was then removed in phosphoric acid. The needle mold 

was etched using deep reactive ion etching (DRIE). The second bare silicon was then 

coated with 2 um of PSG and pressure bonded at 1000 0 C in nitrogen atmosphere. After 
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bonding, 4 um of polysilicon was deposited and mold was annealed. This deposition and 

annealing process continued until the desired film thickness was obtained [16-18]. This 

polysilicon which was also deposited on the outside of the mold, was subsequently 

removed by RIE. 

The theory for the evaluation of the strength of the microneedles, concentrating 

mainly on buckling and the bending forces was discussed. It was concluded that the 

transverse tip force is less than either the shear or buckling force, leading to bending 

force—the critical mode of failure of the microneedle. The flow characteristics in the 

microneedle were found to be laminar because the Reynolds number was much lower 

than the critical value of 2300 at which the fluid flow becomes turbulent. 

1.5.5 Microneedle design by Kumetrix Incorporation 

Kumetrix developed silicon microneedles designed to draw blood and perform 

chemical measurements [19]. Their microneedle was about the size of a human hair and 

was integrated with a microreservoir. Their system consisted of a hand-held, battery-

powered, electronic monitor similar to today's meters that hold a cartridge loaded with up 

to 10 disposable sampling devices. Each disposable system consisted of the microneedle 

and a reservoir into which the blood sample was drawn. 

To take a measurement, the cartridge was loaded into the monitor and pressed against the 

skin. This action caused the microneedle to penetrate the skin and draw a very small 

volume of blood, approximately 100 nanoliters, into the disposable needle. Chemical 

reagents within the microneedle reacted with the glucose in the sample to produce a 
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color. The monitor analyzed the color using a laser and then displayed the blood-glucose 

concentration. 

1.5.6 Fabrication of Hollow and Solid out-of-plane microneedles 

In this work [20, 21], out-of-plane microneedles were developed instead of in-

plane microneedles. These needles were long enough to cross the stratum corneum of 

skin and short enough not to touch nerves found in deep underlying tissues. Solid 

microneedles were made using a modification of the black silicon method: a reactive ion 

etching process in which SF6/O2 plasma etches silicon. First, chromium was deposited 

and patterned to achieve the desired array of microneedles. After deposition and 

patterning of circular chromium dots (50-80 um in diameter), the portion of the wafers 

not covered by these patterns was etched away. This process left arrays of sharp needles, 

as shown in Fig. 1-8. 

Figure 1-8: Array of solid microneedles by Mark Prausnitz [20] 

This microneedle array consisted of 400 needles 150 um in height, 80 um in base 

diameter, spaced 150 um apart to cover a surface area of 9 mm. When inserted into 

human skin, the microneedle array dramatically increased the skin permeability, which 

was tested by transporting calcein or bovine serum albumin (BSA) across the human skin 
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as shown in Fig. 1-9. This figure shows that skin permeability increased by 25000 times 

after leaving the array in the skin for 1 hour. 

BeedIes i n s e r t e d r e m o v e d 

Figure 1-9: Skin permeability testing [21] 

However, this microneedles array was not strong enough to withstand the skin 

penetration force acting on it. 

1.5.7 DRIE fabrication method for microneedle 

To overcome the shortcoming of the reduced strength of Mark's microneedles, 

Boris redesigned these microneedles so they had larger base diameters and also to inject 

drugs painlessly under the stratum corneum. 

Figure 1-10: Array of microneedles fabricated by Boris [22] 
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These microneedles had pointed tips so that they could easily penetrate human 

skin and were strong enough to withstand the lateral forces acting on them during 

insertion. The fabrication was a two-way process. First, a double polished single crystal 

silicon wafer was coated with 6um thick silicon dioxide layer. The oxide layer on the 

backside of the wafer was patterned with holes of 40 um diameter to form the 

microchannels. The channels were defined through deep reactive ion etching (DRIE) all 

the way through the wafer stopping on the upper oxide layer. Silicon nitride was 

deposited, patterned, and etched to protect this newly formed channel [22, 23]. The top 

oxide layer of silicon dioxide was now patterned to form disks having diameters of 425 

um. This patterned mask was then underetched, using SF6 plasma to depth of 150 um. 

Then, isotropic etching was carried out for another 50 um to complete the etching process 

while smoothing the rough surface formed during SF 6 plasma etches. Finally, the layers 

of silicon dioxide and silicon nitride were removed to obtain the final microneedles as 

shown in Fig. 1-10. 

1.5.8 Side opened out-of-plane microneedle 

In Patrick's microneedles [24], the openings for transdermal drug delivery were 

on the sides of the microneedle rather than the tip of the needle as shown in Fig. 1-11(a) 

and Fig. 1-11(b). The size of the side openings could be controlled through process 

parameters. The area of drug exposure was increased for a side opened microneedle and 

had less clogging problems than the previous microneedles. The fabrication of these 

needles was based on a triple DRIE process. A circular high aspect ratio hole was etched 

into the backside of the wafer using a silicon dioxide mask by the DRIE process as shown 
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in Figs. l-12(a) and l-12(b). A Si02 cross shaped mask then was aligned to the hole on 

the front side of the wafer with the diameter of hole being smaller than the diagonal of 

the cross mask as shown in Fig. l-12(c). A first isotropic ICP step underetched the SÌO2 

front mask and was followed by an anisotropic ICP step to create vertical walls without 

any side openings as shown in Fig. l-12(d). The subsequent isotropic etch decreased the 

cross sectional area to form pointed needle tips, without altering the angle of the 

sidewalls, thus creating side openings in the walls as shown in Fig. l-12(e). If a 

microneedle with no side slits was desired, another anisotropic plasma etching was 

performed, which resulted in a side hole placed above the needle base as shown in Fig. 1 -

12(f). The top mask was then removed by wet oxidation to get the final structure. 

Figure 1-11: Side opened microneedles [24] 



Figure 1-12: Steps for fabricating Patrick's side opened microneedle [24] 
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1.6 Thesis Outline 

Keeping in mind the abovementioned difficulties with the conventional drug 

delivery methods, Si in-plane microneedles were designed for precise transdermal drug 

delivery and localized blood sampling with minimal tissue invasion. To ensure that 

cracks do not occur, the fracture strength had to be much higher than the stress induced 

by the forces acting on the microneedle. Here silicon was used as the material for 

fabrication of the microneedle because of its high mechanical strength. As silicon is 

brittle in nature, crack initiation and propagation had to be mitigated. A performance 

analysis was carried out to validate the proposed design approach for different 

microneedle geometries and sizes. The proposed formulation was then simulated using a 

commercial finite element simulation tool " A N S Y S . " 

A novel fabrication process to realize the microneedles, along with integrated 

piezoelectric sensors of Aluminium nitride (AlN) at various lengths, has been proposed. 

The surface micromachined piezoelectric sensors form an integrated force sensing 

feedback system for the insertion of the microneedle inside human skin. 

Fluid modeling for the delivery of drugs or blood sampling has also been 

formulated for vertical microneedles. In this work, a novel theory-based model is 

proposed that predicts drift velocity of blood-flow through microchannels fabricated 

within microneedles. The profile of blood flow in the microneedles is determined by 

solving the conservation of momentum equation of the liquid phase, coupled with the 

force balance equations at the liquid-air interface. The proposed model can be easily 

extended for calculating the velocity profile for different shapes of both microchannels 

and microneedles. 
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In this chapter, emphasis is given on the design and fabrication of microneedles 

along with numerous advantages and applications of microneedles. The issues in the 

delivery of therapeutics by conventional methods such as the oral route are discussed and 

underline the need for alternative efficient drug delivery methods. One such advanced 

alternative method is the use of microneedles to insert drugs into the dermis layer of 

human skin. This method ensures the rapid absorption of therapeutics into the human 

circulatory system. Many potential applications of microneedles in different areas of 

medicine have been highlighted, such as use for the treatments of diabetes, cancer, and 

delivery of therapeutics and vaccinations. 

Chapter 2 covers the basics of human skin structure, explaining the different 

human skin layers and their properties. Various blood components along with the 

rheology of blood flow are also briefly discussed. 

In Chapter 3, special emphasis has been given on deriving optimal 

design/dimension criteria of in-plane microneedles. Various different modes of loading 

the microneedle are considered to examine the strength of the microneedle. A systematic 

comparison is presented between the different shapes of the microneedles, which include 

rectangular, square, and circular microneedles. A n integrated sensor design for sensing 

the skin resistance at different depths inside the tissue is proposed. These theoretically 

obtained mechanical properties of microneedles are then verified using a commercial 

numerical simulator, A N S Y S . 

In Chapter 4, fluid modeling for the delivery of drugs or blood sampling is 

formulated for vertical in-plane microneedles. In this chapter, a novel theory-based model 

is proposed that determines the drift velocity of blood-flow through microchannels 



25 

fabricated within the microneedles. These theoretically predicted blood flow velocities 

are also verified using A N S Y S in the later part of the chapter. 

Chapter 5 describes the process steps for fabricating microneedles. A Si-Si fusion 

bond is used to hold the two halves, namely the top and bottom part of the microneedle, 

together. This design also makes provision for fabricating the c- axis piezoelectric A l N 

layer to form the integrated sensor design. Towards the end, the fabrication process is 

demonstrated stepwise, using the C A D for the M E M S software Intellisense. 

The conclusions and a comprehensive summary are presented in Chapter 6 along 

with possible directions for future research to extend this work. 
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Chapter Two: Human Anatomy 

To sample human blood and deliver fluids into the human system, it is essential to 

have a basic knowledge of the skin structure in addition to human blood components and 

a flow model. This information plays a key role in the microneedle design. 

2.1 Human Skin Structure 

A layer of skin, which presents a tough but flexible barrier to the exterior, covers 

the entire surface of the human body [25] as shown in Fig. 2-1. 
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Figure 2-1: Skin Structure [25] 
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It serves as a protective blockade preventing internal tissues from exposure to 

ultraviolet radiation, temperature variations, and toxins, and also acts as defense 
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mechanism against harmful chemicals and viruses [26]. It also provides the capability of 

sensing the surrounding environment and controls excessive body fluid loss. The skin is 

richly supplied with nerves, which are constantly exchanging information about the 

environment to the central nervous system. Some areas, such as the fingertips, are much 

richer in nerve endings and are consequently more sensitive than other regions. 

The skin is an ever-changing organ that changes with age as the outer dead layers 

of cells are shed and replaced by new inner layers [25-29]. Skin also varies with an 

individual's sex and location. 

The human skin is divided into two main regions, the epidermis and the dermis, 

each providing a distinct role in the skin's overall function. The dermis is attached to an 

underlying hypodermis, also called a subcutaneous tissue. 

2.1.1 Epidermis 

The epidermis, the outermost layer of the skin, is a cellular layer that varies in 

thickness from 0.07mm to 0.12mm [28]. The epidermis provides the first protective 

barrier or defense mechanism between the human body and the outside environment and 

prevents invasion by foreign materials. It also acts as a waterproof layer to prevent 

excessive loss of bodily fluids. This layer contains melanocytes, which produce melanin, 

the brown pigment responsible for the skin color. The epidermis contains no blood 

vessels and is supplied with blood, oxygen, and other nutrients by the underlying dermal 

layer of the skin. 
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2.1.2 Dermis 

At the bottom of the epidermis lies a very thin membrane, called the basement 

membrane, which attaches the epidermis firmly to the layer below called the dermis. This 

dermal layer is abundantly supplied with blood vessels, nerves, hair roots, and sweat 

glands. The dermis also varies in thickness depending on the location of the skin. The 

primary function of the dermis is to sustain and support the epidermis. It provides 

oxygen and nutrients through the blood to the living part of the epidermis and also 

removes the waste products of metabolism from the epidermis. The mechanical 

properties of the skin reflect the behavior of the dermis. 

2.1.3 Subcutaneous Tissue 

Below the dermis lies a layer of fat called subcutaneous fatty tissue. The depth of 

this layer differs from person to person. It contains larger blood vessels and nerves, and it 

is made up of clumps of fat-filled cells called adipose cells. One of the functions of this 

fatty layer is to act as insulation to conserve body heat and also as a shock absorber. 

2. 2 Human Blood Composition 

Microneedle channel dimensions depend on the mechanical properties of blood 

flow along with a detailed knowledge of its components size. Blood is a living tissue that 

makes life feasible and contains many enzymes and hormones. While coursing through 

the vessels, blood transports oxygen and carbon dioxide, delivers essential elements, and 

removes harmful wastes [29-32]. Blood also acts as a defense mechanism against 

infections. Normally, 7-8% of the human body weight is blood. Human blood consists of 
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a suspension of cells in an aqueous solution of electrolytes and non-electrolytes, which 

are produced in the bone marrow. The bone marrow is the spongy material inside the 

bones that produces about 95 percent of the body's blood cells, which consist of red cells, 

white cells, platelets, and plasma. About 55% of blood is plasma and 45-50% is formed 

elements. The formed elements consist of 95% Red Blood Cells (RBCs), 0.13% White 

Blood Cells (WBCs), and 4.9% platelets [33]. 

2.2.1 Red Blood Cells (RBCs) 

The red blood cells are the major part of the formed elements. Bi-concave shaped 

RBCs consist of protein chemical called hemoglobin, which gives it the red color [34]. 

Hemoglobin, which makes up 95% of red blood cells, contains iron that enables 

transportation of oxygen from the lungs to all the body's living tissues and carries away 

carbon dioxide and other waste material from human tissues [34-36]. Over time, the 

RBCs get worn out and eventually die. The average life cycle of an RBC is 120 days. 

RBCs are continuously being produced in the bone marrow to replenish the supply. They 

are small and number about 5 million/mm3. The average diameter of R B C is 7.65 um 

with a maximum thickness of 2.84 um, a minimum thickness of 1.44 um, and an average 

volume of 97.9 um 3 [33, 37]. The biconcave shape has a larger surface area than does a 

spherical shape to facilitate efficient gas transfer. 

2.2.2 White Blood Cells (WBCs) 

The primary function of white blood cells, or leukocytes, is to fight infection. 

WBCs form the defense mechanism of human body. There are several types of WBCs, 
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and each has its own role and way of fighting bacterial, viral, fungal, and parasitic 

infections. Some WBCs produce protective antibodies that overpower the germs while 

others surround and devour the bacteria. The WB C diameter ranges from 7 to 20 um. 

WBCs can move in and out of the bloodstream to reach all organs. Blood contains fewer 

WBCs than RBCs, although their number increases during infections. The life span of 

WBCs vary from a few days to months. New WBCs are constantly being formed in the 

bone marrow. The normal WBC count is 5000-8000/ mm 3 of blood, which is much less 

than that of RBCs. 

2.2.3 Platelets 

Blood platelets are sticky, irregularly shaped, colorless bodies present in blood 

that help to stop bleeding by forming blood clots when blood is exposed to air. When a 

blood vessel breaks, platelets gather around the wound and seal it. The mineral calcium, 

vitamin K , and a protein called fibrinogen help the platelets in forming a clot. Platelets 

live for about 9 days and are constantly replaced by new ones formed in the bone 

marrow. These are much smaller than RBCs and WBCs and number from 250000 to 

300000/mm3 of blood. 

2.2.4 Plasma 

Blood plasma is straw-colored, clear liquid constituting 90 percent water, which 

occupies 55% of the blood volume. It is the medium that carries the red cells, white cells, 

and platelets. Plasma is a dilute solution containing three major types of proteins: 

fibrinogen (helps in clotting), globulin (carriers of lipids), and albumin (maintains total 



31 

colloid osmotic pressure). It has been established by experiments that plasma is a 

Newtonian fluid while blood is non-Newtonian. 

2.3 Rheology of Human Blood 

It is important to understand the mechanism of blood flow through different blood 

vessels to formulate the blood flow equation through microneedles. Rheology is the study 

of the deformation and flow of a liquid. A fluid gets deformed when external forces are 

applied to it. The fluid is considered to be flowing i f the degree of deformation changes 

continuously [38]. 

2.4 Characteristics of Human Blood Flow through Microvessels 

To characterize the flow of blood, we need to study the viscoelastic properties of 

human blood flow [37]. The viscosity of blood decreases with an increase in the shear 

rate [37-42]. Also, at very low shear rates, the apparent viscosity of blood increases, and 

a certain minimum shear force is required to initiate blood flow. 

In blood vessels of very small diameter, apparent viscosity is very low. This is 

called the Fahraeus effect and it occurs from the rotation of blood cells through the 

vessel. Because of this spinning, they tend to move towards the center of the blood 

vessel; hence, a cell-free layer, referred to as the plasma skimming layer, forms near the 

wall. This layer leads to the formation of a layer of blood immediately next to the blood 

vessel wall, devoid of RBCs. In the case of large blood vessels like arteries, blood 

behaves like a homogeneous fluid. However, in the human body, there are also blood 

vessels whose diameter is about the same as that of the RBCs, called the capillary blood 
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vessels in which blood behaves as a heterogeneous fluid. When blood flows through 

capillary vessels, the RBCs have to be squeezed and deformed and moved in a single 

line. Because of the small size of capillaries, a number of complications, such as 

interaction among RBCs, interaction between the RBCs and the endothelial cells, the 

flow of fluid across the boundary of the blood vessels occurs. A l l these phenomena 

increase the apparent viscosity of blood and reduce the flow rate. Accordingly, to avoid 

unnecessary reduction in blood flow rate, the diameter of the channel in a microneedle 

has to be much larger than the diameter of RBCs, which generally varies from 4 to 10 

um. 

2.5 Conclusion 

This chapter covered the concepts relating to human anatomy. Different layers 

constituting the human skin and their properties have been examined. The various 

components of human blood—namely, RBCs, WBCs, platelets and plasma—were 

described to give an idea of their size, shape, and unique functions. The rheology of 

blood through microvessels was also studied. This study was necessary to determine the 

dimensions of the microneedle and of the microchannel running along the length of the 

microneedle. 
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Chapter Three: Proposed Optimal/Feasible Dimensions of Microneedle1 

3.1 Introduction 

Sizes of microneedles range on the order of micrometers, which are comparable 

to that of human cells. However, microneedles' small dimensions make them more prone 

to breakage, which can be very dangerous for the safety of patients who are operated on 

with microneedles. The primary aim of examining the strength of the microneedle is to 

ensure that it will withstand all the forces acting on it, exerted both from outside as well 

as from inside the human body. 

Conventional needles are made from stainless steel, which can undergo plastic 

deformation [5, 6]. Microneedles, in contrast, are made of silicon, which is a brittle 

material. Silicon is used as the material for fabricating microneedles as it has been used 

for fabricating integrated chips (IC) [44], which led to the development of advanced 

microfabrication tools and technology for making electronic components of it. Also, 

Young's modulus for silicon is 169 GPa with a yield strength of 7GPa, which is much 

higher than other materials like Aluminum which has Young's Modulus of 47 MPa and 

yield strength of 124 MPa. The limiting factors in using silicon are crack initiation and 

propagation. Once a crack is initiated, its propagation is almost assured because of the 

brittle nature of silicon. Hence, it is necessary to prevent crack initiation in the first place 

[16]. Keeping this limitation in mind, extensive calculations on the strength of the 

microneedles are emphasized. The next section presents a brief review of the different 

1 A portion of this chapter has appeared in [1] P. Aggarwal and C.R. Johnston, "Geometrical effects in mechanical 
characterizing of microneedle for biomedical applications", Proceedings of Nanotechnology Conference and Trade 
Show, Boston, M . A . , March 2004, pp. 332-335 and [2] P. Aggarwal and C.R. Johnston, " M E M S based microneedles 
for biomedical applications", J. Sensors and Actuators B, Vo l . 102(2004), pp. 226-234 
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mechanical forces that act on the microneedle, along with the description of the 

piezoelectric effect. 

3.1.1 Mechanical Strength 

Mechanical strength computations play a major role in the design of Si in-plane 

microneedles. There are six main loading conditions that have to be taken into 

consideration when determining the optimum geometry of the microneedles [5, 6, 46]. 

3.1.1.1 Compressive Force 

The microneedle penetrates the human skin for a short period of time under 

compressive tip force. This compressive force acts along the axial direction as shown in 

Fig. 3-1. The maximum compressive force that the microneedle can withstand without 

breakage is given by 

where <yy is the yield strength of silicon (7 GPa), and A is the cross sectional area of the 

microneedle. The microneedle is assumed to be fixed at one end and completely free to 

move on the other end. 

F 1 3.1 

Fixed end of the Microneedle 
Microneedle 

Compressive Force 

Figure 3-1: Application of the Compressive force 
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3.1.1.2 Buckling Force 

Buckling occurs when the microneedle is inserted into the human skin. The 

microneedle might buckle and break i f the microneedle's moment of inertia is not high 

enough relative to its length. To calculate the maximum buckling force, the microneedle 

is modeled as a cantilever beam with one end fixed and the other free, with an end 

condition constant, C, equal to 0.25 [5,45]. 

The maximum Euler's buckling force that a microneedle can withstand without 

breaking is given by the following equation: 

F = 9ÉK 32 

where £ = 1 6 9 GPa represents the Young's modulus of silicon, I is the moment of inertia 

in m4 for different geometries/shapes (circular, rectangular, square) as stated in Table 1, 

and L is the length of the microneedle in meters. 

Table 3-1: Moment of Inertia for different types of Microneedles 

Sr. No. I Type of Microneedle Moment of Inertia 

1 Circular Microneedle a TTD4-TTd4 

64 

2 Rectangular Microneedleb BH3-Oh3 

12 

3 Square Microneedle c H4-h4 

12 

a D is the outer diameter; d is the inner diameter of the microchannel running along the length of the microneedle. 
b B and H are the width and height of the microneedle, respectively, while b and h are the width and height of the 
microchannel in the microneedle. 
c H is the dimension of the microneedle while h is the dimension of the microchannel embedded in the microneedle. 
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The direction in which a buckling force acts on the free end of the microneedle is shown 

in Fig. 3-2. 

Fixed End of Microneedle 

Buckling Force 

Figure 3-2: Application of the Buckling force 

3.1.1.3 Free Bending Force 

In an ideal situation, a microneedle would experience only axial force while being 

inserted; hence, the bending force can be assumed to be negligible. However, in reality, 

there is a chance that the needle would experience a bending moment generated by lateral 

movements between the tissue and the needle, which occur at the very beginning of 

insertion. For a cantilever beam having a longitudinal plane of symmetry subjected to a 

bending moment M for a given cross section, the normal stress acting on the longitudinal 

beam, a, at a distance y from the neutral axis of the cantilever [5, 45] is given by 

My 
CT = — - 3.3 

I 

where I denotes the moment of inertia of the cross sectional area about the neutral axis. 

The maximum bending stress occurs at the outermost edge of the cantilever where 

y is replaced by c. Now, by substituting the bending moment, M, with the product of tip 
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force, F, and microneedle length L, we obtain the maximum free bending force as 

follows: 

F MaxFreeBend cL 
3.4 

Fixed End of Microneedle Free Bending force 
Microneedle I 

Figure 3-3: Application of Free bending force 

The direction of free bending force acting on the free end of the microneedle is 

shown in Fig. 3-3. 

3.1.1.4 Constrained Bending Force 

When the microneedle has pierced the skin, it can no longer move freely in the 

lateral direction, and it will experience a constrained movement leading to the 

constrained bending force as shown in Fig. 3-4. The equation for the maximum 

constrained bending force is given by 

F 1 MaxConstrainedBend 

IcyyI 

cL 
3.5 
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Fixed End of Microneedle Fixed End of 
Microneedle Microneedle 

/ I <Gfc 

Figure 3-4: Application of Constrained bending force 

3.1.1.5 Shear Force 

When the microneedle is fully inserted into the skin, a relative perpendicular 

movement between the base of microneedle and the human tissue may occur, leading to 

shear force as shown in Fig. 3-5. The maximum shear force that the microneedle can 

withstand is calculated using the following equation: 

3.6 

Figure 3-5: Application of Shear force 

3.1.1.6 Skin Resistance 

When the microneedle is inserted into the human body, the skin also offers 

resistive forces on it. The microneedle has to be strong enough to withstand these forces. 

The resistance offered by skin before it is punctured, is given by the equation 
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Skin Piercing ^ • ' 

where Ppiercmg is the skin piercing pressure of 3.18MPa, and A is the cross sectional area 

of the microneedle. Once the skin is punctured, this force falls down drastically as the 

piercing pressure decreases from 3.18 MPa to PPost-Punctured pressure of 1.6 MPa [47, 48]. 

After the skin is pierced, the only force that acts on the microneedle is the frictional force 

from any tissue clamping the needle. 

3.1.2 Piezoelectric Sensing 

Piezoelectricity literally means pressure electricity. Certain crystals develop 

electric polarization, i.e. charges on their surface, when a mechanical stress is applied on 

them. The magnitude of this induced charge is linearly proportional to the applied stress. 

This phenomenon of inducing charge is called the direct piezoelectric effect [49-51]. 

These materials also undergo the converse piezoelectric effect, i.e. a change in 

dimensions, in response to the application of an electric field. The applied stress or force 

on a piezoelectric crystal deforms the crystal and displaces the centers of positive and 

negative charge. Hence, piezoelectricity occurs from the displacement of ionic charges in 

the sample as shown in Fig. 3-6, leading to polarization and induction of the electric field. 

However, i f the distribution of the induced ionic charges is symmetrical, it gives rise to 

zero polarization and a zero field. Thus, it follows that a material will be piezoelectric 

only i f it unsymmetrical. In addition to having the proper formulation, the piezoelectric 

material must be subjected to a high electric field for a short period of time to force the 
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randomly oriented these micro-dipoles or individual ionic charges into alignment. This 

alignment by application of high voltage is called poling. 

;• If-: ••• *-

Figure 3-6: Piezoelectric charge induction [49] 

The accumulation of charge, Q, in the material is given by the following 

expression: 

Q =dF 3.8 

where F is the force in Newton and d, represented by a 3x3 matrix, is the piezoelectric 

charge sensitivity coefficient in CVN. This piezoelectric constant d (for A l N dzx is 

2.5pC/N) couples the mechanical and electrical effects, which can be expressed as in 

terms of D/a (electric displacement/stress), Q/F (charge/force), or S/s (strain/electric 

field). Let the force along the X axis produce charges along the X , Y , and Z axes denoted 

as d x x , d y X and d Z X ; respectively. 

Now, according to the charge equation, 

Qz=CV2 3.9 

S £ A 
Substituting C = r ° z in equation 3.9, we get 

z 
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Q1 = 
s e AV 

r o z z 3.10 

where er is the relative permittivity of the piezoelectric material ( for A l N = 10.7), s0 is 

the permittivity of air, z is the thickness of the piezoelectric material ( for A l N = 1 jam), 

A, is the area of the electrodes, and Vz is the voltage. 

Fx 

Figure 3-7: Direction of applied force and induced voltage 

Here as shown in Fig. 3-7, the direction of induced voltage of the piezoelectric material is 

in the Z direction and the force is being applied along the X direction. Hence, equation 

3.8 becomesQz = UzxFx. Now, equating equations 3.8 and 3.10, we get 

d F = 
-V V 

s.sAV. 

or 3.11 

V. = 
^rS0Az 
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3.2 Microneedle Breaking Strength Computation 

Microneedles may be used for obtaining precise blood samples, which are very 

helpful in diagnosing diseases or investigating drug efficiency. To make microneedles 

safe enough to deliver or sample blood, the different mechanical forces acting on it are 

studied. The constraints for minimal microneedle dimensions, force withstanding 

capabilities, and their inverse relations are the main design issues for the selection of the 

proposed microneedle dimensions. The design issues consider the influence of 

mechanical forces or modes of loading the needle during insertion into human skin. 

600 |jm 

300 pm 

Figure 3-8: Dimensions of the Microneedle 

Fig. 3-8 shows a cut-away view of an in-plane microneedle showing the embedded 

channel running along its length. 

The length of our proposed M E M S based in-plane microneedle has been set at 

600um to facilitate withdrawal of blood samples from the capillaries in the dermis layer, 

which occurs at a distance of 500 to 2000 um below the skin surface [28]. These 

microneedles are long enough to withdraw sufficient bodily fluids from the dermis layer, 

yet are small enough not to puncture pain-causing nerves present in deeper layers. For a 
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rectangular microneedle, the width and thickness are chosen as 90 um and 120um, 

respectively, to ease fabrication of microneedles while satisfying minimal dimension 

criteria. The microchannel thickness is chosen to be 35 um, which will be explained in 

detail in Chapter 4. 

As mentioned in Section 3.1, there are several possible modes of loading 

microneedles, among which bending and buckling force are the two most important. 

Therefore, we will discuss them in detail in this section. Values of maximum free 

bending and buckling forces, determined by substituting the proposed dimensions of the 

microneedle into equations 3.2 and 3.3, are listed in Table 3-2. Here, the cross sectional 

area of the microneedle is kept constant at 9575 um 2 for different geometries of 

microneedles. Substituting this cross sectional area into equation 3.7, the skin penetration 

force obtained is 0.0305 N while the maximum bending or buckling forces are much 

higher as shown in Table 3-2, thereby making the design sufficiently strong. For the same 

area, the circular microneedle is designed with a radius of 65.38 um, whereas the 

dimension of the square microneedle used is 104 um (thickness). 

Table 3-2: Maximum Buckling and Free Bending Forces for Microneedles 

Sr. No. 
Type of 

Microneedle 

Maximum Buckling 

Force (N) 

Maximum free 

Bending Force (N) 

1. 
Rectangular 

Microneedle 
14.851 N 2.49 N 

2. 
Square 

Microneedle 
11.135N 2.159N 

3. 
Circular 

Microneedle 
15.232 N 4.698 N 
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3.3 Comparison between Different Microneedle Geometries 

In this section, a comparison between the three geometries of the microneedles, 

namely circular, rectangular, and square microneedles, has been established in terms of 

their force-withstanding capabilities. To compare the different shapes of microneedles, a 

free bending force of 2.1 N and a buckling force of 11.135 N were applied. 

(1) Effect of variation in Length of the Microneedle. 

The length of the microneedle is varied by maintaining other proposed 

microneedle dimensions constant. Fig. 3-9 shows the relationship between the maximum 

bending force and the length of the microneedle. As anticipated, the maximum bending 

force that the microneedle can withstand decreases with the length. Maximum bending 

forces for rectangular, circular, and square microneedles are shown in Fig. 3-9. It can be 

clearly observed that circular microneedles can withstand more forces than rectangular or 

square microneedles when these needles have comparable cross sectional areas. 
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— Rectangular Microneedle 
Square Microneedle 
Circular Microneedle 
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Length(micrometer) 

Figure 3-9: Variation of Maximum Bending Force with Length 

Fig. 3-10 shows the variation of the maximum buckling force with the length of 

the microneedle. It can be seen that the circular microneedle can withstand more buckling 

force than a square microneedle at the proposed dimensions. These results confirm that a 

circular microneedle can withstand more force than either the rectangular or the square 

microneedle at the given dimensions. 
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140 
— Rectangular Microneedle 

Square Microneedle 
Circular Microneedle 
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200 400 600 800 1000 1200 1400 1600 1800 2000 
Length(micrometer) 

Figure 3-10: Variation of Maximum Buckling Force with Length 

It has been observed that both the allowable buckling and bending forces decrease 

with an increase in the microneedle's length. This observation establishes the fact that 

longer needles are more fragile than shorter ones. Consequently, microneedle strength is 

a major criterion for in-plane microneedles as they are generally longer than out-of-plane 

microneedles. 

(2) Effect of variation of Width of the microneedle 

In this section, the effects of varying the width of the microneedle on the design 

of the microneedle are studied while keeping all other dimensions constant. The cross 

sectional area of each microneedle is kept constant throughout, to establish the relative 

strength of microneedles having different shapes. 
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The maximum bending forces for different widths are compared in Fig. 3-11 for 

the three geometries. The figure shows that the circular microneedles are stronger than 

either rectangular or square microneedles. 

It is observed from Fig. 3-12 that, for smaller dimensions, a circular microneedle 

can withstand less buckling force than a rectangular microneedle, but it is stronger at 

higher dimensions. This finding further confirms that for the given cross sectional area, 

circular microneedles can withstand a higher force than either a rectangular or square 

microneedle. 

10 -

2 

40 60 80 100 120 140 160 180 200 
Width(micrometer) 

Figure 3-11: Variation of Maximum Bending Force with Width 
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60 -
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Width(micrometer) 

Figure 3-12: Variation of Maximum Buckling Force with Width 

(3) Effect of variation of Thickness of the microneedle 

To study the effects of thickness variations on the microneedle design, the 

thickness of the microneedle is changed keeping all other dimensions constant. 

Figs. 3-13 and 3-14 show that circular microneedles can withstand more bending 

and buckling forces than either rectangular or square microneedles. 
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Rectangular Microneedle 
Square Microneedle 
Circular Microneedle 

50 100 150 200 
Thicknessimicrometer: 

250 300 

Figure 3-13: Variation of Maximum Bending Force with Thickness 

Figure 3-14: Variation of Maximum Buckling Force with Thickness 
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3.4 Proposed Model using Finite Element Analysis 

The theoretically obtained mechanical properties of microneedles in the sections 

above were verified using a commercial numerical simulator, A N S Y S [53]. 

The following assumptions were made during the simulations: 

(1) The simulation was been performed in the structural mode and used finite element 

SOLID 186. 

(2) A l l microstructures were considered to be made of silicon. 

(3) Silicon was considered to be isotropic, with the fracture strength 7 GPa, Young's 

modulus of 169GPa, and poisson ratio of 0.22. 

(4) The left end of the microneedle was fixed while the other end was subjected to 

forces and was considered free to move in all directions. 

Stresses were obtained when a bending force of 2.1 N and buckling force of 

11.135 N were assumed to be applied on a rectangular, square, and circular microneedle 

along the Y axis. The simulation results obtained for the maximum bending force of a 

rectangular microneedle of outer dimensions 600x120x90 um and inner dimensions 

600x35x35 um is shown in Fig 3.15. The figure shows the maximum stress obtained 

from this force as 6.49 GPa, which is close to the yield stress of silicon, i.e. 7 GPa. These 

simulated results are found to be grid independent as changing the grid specifications did 

not affect the value of obtained stresses. 
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ANSYS MAY 27 2004 18:44:05 
NODAL SOLUTION 
STEP=I 
SUB =1 
TIME=I 
SX (AVG) 
RSYS=O 
PowerGraphics 
EFACET=I 
AVRES=Mar 
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Figure 3-15: Stress Obtained on Applying Bending Force of 2.IN on Rectangular 
Microneedle 

AIMSYS MAY 27 2004 18:12:34 
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TIME=I 
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Figure 3-16: Stress Obtained on Applying Bending Force of 2.IN on Square 
Microneedle 
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The maximum bending stress obtained for the square microneedle was 7.47 GPa 

as shown in Fig. 3-16. This indicates that when the same force is applied to rectangular 

and square microneedles, the induced stress is higher in the square microneedle. 

However, this stress is more than the yield stress of Si, which causes microneedle 

breakage, thus making the rectangular microneedle stronger than the square one. 

ANSYS 

A 

MAY 27 2004 
16:17:09 
HODAL SOLUTION 
STEP=I 
SDB =1 
TIME=I 
SX (AVG) 
RSYS=O 
PowerGraphics 
EFACET=I 
AVRES=Mat; 

=.709E-04 
SMH =-.271E+10 
SMX =.2S9E+10 

XV =-.5 
ZV =-.866025 
DIST=.228E-03 
YF =-.146E-04 
ZF =.302E-03 
Z-BDFFER 

-.271E+10 
-.212E+10 
-.153E+10 

JBj -.945E+09 
-.357E+09 
.820E+09 
.141E+10 
.200E+10 
.259E+10 

Figure 3-17: Stress Obtained on Applying Bending Force of 2.IN on Circular 

Microneedle 

Fig. 3-17 shows the maximum bending stress obtained for a circular microneedle 

when a bending force of 2. I N was applied at the free end of the microneedle. The 

maximum stress obtained was 1.93GPa, which is much less than that for either the 

rectangular or square microneedle. 
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Although the same bending force of 2. IN was applied on rectangular, square, and 

circular microneedles, the stress (because by this force), experienced by the square 

microneedle was more than that of the rectangular microneedle, which in turn was more 

than that of the circular microneedle. Hence, it can be said that a square microneedle 

reaches the yield strength of a microneedle faster than a rectangular microneedle or a 

circular microneedle, for the same bending force. This finding shows that with the 

dimensions of length (0.6 mm), width (0.09mm), and thickness (0.120mm) of 

microneedle and the given width (0.035 mm) and thickness (0.035 mm) of the 

microchannel, the rectangular microneedle is stronger than the square microneedle while 

it is less strong than the circular one. 

B 

TO 
CL O 
<3 
in Ut O 
S ° 

1-2 
CQ 

Rectangular Microneedle 
Square Microneedle 
Circular Microneedle 

i i i l _ 

Rectangular Microneedle 
Square Microneedle 
Circular Microneedle 

i i i 
20 40 60 80 100 120 

Dis tance along Y ax is i in ic rometer : 

140 

Figure 3-18: Variation of Yield Stress along Y axis on applying 2.1 N of free bending 

force 
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Fig. 3-18 shows the yield stress obtained at the fixed end of the microneedle for 

square, rectangular, and circular microneedles. The obtained yield stresses (from 

simulation results on ANSYS) are plotted along the Y axis, keeping the X coordinate at 0 

and the Z coordinate at 52 um, 45 um, and 65 um for a square, rectangular, and circular 

microneedle, respectively. These values were obtained by applying a bending force of 2.1 

N on the microneedles when the cross sectional area of the microneedles were kept the 

same. The simulation results are plotted in Fig. 3-18 and listed in Tables 3-3, 3-4, and 3-5 

for rectangular, square, and circular microneedles, respectively. 

Table 3-3: Bending Stress on the Fixed End of Rectangular Microneedle 

Sr. No. Y-Coordinates (um) Rectangular Microneedle 

1. 120 6.49 

2. 111.49 4.81 

3. 101.4 3.531 

4 

92.07 2.42 

5. 85.088 1.79 

6. 77.5 1.08 

7. 42.5 -0.7486 

8. 34.9 -1.6995 

9. 27.867 -2.196 

10. 18.53 -3.123 

11. 8.5 -4.768 

12. 0 -6.5 



Table 3-4: Bending stress on the fixed end of square microneedle 

Sr. No. Y-Coordinates (um) Square Microneedle 

1. 104 7.47 

2. 92.057 5.042 

3. 76.37 2.49 

4. 69.5 1.469 

5. 34.5 1.2999 

6. 27.94 -2.44 

7. 19.99 -3.409 

8. 11.94 -5.23 

9. 0 -6.9 

Table 3-5: Bending stress on the fixed end of circular microneedle 

Sr. No. Y-Coordinates (um) Circular Microneedle 

1. 130 1.93 

2. 127.5 1.648 

3. 112.63 1.174 

4. 98.8 0.634 

5. 31.46 -0.6459 

6. 21.7 -0.897 

7. 18 -1.23 

8. 0 -1.885 
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Therefore, the theoretically prediction that a circular microneedle can withstand more 

force than either a rectangular or square microneedle for the given dimensions is 

confirmed. 

3.5 Proposed Force Sensing Model 

High precision in manual insertion of needles and biopsy probes in medical 

treatment requires a high level of skill and dexterity. During anesthesia, force sensation is 

an important feedback mechanism, and the practitioner needs to refresh or develop skills 

to improve the interpretation of progress of the needle towards the target site. To have an 

idea of the resisting forces during the progress of the microneedle into human skin, 

piezoelectric sensors have been fabricated on the microneedle. Forces change with 

microneedle depth, angle of insertion, and with different layers of human tissue 

penetrated. The progress of the microneedle in the body can be judged from the 

proportion of the microneedle remaining outside and the force experienced during 

injection. 

The sensor consists of three layers: the bottom Aluminum (Al) electrode layer, the 

middle Aluminum Nitride (AlN) piezoelectric layer, and three top A l electrodes. A 

single, 1 um A l N layer is sandwiched between two electrode layers each 0.8 um thick. 

The top layer consists of three strips of aluminum electrode, and the bottom layer has a 

single common aluminum electrode covering the entire area occupied by the top three 

electrode strips. Fig. 3-19, shows the fabricated sensors with the piezoelectric A l N layer, 

the top 3 A l electrodes, and the contact pads. The area of intersection between the top and 

bottom electrodes is where the piezosensitive material is located. Three output voltages, 
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given in Table 3-7(which are calculated using equation 3.11), are obtained from this 

placement of the sensing material. Here we consider the length of microneedle to be 600 

um and cross sectional area of 9575 um 2. To calculate Voltage for sensor 1, Ppiercl is 

used; to calculate voltage for sensor 2 and sensor 3, Ppost^unaured is used. 

V 1 

Figure 3.19: Top surface of the microneedle showing the AlN layer and the top 
electrodes 

Table 3-6: Voltages Obtained at Various Depths 

Sr. No. Sensor Position of the sensor Voltage (V) 

from the free end 

(um) 

1. Sensor 1 0 0.1109 

2. Sensor 2 300 0.0952 

. 3 - Sensor 3 600 0.2789 

Fig. 3-20 shows the variation of the three sensor voltages with the length of the 

microneedle. As the length of the microneedle increases, the voltages decrease. Voltage 

V3 remains same, as it is independent of length of the microneedle as can be seen from 

the Fig 3.19. 
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Figure 3-20: Variations of Voltages with Distance from Free End of the Microneedle 

3.6 Conclusion 

Out of the six different loading modes, the bending force, the buckling force, and 

the skin resistance force are the major forces governing the design and dimensions of 

microneedles. It has been proved that a circular microneedle is more robust than both 

rectangular and square microneedles for a given force applied. These comparisons 

between the different geometries of the microneedles were verified in the finite element 

simulation tool, A N S Y S . Furthermore, it has been observed that the piezoelectric 

voltages for the sensors at the center and at the free end of the microneedle decrease with 

the increase in microneedle length. 
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Chapter Four: Examination of Blood Flow through a Microneedle2 

4.1 Introduction 

A microchannel can be defined as a channel having dimensions in the range of 

micrometers and less than a millimeter. Above one millimeter, the flow is considered to 

be macroscopic while below a micrometer, it is considered to be nanoscopic. 

Microchannels are an essential part of the M E M S devices for biological and 

chemical analysis because working with biological entities requires fluid handling. The 

dimensions of microchannels are comparable to the dimensions of biological structures, 

such as cells and proteins. Such small dimensions, along with the development of 

microfiuidic components and the understanding of microflow characteristics, make it 

possible to develop a total analysis system on a small chip area. 

Microchannels [53] offer advantages because of their high surface-to-volume ratio 

and their small volumes. The rapid increase in the surface area relative to the volume of 

the device greatly enhances the transportation of mass, momentum, and energy. 

Consequently, we can conclude that surface effects dominate in microdevices or 

microchannels, which can be safely neglected in the case of macroscale devices. The 

small length scale of microdevices may invalidate the continuum approximation 

altogether. Therefore, slip flow, thermal creep, viscous dissipation, intermolecular forces, 

and other unconventional effects have to be taken into account for microscale fluidic flow 

regions. 

2 A portion of this chapter is being published in P. Aggarwal and C.R. Johnston, "On the rheology of human blood flow 
in mems-based microneedles", SPIE International Symposium: Smart Materials, NANO and MicroSmart Systems, 
Sydney, Australia, Dec 2004 (accepted). 
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4.2 History of Microfluidic Experiments 

A number of experiments have been carried out to answer the fundamental 

question of the validity of the Navier-Stokes equation with no slip condition for a 

description of microchannel fluid flow. However, there are no theoretical formulas for 

characterizing these microfluidic flows. The existing experimental results of liquid flow 

in microdevices are contradictory. Tuckerman [54] pioneered the use of the rectangular 

microchannels that were 55-60 um deep and 287-376 um wide. Though he focused on 

the heat transfer characteristics of fluid flow, he deduced that fluid flow obeys 

Poiseuille's equation which isF= APzrr4 /Shl. In [55], Jiang experimented with different 

geometries of both glass and silicon microchannels. He confirmed the linear relationship 

between the flow rate and the pressure drop as predicted by the laminar flow equation. He 

also observed that in the case of circular microchannels with a channel diameter ranging 

between 8 to 42 um and with a Reynolds number (Re) less than 1.2, the experimental 

friction factor matched the theoretical predictions within 10 to 20%. Wilding [56] found 

that experimental results for water flowing in silicon micromachined channels agreed 

with the theoretical results for at least lower Re (17 to 126). Sharp et. al. [57] 

experimented with circular fused silica microchannels with diameter of channel ranging 

from 75 to 242 um. They deduced that the friction factor of microscale fluid flow agrees 

with the macroscale laminar theory to within 2 % over all Re varying from 50 to 2000. 

Peng [58] proposed the occurrence of an early transition of laminar flow to turbulent flow 

in the microchannels. He estimated that the critical Re was 200 for channels with 

diameters less than 220um, 400 for diameters of 240um, and 700 for diameters ranging 

from 260 um to 360um. Papautsky [59] measured the friction factor for a smaller 
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Reynolds number in a range of 0.001 to 10. He observed that the friction factors are 

higher than those predicted by macroscale theory. Nonlinear trends between pressure 

drop and flowrate were observed for Re as low as 300 by Mala and L i [60]. At small 

Reynolds No is less than 100, the measured friction factors roughly agreed with the 

conventional theory, but for all other Re up to 2500, the friction factors were higher. Qu 

[61] observed the measured friction flow for trapezoidal channels was 8 to 38 % higher 

than macroscale predictions. Israelachvili [62] found that apparent viscosity, U a, is the 

same as fluid viscosity as long as film thickness exceeds 5nm. Pfahler [63-65] found the 

measured friction factors to be lower than theoretical values for all cases except when 

depth is small (0.8 um) and Re is less than 1 and with larger depth (40 um). However, 

Sharp [57] asserted that despite the significant inconsistencies in the literature regarding 

liquid flow in microchannels, such flows are well predicted by macroscale continuum 

theory. According to these experiments, in the case of channels with relatively larger 

dimensions (above 20um), fluids roughly behave in accordance with the Navier-Stokes 

equation. However, as the channel depth decreases, there exists a critical channel size 

where the general behavior of the experimental observations deviates from the Navier-

Stokes predictions. Hence, we can safely apply continuum theory for fluid flow through a 

microchannel as long as the depth of the channel is above 20 um. This is one of the major 

criteria used in this microchannel design. 
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4.3 Dimension Constraints and Boundary Conditions 

As mentioned in Chapter 2, the size of the red blood cells occurring in human 

blood have diameters in the range of 8 -10 um. Hence, in order to decrease the blood 

flow resistance through microchannels, the diameter of the channel should be much 

larger than 10 um. This size ensures that the RBCs do not have to be squeezed or 

deformed while flowing through the microchannel. Considering these constraints on the 

dimensions and exploiting the findings from the experiments cited above, microchannel 

dimensions of 35x35 um (width and thickness) are proposed. These dimensions also 

ensure an increase in the volume of fluid flow through these microchannels than in 

smaller ones. 

4.4 Proposed Blood Flow Theory 

In the proposed blood flow theory, the continuum model is used to describe the 

blood flow through the microchannel. 

The fluid flow characteristics considered for the proposed theory are as follows: 

(a) The fluid flow is laminar at the proposed dimensions. 

(b) The cross section of the microchannel is uniform throughout. 

(c) The blood is assumed to be a Newtonian fluid. 

(d) The fluid flow obeys macroscale flow characteristics. 

(e) No slip boundary condition is applied. 

(f) Blood is being withdrawn from capillaries, existing at a depth of 500 um to Imm 

under the human skin surface, where pressure varies from 20mm Hg (mercury) [32] 

to 40mm Hg with the average value being 30 mmHg or 3930 Pa. 
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In these calculations, we are taking the microneedle and the microchannel shape 

to be circular as established from the results in chapter 3 that circular microneedle are 

more robust than square or rectangular microneedle. Assume a microchannel of radius, rQ 

and height, h to be held vertically with its lower end just beneath the surface of a liquid of 

surface tension, T, density, p and viscosity, ¡u as shown in Fig. 4-1. Various forces acting 

on the column of fluid/blood along with their direction are also shown in the figure. 

Pressure Difference 

Capillary pressure 

Viscous Drag 

Figure 4-1: Forces acting on the Microchannel 

Hydrostatic Pressure 

For the laminar flow in a circular channel, considering the viscous forces acting 

on the individual fluid layers, the total volume flow rate Q [66-68] across the channel is 

given by 

S = - ^ P 1
 (4.1) 
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where Apis the net pressure difference. The detailed derivation of equation 4.1 is given 

in Appendix B. The average velocity is given by 

V = Q -
Sh/u 

(4.2) 

where h is the height of the fluid in the microchannel. 

Therefore, the maximum velocity, F m a x , which is double the average velocity, is 

given by 

Now let us resolve the pressure difference term (Ap) used in eq. 4.3 into its 

components. It has the following components as shown in Fig 4.1 : 

(a) Capillary pressure, 

(b) Difference between the blood capillary pressure and vacuum, and 

(c) Hydrostatic pressure. 

max Ah ¡j. 
(4.3) 
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(a) Capillary Pressure 

The capillary pressure ( pa ) plays a very important role in the blood rise at the 

micro scale. Let M N in Fig. 4-2 be a section of the liquid surface that is in contact with 

the air, forming the liquid-air interface. Surface tension (T) acts along the surface and 

tends to make this contact area as small as possible. 

Assuming the liquid surface to be a straight line, the surface tension is the force 

that pulls the line to either right or left divided by the length of the line [67]. The force 

from surface tension acting along the surface at N on a stretch dl is 

F = Tdl (4.4) 

The vertical component of this force is given by 

Fvert =Tsin(a)dl (4.5) 

Here, sin(a) is equal to a/R where ON is a and R is the radius as shown in Fig 4-2. 
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M 

Surface Tension T 

Figure 4-2: Direction of Surface Tension Force 

Hence, this vertical force becomes 

F = 
vert 

aTdl  
R 

(4.6) 

The force acting along the whole circumference is then given by 

' - . - i H j - (4.7) 

The capillary pressure pa is by this force Fverl divided by the area na2 of the circle on 

which the force acts. Hence, capillary pressure is 
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F / dTlna o r / 

(b) Difference between the blood capillary pressure and vacuum ( p' ) 

As mentioned earlier, the average value of pressure in blood capillaries is 3930 

N/m 2 . Thus, the pressure difference p' between capillary and vacuum is 3930 N/m 2 . 

(c) Hydrostatic pressure 

The hydrostatic pressure from column of height h is pgh where p is blood density 

(1060 kg/m3), g is the 9.8 m/s2' and h is the height of the blood within the channel at that 

time t. 

As shown in Fig. 4-1, the driving force pulling the blood up the microchannel 

constitutes the pressure difference p' and the capillary pressure pa, while the opposing 

force constitutes the viscous force and the hydrostatic pressure of pgh. 

Substituting these values into equation 4-3 while using pa = and 

AP = Pa +P' + PSh ,we get 

V _(2T/R + pgh + p'y0

2 

AhjJ 
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On separating the terms, we obtain 

F m a x =^¿ + A _ _ / £ I ¿ (4.10) 
Ahp. 2hfi 4// 

This equation gives the maximum velocity F m a x of fluid flow under the effect of 

all the forces stated above in a microchannel at any time t. Once the liquid column height 

h has reached the total length of the microchannel embedded in the microneedle, the 

effect of capillary pressure vanishes because the surface tension acts only when there is 

contact between two interfaces, i.e. liquid and air. 

Hence, equation 4.10 reduces to a simple steady state laminar equation, 

V =^Pi-BEL (4.11) 
max Ahju AM

 K ; 

Table 4-1 lists the values of various blood flow properties: i.e. the viscosity, 

density, surface tension, and also the pressure difference, p', driving the fluid upwards in 

the microchannel. 

Table 4-1: Blood Properties 

pViscosity(«) 0.0035 Kg/ms 

Density (p) 1060 Kg/m 3 

Surface Tension (T) 0.056N/m 

[Pressure difference (p') 3930 N/m 1 
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Using the values mentioned in Table 4-1 and equations 4-4 and 4-5 with a 

microchannel radius of 17.5 um, we get the following values of maximum fluid flow 

velocities for two different lengths as mentioned in Table 4-2. 

Table 4-2: Theoretically calculated blood flow velocities 

Length of Microneedle Using effect of all forces Using steady state laminar 

flow formulation 

600 um F m a x = 0.3764 m/s Vmm =0.143 m/s 

400pm F m a x = O ^ n V s Vmax = 0.214 m/s 

I 

Fig. 4-3 shows how the maximum velocity varies with the length of the microchannel in 

the microneedle. We can observe that as the length increases, the velocity drops down 

drastically. The maximum velocity is 0.564 m/s for a length of 400 um. It drops down to 

0.37 m/s for length of 600pm. 

2 
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Figure 4-3: Variation of Maximum Velocity with length of microneedle. 
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Equation 4-10 can also be written as 

dh 
dt 

Pgh>o 

Ah ¡u 

dh 
dt 

(¿+2Vr-Pghy0

2 (4.12) 

Ah/u 

( 3 
Ah/u 

P'ro + 2 T r o -Pghr0 

-)dh = dt 

Integrating both sides, we get 

h (2Tr0+p'r0

2) 

-Pgf0

2 (-Pgf0

2)2 
4 / 4 — ' - J - v 7 ' ° Hp'r2 + 2Tra -Pghr1

0 % = [t]'0 + c (4.13) 

Here c is the integration constant which is evaluated using the condition that h = 0 

at t = 0 and h = h at t = t. 

Aju(2Tr0+p'r2)^^2 

(-Pgr2)2 
c = - ^'0YJo'Wp'rï + 27>0) (4.14) 
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Substituting the value of c in above equation, we get 

PgT„ (/^ 0 ) (-P^ 0 ) 

4/ / (2^+/ / / - 2 ) , , , 2 „_ f 2 , AuClTr0+p'r0). , , 2 „ . 4///z 

O g r 0 ) ("Pgr* ) PSro 

-Pgr 0 (-P^ 0 ) (-/Ogr0 ) 

4//(2^+/77-.2) / 7 ^ + 2 7 ^ - / ^ 2

 = _f _ Ajuh 
(-Pgr'f p'r2

0+2Tr0 pgr] 

(4.15) 

ln(P'ro +2Tr0-pghr2 _ -tp2g2r* _ hr2 pg 
p'r0

2+2Tr0 ApClTrc+p'r2) ITr0+ p'r] 

AuClT + p'rn) , IT+ p'r . , . 
Now assuming /„ = — — ,h0 = —-, we can write the equation above as 

P g rQ pgr 

,p'r2+ITr0-pghr2 t h 
' p'r2+ITr0 t0 h0 

ln(l- PfhrQ ) = - l - A 
p'r0+lTr0 t0 h0 

p't+2Tr0 
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To get the final equation as 

h = h0(l-e '° *») 
t h 

~K\ (4.17) 

Equation 4-17 is plotted below in Fig. 4-4 showing the variation of h/ho with t/to. 

i i i i i i i i i i i 
0 0 5 1 1 5 2 2 5 3 3 5 4 4.5 5 

Variation of Ulo 

Figure 4-4: The variation of h/h„ with t/t„ 

It can be seen clearly from Fig. 4-4 that h attains 83% of Zz0 at time t 

come out to be 2 min while the value for Ii0 is 0.9987. 

= t0. The value for t0 
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4.5 Simulation Results 

The theoretically obtained blood flow properties of microneedles in the section 

above are then verified using a commercial numerical simulator, A N S Y S [52]. 

The following assumptions are made in the simulations: 

(1) The simulations are performed in the fluid mode and finite element SOLID 186 is 

used 

(2) Zero velocity at the walls of the microchannel is being applied and the cross 

sectional areas of the microchannel remain constant. 

(3) A pressure difference of 3930 N/m 2 is enforced between the inlet and the outlet of 

the microchannel. 

(4) Volume of Fluid (VOF) analysis is used to incorporate the effects of the surface 

tension force acting at the interface of liquid and air. 

In this work, the blood velocity profile for microchannels of two different lengths, 

400um and 600um, both having a diameter of 35um, are simulated. Also the fluid flow is 

being modeled for a circular microchannel with constant cross sectional area, while the 

fabricated needles are rectangular in geometry. The flow through these rectangular 

microchannels will experience more viscous forces thereby decreases the fluid flow 

velocities as the wetted area is more. Different lengths are used during simulations to 

establish the correlation between maximum fluid flow velocity and the length of the 

microchannel. 
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Figure 4-5: Flow velocity profile for 400pm length microneedle 

In Fig. 4-5, the length of the microchannel is 400um while the diameter is 35 um. 

Here, equation 4-10 is used to simulate the maximum fluid flow velocity. As observed 

from Fig. 4-5, the maximum velocity at the outlet of the microneedle is 0.503 m/s, which 

is very close to the calculated velocity of 0.564 m/s. The velocity profile at any cross 

section is parabolic, with the velocity being minimum at the walls of the microneedle and 

maximum in the middle of the microneedle, as in a laminar flow. Fig. 4-6 shows the 

velocity profile obtained at the inlet, middle, and the outlet of 400 um length 

microneedle. The figure clearly shows that the velocity is maximum at the outlet of the 

microneedle. 
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Figure 4-6: Velocity Profile Obtained at the Inlet, Middle and the Outlet of 400 um 

length of microneedle 

Fig. 4-7 shows the maximum velocities occurring at the center and along the 

length of the microneedle. As can be observed from the figure, the velocity increases 

rapidly near the inlet and the outlet of the microchannel whereas it remains constant 

during the passage through the microchannel. The rapid increase in the velocity near the 

inlet can be explained by the entrance length phenomenon. The velocity again increases 
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as the fluid approaches the outlet of the microneedle, indicating the effect of the surface 

tension forces to enhance the fluid flow in an upward direction. 

Figure 4-7: Velocity profile at the center and along the length of the microchannel. 

Once blood reaches the microchannel outlet, there is no free surface available for 

the capillary force to act upon, and equation 4.10 simplifies to 4.11, i.e. a steady state 

laminar flow equation. The maximum velocity at the inlet is 0.4297 m/s, which falls 

down marginally to 0.428 m/s at the outlet of the microneedle. 
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Figure 4-8: Velocity Profile for steady state laminar flow for 400pm length 

microneedle 

Fig. 4-8 shows the simulation results using equation 4.11 for a steady state 

laminar flow for the microchannel of the length 400um and diameter 35 um. 
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Fig. 4-9 shows the maximum velocity at the outlet of the microneedle of length 600um as 

0.325 m/s, which is very close to the calculated velocity of 0.376 m/s. Fig. 4-10 shows a 

similar velocity profile was obtained at the inlet, middle, and the outlet of the 600 um 

length microneedle. 
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Figure 4-10: Velocity Profile Obtained at the Inlet, Middle and the Outlet of 600 \im 

length of microneedle 

Fig. 4-11 shows the maximum velocities, occurring in the middle and along the length of 

the microneedle. 
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Figure 4-11: Velocity profile at the center and along the length of the microchannel 

Once blood reaches the microchannel outlet, there is no free surface available for 

the capillary force to act upon; equation 4-10 then simplifies to 4.11, i.e. a steady state 

laminar flow equation. The maximum velocity at the inlet is 0.2847m/s, which falls down 

marginally to 0.2846 m/s at the outlet of the microneedle as shown in Fig. 4-12. Fig. 4-13 

shows the velocity profiles along the length (x) and also in radial direction for the 

microchannels of lengths 600 and 400 um. 
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Flow velocities at the outlet cross sectional areas obtained from the simulations are 

0.3252 and 0.503 m/sec, respectively, which are consistent with the analytically obtained 

velocities using proposed work: i.e. 0.3764 and 0.564 m/sec, respectively. Results clearly 

demonstrate that the maximum velocity of blood flow decreases with an increase in 

microchannel length. The current results also establish that the surface tension force 

becomes the most prominent force at these dimensions. 
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Figure 4-13: Proposed velocity profile along length(x) of 600 & 400 pm length 

microneedle 

The simulated average velocities obtained by dividing the integral of volume flow rate by 

the integral of the cross sectional areas for 400 um and 600 um length microneedles are 

shown below in table 4-3. 

Table 4-3: Average Velocities 

================= 

Length of 

Microneedle 

Volume flow rates Average velocities 

at inlet 

Average velocities 

at outlet 

400 um 3.02 e-9 m3/s 0.29 m/s 0.31 m/s 

600 um 2.145 e-9 nvVs 0.22 m/s 0.23 m/s 
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4.6 Conclusion 

At microscales, the unconventional effects which are generally not considered in 

macro scale flow become prominent. A novel theory-based model is proposed that 

determines drift velocity of blood-flow through microchannels fabricated within 

microneedles, taking into consideration the effects of surface tension forces, which 

become the significant force at these dimensions. This model is then validated in the 

finite element simulation tool, A N S Y S . The maximum velocities at the outlet of the 

microneedles of length 600 or 400 um are 0.325 or 0.503 m/s respectively. 
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Chapter Five: Proposed Fabrication of the Microneedle 

5.1 Introduction 

MicroElectroMechanical Systems (MEMS) is the integration of mechanical 

elements, sensors, actuators, and electronics on a common silicon substrate through 

micro-fabrication technology. The micro-mechanical components are fabricated using 

"micromachining" processes which are compatible with the Integrated Circuit (IC) 

fabrication tools. Micromachining is the set of design and fabrication tools that precisely 

machine and form structures and elements at a micro scale. M E M S device fabrication 

essentially involves the use of IC fabrication processes such as implantation, L P C V D , 

P E C V D , evaporation, sputtering, and photolithography. It also employs newer, advanced 

technologies like deep reactive etching (DRIE), x-ray photolithography, electroplating, 

low stress L P C V D films, thick film resist (SU-8), and spin casting. 

The micromachining techniques are of two main types: bulk micromachining, in 

which the substrate is selectively etched or patterned to obtain the desired shape; and 

surface micromachining, where the new structural layers are added and etched 

selectively, resulting in the desired shape. These are discussed in detail in the following 

sections. 

5.1.1 Deep Reactive Ion Etching (DRIE) 

DRIE is a type of dry etching method used for bulk micromachining processes to 

etch deep vertical walls in the Si wafer. In dry etching, the material is etched by gases 

unlike in wet etching, where liquid etchants are used either physically, by bombarding the 
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surface with ion or chemically, by reactive reactions or under the combined effect of 

physical and chemical processes. DRIE thus involves the use of both physical ion 

bombardment and chemical reactions between the gases [43]. The gases are contained in 

a tube or reaction chamber at low pressure. Within the reaction chamber, a voltage in the 

range of kV is applied between the cathode and anode to create a gas discharge, which is 

a type of self sustaining plasma, and the plasma is a partially ionized gas containing an 

equal amount of positive and negative charges. A glow discharge is used to produce 

chemically reactive species of the stable gases present in the chamber. These reactive 

species (ions, atom) react chemically with the surface to be etched and form volatile 

products which are then diffused into the gas bulk. A mixture of CF4 and 1¾ in the 

plasma is used with silicon dioxide as the mask for selective etching of silicon wafer to 

form vertical walls. 

Vertical walls 

Figure 5-1: Vertical walls formation by DRIE process 
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When discharge is created, etching is accomplished by the radical species, i.e. 

fluorine atoms, formed by dissociation of CF4 molecules. The products of this etching 

reaction are SF4 and SF2, which are volatile. The presence of H2 decreases the etch rate of 

silicon, and, at 10% concentration, the non bombarded silicon surface etch rate decreases 

to zero while the bombarded surface continues to be etched. This presence of H2 gas 

ensures etching of bottom surface with no etching of the vertical side walls, resulting in a 

vertical etched profile as required in a DRIE process and shown in Fig. 5-1. 

5.1.2 Sputtering 

Sputtering is a term used to describe the mechanism in which atoms of the target 

are dislodged from the surface by collision with high energy particles. Sputtering consists 

of four steps: 

1. the ions' generation 

2. their flow towards the target placed on the cathode 

3. the displacement of atoms from the target surface by these highly energetic ions, 

4. the transportation of the ejected atoms to the substrate on the anode, where they 

condense to form a thin material film. 

Table 5-1: Conditions for sputtering Aluminum 

Sr. no. Physical conditions Aluminum 

1 pressure 3 mT 

2 power 9.5KW 

3 time 48sec 
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Table 5-1 gives various conditions of magnetron sputtering of a thin aluminum layer 

having a thickness of 8000 0 A on the SÌO2 layer. 

5.1.3 Wafer Bonding 

Wafer bonding is a process in which two semiconductor wafers are bonded to 

form a single substrate featuring specific properties which are commonly applied to form 

SOI substrates. 

Room temperature bonding 

Figure 5-2: Process for fusion bonding Si-Si wafers [71] 

Shimbo et. al [69] and Lasky et. al [70] pioneered the Si-Si wafer bonding in 

1985-1986 in which wafers were initially bonded at room temperature followed by a high 
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temperature bond strengthening heat treatment process. The main steps describing the 

wafer bonding process are shown in Fig. 5-2. 

The top wafer can be subsequently thinned to obtain the desired shape or 

thickness. Wafer bonding [71] is a convenient technique with no harmful contamination 

effects as compared to other methods of joining wafers, namely gluing, soldering, or 

welding. It also increases the temperature range at which joined wafers can be heated 

without disrupting the bond. 

The abovementioned techniques are also compatible with the IC fabrication 

technology and, hence, are essential in the fabrication of a complete M E M S device. 

A silicon surface with a high degree of smoothness and flatness is the key 

concern for spontaneous wafer bonding at room temperature. The Si-Si wafers are joined 

at room temperature and subsequently annealed at temperature of 1000 0 C for 2 hours. 

5.2 Proposed Fabrication Design Flow of Microneedle 

This section covers the steps necessary to fabricate the microneedle in order to 

verify the theoretical performance shown in previous chapters. In the first step of 

fabrication, a <100> silicon wafer is taken and cleaned with piranha Fig. 5-3(a). A layer 

of silicon dioxide of thickness 7500 0 A [43] is thermally grown at 900 0 C for 4 hours over 

the wafer. The oxide serves as an insulating layer. Then, the wafer is dried in an oven at 

150°C for 10 min. A layer of photosensitive material is spun onto the thermally deposited 

SÌO2 layer. A standard lithographic mask bearing the appropriate pattern to form the 

microchannel running along the length of the microneedle is positioned on top of the 

photoresist layer. The wafer and photoresist are then exposed to ultraviolet (UV) 



89 

radiation through the mask by means of an optical mask aligner. The exposed photoresist 

is removed by soaking the wafers in a liquid developer leaving the desired pattern of 

photoresist. Now, the patterned oxide and Si wafer are etched by DRIE as explained in 

the previous section. This process forms the channel with the desired width, 35 pm, and 

thickness, 35pm in the bottom silicon wafer (Fig. 5-3(b)). The residual silicon dioxide is 

removed, followed by the necessary cleaning of the wafers before actual bonding takes 

place. The resulting wafer is fusion bonded with another silicon wafer [71] using the 

abovementioned conditions, which forms the complete closed microchannel (Fig. 5-3(c)). 

To achieve the desired top wafer thickness, once the two wafers are bonded, the top 

wafer is subsequently thinned down (Fig. 5-3(d)). 

Next, the integrated sensor design on the microneedles to sense the forces acting 

on these microneedles is fabricated. The sensor structure consists of three layers: the 

bottom A l electrode, piezoelectric A l N layer and the top A l electrode layer. The 

fabrication starts with sputtering of aluminum electrode over the entire bonded wafer 

surface (Fig. 5-3(e)) to achieve A l layer thickness of 8000 0 A . This forms the common 

bottom electrode layer for piezoelectric sensing of the forces as mentioned before. 

Magnetron sputtering of A l gives a deposition rate of lpm/min with the following 

specifications: pressure of 3 mT, power 9.5KW, A l target, and using argon at 30 seems. 

Next, 1 pm thick layer of highly c-axis oriented A l N layer is deposited by radio 

frequency (rf) reactive magnetron sputtering at a deposition rate of 83 nm/min. The 

conditions for deposition of this A l N [ 72-74] are the following: process pressure of 

8mTorr, substrate temperature 350 0 C , rf power 350 W, ArfN2 ratio 3, Ar gas flow of 10 

sccm, and N2 gas flow of 30 sccm. Annealing of the deposited A l N layer is done at a 
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temperature of 700 0 C for 10 minutes to obtain the perovskite phase of the A l N film (Fig. 

5-3(f)). Next, an approximately 8000°A thick A l layer is deposited on the A l N layer, 

using DC sputtering to form the top electrode (Fig. 5-3(g)) for the sensor. A layer of 

photoresist is deposited and patterned using a lithographic mask bearing the appropriate 

pattern to form the three top electrodes: one at the free end of the microneedle, the other 

at the middle, and the last at the fixed end of the needle. Now the top electrode layer of 

A l is etched by an inductively coupled plasma etching process (ICP). The process 

parameters are 500 W of ICP power, 83 V for bias voltage, 50 sccm of B C l 3 , 25 sccm of 

CI2, 10 sccm of O2, and a pressure of 10 mTorr. At these conditions, a selectivity of 1000 

is achieved [36] between A l and A l N , so that A l is etched but not the A l N layer. Then, a 

layer of photoresist is again deposited and patterned to etch the A l N layer. A l N is etched 

by ICP; the conditions for etching are 500 W of ICP power, 225 V for bias voltage, 50 

sccm of B C I 3 , 25 sccm of CI2, 0 sccm of O2, and a pressure of 10 mTorr. At these 

conditions, the etching rates for both A l and A l N are the same. After this step, the bottom 

A l layer is etched according to the desired shape. To obtain a high piezoelectric constant, 

a poling treatment is conducted by applying an electric voltage of 5V at temperature of 

200 0 C for 5 minutes. In the end, a DRIE of the patterned silicon wafer is carried out 

using C 4 F 8 , SF6, and Ar at etch rate of 2 um/min, to achieve vertical sidewalls. Finally, 

patterned backside etching (Fig. 5-3(h)) of the microneedle is carried out, to achieve the 

desired microneedle thickness of 120 um for the length of 600 pm (Fig. 5-3(i)). 
< 1 O O O n m • 

t i Ip n 

r l y 1 
(a) (b) 
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(c) (d) 

(e) (f) 

i h ti S • A 4" • 4> 

(g) (h) 

(i) 

Figure 5-3: Process steps for fabricating microneedle (a) bare, cleaned silicon wafer, 

(b) Etching of Si wafer to have a micro-channel, (c) Si-Si fusion bonding, (d) 

thinning down of the bonded wafers, (e) depositing bottom Al electrode, (f) AlN 

layer deposition and etching, (g) top Al electrode deposition and etching, (h) back

side etching to get the desired shape and (i) desired shape obtained. 
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5.3 Fabrication Steps in CAD for MEMS 

The design process for fabricating microneedles are modeled on C A D for M E M S 

software, namely Intellisuite (Version 5.8 for UNIX platform) designed by Corning 

Intellisense. Here, the design flow is altered to satisfy the conditions for bonding wafers 

in the C A D software. The top wafer with integrated sensors is first designed, which then 

are fusion bonded to the bottom wafer having an embedded microchannel running along 

its length. 

Initially, the top Si wafer is cleaned in a piranha as shown in Fig. 5-4(a). SÌO2 is 

then deposited on it followed by a deposition of the bottom electrode of A l layer, A l N 

piezoelectric layer, and the top electrode A l layer, respectively, as shown in Fig 5-4(b). It 

is followed by deposition, patterning, and etching of the photoresist layer to obtain the 

desired shape of the top electrode A l layer. Fig. 5-4(c) shows the patterned and etched 

photoresist layer and the A l layer. The figure clearly shows all the three sensors: one at 

the tip, the second in the middle, and the third at the fixed end of the microneedle. The 

wire bonding pad area of 50 x 50 um is also fabricated. Fig. 5-4 (d) shows the patterned 

and etched piezoelectric A l N layer along with bonding area. Fig. 5-4(e) shows patterning 

with selective etching of the photo resist and the bottom electrode A l layer. It is seen 

clearly in the diagrams above that a sufficient bonding area is left for each layer, ensuring 

that neither the electrode layers nor the piezoelectric layers get short circuited with each 

other. Lastly, the silicon dioxide layer along with the silicon wafer is patterned and 

etched to obtain the desired shape of the top of the microneedle with three sensors 

fabricated on it. 
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Figure 5-4(g) 

Figure 5-4: Steps for fabricating the desired shape of top Si wafer with integrated 

sensors (a) bare, cleaned silicon wafer,(b) deposition of SÌO2 layer, bottom Al 

electrode, AlN layer and the top Al electrode layer (c) patterned photoresist and top 

Al electrode layer (d) patterned and etched AlN layer (e) patterned and etched 

photoresist and bottom Al layer (f) etching of the pattered SiO2 layer, (g) etching of 

Si wafer to get final shape of top portion of microneedle 

This section describes the fabrication of bottom Si wafers with the embedded 

microchannel. This procedure follows similar steps as discussed above starting with the 

cleaning of the Si wafer as shown in Fig. 5-5(a). It is followed by deposition of SÌO2 

layers on both sides of the Si wafer as shown in Fig. 5-5 (b). This layer along with the Si 

wafer is patterned and etched to define the shape of the microchannel as shown in Fig. 5-

5 (c). Fig. 5-5 (d) shows the backside etching and pattering of the silicon dioxide layer to 

obtain the desired shape of the microneedle. Then, backside etching of Si wafer is done to 

get the final desired shape of the bottom wafer as shown in Fig. 5-5 (e). 
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Figure 5-5(d) 

Figure 5-5(e) 

Figure 5-5: Steps for fabricating the bottom portion of the microneedle (a) bare, 

cleaned silicon wafer, (b) deposition of SiO2 layer on both sides of Si wafer, (c) 

patterning and etching of SiO2 layer and Si wafer to form microchannel (d) backside 

etching of SiO2 layer (e) backside etching of Si wafer to get the desired microneedle 

dimensions. 

These two separately processed wafers are then bonded together using fusion 

bonding under the conditions mentioned in Section 5.1.3 to obtain the final shape of the 

microneedle. The wafers are bonded after obtaining the desired shapes of the two wafers 

separately, according to the requirement of the Intellisense designing and simulation 

software. 
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5.4 Conclusion 

In this chapter, the basic fundamentals of DRIE, sputtering and wafer bonding, are 

explained. Complete fabrication steps for the design of microneedle are explained in 

detail. This design covers the steps for fabricating the microchannel using the DRIE 

process accompanied with fusion wafer bonding and fabrication of the c-axis 

piezoelectric A l N layer sensor design. Finally, the modeling of the process steps using 

C A D tools is discussed. Here, the sequence of fabrication steps has been altered to satisfy 

the requirements for designing in Intellisense. 
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Chapter Six: Conclusion and Recommendation for Future Work 

6.1 Summary of Accomplishments 

Advances in the research area of M E M S based Si in-plane microneedles are 

presented in this thesis. Special emphasis has been laid on the design/dimension criteria 

of in-plane microneedles in Chapter 3 of the thesis. Different modes of loading the 

microneedle have been considered in order to examine the strength of the microneedle. 

The optimal solution ( for the design constraints) of the proposed design of microneedle 

ensures that it will withstand all the forces acting on it, exerted from both outside and 

inside of the human body. The consideration of the skin resistance in the formulation 

process for the optimal dimensions (length, cross sectional area and constraints) of the 

microneedle is a novel approach, not generally considered in previous microneedle 

designs. Integrated sensor design for sensing the skin resistance at different depths inside 

the tissue has been proposed. This information is highly valuable for the physician who 

needs to have detailed knowledge and control of the microneedle position and 

displacement. A systematic comparison is presented among the different shapes of the 

microneedles, which include rectangular, square, and circular microneedles. It is 

theoretically proved that the circular microneedle is stronger when compared with either 

rectangular or square microneedles when same force is applied for a given area of 

microneedle. These theoretically obtained mechanical characteristics of microneedles are 

then verified using the commercial numerical simulator, A N S Y S . When a bending force 

of 2. I N was applied at the free end of the circular, rectangular and square microneedle, 

the maximum stress obtained for circular microneedle was 1.93GPa, which is much less 

than that of rectangular (6.49GPa) or square microneedle (7.47GPa). 
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In Chapter 4, fluid modeling for the delivery of drugs or blood sampling has been 

formulated for vertical in-plane Si microneedles. In this chapter, a novel theory-based 

model is proposed that determines drift velocity of blood-flow through microchannels 

fabricated within these microneedles. The profile of blood flow in the microneedles is 

determined by solving the conservation of momentum equation of the liquid phase, 

coupled with the force balance equations at the liquid-air interface. These theoretically 

predicted blood flow velocities are also verified in A N S Y S . In this chapter, two different 

blood velocity formulations have been proposed; one equation gives the maximum 

velocity considering the surface tension forces whereas the other equation is the steady 

state laminar flow equation describing the blood flow when it reaches the outlet of the 

microneedle. These differences in the velocities clearly indicate the effect of surface 

tension forces on the blood flow through microneedles. The velocity profile at any cross-

section through the microneedle is parabolic, with the velocity being minimum at the 

walls of the microneedle and maximum at the center of the microchannel, as expected in 

a laminar flow. Two different lengths of the microchannel are considered during 

simulation to show that maximum blood flow velocity decreases as the length of the 

microchannel is increased. The maximum velocities at the outlet of the microneedles of 

length 600 and 400 [im are 0.325 and 0.503 m/s respectively. 

Chapter 5 describes the process steps for fabricating microneedles with sensors on 

it. A Si-Si fusion bond is used to hold the two halves, the top and bottom part of the 

microneedle, together. This step forms the closed microchannel in the microneedle. The 

design also makes provision for fabricating the c-axis piezoelectric A l N layer which 

forms the force sensors. Towards the end, the fabrication process is demonstrated 
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stepwise using C A D for M E M S software Intellisense. During the design simulation, the 

sequence of fabrication steps was altered to satisfy the requirements of designing in 

Intellisense. 

6.2 Recommendations for Future Work 

As always, no thesis is complete, and there are always possibilities of extending the 

current work in different directions. 

The first step would be to fabricate the different geometries of these microneedles 

with different shapes of the microchannel embedded in the microneedle, along with force 

sensors. The microneedle strength should be tested and recorded to match the theoretical 

and simulated results showing that a circular microneedle withstands more forces than 

either a rectangular or square microneedle at these dimensions. The next step would be to 

observe the blood velocity profile through different kinds of channel designs which can 

then be compared to the theoretical results. Also, the bonding pads should be wire bonded 

with an external chip to record the developed piezoelectric sensor voltages in a voltmeter. 

There are many aspects of the microneedle field which have a wide scope for 

future research. In this work, the calculations for microneedle strength are based on 

rectangular, circular, or square cross section areas. Ideally, the microneedle should have 

pointed ends, to allow easy penetration with less forces acting on it. More research is 

needed to derive theory based formulations for pointed end microneedles. 

The design of integrated sensors fabricated on the microneedles can be improved to 

resolve individual forces, acting from all directions, on penetration into the human skin. 

This will greatly enhance the precise positioning and direct insertion of the microneedles 



102 

into the human skin. It will also improve the force sensation feedback mechanism for the 

practitioner who needs to refresh or develop skills for better interpretation of the progress 

of the needle towards the target site. 

For calculating the blood velocity profile through the microneedles, it is assumed 

that the human blood is Newtonian fluid to simplify the calculations. This can be easily 

extended to calculate the flow profile when blood is taken to be Non-Newtonian fluid. 

Also these equations are developed for vertical microneedles which can be easily 

changed for microneedles inclined at any angle to the substrate. 

Another research direction worth exploring is to integrate these optimized 

microneedles with other components, such as actuators and sensors, to produce the 

complete analysis system or lab-on-a-chip. 
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Appendix A 

Publications 

[1] P. Aggarwal and C.R. Johnston, "Geometrical effects in mechanical characterizing of 

microneedle for biomedical applications", Proceedings of Nanotechnology 

Conference and Trade Show, Boston, M.A . , March 2004, pp. 332-335 

[2] P. Aggarwal and C.R. Johnston, " M E M S based microneedles for biomedical 

applications", J. Sensors and Actuators B, Vol . 102(2004), pp. 226-234 

[3] P. Aggarwal and C.R. Johnston, "On the rheology of human blood flow in mems-

based microneedles", SPIE International Symposium: Smart Materials, NANO and 

MicroSmart Systems, Sydney, Australia, Dec 2004 (accepted). 
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Appendix B 

Laminar Flow Equation 

Laminar flows are those flows in which the shearing stresses are given by the 

Newton's viscosity equation. According to this equation, the shearing stress is directly 

proportional to the rate of change of velocity with respect to a distance measured 

perpendicular to the direction of flow for homogeneous fluids. This principle is 

symbolically written as 

du 
T = M— 0 ) dr 

Here du is the relative velocity between two adjacent fluid layers dr in thickness. The 

expression — is called the velocity gradient, n is the constant of proportionality called 
dr 

coefficient of viscosity. 

Also for a cylindrical tube, the condition for equilibrium under the net effect of 

the viscous drag of the fluid is given by the following equation 

Apfrr2 = xlnrh (2) 

where Ap is the net pressure difference and h is the height of the microchannel embedded 

into the microneedle. 

Substituting the value of r from equation 1 into the equation 2, we get 

Apnr1 - lnrhp — (3) 
dr 
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Solving equation 3 for the value of — we get, 
dr 

du Ap 
— = ——r (4) 
dr 2h/j 

On integration we get, 

Apr2 

• + const 2h¿¿2 

4hju 

The equation 5 gives the velocity profile in the microchannel. It is seen from the flow 

distribution that the velocity profile is parabolic, with the maximum velocity occurring at 

the center of the microchannel. Now flow rate through the pipe is given by Q, which is 

defined below as 

Q = "^ulnrdr = - ^ n J(r0

2r-r^)dr 
o

 2hM o ( 6 ) 

= Apnr" 

Also the average velocity is given by 

Ttro

1 ShjU y ( 7 ) 
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