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I 

Abstract 

Diabetes Mellitus (DM) is a systemic disorder that results in elevated blood glucose levels 

in the body and subsequently leads to many secondary complications. Manual 

fingerpicking tests remain the most popular method of blood glucose monitoring (BGM) 

nowadays. However, the tests are often ignored by DM patients due to their painfulness 

and inconveniences. There is a growing demand for replacing fingerpricking tests. This 

thesis aims at filling this void by presenting a wearable microsystem for minimally 

invasive, autonomous and pseudo-continuous blood glucose monitoring, namely, the e-

Mosquito. The proposed design of the e-Mosquito device aims to extract a whole blood 

sample from a small lanced skin wound using a novel shape memory alloy (SMA)-based 

microactuator and directly measure the blood glucose level from the sample. A completely 

functional prototype of the e-Mosquito was developed. The prototype was first tested in-

vitro on a custom-designed mechanical test station. Measurements showed that the output 

force and depth met with the minimum requirements of reaching subcutaneous blood 

capillaries. The microactuation mechanism was also evaluated by extracting blood samples 

from the wrist of four human volunteers. 19 out of 23 actuations successfully reached 

capillary vessels below the wrists producing blood droplets on the surface of the skin. The 

integrated potentiostat-based glucose sensing circuit of our e-Mosquito device also showed 

a good linear correlation (R2=0.9733) with measurements using standard BGM technology. 

These proof-of-concept studies demonstrated the feasibility of the e-Mosquito device for 

replacing the fingerpricking tests in the DM management. 



II 

Acknowledgements 

With the fulfilment of my PhD, it is a pleasure to thank the many people who made this 

thesis possible due to their scientific knowledge, criticism and inspiration, encouragement 

and support. 

It is really difficult to overstate my gratitude to my Ph.D. supervisor, Dr. Martin Mintchev, 

for his professional guidance, valuable advice and sound encouragement throughout my 

Ph.D. study, as well as his solid support that helped my young family get through difficult 

times. I am fully indebted to him for providing me with the many professional 

opportunities, which are invaluable for me as a young researcher.  

I would like to express my deepest appreciation to my co-supervisor, Dr. Orly Yadid-Pecht. 

I am extremely grateful for her assistance and suggestions throughout my project. Because 

of her enthusiasm, inspiration and vision, she helped to make biomedical engineering 

research fun and creative for me. Throughout my thesis, she provided encouragement, 

sound advice on different matters. 

My deepest thanks to Dr. Dobromir Filip and Dr. Xuexin Gao, the senior Ph.D. students in 

the Low Frequency Instrumentation Laboratory, for their guidance and strong advice and 

for their friendship throughout my Ph.D. years.   

I would also like to gratefully acknowledge my former supervisors, Dr. Sudhakar 

Venkatesh and Dr. Chee-Kong Chui, at the National University of Singapore. They helped 

me to get onto the first step of the staircase towards the terrace called “Research”. 

I am thankful to Dr. Richard Frayne, Dr. Steve Boyd, Dr. Svetlana Yanushkevich, Dr. Carol 

Huang, Dr. Oliver Bathe, Dr. Christopher Andrews and Dr. Michel Fatthouche for all the 

moral support they extended during the course of work. 



III 

I extend my thankfulness to my all past and present labmates and colleagues – Michael 

Poscente, Leticia and Alexis Lambert, Yang Yu, Zhenhua Wang, Fangning He, Alexander 

Jurkov, Nikhil Vastarey, Roger Lu, Mahan Nasab, Carlena Merchand, Jason Cihelka, 

Martin Berka, Cal Wilkes. You all provided me stimulating and fun environment to learn 

and grow. Michael Poscente was particularly helpful providing valuable advice for me 

during my research and studies. 

I also wish to extend my gratitude to the technicians at the Schulich School of Engineering: 

Frank Hickli, Tim Williams, John Shelley, Rob Thomson and Christopher Simon. 

I wish to thank my lovely wife, Qian, for helping me get through the difficult times, and 

for all the emotional support, camaraderie, entertainment, and caring she provided. 

Finally, I would like to thank my family that has patiently supported and encouraged me 

throughout my education. Especially, I would like to thank to my mother-in-law who took 

care of my son while she was in Canada in the past three years.  

I must dedicate this work to my wife, Qian, my son, Jasper and my parents for their 

unconditional love.    



IV 

Table of Contents 

Abstract.........................................................................................................................I 
Acknowledgements...................................................................................................... II 
Table of Contents........................................................................................................ IV 
List of Tables........................................................................................................... VIII 
List of Figures and Illustrations ................................................................................... IX 
List of Symbols, Abbreviations and Nomenclature .................................................... XIV 
Chapter One: Introduction ............................................................................................. 1 

1.1 Diabetes Mellitus ................................................................................................ 1 

1.2 Modern glucose testing technologies .................................................................... 5 

1.2.1 Fingerpricking Test ....................................................................................... 5 

1.2.2 Transdermal Sensors ..................................................................................... 7 

1.2.3 Continuous Glucose Monitoring .................................................................... 8 

1.2.4 Non-invasive Glucose Measurements ............................................................ 9 

1.2.5 Islet Cell Transplantation ............................................................................ 10 

1.2.6 Stem Cell Transplantation ........................................................................... 11 

1.3 Autonomous Blood Glucose Monitoring ............................................................ 11 

1.3.1 General Concept ......................................................................................... 12 

1.3.2 Blood Testing Site Selection ....................................................................... 12 

1.3.3 Skin Anatomy............................................................................................. 13 

1.3.4 Blood Extraction Mechanism of a Mosquito ................................................ 14 

1.3.5 Mosquito-Mimetic Approaches to the Development of Blood Sampling Device

 ........................................................................................................................... 15 

1.3.6 The Concept of the e-Mosquito ................................................................... 19 



V 

1.4 Overview of the New Version of the e-Mosquito ................................................ 21 

1.5 Aim of the Thesis .............................................................................................. 23 

Chapter Two: SMA-based Microactuator for Skin Lancing .......................................... 24 
2.1 Design Requirements......................................................................................... 24 

2.2 The Principle of the Shape Memory Alloy-based Actuator .................................. 25 

2.2.1 Microscopic Modelling of SMA Behaviors .................................................. 25 

2.2.2 Macroscopic Modelling of Spring-based SMA Actuation ............................. 28 

2.3 Design of a Spring-Based SMA-based Microactuator ......................................... 31 

2.3.1 In-Plane Actuation ...................................................................................... 32 

2.3.2 Rack and Pinion Motion Conversion ........................................................... 33 

2.3.3 SMA Wire Selection ................................................................................... 36 

2.4 Implementation ................................................................................................. 39 

2.4.1 Component Fabrications ............................................................................. 39 

2.4.2 Assembly ................................................................................................... 41 

2.4.3 Material Cost Breakdowns .......................................................................... 42 

2.5 In-Vitro Mechanical Testing of the SMA Microactuator ..................................... 44 

2.5.1 Implementation of a Customized Mechanical Test Station ............................ 44 

2.5.2 Test Protocol .............................................................................................. 49 

2.5.3 Results ....................................................................................................... 51 

2.6 In-Vitro Testing on a Skin Simulator.................................................................. 55 

2.7 In-Vivo Testing on Human Subjects................................................................... 56 



VI 

2.8 Summary .......................................................................................................... 57 

Chapter Three: e-Mosquito - Advanced MEMs for Autonomous Blood Glucose 
Monitoring ................................................................................................................. 59 

3.1 System Diagram ................................................................................................ 59 

3.2 Hardware Architecture....................................................................................... 60 

3.2.1 Microcontroller........................................................................................... 60 

3.2.2 Power Supply ............................................................................................. 62 

3.2.3 SMA Actuation Control .............................................................................. 69 

3.2.4 Glucose Sensing Circuit .............................................................................. 70 

3.2.5 Graphic Display .......................................................................................... 79 

3.2.6 Microelectronics System Integration............................................................ 80 

3.3 Software Design ................................................................................................ 82 

3.3.1 Embedded Software .................................................................................... 82 

3.3.2 Android Programming for Wireless Device-Phone Connection..................... 84 

3.4 MEMs Integration ............................................................................................. 85 

3.5 In-vitro Testing on a Skin Simulator................................................................... 88 

3.6 In-Vivo Testing on Human Subjects................................................................... 91 

Chapter Four: Design Advanced Features for the e-Mosquito ....................................... 93 
4.1 In Search of a Glucose Sensor Replacement ....................................................... 93 

4.1.1 Fabric Strips ............................................................................................... 93 

4.1.2 Needle-Type Blood Glucose Sensors ........................................................... 94 

4.2 Precision Control of SMA Actuation .................................................................. 98 



VII 

4.3 Other Aspects.................................................................................................. 101 

4.3.1 Blood Volume Estimation ......................................................................... 101 

4.3.2 Long-term Exposure of Sensor to Bodily Environment............................... 102 

4.3.3 Reference Test of Blood Glucose Concentration ........................................ 102 

Chapter Five: Conclusion ...........................................................................................104 
Contributions.............................................................................................................106 
References.................................................................................................................111 
Appendix A: Arduino Source Code For An Autonomous e-Mosquito Bite Control ......124 
Appendix B: Android Source Code For Wireless Device-Phone Communication .........130 
Appendix C: Arduino Source Code For Controlling the SMA Wire Current.................135 
Appendix D: PCB Schematics and Layouts ................................................................142 
Appendix E: Copyright Forms....................................................................................147 



VIII 

List of Tables 

Table 1: List of Optical-based glucose sensor technologies; Modified from [19]........................................... 10 

Table 2: Material cost breakdown per SMA microactuator .............................................................................. 43 

Table 3: Sensor Calibration and Fitting .............................................................................................................. 47 

Table 4: Specifications of RFduino Microcontroller: RFD22301 .................................................................... 61 

Table 5: Modern batteries are available in a wide range of chemistries and form factors. ............................. 63 

Table 6: Voltage/Glucose Concentration conversion ........................................................................................ 90 



IX 

List of Figures and Illustrations 

Figure 1-1: Insulin and Glucagon from the pancreas regulate blood glucose levels; Modified from: [1] ....... 2 

Figure 1-2: A characteristic diagram of daily blood glucose level trend ........................................................... 4 

Figure 1-3:(a) Tools packed inside a BGM kit bag; (b) Fingerpricking using a lancing pen; (c) Blood glucose 

measurement using a strip connected to a meter; Image Source: Google Image Search. ....................... 6 

Figure 1-4: (left) The GlucoWatch device. Image Source: diabeteshealth.com; (Right) A small voltage across 

the skin facilitates glucose convective flow to the cathode for measurement.......................................... 7 

Figure 1-5: Items inside a CGM toolkit: (above) portable monitor, (right) plunger connected with the sensor 

and the skin patch; (bottom left) the wireless transmitter; Image source: dexcom.com ......................... 8 

Figure 1-6: A cross-sectional diagram of skin layer; Image adapted from [40] .............................................. 14 

Figure 1-7: The Sof-Tact™ device; Image Adapted from: [111] ..................................................................... 16 

Figure 1-8: Pogo TM Automatic System; Image Adapted from: www.presspogo.com ................................. 17 

Figure 1-9: A magnetic actuator for skin lancing proposed by Li, T et al. Image adapted from [52]............ 18 

Figure 1-10: A single cell of the first version of the e-Mosquito; Image adapted from: [58]......................... 19 

Figure 1-11: System Overview of the e-Mosquito device; Image adapted from [69] ..................................... 21 

Figure 2-1: A characteristic diagram of the SMA wire actuator: The cooled condition (Left), and the heated 

condition (Right) ........................................................................................................................................ 25 

Figure 2-2: A typical thermal cycling of SMA materials observed under DSC in a stress-free environment; 

Critial Transformation temperatures: martensitic start (Ms), martensitic finish (Mf ), austenitic start (As) 

and austenitic finish (Af )........................................................................................................................... 26 

Figure 2-3: A comparison between the simulation results by ADINA 3D (blue), Auricchio & Sacco [66] 

(green) and experimental result (red); Image adapted from: [67]........................................................... 28 

Figure 2-4: Figure shows an arrangement consisting of SMA wire in series with a bias spring. SMA wire 

here acts as a sensor and actuator with changes in temperature. Bias spring resets the mechanism back 

to its original position for next cycling. The biasing spring response is linear in the force/extension 

diagram, which makes it convenient to estimate the stroke in SMA+biasing spring arrangements. ... 29 

Figure 2-5: An exploded view of the SMA-based microactuator in a wristwatch design; An exploded view 

of the wearable device integrated with two microactuators for blood extraction: 1. lancet, 2. sliding 



X 

member, 3. SMA heating wire, 4.biasing spring, 5. lancet holder, and 6. sliding guide. Items in round 

balloons are reusable and items in square balloons are disposable items; Image adapted from [69]... 31 

Figure 2-6: Schematic diagram of the spring-biased SMA actuation mechanism: FSMA: activation force of the 

SMA wire, FBiasing: spring biasing force; Image adapted from [112]...................................................... 32 

Figure 2-7: Schematic diagram of a blood extraction procedure with SMA-based microactuator: (a) initial 

position of the lancet and (b) during the activation of SMA wire, the sliding member (rack) pushes the 

lancet (pinion), creating an arc-shape wound. After the SMA wire is de-activated, a biasing spring force 

retracts the lancet from the wound. Image adapted from: [112] ............................................................. 34 

Figure 2-8: The schematic diagram of the rack-and-pinion mechanism: Δx: SMA contraction, r: the pitch 

radius of the pinion, l: the lancet arm length, d: initial vertical distance from lancet tip to the pinion 

center, α: the internal angle of the triangle formed by d and l, β: the angle of rotation, Δy: the vertical 

lancet penetration depth, Δs: the moving trajectory of the lancet tip. Image adapted from [112]........ 35 

Figure 2-9: The actuating voltages and currents of 20cm Flexinol® SMA wires of various output forces. . 37 

Figure 2-10: 2D visualization of the initial lancing force and the penetration depth as functions of r and l 

(3mm<r<5mm, 3mm<l<10mm)................................................................................................................ 38 

Figure 2-11: (a) Custom-made Top PCB; (b)SMA-based microactuator installed on the Matrix PCB, and (c) 

Micromachined cartridge........................................................................................................................... 39 

Figure 2-12: (a) The two-piece compression mold design: A bottom mold was used to make the hole 

structures on the sliding member and the lancet; (b) A metal bar was cruciform-welded with the needle 

in order to fix the needle in the plastic lancet body during the compression molding; (c) The lancet 

piece after compression molding. Dotted lines indicating the location of the metal bar inside the lancet 

body............................................................................................................................................................. 41 

Figure 2-13: The mechanical test station for characterizing the in-plane SMA microactuator. Multiple sensors 

were implemented, including two load cells, a thermocouple, a LVDT sensor and a current meter ... 45 

Figure 2-14: Customized signal conditioning and amplification circuit for the for force sensors used in the 

test station. .................................................................................................................................................. 45 

Figure 2-15: Voltage signals from different weights for force sensor calibration ........................................... 47 



XI 

Figure 2-16: An overview of the block diagram of the control and monitoring System; Image adapted from: 

[58] .............................................................................................................................................................. 49 

Figure 2-17: Output forces of the SMA-based microactuator driven by various currents monitored by the load 

cell. .............................................................................................................................................................. 51 

Figure 2-18: Maximum penetration depths of two SMA actuators (Counts of sensor touch out of 5 separate 

tests) ............................................................................................................................................................ 53 

Figure 2-19: Penetration forces monitored by the load cell at various penetration depths ............................. 54 

Figure 2-20: The sampling structure against which the e-Mosquito is tested. The fluid filled cylinder (4” 

diameter ABS pipe) has an additional internal support structure to more closely mimic the structure of 

human tissue. Image Adapted from: [78] ................................................................................................. 55 

Figure 2-21: Microscopic video captured the lancing force of the SMA-based microactuator penetrated a skin 

simulator and drew simulated blood sample. Image adapted from: [112]. ............................................ 55 

Figure 2-22: Successful autonomous blood extraction from a volunteer: The drop of blood emerged at the 

skin surface within 1 minute after the initial lancing. Image adapted from: [112]................................ 57 

Figure 3-1: The system diagram of the e-Mosquito Device; Components inside the dashed blue box are 

reusable items inside the matrix and components inside the red box are disposable after use. ............ 59 

Figure 3-2: RFD22301 Pinout - Top View; Image Adapted from [86]............................................................ 62 

Figure 3-3: Lithium Polymer Battery - 400mAh / 3.7V; Image from sparkfun.com ...................................... 64 

Figure 3-4: A basic boost converter circuit. Image adapted from: www.learnabout-electronics.org............. 65 

Figure 3-5: A top view of a PowerBoost 1000C module; Image Adapted From: www.adafruit.com ........... 66 

Figure 3-6: The common components of a buck-boost converter; Image adapted from: 

http://www.learnabout-electronics.org ..................................................................................................... 68 

Figure 3-7: A typical application schematic of the TPS63001; Image adapted from: [113] .......................... 68 

Figure 3-8: Comparing VCE-IC charts of a simple NPN transistor and an NPN Darlington transistor; Image 

adapted from: [91, 90]................................................................................................................................ 69 

Figure 3-9: A simple NPN transistor switch to control the SMA actuator....................................................... 70 

Figure 3-10: A OneTouch Ultra Blue Strip; Image adapted from: onetouch.com........................................... 71 



XII 

Figure 3-11: Sequence of reactions that occurs in mediator-based glucose biosensors; Image Adapted from: 

[54] .............................................................................................................................................................. 72 

Figure 3-12: A typical potentiostat circuit; Image adapted from: [87]............................................................. 73 

Figure 3-13: Proposed potentiostat circuit for the OneTouch strip .................................................................. 74 

Figure 3-14: Clarke' Error Grid Analysis ........................................................................................................... 75 

Figure 3-15: A proof-of-concept test circuit. ..................................................................................................... 76 

Figure 3-16: A typical output voltage of a potentiostat connects to a glucose test strip. ................................ 77 

Figure 3-17: (left) real-time monitoring of the potentiostat’s output current change after simulated blood 

sample filled in the test strip; (c) Instant current value at the 5th second after blood detection vs. 

reference glucose measurement by a commercial BGM system............................................................. 78 

Figure 3-18: Monochrome 0.96" 128x64 OLED graphic display; Image adapted from: www.adafruit.com80 

Figure 3-19: Detailed microsystem architecture of the autonomous actuation control and glucose sensing.81 

Figure 3-20: Software flowchart of an autonomous "bite"................................................................................ 83 

Figure 3-21: A screen shot of the e-Mosquito Test app on an Android phone ................................................ 84 

Figure 3-22: (a) The top PCB and the OLED display board; (b) the matrix PCB featuring the SMA-based 

microactuators and (c) the integrated test strips and the lancets on the disposable cartridge below the 

matrix PCB;  ................................................................................................................................................ 86 

Figure 3-23: The assembled prototype of the e-Mosquito device worn by a user on his wrist ...................... 87 

Figure 3-24: In-vitro testing of lancing on the skin simulator and in-situ blood glucose measurement by an 

integrated test strip 10 seconds after the initial lancing; Image Adapted From: [112].......................... 88 

Figure 3-25: Post-experiment examination of strips confirmed blood detection............................................. 89 

Figure 3-26: Potentiostat output voltage signals after blood detection from skin simulation......................... 89 

Figure 3-27: Clarke's Error Grid Analysis of the e-Mosquito device............................................................... 90 

Figure 4-1: Silk Strips by Achira Labs; Image adapted from [93] ................................................................... 94 

Figure 4-2: Sensor Diagram. (a) Teflon-coated Pt-Ir wire (0.25 mm diameter), (b) Teflon tip, (c) 1-mm long 

sensing cavity, (d) Ag/AgCl reference electrode, (e) heat-shrinkable tubing, (f) reference electrode 

terminal, and (g) working electrode terminal; Image adapted from [94] ............................................... 95 

Figure 4-3:  Assembly process of a solid needle-type glucose sensor.............................................................. 96 



XIII 

Figure 4-4: Clarke's Error Grid Analysis of the simulated In-Situ BGM;........................................................ 97 

Figure 4-5: The proposed SMA current control algorithm................................................................................ 99 

Figure 4-6: Schematic for INA213 current sense amplifier; Image Adapted from [96] ............................... 100 

Figure 4-7: Predicting blood drop volume from its diameter; Image Adapted from [98]............................. 101 

Figure 5-1: e-Mosquito as a standalone autonomou BGM device; ................................................................ 105 



XIV 

List of Symbols, Abbreviations and Nomenclature 

ABS Acrylonitrile Butadiene Styrene  

ADC Analog-Digital Conversion  

ADINA Automatic Dynamic Incremental Nonlinear Analysis 

AST Alternative Site Testing 

BGM Blood Glucose Monitoring 

BJT Bipolar Junction Transistor 

BLE Bluetooth Low Energy  

CE Counter Electrode 

CGM Continuous Glucose Monitoring  

CNC Computer Numerical Control 

DAQ Data Acquisition 

DC Direct Current 

DIP Dual In-line Package 

DM Diabetes Mellitus  

DSC Differential Scanning Calorimetry  

FDA Food and Drug Administration 

GDM Gestational Diabetes  

GOx Glucose Oxidase 

GPIO General-Purpose Input/Output 

I2C Inter-Integrated Circuit  

IDE Integrated Development Environment 

ISF Interstitial Fluid 

LED Light-Emitting Diode 

LVDT Linear Variable Differential Transformer  

MEMs microelectromechanical systems  

MOSFET Metal–Oxide–Semiconductor Field-Effect Transistor 

MUX Multiplexer 

Ni-Ti Nickel-Titanium 

OD Outer Diameter 

OLED Organic Light-Emitting Diode 



XV 

OPA Operational Amplifier 

PCB Printed Circuit Board 

PMMA Polymethyl Methacrylate 

RE Reference Electrode 

SMA Shape Memory Alloy  

SMBG Self-Monitoring of Blood Glucose  

SME Shape Memoy Effect  

T1DM Type 1 Diabetes Mellitus 

T2DM Type 2 Diabetes Mellitus 

USB-A Universal Serial Bus - Type A 

USB-C Universal Serial Bus - Type C 

VSON Very Small Outline No-Lead package 

WE Working Electrode 

WHO World Health Organization 



1 

Chapter One: Introduction 

1.1 Diabetes Mellitus 

The pancreas is a critical organ in the upper part of the abdomen. Besides playing vital 

roles in the digestive system, the pancreas also produces insulin and glucagon that control 

the metabolism of glucose in our bodies [1] (Figure 1-1). Diabetes Mellitus (DM), or 

diabetes, is a group of physiological dysfunctions characterized by an elevated blood 

glucose level due to insulin resistance, inadequate insulin production, or excessive 

glucagon secretion [2]. Diabetes is one of the most important healthcare challenges of the 

21st century. According to the most recent World Health Organization (WHO) report [3], 

there were an estimated 422 million adults (prevalence: 8.5%) living with diabetes 

worldwide in 2014, compared to 108 million (4.7%) in 1980.  

There are three main types of diabetes: Type 1, Type 2, and gestational diabetes. Type 1 

Diabetes Mellitus (T1DM) is an absolute insulin deficiency due to autoimmune destruction 

of insulin-producing islet cells in the pancreas [4]. T1DM is estimated to account for 5-

10% of the overall diabetic population and generally develops in childhood or adolescence 

[5]. T1DM was a near certain death sentence before the discovery of insulin [6]. The 

condition was rapidly fatal because the body requires insulin to use or store glucose for 

energy. The technique of insulin isolation from animals, pioneered by Banting in 1921, 

was a magnificent contribution to the treatment of diabetes. It made exogenous insulin 

injections to diabetic patients possible. Until today, T1DM patients are still dependent on 

insulin injections throughout their lifetimes [7]. Meanwhile, the majority of the diabetic 

population are affected by Type 2 Diabetes Mellitus (T2DM) [7]. People with T2DM 

include individuals who have incomplete insulin deficiency or those whose bodies are 

insulin resistant. T2DM has several causes, of which genetics and lifestyle are the most 
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important. Once “a disease of affluence in the West” [8], T2DM is now becoming 

increasingly common to every country in the world. For example, the prevalence of 

diabetes in Chinese adults climbed from 1% to 10% between 1980 and 2008 [9]. Finally, 

gestational diabetes (GDM) refers to high blood glucose levels in some women during 

pregnancy, which arise because their bodies cannot produce sufficient insulin as a result of 

Figure 1-1: Insulin and Glucagon from the pancreas regulate blood glucose levels; 
Modified from: [1] 
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a growing fetus and changing hormone levels [10]. GDM patients are at higher risk of 

GDM in their next pregnancies and T2DM in the future.  

Diabetes of all types can lead to complications in various parts of the body and thus increase 

the overall risk of premature death [7]. An elevated blood glucose level, or hyperglycemia, 

can lead to microvascular and macrovascular complications [4]. Microvascular 

complications involve the thickening of blood vessels that causes damage to the kidneys 

and eyes and eventually leads to the failure of these organs. Neuropathy also evolves as a 

result of microvascular complications, which could predispose lower limbs to infections 

and amputations [11]. Diabetes-associated macrovascular complications are responsible 

for high incidence of vascular diseases such as stroke, myocardial infarction and peripheral 

vascular diseases, which are the most common causes of mortality and morbidity among 

the diabetic population [12]. On the other hand, hypoglycemia, or low blood glucose level, 

occurs to people with T1DM due to an overdosed exogenous insulin injection or people 

with T2DM after intake of certain drugs [13]. Common symptoms of hypoglycemia include 

sweating, fatigue, and dizziness. Severe hypoglycemia can even lead to coma and death.  

As illustrated in Figure 1-2, the blood glucose concentration does not remain at a constant 

level throughout a day. It often hits the lowest level before breakfast and reaches the peaks 

in hours after meals. The optimal pre-prandial blood glucose levels range between 4.0~5.9 

mmol/L (or, 72~107 mg/dL, by a multiple factor of 18) among the majority of the 

nondiabetic population, and the post-prandial blood glucose level (two hours after a meal) 

in this group is under 7.8mmol/L, according to a guideline published by the International 

Diabetes Foundation [14]. In contrast, diabetic patients have higher acceptable ranges than 
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those without the condition. The optimal pre- and postprandial glucose levels for T2DM 

are 4.0~5.9 mmol/L and <8.5mmol/L, respectively. For T1DM, the corresponding levels 

are 4.0~7mmol/L and <9mmol/L [14].  

Optimal glucose monitoring is recommended to minimize glycemic variations, which has 

been clinically confirmed in several long-term large-population studies [15, 16, 17, 18]. 

Diabetic patients who frequently perform blood glucose tests every day understand the 

blood glucose trends in their body better and, therefore, become more confident in 

managing the condition [19]. In contrast, patients who are blind to their blood glucose 

levels put themselves at the risk of hyperglycemia or hypoglycemia, which can cause 

various types of complications in patients with diabetes as discussed previously.  

  

Figure 1-2: A characteristic diagram of daily blood glucose level trend 
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1.2 Modern glucose testing technologies 

Surprisingly, it took nearly 60 years from the discovery of insulin to the invention of the 

first-generation system of self-monitoring of blood glucose (SMBG) in the 1980s. Before 

that, the only means of blood glucose testing were urine glucose tests, which were 

considered of little use, simply because the tests were complicated and slow. For example, 

patients with hyperglycemia could already be feeling the related symptoms by the time the 

test results came in positive. 

Direct blood glucose measurement, together with measurements of other blood-based 

modalities, was later developed based on Dr. Leland Clark’s research in the 1960s. Until 

today, the mainstream SMBG technologies are still remarkably similar to the original ones 

based on the Clark electrode. In the past three decades, many new technologies have also 

been pursued to develop novel glucose sensors for diabetic patients, including non-invasive 

and continuous sensors [20]. The rest of this chapter reviews the different methods of 

glucose management. 

1.2.1 Fingerpricking Test 

The fingerpricking test refers to a procedure in which a finger is pricked with a fine needle 

at its tip to obtain a small sample of capillary blood for glucose testing. The user then 

applies the blood sample on a test strip that inserts into a meter to get a blood glucose 

reading. Since it appeared on the market in the 1980s, it has gradually become the 

mainstream method for SMBG. With the advancement of the manufacturing technology, 

the SMBG technology has become more affordable, and it allows diabetic patients to 

perform several glucose tests each day.  

Although it is highly accurate for detecting blood glucose levels, fingerpricking test is 

painful and can be an unpleasant experience to many patients with diabetes, especially 
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children [21]. To do a fingerpricking test while outside, patients have to carry a kit bag 

which packs all the necessary tools required, including a meter, a box of strips, lancets, and 

a lancing pen (Figure 1-3). The test will call for considerable dexterity to operate these 

tools. Therefore, patients who develop visual impairment due to diabetes (i.e., diabetic 

retinopathy), are often unable to do the test easily by themselves. Many patients feel 

isolated and awkward doing the test in front of others who are not always aware of this 

disease. All of the problems associated with the fingerpricking test hinder patients from 

adhering to the recommended test schedule. As a result, the discontinuities in blood glucose 

monitoring restrict the applicability of the fingerpricking test as a reliable tool in intensive 

diabetes management [22]. 

Figure 1-3:(a) Tools packed inside a BGM kit bag; (b) Fingerpricking using a lancing pen; 
(c) Blood glucose measurement using a strip connected to a meter; Image Source: Google 
Image Search. 
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1.2.2 Transdermal Sensors 

Transdermal sensors feature technologies that measure glucose molecules extracted from 

the interstitial fluid (ISF) across the skin barrier by applying physical energy [20]. The 

GlucoWatch (Animas, West Chester, PA, USA) was the first Food Drug Administrait on 

(FDA)-approved transdermal glucose sensor, that utilized reverse iontophoresis, a 

technique that applies a low electric current across the skin between two electrodes to excite 

glucose molecules to pass across the dermis layer faster due to passive permeability (Figure 

1-4). Other types of physical energizers for glucose extraction such as low-frequency 

ultrasound and skin suction have been applied as well [23]. The main factors that have been 

reported to cause inaccurate readings are those parasitic but electrically charged molecules 

on the skin’s surface due to concurrent phenomena such as sweating, temperature 

fluctuations, and electrostatic noise sources [24]. Furthermore, the electrical current has 

been reported to cause irritations by many users. As a result, the GlucoWatch was 

eventually withdrawn from the market in 2008. 

 

Figure 1-4: (left) The GlucoWatch device. Image Source: diabeteshealth.com; (Right) A 
small voltage across the skin facilitates glucose convective flow to the cathode for 
measurement. 
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1.2.3 Continuous Glucose Monitoring 

With the advances in implantable microelectronics, wearable devices featuring real-time 

continuous glucose monitoring (CGM) started to emerge on the market in the late 1990s 

[22]. These CGM devices do not measure blood glucose levels; instead, glucose levels in 

the ISF are monitored by a cannula-type sensor implanted subcutaneously (Figure 1-5). In 

the past ten years, several companies have released various CGM products, which include 

Abbott FreeStyle Navigator®, MiniMed Paradigm®, MiniMed Guardian®, and DexCom 

SEVEN® PLUS. The CGM is less invasive than the fingerpricking test; however, its 

accuracy is dependent on the equilibrium of glucose levels between ISF and whole blood 

[20]. The balance between the two glucose levels further accounts for a time delay in the 

measurement and requires frequent recalibration through the use of the fingerpricking test 

[24]. The price of achieving reduced invasiveness is the decrease in measurement accuracy. 

In particular, the false positive rate increases significantly due to sweating, temperature 

changes, electrostatic noise sources, etc., not to mention the invasiveness of the

 

Figure 1-5: Items inside a CGM toolkit: (above) portable monitor, (right) plunger 
connected with the sensor and the skin patch; (bottom left) the wireless transmitter; Image 
source: dexcom.com 
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implantation of the ISF glucose sensor and the possibility of infections [24]. For this 

reason, the FDA approved the use of CGM as a supplementary technology to track the 

daily trends of glucose levels. Therefore, CGM does not replace the fingerpricking test. 

For all commercially available CGM devices, the sensors must be re-calibrated by 

fingerpricking testing on the average about four times per day in order to maintain 

measurement accuracy. 

1.2.4 Non-invasive Glucose Measurements 

Non-invasive glucose measurements refer to technologies that measure glucose levels in 

ISF without causing any tissue damage. Optical sensors use the light of variable 

wavelengths to detect glucose and utilize different properties of light to interact with 

glucose in a concentration-dependent manner, which include scattering, thermal infrared, 

fluorescence, Raman, mid-infrared and near-infrared spectroscopy, etc. [20] (Table 1). 

Good correlations were found in the measurements. However, significant differences 

remain with respect to comparative laboratory blood glucose measurements due to the 

inter-subject variability in skin components. At present, none of the optical sensors have 

been clinically accepted and approved by the FDA based on their inferior precision and 

reliability when compared to the standard fingerpricking measurements. Researchers have 

also tried to find a correlation between blood glucose levels and glucose levels in other 

biological fluids that that are easily accessible, such as tears [25] and saliva [26]. While 

these approaches make measurements easy, they are subject to interference caused by other 

biological molecules in the samples, which are dynamically changing and environment-

specific [27]. 
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1.2.5 Islet Cell Transplantation 

It has been hypothesized that upon the transplantation of insulin-producing islet cells from 

a donor pancreas into another person [28], the donor’s islet cells can start producing insulin 

to regulate blood glucose levels in the recipient’s body. The concept of islet cell 

transplantation is not new, but it remains an experimental treatment for T1DM.  Two 

important limitations preclude its widespread application: (a) donor islet cell rejection by 

Principle Compartment Correlation Coefficient (r) 
Kromoscopy ISF - 

Photoacoustic 
spectroscopy 

ISF 0.71 [111] 

Optical coherence 
tomography 

ISF 0.8-0.95 [112] 

Scattering/occlusion 
spectroscopy 

ISF >0.75 (in 19/26 tests) [113] 

Polarimetry ISF/anterior 
chamber 

0.99 [114] 

Thermal infrared ISF 0.87 [115] 

Fluorescence ISF - 

Raman spectroscopy ISF 0.91 [116] 

MIR spectroscopy ISF - 

NIR spectroscopy ISF - 

*ISF: interstitial fluid; MIR, mid-infrared; NIR, near infrared. 
 

 

Table 1: List of Optical-based glucose sensor technologies; Modified from [20] 
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the recipient’s immune system is unavoidable and the transplant recipient must remain on 

immunosuppressant drugs [29]; and (b) the limited supply of islet cells available for 

transplantation. As a result, only 471 T1DM patients were recorded receiving islet cell 

transplantations worldwide in the five-year period from 1999 to 2004 [30]. Replacing 

human islet cells for transplantations with piglet islet cells only aggravated immunological 

rejections [31]. 

1.2.6 Stem Cell Transplantation 

Stem cell therapy for diabetes hypothesizes that the patient’s own stem cells can 

differentiate themselves into a set of islet cells that subsequently can be transplanted into 

the patient to produce insulin [32]. In theory, stem cell therapy can address the two 

problems of the islet cell transplantation approach, as there is no immunological reaction 

to the patients’ own cells and there are plenty of stem cells suitable for the therapy. The 

main challenge to this new approach is that some stem cells differentiate into tumors after 

transplantation. This option will remain an experimental treatment until this problem is 

fully addressed [33].  

1.3 Autonomous Blood Glucose Monitoring   

There is an obvious need for minimally-invasive blood sampling devices which will be 

able to obtain and analyze a series of static whole blood samples over an extended period 

of time autonomously with minimal pain and limited user intervention. The use of such an 

autonomous blood glucose monitoring (BGM) device shows great potential, as it can 

overcome the discontinuance of fingerpricking tests and the possible inaccuracies of the 

non-invasive and CGM tests. It aims at reducing pains and inconveniences experienced by 

diabetes patients and increasing the number of blood glucose tests per day. It further opens 

the possibility to function as an automatic calibration tool for people using those CGM 



 12 

devices. Ultimately, it shall be able to connect to a wearable transdermal insulin pump 

device to form a “closed-loop” blood glucose control, i.e., an external, electronically-

controlled artificial pancreas, which not only monitors glucose trends in the body but also 

autonomously adjusts the insulin delivery dosage to reduce both hyperglycemia and 

hypoglycemia. 

1.3.1 General Concept 

Conceptually, an ideal autonomous BGM system would consist of two important 

components: a blood sampling subsystem and a subsequent blood glucose measurement 

subsystem, well integrated with each other and automatically controlled by a 

microcontroller. The microcontroller can also store, display, and transmit the obtained 

blood glucose measurements to a remote device for trend tracking and even guiding the 

delivery of precise amounts of insulin by an insulin pump to close the loop of diabetes 

management [34]. Practically, the system should be miniaturized to a wearable size and 

operate for a long time (at least 12 hours) without human intervention. Last but not least, 

the costs associated with this new device, such as the expenses of materials and 

manufacturing technology, shall be affordable to the majority of people with diabetes 

worldwide.  

1.3.2 Blood Testing Site Selection  

Capillary vessels are everywhere beneath the skin surface. So blood sampling can 

theoretically be performed anywhere on our body. Fingertips are chosen as the primary site 

for SMBG for two reasons: Firstly, blood glucose levels in fingertip capillaries correlate 

well with those in the main vessels [35]. Also, it is relatively easy to extract an adequate 

blood sample at the fingertips as the local tissues are highly perfused [36]. Alternative Site 

Testing (AST) refers to blood sampling from a part of the body other than the fingertips 
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for blood glucose monitoring. Skin lancing at an alternative site is less painful [37]; 

however it leads to less blood volume (≤3 µL), which was once the main reason that 

hindered its clinical application [38]. The new generations of blood glucose test strips (such 

as One Touch Ultra, LifeScan, Milpitas, CA and Soft-Sense, Abbott, Bedford, MA) which 

require sample volumes between 0.3 and 2.6 µL, have received FDA approval for AST at 

the forearm, upper arm, abdomen, thigh, and calf. When the blood glucose levels are 

changing rapidly (e.g., after meals), the BGM results using AST may be significant ly 

different from the BGM results using fingerpricking due to the time delay [37]. Other than 

that, the measurements using AST and at the fingertips are statistically comparable [39, 

40]. Patients using AST tended to be in good testing compliance and glycemic control, as 

demonstrated in a crossover design study [37].  

1.3.3 Skin Anatomy 

On the average, the skin of an adult has a thickness of roughly 2 mm [41] (Figure 1-6). The 

outermost layer of the skin is the stratum corneum which is a thin but very dense and 

resistive compound of dead cells. The thickness of the stratum corneum varies in different 

skin sites, ranging from 23.6 ± 4.33µ𝑚𝑚 on the forearm to173.0 ± 36.96 µ𝑚𝑚 on the palm 

[42]. Situated below is the epidermis, which protects against the rays of the sun and has a 

thickness of 30 to 130µ𝑚𝑚. The dermis, which is located under the epidermis and ranges 

from 800 to 1500µ𝑚𝑚  in thickness, holds abundant blood vessels, hair follicles, sweat 

glands, and few nerve endings [43]. Lastly, the subcutaneous tissue is a fatty layer located 

below the dermis that connects to internal organs. It is usually about 1.2 mm deep [43]. In 

order to successfully acquire a blood sample, a lancet has to penetrate the resistive stratum 

corneum and reach the dermis layer, which contains blood capillaries. Due to the difference 
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in needle geometry, materials, and sharpness among needles, the required force for skin 

penetration by different types of needles varies widely. An analogy of this process in nature 

is blood extraction by female mosquito proboscis.  

1.3.4 Blood Extraction Mechanism of a Mosquito 

The micro-scaled structure of the proboscis has been previously described by several 

biologists using an electron microscope [44] [45]. It mainly consists of a large lip called 

the labium, which serves as the floor of all other components of the proboscis. At the tip 

of the labium, it ends in two pieces of lobes called the labella. The labium forms deep 

housing for a stylet-shaped labrum. The labrum is a hollow tube through which the blood 

is drawn. At the side of the labrum are two larger needle-like maxillae with fine saw-

toothed tips. Their oscillation can facilitate the penetration of the labrum. 

A recent study by Ramasubramanian et al. [46] uses high-speed video imaging to observe 

the skin penetration process. Axial pushing and retraction of labium at a frequency of about 

 
 

 
 

  
 

Figure 1-6: A cross-sectional diagram of skin layer; Image adapted from [41] 
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15 Hz was observed during the early penetration stage. They compared their experiment 

with another electrical impedance measurement of mosquito biting [47] and confirmed that 

such vibration facilitates the penetration. Another group [48] further studied the movement 

of mosquito proboscis in thin transparent skins of laboratory rats and found out that the 

labium and two maxillas advanced into the skin alternatively at the same frequency. The 

force required to break the skin barrier is as small as ~16.5µN [49]. After the penetration 

process, a mosquito relies not only on the passive capillary pressure but also on a two-

pump system in its head to suck a significant portion of the blood, the weight of which can 

reach nearly three times its own weight within one minute [47] [50].  

These findings clearly indicate that a mosquito’s proboscis is a sophisticated biological 

actuation mechanism made of components with highly specialized functions rather than 

just a hypodermic needle. The anatomy of a mosquito’s proboscis and the various functions 

of its components have inspired the development of different aspects of multiple blood 

sampling devices. 

1.3.5 Mosquito-Mimetic Approaches to the Development of Blood Sampling Device 

Technological advances have accelerated the development of semi-automated BGM 

devices that reduce user intervention during a fingerpricking test. Such devices are usually 

as portable as a cell phone. Semi-automated BGM approaches still rely on fingerpricking 

but feature one or two automatic components that reduce (although they do not completely 

eliminate) user intervention. Products such as Sof-tact (Abbott Laboratories, Bedford, MA) 

and the Pogo Automatic System (Intuity Medical, Sunnyvale, CA) were approved by FDA 

to monitor glucose levels from whole blood samples in 2001 and 2016 respectively.  
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Soft-Tact™ 

Sof -Tact™ is a fully integrated blood glucose testing device, manufactured by Abbott 

Laboratory in 2001. As shown in Figure 1-7, the device features a lancet holder and a strip 

holder, i.e., “Port 1”, which house a test strip and a lancet inside the device’s cover. To 

perform a blood glucose test, users load a test strip and a lancet inside the device and then 

gently press the gasket on the forearm or other sites. Once a user presses the main button, 

the Sof -Tact™ automatically lances the skin, draws a blood sample using suction, transfers 

the sample to the embedded test strip and provides a clinically accurate glucose reading in 

20 seconds. 

Pogo™ Automatic System 

The Pogo™ Automatic System (Intuity Medical, Sunnyvale, CA) is designed to further 

reduce the handling and disposal of test strips and lancets after each test (Figure 1-8). A 

“revolver” cartridge that contains 10 sets of lancets and test strips is installed inside the 

Figure 1-7: The Sof-Tact™ device; Image Adapted from: [117] 
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device. The user presses a finger on the button of this device to trigger a skin-lancing 

mechanism below that button that pokes that fingertip and withdraw a blood sample, which 

is immediately wicked into a miniaturized strip to get a reading. At the end of each lancing, 

the cartridge revolves and reloads a new lancet and its associated strip for the next test. 

This system was approved by the FDA to monitor glucose levels from whole blood samples 

in April 2016.  

It remains technically challenging to implement a fully automatic BGM device that can be 

wearable at the fingertips. As another point of view, such a device may not be accepted by 

the market as it is quite visible to others and will also affect users’ hand activities. 

Furthermore, the fingertips are also abundant with nerve endings and are therefore sensitive 

to skin lancing. Automated skin lancing at the fingertips is expected to cause the same level 

of pain compared to manual fingerpricking, which could become a concern to potential 

users in the future. These semi-automated devices reduce errors due to mishandling related 

to the fingerpricking test. In spite of their advantages, semi-automated BGM devices are 

still bulky in size due to their mechanical design. Both Sof-tact™ and Pogo™ are about 

Figure 1-8: Pogo TM Automatic System; Image Adapted from: www.presspogo.com   
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the size of a cellphone and designed as handheld devices that require strong manual force 

input to trigger their skin lancing mechanisms. Therefore, they are not suitable for 

miniaturization towards a wearable device [51]. 

Fully Automated Attempts 

With the advancement of material science and microelectromechanical systems (MEMs) 

technology, many researchers have attempted to fully automate the entire process. Li et al.  

proposed a hollow microneedle integrated with a pre-vacuumed actuator for automated 

blood extraction [52]. It still required human labor to insert the needle in the body, to begin 

with, and there is no integration of blood glucose sensing with the actuator at this stage. Li, 

T et al. developed a “backpacked” device for laboratory mice in pharmacokinetic 

applications, which used a magnetic actuator for lancing the skin (Figure 1-9). The actuator 

was integrated with a specially treated hollow needle that enhanced capillary penetration, 

thus facilitating blood extraction [53]. The device was lacking of the integration of glucose 

sensor and battery. So, its miniaturization feasibility remains questionable.  

 

Figure 1-9: A magnetic actuator for skin lancing proposed by Li, T et al. Image adapted 
from [53]. 
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1.3.6 The Concept of the e-Mosquito  

There is an obvious need for minimally-invasive blood sampling devices which would be 

able to automatically obtain and analyze a series of static whole blood samples over an 

extended period of time with minimal pain and limited user intervention. The e-Mosquito 

is a nature-inspired concept, which is implemented with advanced MEMs technologies. Its 

first generation was introduced by [54]. The original idea was to implement a skin-patch 

device which included a set of single-use cells. Figure 1-10 shows the detailed mechanism 

of an e-Mosquito cell. The device can be tightly adhered to the skin and contains a precisely 

controlled piezoelectric actuator, which delivers a sufficient force for a microneedle to 

penetrate the skin. The microneedle is hollow, and it can extract a whole blood sample 

using the natural blood pressure gradient in the penetrated capillary vessel. A glucose 

sensor measures the glucose level of the extracted minuscule static whole blood sample, 

Figure 1-10: A single cell of the first version of the e-Mosquito; Image adapted from: 
[60] 
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and the signal is then sent by an RF transmitter for post-processing and display after analog-

to-digital (ADC) conversion. Each e-Mosquito device carries multiple cells of single-use 

needle-sensor assemblies, which are to be replaced daily.  

In its macro-size first-generation prototype, the e-Mosquito utilized a pair of piezoelectric 

actuators that exerted a force of nearly 100 gf with a maximum stroke of 1.25mm [54]. An 

upgraded version of this system further incorporated an impedance sensor detecting the 

presence of a blood sample to form a closed-loop control of the actuator. It successfully 

extracted a blood sample of 10µl in a chicken model test [51]. However, several design 

problems hampered its commercialization feasibility. First of all, the piezoelectric 

actuators required a high driving voltage of up to 60V. To obtain this voltage, additional 

electronics had to be integrated into the device, which greatly increased its thickness. In 

addition, the actuation design was not reusable due to sanitization requirements. The 

expensive piezoelectric actuators had to be disposed of after use, which made the device 

unaffordable.  

The main barrier to the acceptable clinical use of the first-generation e-Mosquito device 

was the lack of a compact, yet effective actuator to withdraw blood samples from 

subcutaneous capillaries painlessly and regularly. With space and energy constraints for 

wearable devices, it is not easy to insert a needle about 1mm below the skin where capillary 

vessels are abundant. 
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1.4 Overview of the New Version of the e-Mosquito 

Figure 1-11 illustrates the concept of the proposed new version of the e-Mosquito 

microelectromechanical system (MEMs) [55]. The wristwatch-type microsystem consists 

of two parts: a reusable matrix and a disposable cartridge. The cartridge houses multiple e-

Mosquito actuator cells, each containing a 28-gauge lancet and a commercial glucose test 

strip. The cartridge can be easily attached to the matrix, which consists of two stacked 

PCBs that house an RFduino microcontroller, a Li-ion battery, a power booster, customized 

glucose sensing electronics (potentiostat) and reusable components of the actuator cells.  

Once attached, the gear teeth on the lancet (pinion) in each cell are mechanically engaged 

to the corresponding sliding members (rack) on the matrix and the pins of the test strips 

connect to the potentiostat circuit.  

Software sequentially controls enough individual cells to provide pseudo-continuous , 

autonomous, and reliable whole blood samples over the course of the day. The SMA-based 

Figure 1-11: System Overview of the e-Mosquito device; Image adapted from [70] 
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actuator in each cell is activated only once to “bite” through the skin barrier. Subsequent 

to each bite, the actuator of a particular cell extracts a minute sample of blood, which can 

then be analyzed in situ using potentiostat-based electrochemical sensing technology 

without the patient’s involvement [56]. After conditioning and digitizing the BGM signal, 

the microcontroller then displays it on an embedded LED screen. The RFduino technology 

also allows for storage of the BGM data and transmits it to a remote device for retrospective 

blood glucose trend tracking, and even guides a wearable insulin pump to close the loop of 

diabetes management by accurately delivering an accurate dose of insulin to patients, 

which is the ultimate goal of diabetes management [57]. While presently designed to be 

worn on the wrist like a watch, the design is adjustable for users to wear the device on other 

alternate sites of the body for blood glucose tests, including forearm, upper arm, and thigh 

[58, 59].  

The disposable design principle of the e-Mosquito could greatly save on cost to the users 

over time. At the beginning of a day, patients install a new cartridge on the e-Mosquito 

matrix and replace it after use at the end of the day. The cost of a single e-Mosquito cell, 

including a commercial test strip and a lancet, is less than twice the cost of those 

consumables used for a single fingerpricking test, which is approximately 2 US Dollars 

[60].   
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1.5 Aim of the Thesis 

Existing SMBG technologies used by patients with diabetes to monitor their BG levels are 

painful and inconvenient, which could hinder patients from adhering to the recommended 

testing schedules and diabetes management. In this thesis, the newly proposed, wearable 

microsystem for minimally-invasive, pseudo-continuous blood glucose monitoring, the e-

Mosquito, is presented conceptually and in human testings. This thesis aims to: 

• Design and test a shape memory alloy (SMA-based) skin-lancing mechanism for 

human testing to validate its capillary-reaching capacity, 

• integrate a strip-based blood glucose monitoring circuitry with the SMA-based 

skin lancing mechanism, and 

• develop and test an entirely functional prototype of a wearable e-Mosquito device 

including the above features for human testing.  

The following chapters discuss each component of the e-Mosquito system in detail. The 

principle and the design of the shape memory alloy (SMA)-based microactuator for skin 

lancing were proposed and described in chapter two. Following that, the hardware and 

software structures that control the microactuator and the blood glucose sensing are 

presented and discussed in chapter three. Experimental results are presented at the end of 

these two chapters. Chapter four reports the progress of developing several advanced 

features for the e-Mosquito device. The concepts of these features have been generated but 

they have not been fully developed and tested. Chapter five gives a conclusion of the thesis. 

Appendixes A to D complement and support the material in the Thesis with software code, 

PCB schematics and layouts. 
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Chapter Two: SMA-based Microactuator for Skin Lancing 

2.1 Design Requirements 

A microactuator must meet a minimum of four pivotal design requirements to successfully 

fulfill its purpose as a major building block of a new version of the e-Mosquito device.  

• Firstly, its thickness must restricted to millimeters in order to save space for the 

other components of the e-Mosquito device.  

• Secondly, its maximum penetration depth must be sufficient to reach a depth where 

where capillaries are abundant (~0.8-1.5mm, [43]). 

• Thirdly, the penetration force exerted on the microneedle must be sufficient to 

pierce through the force-resistant layers of the skin. An intensive literature review 

concluded that the minimum lancing force required to penetrate the skin’s surface 

is approximately 30 gf [61]. 

• Fourthly, the microactuator must be easily integrated with the actuator control, the 

glucose measuring, and the other building blocks of the e-Mosquito device. 

• There are several secondary requirements for the actuator design, including a low 

manufacturing cost, an easy assembly procedure, and biocompatibility. 
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2.2  The Principle of the Shape Memory Alloy-based Actuator 

A reliable actuation mechanism for skin lancing is a prerequisite for any blood sampling 

device. Several actuation mechanisms are relevant to the development of microactuators, 

including piezoelectric-, electrostatic-, thermal-, and SMA-based [62]. Among the current 

candidates to replace the existing piezoelectric microactuation mechanism in the previous 

version of the e-Mosquito, shape memory alloy (SMA) actuation is the most suitable one 

due to its elegant structure, high power/size ratio and the potential for higher geometrical 

and functional complexity [63]. An SMA-based actuator is usually fiber-like. It is as 

flexible as a nylon thread at room temperature (Figure 2-1). When a current is fed through 

it, its resistance dissipates heat which contracts (~4-6% of its originate length) and stiffens 

the material like a piano wire. The flexibility is reversible once the material cools down to 

room temperature. Throughout this cycle, the SMA fiber introduces a linear motion to an 

attached object in a way that is similar to a muscle fiber. The key feature of an SMA 

actuator is its low power consumption but relatively high energy output [63].  

 

2.2.1 Microscopic Modelling of SMA Behaviors 

When using differential scanning calorimetry (DSC) tests to probe crystal structures of 

various materials, scientists have observed that external non-mechanical stimuli like 

Figure 2-1: A characteristic diagram of the SMA wire actuator: The cooled condition 
(Left), and the heated condition (Right) 
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temperature change can induce microstructural transformation of certain materials that 

collectively restore the materials back to their original macroscopic shape [63]. These 

materials were all named “smart materials”, and SMAs are a subset of such smart materials 

[64]. Various SMAs were discovered over the last 70 years, among which the nickel-

titanium (Ni-Ti) alloy became widely used in many biomedical applications because of its 

excellent biocompatibility [65, 66].  

Figure 2-2 illustrates the phase transformations of an SMA fiber undergoing a thermal 

cycling. The martensitic phase in SMA has a non-cubic structure and a relatively low 

stiffness. When being heated above the austenitic start temperature (As), the martensitic 

phase transforms to the austenitic phase that has a cubic structure. The transformation rate 

can reach 100% when the temperature goes above the austenitic finish temperature (Af). 

Interestingly, this transformation is also reversible during a cooling process: The reversed 

Figure 2-2: A typical thermal cycling of SMA materials observed under DSC in a stress-
free environment; Critial Transformation temperatures: martensitic start (Ms), 
martensitic finish (Mf ), austenitic start (As) and austenitic finish (Af ). 
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transformation begins at martensitic start temperature (Ms) and completes at martensitic 

finish temperature (Mf).  

It is desirable to use software that incorporates an advanced model, which is able to 

simulate the thermo-mechanical properties of SMA materials accurately. Automatic 

dynamic incremental nonlinear analysis (ADINA) is employed to simulate the SMA 

actuation. ADINA is a finite element analysis program that is capable of solving multi-

physics problems including thermo-mechanical problems. In its most recent version 8.3, it 

provides a new shape-memory alloy model for 3D solid elements. The technical report has 

demonstrated that the ADINA simulation results reasonably agree with the simulation 

results given in a well-renowned paper [67] (Figure 2-3).  

In general, the SMA model in ADINA is based on the following equations [68]:  

The total strain, 

𝜀𝜀 = 𝜀𝜀𝑒𝑒 + 𝜀𝜀𝑡𝑡 + 𝜀𝜀𝜃𝜃       (Equation 1)  

where  𝜀𝜀𝑒𝑒 = elastic strain (%) 

𝜀𝜀𝑡𝑡 = thermal strain (%) 

𝜀𝜀𝜃𝜃 = transformation strain (%)  

For the one-dimensional macro-scale model, 

𝜉𝜉 = 𝜉𝜉𝑠𝑠  + 𝜉𝜉𝑡𝑡  ;  0 ≤  𝜉𝜉 ≤ 1     (Equation 2) 

𝜉𝜉 +  𝜉𝜉𝐴𝐴  =  1     (Equation 3) 

𝜀𝜀𝑡𝑡 = ε𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡 𝜉𝜉𝑠𝑠     (Equation 4) 

where  𝜉𝜉𝑡𝑡 = twinned martensite volume fraction (%) 

𝜉𝜉𝑠𝑠 = detwinned martensite volume fraction (%) 

𝜉𝜉𝐴𝐴 = austenite volume fraction (%) 
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ε𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡  = maximum recoverable residual strain; a material property obtained from a 

simple tension test when the material is fully detwinned martensite (𝜉𝜉𝑠𝑠= 1) (%) 

The total stress (σ, Unit: MPa) can be modeled as: 

𝜎𝜎 = ((1 − 𝜉𝜉)𝐸𝐸𝐴𝐴 + 𝜉𝜉𝐸𝐸𝑀𝑀)(𝜀𝜀 − 𝜀𝜀𝜃𝜃 − 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡 𝜉𝜉𝑠𝑠)   (Equation 5) 

where  𝐸𝐸𝐴𝐴 = the axial stress of the SMA material in austenite state (Unit: MPa) 

𝐸𝐸𝑀𝑀 = the axial stress of the SMA material in martensite state (Unit: MPa) 

The phase transformation rate is set by using linear kinetic rule [67] and the computational 

steps for the stress-integration of the SMA model have been implemented in ADINA [68].  

2.2.2 Macroscopic Modelling of Spring-based SMA Actuation 

The microscopic model above accurately describes the thermo-mechanical properties of a 

straight SMA wire. The ability of SMA to return to a predetermined shape on heating above 

Figure 2-3: A comparison between the simulation results by ADINA 3D (blue), Auricchio 
& Sacco [67] (green) and experimental result (red); Image adapted from: [68]. 
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Af is referred to as the shape memory effect (SME), which finds applications in many fields, 

such as bioengineering, civil engineering, and aerospace engineering. Being small but 

capable of producing a powerful force and stroke, SMA materials are ideally suited for 

milli- and micro-actuators [63]. Practically, a straight SMA wire is usually connected with 

a biasing spring to achieve consistent performances [69] (Figure 2-4). State A in Figure 

2-4 shows the initial state of the SMA wire in its cold temperature (i.e. temperature T<Mf). 

The biasing spring is slightly deformed to balance the martensitic stiffness of the SMA 

wire. When the temperature of the SMA wire is raised to a temperature above Af,, the 

microscopic microstructure will change to State B, where the SMA wire is returned to its 

austenitic state. During this recovery process, a pull force causes the extension (stroke, ∆𝑥𝑥) 

of the biasing spring, the response of which is linear and obeys Hooke’s law: 

 

Figure 2-4: Figure shows an arrangement consisting of SMA wire in series with a bias 
spring. SMA wire here acts as a sensor and actuator with changes in temperature. Bias 
spring resets the mechanism back to its original position for next cycling. The biasing 
spring response is linear in the force/extension diagram, which makes it convenient to 
estimate the stroke in SMA+biasing spring arrangements.  
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𝐹𝐹𝑆𝑆𝑀𝑀𝐴𝐴 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑘𝑘 ∙ ∆𝑥𝑥     (6)  

Where 𝐹𝐹𝑆𝑆𝑀𝑀𝐴𝐴 is the overall output force of the SMA actuator, 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum pull 

force at State B and k is the spring coefficient. Both 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 and the net stroke depend on a 

heating temperature above Af. State B can shift up to a new state along the linear 

force/extension curve if the SMA wire is heated to a higher temperature.   
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2.3  Design of a Spring-Based SMA-based Microactuator 

In the present prototype, two SMA-based microactuators have been implemented per the 

e-Mosquito device [70]. Figure 2-5 shows an exploded view of the microactuators which 

are integrated on two stacked printed circuit boards (PCBs). The dimensions of the two 

stacked PCBs are 39mm x 60mm x 9mm, and within this space, there is extra room reserved 

for the other components of the system. Each of the SMA-based microactuators consists of 

four parts: a triggering SMA heating wire, an actuating sliding member, a lancet, and a 

Figure 2-5: An exploded view of the SMA-based microactuator in a wristwatch design; 
An exploded view of the wearable device integrated with two microactuators for blood 
extraction: 1. lancet, 2. sliding member, 3. SMA heating wire, 4.biasing spring, 5. lancet 
holder, and 6. sliding guide. Items in round balloons are reusable and items in square 
balloons are disposable items; Image adapted from [70]  
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biasing spring. The SMA heating wire, the sliding member, and the biasing spring are all 

mounted on the matrix PCB. A 1mm-deep groove is cut at the bottom of the top PCB which 

guides the linear movement of the sliding member during actuation. Two disposable lancets 

and their holders are positioned in slots on the disposable cartridge.   

 

2.3.1 In-Plane Actuation 

As shown in Figure 2-6, a spring-biased mechanism is used for the one-dimensional SMA 

wires for the forward and backward motions of the sliding member in this mechanism. This 

spring-biased mechanism is modified from the one illustrated in Figure 2-4, in order to 

save space and make the PCB implementation easier. Instead of directly connecting to the 

spring, the SMA wire is mounted on one side of the sliding member, whereas the biasing 

spring is mounted on its opposite side and is used to oppose the contraction of an SMA. 

The other end of the spring is mounted on a hook-up pin which is soldered onto the matrix 

Figure 2-6: Schematic diagram of the spring-biased SMA actuation mechanism: FSMA: 
activation force of the SMA wire, FBiasing: spring biasing force; Image adapted from [70] 
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PCB. In this diagram, two fixed pulleys are used to package a longer SMA wire within the 

limited space. It is possible to use more than two fixed pulleys to package an even longer 

SMA wire if necessary. Each end of the SMA wire passes through a plated via hole and is 

soldered tightly. The entire length of this SMA wire is on a plane that is perpendicular to 

the matrix PCB surface, thus reducing the overall thickness of this microactuator.  

A DC voltage can be applied across the resistive SMA wire to create a DC current, which 

dissipates joule heating that leads to the SMA wire contraction [62]. The output force is 

proportional to the cross-sectional area of the SMA wire. As such, the stroke is ~4% of its 

original length at maximum, regardless of the wire diameter [62]. When the current is off 

and the wire cools, the spring’s opposing force returns the relaxed wire to its original 

length. The SMA wire selection and current control will be discussed in the following 

sections.  

2.3.2 Rack and Pinion Motion Conversion 

Next, the rack-and-pinion mechanism shown in Figure 2-7 converts the in-plane movement 

of the sliding member to an out-of-plane thrust of the lancet. A patient installs a new 

cartridge on the matrix PCB at the beginning of the day. The cartridge installation engages 

the gear teeth of the reusable sliding member (rack) and those of the disposable lancet 

(pinion).  

For a rack and a pinion to mesh together properly, the circular pitch of the pinion and the 

linear pitch of the rack must be equal, i.e.,  

𝑃𝑃𝑟𝑟𝑚𝑚𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑁𝑁
𝐷𝐷

     (Equation 6) 
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where N is the number of teeth in a full cycle of the pinion and D is the diameter of the 

pinion. 

The gear ratio equation is: 

𝜔𝜔𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
= 1

𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
    (Equation 7)  

Figure 2-8 shows the schematic diagram of the rack-and-pinion mechanism. The distance 

between the gear teeth engagement and the center of the pinion is termed as the pitch radius, 

or r. And the lancet arm length (l) is defined as the distance between the lancet and the 

pinion center. When the SMA wire is activated, its output force, FSMA, pushes the rack 

horizontally and transmits power to the the pinion. The resulting lancing force (FLancing) at 

the tip of the lancet is formulated using Equation 6 and Equation 7, assuming a linearized 

SMA loading response [64]: 

Sliding Member (Rack)

Lancet
(Pinion)
Epidermis

Dermis

Needle

Blood Vessels
(a)

FSMA

Lancet
Trajectory

(b)
Figure 2-7: Schematic diagram of a blood extraction procedure with SMA-based 
microactuator: (a) initial position of the lancet and (b) during the activation of SMA wire, 
the sliding member (rack) pushes the lancet (pinion), creating an arc-shape wound. After 
the SMA wire is de-activated, a biasing spring force retracts the lancet from the wound. 
Image adapted from: [70] 
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𝐹𝐹𝐿𝐿𝑚𝑚𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝐿𝐿 = (𝐹𝐹𝑚𝑚𝑟𝑟𝑎𝑎−𝑟𝑟∙∆𝑚𝑚)∙𝑟𝑟
𝑙𝑙

    (Equation 8) 

The vertical penetration depth of the lancet (Δy) as a function of the horizontal sliding 

movement (Δx) is given by: 

 ∆𝑦𝑦 = 𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜( 𝑙𝑙
𝑟𝑟𝑝𝑝𝑠𝑠𝑐𝑐

, 𝛽𝛽) ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

            = 2𝑙𝑙
𝑟𝑟𝑝𝑝𝑠𝑠𝑐𝑐

∙ sin (𝛽𝛽
2

) ∙ sin (𝜋𝜋
2
− 𝛽𝛽

2
− 𝛼𝛼) 

                       = 𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠 �∆𝑚𝑚
𝑟𝑟
�− 2𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠2(∆𝑚𝑚

2𝑟𝑟
)     (Equation 9) 

where k is the biasing spring constant and the other noted variables are specified in Figure 

2-8. 

Figure 2-8: The schematic diagram of the rack-and-pinion mechanism: Δx: SMA 
contraction, r: the pitch radius of the pinion, l: the lancet arm length, d: initial vertical 
distance from lancet tip to the pinion center, α: the internal angle of the triangle formed 
by d and l, β: the angle of rotation, Δy: the vertical lancet penetration depth, Δs: the moving 
trajectory of the lancet tip. Image adapted from [70] 
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After use, this design allows the detachment of the microactuator components such as the 

SMA wire and the sliding member (rack) from the disposable lancet (pinion) so the 

microactuator components are reusable over a long term, which significantly reduces the 

cost of this device for the users.  

2.3.3 SMA Wire Selection 

Due to the space constraints for a wearable device, the longest possible length of an SMA 

triggering wire that can be implemented on the PCB is 170mm. The nominal maximum 

value of ∆x is given by the following: 

∆𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 = 170𝑚𝑚𝑚𝑚∙4%
2

= 3.4𝑚𝑚𝑚𝑚   (Equation 10) 

The design of the SMA–based microactuation mechanism is further restricted by the 

actuating voltage and current of SMA wires. Figure 2-9 shows a plot of actuating voltages 

and currents in a series of 200mm SMA wires based on a guideline provided by their vendor 

(Flexinol® Actuator Wires, Dynalloy Inc., Irvine, CA, USA) [71]. The increase of SMA 

wire diameters results in higher output forces although the voltage required for actuation 

gradually becomes consistent. However, the current and power consumptions surge 

dramatically for bigger wires. Therefore, a trade-off between the actuating voltage and 

current must be made during the SMA wire selection. The BMF150 SMA wire (Toki 

Corporation, Tokyo, Japan) is selected for this application, which has a practical output 

force of 144gf at 340mA [72]. Given Δx = 3.4mm, FSMA = 288gf  (144gf x 2 for two wire 

sections in parallel) and d = 1.5mm , the vertical penetration depth (Δy) and the initial 

lancing force (𝐹𝐹𝐿𝐿𝑚𝑚𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝐿𝐿,Δx=0) become functions of 𝑜𝑜 and 𝑙𝑙, which are visualized in Figure 

2-10. With regard to meeting with the penetration depth of 1.2mm and penetration force of 

131gf for solid needles and 168gf for hollow needles as suggested in the literatures [73] 
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[74], the base radius of the pinion and the lancet arm length must be carefully determined. 

Figure 2-10 shows a 2D visualization of the initial lancing force and the penetration depth 

as functions of r and l (3mm<r<5mm, 3mm<l<10mm). The curve lines indicate the 

suggested penetration force for solid needles (131gf) and hollow needles (168gf) and the 

suggested penetration depth of 1.2mm to successfully draw capillary blood. Graphically , 

the following parameter values are chosen: the base radius of the pinion, r =  5mm , and 

the lancet arm length, l = 7mm , which is represented by the white dots on the 2D plot. The 

maximum penetration depth is approximately 3.4mm, and the initial lancing force about 

205gf.  

Figure 2-9: The actuating voltages and currents of 20cm Flexinol® SMA wires of 
various output forces. 
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Figure 2-10: 2D visualization of the initial lancing force and the penetration depth as 
functions of r and l (3mm<r<5mm, 3mm<l<10mm).  
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2.4 Implementation  

2.4.1 Component Fabrications 

The microactuator consists of two customized printed circuit boards, two micropulleys 

(⌀2.5mm, Model Dockyard, Redruth, UK),  a tension spring (EI007A01M, Lee Springs, 

Brooklyn, NY, USA), and precise components for the rack-and-pinion mechanism 

including a sliding member and a lancet (Figure 2-8). The mechanical design of these 

components was firstly done using a Computer-Aided Design (CAD) software (Solidworks 

2014, Waltham, MA, United States). The PCB layouts were designed using EAGLE PCB 

design software (Autodesk, San Rafael, CA, United States). The two PCBs were custom-

made by a local manufacturer (AP Circuits, Calgary, AB, Canada) (Figure 2-11(a) and (b)). 

In this version, the PCBs only have features for connecting the SMA wire and its associated 

components. Those actuation control and glucose sensing circuits were not implemented 

on the PCB until the design of the microactuator was completed at a later stage. 

Two straight 2.5mm-wide and 1mm-deep slots were cut at the back side of the top PCB. 

Figure 2-11: (a) Custom-made Top PCB; (b)SMA-based microactuator installed on the 
Matrix PCB, and (c) Micromachined cartridge 
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Their only function is to guide the forward and backward movements of the sliding member 

of the actuator. The disposable cartridge was fabricated on a polymethyl methacrylate 

(PMMA) sheet using a desktop Computer Numerical Control (CNC) machine (Nomad 883 

Pro, Carbide 3D, Torrance, CA, USA)(Figure 2-11(c)).  

The two precise components (the sliding member and lancet) were fabricated using a 

compression molding process which facilitates scale production. Stainless steel 2316 was 

used as the mold material because of its good machinability and surface finish quality. The 

mold fabrication was done using a micro-machining system (OM-2, HAAS Automation, 

Oxnard, CA, USA) with a positioning accuracy of ±0.5μm and a resolution of 0.1μm. The 

two-piece compression mold design is shown in Figure 2-12. A 0.6mm-wide groove was 

machined at the tip of the lancet for securing the needle to the lancet body. 

A 28-gauge solid stainless steel needle (OD=0.362mm, Needle Length = 20mm, UltraSoft, 

LifeScan, Burnaby, BC, Canada) was stripped of its original plastic casing and cut at ~7mm 

deep from the needle’s proximal tip. Then, the 7mm-long needle was cruciform-welded 

with a 4mm 28-gauge stainless steel rod, using a butane micro-torch (TFX-2050, 

Merithian, Concord, ON, Canada) and a cadmium-free filler material (Safety-Silv® 56, 

Harris, Mason, OH, USA), as shown in Figure 2-12(b). A thermoplastic material, 

acrylonitrile butadiene styrene (ABS), was chosen as the charge material (i.e., the plastic 

material filling the mold cavity) of the compression molding because of its 

biocompatibility, stiffness, heat resistance, and relatively low cost. Before the ABS 

granules were applied, a silicone conformal coating (MG Chemicals, Burlington, ON, 

Canada) was sprayed evenly over the mold area, allowing for easy release of the 

thermoplastic pieces from the mold. The 2mm fine ABS granules (ABS, HI-121H, Chimei, 
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Qingdao, China) were then evenly applied over the mold cavities. Next, the mold was 

positioned on a preheated plate (460°F) of a compression molding machine (Model 4122, 

Carver, Wabash, IN, USA) for 5 minutes to allow the melted ABS material to completely 

fill in the mold area. Then, the mold was compressed by a hydraulic force of 4 tons for 5 

minutes. The thermoplastic pieces were removed from the plate after it is cooled down to 

room temperature. The pieces were pushed out of the mold area by pushing pins eventually.  

2.4.2 Assembly 

All components were sterilized using 70% medical alcohol (McKesson, Montreal, QC, 

Canada) before the assembly. The assembly process of the actuator is as follows. First, one 

end of the biasing spring was fixed on a hook-up pin, which was soldered in a “via” hole 

on the PCB. The sliding member was then connected with the other end of the biasing 

Figure 2-12: (a) The two-piece compression mold design: A bottom mold was used to make 
the hole structures on the sliding member and the lancet; (b) A metal bar was cruciform-
welded with the needle in order to fix the needle in the plastic lancet body during the 
compression molding; (c) The lancet piece after compression molding. Dotted lines 
indicating the location of the metal bar inside the lancet body. 
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spring. Next, one end of the SMA wire was fixed on one plated via hole of the matrix PCB 

using a solder lead. Then, the SMA wire was routed around the micropulleys, and through 

one of the holes of the sliding member. Its another end was fixed to the second plated “via” 

hole of the matrix PCB. In the current prototype, two microactuators were implemented on 

the matrix PCB board. The matrix PCB board was covered by the top PCB board by 

aligning the sliding members with the slots. The two boards were fixed using 3mm board 

spacers (V6622A, Assmann WSW components, Lüdenscheid, Germany), as shown in 

Figure 2-11(b). In this figure, the Top PCB was substituted with a transparent acrylic sheet 

to observe the reactions of the SMA-based microactuator during the mechanical testing. A 

metal rod (OD:0.8mm, Zoro, Burnaby, BC, Canada) through the middle hole of the lancet 

fixed the lancet on the disposable cartridge (Figure 2-11(c)). Finally, the disposable 

cartridge was installed below the matrix PCB using other four board spacers.  

The two plated via holes (Figure 2-6) were first connected to a tunable D.C. power supply 

in order to characterize the activating voltage and current. Eventually, they will connect to 

a battery supply that can be digitally turned on/off by an RFduino microcontroller in the 

wearable settings. All of these digital control components were implemented on the upper 

PCB (Figure 2-5), which will be discussed in chapter three. 

2.4.3 Material Cost Breakdowns 

Table 2 shows a breakdown of the material costs per SMA microactuator. The total costs 

of all the components of an e-Mosquito matrix (including two actuators, as shown in Figure 

2-5) is ~$50. However, these items are reusable over the long term. On the other hand, the 

total cost of a disposable e-Mosquito cell (not including a blood test strip) is $0.68. This 

low price should be readily accepted by most patients with diabetes, not to mention that 

the costs of these items can be further reduced when they are mass-produced. 
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Table 2: Material cost breakdown per SMA microactuator 

  Name Unit Price 
($/Unit) 

No. of 
Units Price 

Resusable Items (per 2 actuators): 

1 Custom-made PCB ~$20/Unit 2 pieces ~$40 

2 SMA wire $20.00/meter 0.34 meter $6.80  

3 Biasing spring $91.30/ 100 pcs 2 pieces $1.82  

4 ABS molding granules $2.5 / kg 0.003 kg <$0.01 

5 Mounting spacer nuts $0.19 / piece 4 pieces $0.78  

6 Hook-up pins $23/100 pcs 2 pieces $0.46  

Total       $49.87  

Disposable Items (per cell):  

5 Gauge-28 hypodermal needle $2.99 / 10 pcs 1 piece $0.30  

6 Mounting rod $0.19 / pair 2 pair $0.38  

7 ABS molding granules $2.5 / kg 0.003 kg <$0.01 

Total       $0.68  
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2.5 In-Vitro Mechanical Testing of the SMA Microactuator 

2.5.1 Implementation of a Customized Mechanical Test Station 

In most applications, SMA microactuators are activated by a voltage supply. However, the 

voltage-dependent displacement and force curves of SMA actuators have been reported to 

be strongly nonlinear and to exhibit hysteresis [75]. Furthermore, heating and cooling 

processes during SMA wire fabrication are usually not precisely controlled [76]. This can 

result in a variation in the mechanical properties of individual SMA wires from different 

production batches. Therefore, mechanical testing is still the most accurate way to 

characterize SMA actuators.  

2.5.1.1 Mechanical Test Instruments 

We adapted a mechanical test instrument design introduced [77] for SMA actuators, with 

a particular emphasis on the biasing spring. As shown in Figure 2-13, one horizontal load 

cell (XLUS88, Tecsis, Worthington, OH, USA) and a linear variable differential 

transformer (LVDT) sensor (MHR250, MSI, Hampton, VA, USA) monitored the in-plane 

actuation force and displacement of the needle. A vertical load cell (XLUS88, Tecsis, 

Worthington, OH, USA) was added to the test station to keep track of the vertical force 

exerted by the actuator at the tip of the needle. A thermocouple (SMCJ-T, Omega, 

Stamford, CT, USA) and a current meter (CC-650, Hantek, Qingdao, China) provided 

peripheral measurements to detect whether the SMA actuator is functioning properly. A 

horizontal micrometer  (261L, Starrett, Athol, MA, USA) was used to adjust the position 

of the microactuator components before each measurement. By adjusting the depth of the 

vertical load cell using the vertical micrometer, the penetration force of the needle at 

various depths was obtained.  
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2.5.1.2 Signal Amplification and Conditioning 

Customized analog amplification and conditioning electronic circuits for each sensor in the 

mechanical test station were developed for optimally utilizing the analog range of the input 

channels of the data acquisiton (DAQ) card. Figure 2-14 shows an examplary diagram of 

Figure 2-13: The mechanical test station for characterizing the in-plane SMA 
microactuator. Multiple sensors were implemented, including two load cells, a 
thermocouple, a LVDT sensor and a current meter 

Figure 2-14: Customized signal conditioning and amplification circuit for the for force 
sensors used in the test station. 
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the amplification and conditioning circuit for the loading cell. Op-amps (AD648, Norwood, 

MA, USA), standard through-hole resistors, capacitors and one potentiometer were used 

in the instrument design. The DAQ card has an analog range of ±10V. Meanwhile, the 

M7L-20 displacement sensor output perfectly fits in this range. On the other hand, 

amplification and conditioning is needed for the force sensor (XLUS88, Tecsis, 

Worthington, OH, USA) to fully utilize the 20V analog span of this DAQ card. The 

required gain (G) is found by dividing the desired output range by the given input range: 

𝐺𝐺 = 20𝑉𝑉
4𝑉𝑉−1𝑉𝑉

= 6.66𝑉𝑉/𝑉𝑉     (Equation 11) 

Practically, it is safe to leave margins at the border of the analog range for the DAQ card. 

Therefore, the total gain was slightly reduced to 6V/V. Next, a non-inverting amplifier with 

a feedback resistor of 300Ω and input resistor of 300Ω was implemented so that an initial 

gain (G1) of 2 is obtained: 

𝐺𝐺1 = 1 + 𝑅𝑅𝑓𝑓
𝑅𝑅𝑝𝑝𝑝𝑝

= 1 + 300𝛺𝛺
300𝛺𝛺

= 2   (Equation 12) 

The required gain of this output stage (𝐺𝐺2 ) was 3V/V, and it was implemented as an 

inverting amplifier stage with a feedback resistor of 30kΩ and an input resistor of 10kΩ: 

𝐺𝐺2 = − 𝑅𝑅𝑓𝑓
𝑅𝑅𝑝𝑝𝑝𝑝

= − 30kΩ
10kΩ

= −3    (Equation 13) 

A potentiometer was used to adjust the voltage at the non-inverting input of the op-amp in 

order to provide the offset compensation. 

Finally, a direct first-order system modeling method was applied to derive the cut-off 

frequency (𝑓𝑓𝑟𝑟). A step input was monitored using CVI software (National Instruments, 

Austin, TX, USA), with the maximum sampling frequency @ 200kHz. The average 

readings, when the sensor was unloaded and loaded, were 1.0025V and 1.4803V 
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respectively. The 0.63 of the static sensitivity (ΔV=0.4778V) was at 0.37s. The step 

response initiated at 0.32575s. Therefore, τ = 44ms and:  

𝑓𝑓𝑟𝑟 = 1
2𝜋𝜋τ

= 3.60𝐻𝐻𝐻𝐻    (Equation 14) 

When a 1µF capacitor is used, the corresponding feedback resistance (R) is: 

𝑅𝑅 = 1
2𝜋𝜋𝜋𝜋𝑓𝑓𝑟𝑟

= 44.2𝑘𝑘𝑘𝑘 ≅ 47𝑘𝑘𝑘𝑘    (Equation 15) 

The final circuit, including all three stages, is shown in Figure 2-14.  

𝑓𝑓𝑟𝑟 = 1
2𝜋𝜋𝑅𝑅𝜋𝜋

= 3.38𝐻𝐻𝐻𝐻    (Equation 16) 

The force sensor was then calibrated by five cylindrical weights with masses equal to 

20.48g, 81.8g, 102.28g, 213.64g, and 234.12g, respectively (Figure 2-15). The sensor 

outputs were recorded and listed in Table 3.  

 

Table 3: Sensor Calibration and Fitting 

  After Amplification   Gain 

V_Baseline (V) V_Output (V) ΔV (V) ΔV/ ΔV 

-9.22 -9.22 0.0000  0.0000 

Figure 2-15: Voltage signals from different weights for force sensor calibration 
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-9.22 -8.60 0.62 6.50 

-9.22 -6.74 2.48 6.56 

-9.22 -6.22 2.99 6.57 

-9.22 -2.75 6.48 6.59 

-9.22 -2.36 6.86 6.58 

Fitting model 

parameters 

k 0.0284   

b 0.054   

 

Using the Matlab polyfit function to fit the voltage/weight plots in first order, the sensor 

function is as such: 

𝑦𝑦2 = 0.0284𝑥𝑥 + 0.054;   (Equation 17) 

The signal amplification and conditioning circuits for the LVDT and the temperature 

sensors have also been customly implemented and calibrated, using a process similar to 

those described above. 

2.5.1.3 Digital Control and Monitoring System 

Figure 2-16 shows the experimental setup of the synchronous data acquisition and control 

block. The central data transmission and acquisition module was implemented by a DAQ 

card (NI-6024E, National Instruments, TX, USA), which included a built-in timer that 

accurately synchronized the actuator control and monitoring processes. The input and 

output functions of the DAQ cards were controlled by industry-standard software (CVI, 

National Instruments, TX, USA). The sampling rate is set to 1 kHz for all sensors. Sensor 

data were stored for offline statistical analysis. 
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Figure 2-16: An overview of the block diagram of the control and monitoring System; 
Image adapted from: [60] 

2.5.2 Test Protocol 

As discussed in the earlier sections, two important aspects of the SMA microactuator are 

(1) the maximum displacement depth; and (2) the penetration force along the path of the 

needle movement. These two characterization tasks were accomplished by two sets of 

experiments using the mechanical test station.  

2.5.2.1 Characterization of Working Voltage and Current 

The SMA microactuator was initially connected to a stationary DC power supply. It was 

also reset to its original straight down position. To begin the experiment, the load cell’s 

surface was moved up to the same level as the needle’s original position (Figure 2-13). At 

this depth, the SMA wire was activated by several different currents ranging from 200mA 

to 400mA. This was done to determine both the optimal working voltage and the current 

of the SMA-based actuator. Once these were determined, the experiment continued to test 

the maximum penetration depth and penetration force. 
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2.5.2.2 Testing the Maximum Penetration Depth 

To test the maximum penetration depth, the SMA microactuator was initially powered off, 

and the needle was reset to its original straight down position. Subsequently, the vertical 

load cell was moved 3mm below the needle’s position, which was used as the starting depth. 

At this depth, the actuator was activated five times at the determined voltage and current, 

which is equivalent to the boosted voltage of a Li-ion battery that will power the wearable 

device. During the actuation, the load cell output was observed. If there was a change in 

the output, a counter increased by one, and this was recorded into an Excel datasheet. Then, 

the depth of the load cell was increased by 0.05mm, and the steps above were repeated at 

the new depth. The measurements eventually stopped at a depth of 4mm below the needle 

position. The entire test was repeated on a second SMA microactuator. 

2.5.2.3 Testing the Maximum Penetration Force 

Due to the biasing force of the spring and the change in the penetration angle during the 

rotation, the vertical penetration force changes at various depths below the skin surface. 

Therefore, the maximum exerted force of the SMA actuator alone cannot provide sufficient 

data to fully characterize it. In particular, force resistances of different layers of the skin 

vary. The top skin layer (the stratum corneum) is the most force-resistive layer compared 

to the layers below it [43]. Therefore, it is necessary to determine the penetration forces at 

various depths.   

The depth of the vertical load cell of the mechanical test station can be manually adjusted 

by the micrometer mounted on it, which allows monitoring the penetration force at 

different depths. At the beginning of the experiment, the load cell surface was moved up 

to the same level as the needle’s original position. Then, the SMA actuator was triggered 

twice, again using the determined voltage and current. Each time, the actuation lasted 10 
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seconds and the maximum penetration force during these time periods was recorded into 

an Excel spreadsheet. Subsequently, the load cell depth was increased by 0.05 mm and the 

two maximum penetration forces observed at that depth were recorded again. This entire 

process was repeated from zero depth to the maximum displacement depth. 

2.5.3 Results 

2.5.3.1 Characterization of the Working Voltage and Current 

Figure 2-17 shows the force measurements by the load cell when its surface is moved up 

to the same level as the needle’s original position. The curves reflect the measurements of 

force responses at different supply currents (i.e. 200mA, 300mA, 340mA, and 400mA). 

When the current was below the rated current of 340mA, the joule heating of the SMA 

wire was slow and it took more than 2 seconds for the wire to reach maximum contraction. 

When the wire was triggered using the rated current of 340mA, the SMA wire was fully 

contracted and produced its maximum force of 180gf, in less than 1 second. When the wire 

was triggered using an even higher current (e.g. 400mA in Figure 2-17), a quick and spiking 

Figure 2-17: Output forces of the SMA-based microactuator driven by various currents 
monitored by the load cell. 
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force of 225gf was detected at about 0.5 seconds after the activation. Gradually, the force 

was slightly reduced and became constant at 180gf. 

This spike force can be explained by the hysteretic nature of the SMA microscopic 

transformation when it is at initial low strains [63]. When the triggering current is higher 

than the rated current, an excessive amount of heat is generated and suddenly brings up the 

local wire temperature to its maximum and causes the spiking force. Following that, the 

heat transfer removes the excessive heat inside the wire as a result of the gradient between 

the wire and air temperature. Eventually, the local wire temperature becomes stable at a 

slightly lower temperature. 

In most applications, such a hysteretic response due to the excessive current and 

overheating is undesirable. However, it is favorable for skin lancing to take place in this 

application since it increases the initial penetration speed and force which are both critical 

in breaking the resistive stratum corneum layer (Figure 1-6) [78, 79]. Therefore, the 

working current of the SMA-based microactuator is set to be 400mA. The corresponding 

working voltage is 5V per 17cm of SMA wire length.      

2.5.3.2 Maximum Displacement Depth 

Figure 2-18 shows a plot of the number of successful needle displacements that reach 

various depths recorded from the two actuators. It can be observed that the maximum 

penetration depth achieved by both actuators reached 3.9mm. The minimum repeatable 

displacement depth was not less than 3.55 mm, which was deeper than the targeted goal 

(0.8~1.5mm) and agreed with the modeled value (4.05mm). Possible sources of the 

displacement reduction are the connection looseness between the SMA wire and the 

components and friction.  
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2.5.3.3 Penetration Force 

Eventually, the 400mA current was selected as the driving current of the SMA wire for all 

later testing. The corresponding maximum lancing force was 225gf, which was about 10% 

greater than the modelled force (205gf). The outperforming actuation behavior was 

credited to the actual supply current (400mA), which was larger than the standard drive 

current (340mA) suggested by the manufacturer. The excessive Joule heating led to a faster 

and greater state transformation (i.e., contraction) of the shape memory alloy wire [80]. 

The SMA wire consumed approximately 5V×400mA×10s (5.5555 mWh) for the triggering 

of the actuator.  

It can be observed from Figure 2-19 that the penetration force gradually declined as the 

displacement grew deeper, despite its volatile trend at shallow depths. This observation 

agrees with the linearized estimation model. The unstable force-depth trend at shallow 

depths could be explained by the hysteretic nature of the SMA microscopic transformation 

at low strains [63]. The force-depth trend tended to become stabilized at greater depths 

once that hysteretic period was over. The gradual reduction of the penetration force along 

Figure 2-18: Maximum penetration depths of two SMA actuators (Counts of sensor touch 
out of 5 separate tests) 
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the displacement was due to the linearly increasing biasing force by the gradually extending 

spring. There might have been another reason that was related to the increasing angle 

between the penetration force vector and the vertical direction as the needle moved deeper, 

which is the fact that the force measured by the load cell represents only the Z-axis 

component of the penetration force rather than the resultant force as a whole. Therefore, 

the actual penetration force at these deeper depths might have been greater than what was 

measured by the load cell.  

Figure 2-19 shows that the forces were generally larger than the minimum force required 

for penetrating the skin which was suggested in [61]. The penetration force was stronger 

at the beginning of the penetration and consistently dropped during the penetration. This is 

advantageous in this particular application because the greatest force is required at the 

outermost skin layer.  

 

  

Figure 2-19: Penetration forces monitored by the load cell at various penetration depths 
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2.6 In-Vitro Testing on a Skin Simulator 

Next, an in-vitro test of the SMA actuator was performed on a skin simulator (Figure 2-20). 

The skin simulator consists of a latex balloon filled with syrup that is as viscous as whole 

blood. A structure was introduced under the balloon to provide a level of support in order 

to constrain the surface [81]. Figure 2-21 shows the lancing process captured by a 

microscope camera. A simulated blood sample quickly emerged from the lanced wound 

after the lancet was retracted to its original position. 

  

 

Figure 2-20: The sampling structure against which the e-Mosquito is tested. The fluid 
filled cylinder (4” diameter ABS pipe) has an additional internal support structure to more 
closely mimic the structure of human tissue. Image Adapted from: [81] 

 

 

 

 
 

                                                                        

   

 
 

 
 

 

Figure 2-21: Microscopic video captured the lancing force of the SMA-based 
microactuator penetrated a skin simulator and drew simulated blood sample. Image 
adapted from: [70]. 
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2.7 In-Vivo Testing on Human Subjects 

Following these lab tests, a total of 23 pilot human tests of the e-Mosquito device were 

performed on four volunteers, three males and one female. The testing protocol was 

approved by the Conjoin Health Research Ethics Board of the University of Calgary 

(Protocol No.: REB15-1633). Subjects aged 18 or older, male and female, can be recruited 

using a convenience sample of volunteers. Subjects may not be immunosuppressed, have 

a bleeding diathesis, or be on anticoagulants. Each subject was asked to review and sign 

the Informed Consent Form before participating.  

Before each test, the cartridge of the e-Mosquito prototype was loaded with a single lancet.  

Each volunteer was instructed to wear the prototype on his or her wrist in a sitting position. 

Then, the 60-second “single-bite” algorithm was initiated by pushing a button on the matrix 

PCB. The volunteer remained in his or her sitting position for one minute and the device 

was subsequently removed.  

The result of these tests showed that the proposed microactuator successfully reached 

capillaries in 19 of 23 human tests. The positive results were confirmed by visually 

observing blood drops forming at the skin’s surface. A blood drop autonomously emerged 

at the skin’s surface within the first minute after lancing in 8 out of these 19 successful 

tests. In the other tests, a blood sample could still be obtained by mildly squeezing at the 

lanced area. The overall success rate of capillary reaching in these pilot tests was 82.6%. 

Figure 2-22 shows successful blood extraction from one of the volunteers. The blood 

sample emerged at the skin’s surface within the first minute after the initial lancing. 
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After the study, the lancet was immediately removed and placed in standard sharps 

disposal. Hence, the risk of inadvertently reusing a needle is zero. Despite this being a 

preclinical trial, the safety approach was in line with guidance from Health Canada on new 

requirements for lancing devices for labeling as single-patient use [82]. 

2.8 Summary 

A SMA-based microactuator has been successfully designed and implemented. The aims  

of this development have been fulfilled:  Two e-Mosquito cells have been implemented on 

two stacked PCBs within the volume of 39mm x 60mm x 9mm. There is extra room 

available on both sides of the PCBs for the upcoming actuation control and glucose sensing 

development. The in-vitro mechanical tests have shown that the penetration force and depth 

of the new microactuator both exceed the requirements. According to the in-vivo tests, the 

overall successful rate of capillary reaching by the microactuator was 82.6%. The material 

costs of an e-Mosquito cell are cheap, and the detachable feature of the e-Mosquito cell 

makes the lancet replacement easy and convenient. 

 

 

 

 
 

                                                                        

A drop of 
blood

 
 

 
 

 

Figure 2-22: Successful autonomous blood extraction from a volunteer: The drop of blood 
emerged at the skin surface within 1 minute after the initial lancing. Image adapted from: 
[70]. 
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Following the successful development of the SMA-based microactuator, the project 

entered to the next phase. In the next chapter, the hardware and software structures that 

control the microactuator and the blood glucose sensing are presented and discussed. 
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Chapter Three: e-Mosquito - Advanced MEMs for Autonomous Blood Glucose 
Monitoring  

3.1 System Diagram 

Figure 3-1 illustrates the system diagram of the proposed new version of the e-Mosquito 

MEMs that will be implemented as a wearable device. As described in earlier sections, the 

system consists of two parts: a reusable matrix and a disposable cartridge. The matrix 

consists of two stacked PCBs that house a RFduino microcontroller, lithium polymer 

battery, voltage regulators, customized blood glucose sensing electronics, reusable 

components for the actuation control unit, and other peripheral components. The cartridge 

can be easily attached to the matrix. There are multiple e-Mosquito actuator cells, each 

containing a 28-gauge lancet and a commercial glucose test strip inside a cartridge. In the 

current prototype, two cells have been implemented per cartridge. Once the cartridge and 

the matrix are attached, the gear teeth on the lancet (pinion) in each cell are 

Figure 3-1: The system diagram of the e-Mosquito Device; Components inside the dashed 
blue box are reusable items inside the matrix and components inside the red box are 
disposable after use. 
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mechanically engaged to the corresponding sliding members (rack) on the matrix, and the 

pins of the test strips connect to the potentiostat circuit. 

The microcontroller is pre-programmed to activate the SMA actuation to perform skin 

lancing from a selected cell and subsequently read and display the obtained blood glucose 

level from the potentiostat [83]. The RFduino technology also allows one to store BGM 

data and transmit it to a remote device for trend tracking and even guiding a wearable 

insulin pump in order to close the loop of diabetes management by accurately delivering 

the needed amount of insulin to patients [57]. Patients install a new cartridge on the e-

Mosquito matrix at the beginning of the day and replace it after use. The targeted cost per 

each e-Mosquito cell, including a commercial test strip and a lancet, will be less than twice 

the cost of a single fingerpricking test.   

3.2 Hardware Architecture 

3.2.1 Microcontroller 

A microcontroller is a small computer built onto a PCB or even a single IC chip. 

Microcontrollers have been widely used for simple control and monitoring tasks. A 

microcontroller consists of a microprocessor, working memory, programmable peripheral 

input/output pins, and any necessary ICs. In the present day, microcontrollers are 

commercially available in a number of preassembled forms for different types of 

applications. Microcontroller vendors such as Arduino and Rasberry Pi offer a range of 

software tools for developers to upload programs from personal computers to their 

microcontrollers. They also provide free online training and supporting documentations. 

Such an ecosystem has accelerated innovation and product development as developers no 

longer need to put in their time and effort to implement the hardware structures. Even those 
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who have no prior knowledge of electronics can quickly develop working prototypes 

connecting our real world to the digital world.  

The RFDuino chip (RFD22301, RFduino, Hermosa Beach, CA, USA) was immediately 

selected as the microcontroller of the e-Mosquito device, mainly because of its compact 

size and embedded wireless transmission module, which meet our design requirements. 

Table 4 lists the important specifications of the microcontroller: 

Table 4: Specifications of RFduino Microcontroller: RFD22301 

Band 2.4 GHz 
CPU 16MHz ARM Cortex-M0 

Flash 128kb 

Ram 8kb 

Multi Frequency Yes 

Package-Case SMT 

Low/Typical/High Supply Voltages 1.9V / 3V / 3.6V 
Transmit Current 18mA, 4uA ULP 

Receive Current 18mA, 4uA ULP 

Size – Width / Length / Height 15mm / 15mm / 3.5mm 

RF Interface Built-In Chip Antenna 

RF Shield Yes 
Pin Count 19 

Transmit Power 4dbm 
 

As shown in Figure 3-2, the entire RFduino microcontroller, including analog-digita l 

conversion (ADC), inter-integrated Circuit (I2C) and multiple general-purpose 

input/outputs (GPIOs), is built in a fingertip sized chip (15mm x 15mm x 3.5mm). The 

microcontroller can be programmed using the Arduino Integrated Development 

Environment (IDE) with RFduino extensions, which is distributed to users as open-source 
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software under general public licenses. It also has a BLE-compatible wireless transceiver 

embedded at a corner, allowing wireless communication with an iOS iPhone, iPad, or 

Android smartphones or tablets. Each RFDuino chip costs ~$20 USD. 

3.2.2 Power Supply 

The use of power supplies requires careful consideration of operating conditions, 

environment, and power loads. When selecting a battery for a smart wearable device, the 

designer should always be careful as it is usually a complex system that may have sensors, 

microcomputers, and other peripheral components, each of which has a specific power 

requirement. Meanwhile, the need for portability of a wearable device further constrains 

the selection of its battery [84]. Furthermore, the users of BGM devices, just like users of 

all other consumable electronics, will demand smaller and thinner devices.  

3.2.2.1 Battery 

At present, there is a wide range of battery types for portable or wearable applications. 

Each of these battery types has different characteristics that need to be appreciated when 

Figure 3-2: RFD22301 Pinout - Top View; Image Adapted from [89] 
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the designer is choosing the most appropriate type. Table 5 lists and compares three most 

commonly used battery types in portable applications.  

The battery selection for the e-Mosquito device is particularly challenging because it 

requires substantive power to drive its power-hungry SMA-based microactuators. A single 

SMA wire implemented in the current e-Mosquito prototype currently consumes 400mA 

@ 5V, which is equivalent to a power consumption of 2W. In comparison, the Apple Watch 

Series 3 has a 1.07wHr Li-ion battery, which could quickly run out in only 30 minutes 

when powering this particular SMA wire. Surprisingly, the challenge was sometimes 

ignored or underrated by designers using SMA-based microactuators in wearable and 

capsule-based medical devices [85, 86]. 

A lithium polymer battery (850mAh, DataPower Battery, Jiangsu, China), has been 

selected to power the e-Mosquito prototype (Figure 3-3). The battery has a nominal voltage 

of 3.7V and can reach a maximum of 4.2V when fully charged. This is a typical powering 

voltage for many wearable devices. The battery is a flat piece, which has dimensions of 

Table 5: Modern batteries are available in a wide range of chemistries and form factors. 

Rechargeable User Replaceable 

Multi-Cell Battery Pack

 

Lithium Polymer 

 

Coin Cell 

 

• High charge capacity 

• Larger in size: use when 

size is not a constraint 

• Flexible size/shape 

• For wearables & slim 

mobile devices 

• Low power draw 

• Easy to incorporate into 

waterproof enclosures 
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5mm x 26.5 x 37mm. It can comfortably fit into the current prototype, the size of which is 

predominately defined by the size of the PCBs (Surface area: 39mm x 60mm). This 

particular model has the highest energy density among its cohorts having a nominal voltage 

of 3.7V from the same manufacturer [87]. This battery is rechargeable based on the new 

lithium polymer chemistry, which is suitable for wearable applications. Last but not least, 

its maximum discharging current of 850mA allows continuous supplying power to the 

SMA-based actuator. Its price is $7.95USD. 

3.2.2.2 Boost Converter / Battery Charger 

Although it is feasible to trigger the SMA actuator directly using the battery voltage to 

achieve an SMA wire current of 330mA @ 3.7V, a boost converter is preferred for two 

main reasons. A boosted voltage can increase the amount of current through the SMA wire, 

which subsequently increases the temperature surrounding the wire to achieve a stronger 

and longer wire contraction. Secondly, the output voltage of any type of batteries varies as 

the stored charges are used up. At some point, the battery voltage may become too low to 

power the circuit effectively. Using a power booster can avoid this common problem with 

batteries and ensure a consistent voltage to the microactuator. 

Figure 3-3: Lithium Polymer Battery - 400mAh / 3.7V; Image from sparkfun.com 
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The principle of a boost converter circuit is straightforward, as shown in Figure 3-4: When 

the switch is open, the energy stored in the inductor, together with the input voltage, injects 

a current to the righthand side of the circuit through the diode, supplying the load circuit 

while charging the capacitor. When the MOSFET switch is closed, the diode reverses and 

cuts off the circuits into halves. The inductor is storing energy at the lefthand side and the 

capacitor is discharging and supplying the load circuit. The switch is cycled by a high-

frequency square wave so the inductor will not discharge fully in between the two states. 

As a result, the voltage across the load (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )is always higher than the input voltage (𝑉𝑉𝐼𝐼𝑁𝑁). 

According to the law of conservation of energy, 

𝑃𝑃 = 𝑉𝑉𝐼𝐼𝑁𝑁 ∙ 𝐼𝐼𝐼𝐼𝑁𝑁 = 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂   (Equation 18) 

The output current (𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂) is always lower than the source current (𝐼𝐼𝐼𝐼𝑁𝑁). In this application, 

a DC-DC power booster is required to boost a 3.7V voltage to 5V to match the working 

voltage and current (400mA @ 5V) that were characterized in the in-vitro experiments to 

achieve the same penetration force and depth. Approximately, the current from the battery 

(𝐼𝐼𝐼𝐼𝑁𝑁) is: 

Figure 3-4: A basic boost converter circuit. Image adapted from: www.learnabout-
electronics.org 
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𝐼𝐼𝐼𝐼𝑁𝑁 ≅
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂

𝑉𝑉𝐼𝐼𝐼𝐼
= 540𝑚𝑚𝑚𝑚   (Equation 19) 

The previously selected Li-ion polymer battery has a maximum discharging current of 

850mA, which is capable of supplying sufficient current to a DC-DC boost converter for 

this application.   

The PowerBoost 1000C Module (Adafruit, New York City, New York, United States) was 

used to for the e-Mosquito device. Based on  a TPS61090 chip (Texas Instrument, Dallas, 

Texas, United States), the module is designed to work efficiently with any 3.7V Lithium-

Ion or Lithium polymer batteries. It converts the battery output to 5.2V, allowing some  

“head room” for running a 5V project at a maximum load of 1000mA [88]. In our 

application, the boosted voltage is only used to power the SMA-based microactuator at 

400mA. Furthermore, the module has a built-in load-sharing battery charger circuit.  

Connecting the module to a USB-A or USB-C cable allows battery recharging and a 

continuing supplying to the load circuit. The module size is 23mm x 45mm x 10mm (Figure 

3-5), which is also smaller than the size of the PCB. Its unit price is $16.95USD. 

 

Figure 3-5: A top view of a PowerBoost 1000C module; Image Adapted From: 
www.adafruit.com 
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3.2.2.3 Voltage Regulator for Microcontroller/Sensor 

A stable power supply is also a prerequisite for smooth and reliable operations of the 

microcontroller and the BGM sensor. The RFduino microcontroller can work at a voltage 

of 1.9V to 3.6V, per the microcontroller datasheet [89]. The output voltage of a 3.7V 

lithium polymer battery can gradually drop from 4.2V to 2.8V while it is discharging until 

it is cut off by its protection circuit. On the other hand, a higher input voltage allows 

designers to set a larger gain when amplifying the sensor signals. Therefore, a regulated 

voltage of 3.3V was selected in a trade-off between battery life and sensor gain. 

When fully charged, the battery voltage (4.2V) is higher than the above-determined voltage 

(3.3V). But it could eventually drop below 3.3V. In this situation, a buck-boost converter 

is required. A buck-boost converter is a type of switched mode power supply that combines 

the circuit topologies of a boost converter and the buck converter in a single circuit (Figure 

3-6). Compared to the boost converter circuit, this circuit has a new control unit, a new 

switch (Tr1), and a new diode (D1) on the right hand side of the circuit. The control unit 

monitors the input voltage level and compares it with a predetermined reference voltage 

level (i.e., 3.3V, in the e-Mosquito application). When the input voltage is lower than the 

reference voltage, the control unit turns the switch Tr1 to “always on”, and sends a square 

wave to the switch Tr2. These switches change the circuit topology to a boost converter. 

When the input voltage is higher than the reference voltage, the control unit turns the switch 

Tr2 to “always off”, and sends a square wave to the switch Tr1. This time, the circuit 

topology changes to a buck converter. The inductor will store energy while the capacitor 

is being charged, thus offseting the load voltage to a lower level. By switching 
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between these two modes, the output voltage is maintained closely at the reference voltage 

level of 3.3V. 

The TPS63001 chip (Texas Instrument, Dallas, Texas, United States) was selected for the 

e-Mosquito device. It features an input voltage range from 1.8V to 5.5V and an adjustable 

output voltage from 1.2V to 5.5V. Figure 3-7 shows a recommended schematic to get an 

output voltage of 3.3V for the e-Mosquito application. The maximum output current levels 

during the buck mode and the boost mode are 1200mA and 800mA, respectively. The chip 

is available in a VSON package ($3.75USD), which has a small size of 3mm x 3mm only. 

Figure 3-6: The common components of a buck-boost converter; Image adapted from: 
http://www.learnabout-electronics.org 

Figure 3-7: A typical application schematic of the TPS63001; Image adapted from: [118] 
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3.2.3 SMA Actuation Control 

A Darlington transistor switch was initially implemented (MMBTA13, Fairchild 

Semiconductor Sunnyvale, CA, United States) as its high compound current gain can 

minimize the digital output pin current. Later, experimental results have proven that an 

increased collector-emitter voltage restrictes the voltage across the SMA wire, which 

results in a weaker SMA wire current of less than 330mA, much less than the required 

400mA. In comparison, the collector-emitter voltage of a general-purpose NPN-type BJT 

transistor (MMBT2222A, Fairchild Semiconductor, Sunnyvale, CA, United States) is 

much less than that of a Darlington transistor [90, 91] (Figure 3-8).  

 

Therefore, the SMA actuator powering control was implemented using this NPN transistor 

(Figure 3-9). The Vcc is equal to 5.2V and the VBB connects to a digital output pin of the 

RFduino microcontroller. The SMA actuator is modeled as a collector resistor (RSMA). 

According to its datasheet, its unit resistance is 61Ω/m. Therefore, the SMA wire resistance 

(RSMA) is calculated as equal to 10.37Ω per 17cm (0.17m x 61Ω/m = 10.37 Ω). The base 

NPN Transistor (MMBT2222) NPN Darlington Transistor (MMBTA13) 

VCE=0.25V 
@ IC=400mA

VCE=1.05V 
@ IC=400mA

Figure 3-8: Comparing VCE-IC charts of a simple NPN transistor and an NPN 
Darlington transistor; Image adapted from: [91, 90] 
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resistor (RB) was tuned to 510 Ω to achieve a base current of 5.7mA, which is within the 

recommended range for microcontroller protection [89]. At this point, the SMA current is 

397mA, which is close to the 400mA that was predetermined from the in-vitro testing. 

3.2.4 Glucose Sensing Circuit 

Upon successful blood extraction by the activated lancet (as demonstrated in Figure 2-22), 

the current e-Mosquito prototype utilized a commercial test strip to measure the blood 

glucose level. This test strip is installed on the disposable cartridge. Once blood emerges 

from the lanced wound at the skin’s surface, a channel on one side of the strip wicks the 

blood sample. Inside this channel, a redox reaction chain takes place at a regulated 

electrical potential. Two electrons are released from each glucose molecule under these 

reactions. A custom-designed electrode system collects these electrons and converts the 

equivalent current to a DC voltage signal, which is eventually digitized by the RFduino 

microcontroller and wirelessly transmitted to the user’s cellphone.  

 

Figure 3-9: A simple NPN transistor switch to control the SMA actuator  

VBOOST =5.2V

SMA Actuator
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-
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3.2.4.1 Strip Technology 

Figure 3-10 shows a blood glucose test strip (OneTouch Ultra, LifeScan, Burnaby, BC). 

Like all other electrochemical-based strips, this test strip has three basic output electrode 

pins: Counter (CE), Reference (RE), and Working (WE). The size of this strip is 5.5mm x 

27.5mm x 0.8mm, which is the smallest among all commercialized strips. On the right-

hand side of the strip, there is a small opening that can wick blood to fill in the entire 

capillary channel, which has a volume of 1 µL. The inner surface of the channel is coated 

with a layer of enzymes called glucose oxidase. The glucose oxidase is able to react with a 

blood glucose molecule and generate two electrons from under a chain redox reaction at a 

certain electrical potential: 

𝑔𝑔𝑙𝑙𝑔𝑔𝑐𝑐𝑜𝑜𝑠𝑠𝑔𝑔+ 𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂𝑂𝑂 → 𝐺𝐺𝑙𝑙𝑔𝑔𝑐𝑐𝑜𝑜𝑠𝑠𝑠𝑠𝑐𝑐 𝑎𝑎𝑐𝑐𝑠𝑠𝑜𝑜 +  𝐺𝐺𝐺𝐺𝑥𝑥𝑅𝑅𝑒𝑒𝑅𝑅   (Equation 20) 

𝐺𝐺𝐺𝐺𝑥𝑥𝑅𝑅𝑒𝑒𝑅𝑅 + 2 𝑀𝑀𝑔𝑔𝑜𝑜𝑠𝑠𝑎𝑎𝑀𝑀𝑜𝑜𝑜𝑜𝑂𝑂𝑂𝑂 → 𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂𝑂𝑂 + 2 𝑀𝑀𝑔𝑔𝑜𝑜𝑠𝑠𝑎𝑎𝑀𝑀𝑜𝑜𝑜𝑜𝑟𝑟𝑒𝑒𝑅𝑅 + 2𝐻𝐻+ (Equation 21) 

2 𝑀𝑀𝑔𝑔𝑜𝑜𝑠𝑠𝑎𝑎𝑀𝑀𝑜𝑜𝑜𝑜𝑟𝑟𝑒𝑒𝑅𝑅 → 2 𝑀𝑀𝑔𝑔𝑜𝑜𝑠𝑠𝑎𝑎𝑀𝑀𝑜𝑜𝑜𝑜𝑝𝑝𝑚𝑚 + 2𝑔𝑔−  (Equation 22) 

 

This chain redox reaction has been visualized in Figure 3-11. If glucose is present, GOx 

will accept an electron from the glucose. A mediator then accepts that electron from GOx, 

and the oxidization of this mediator on the electrode results in electrons being 

released. Finally, the two released electrons, as the final product of this reaction, enter the 

electrode (cathode, WE). Collectively, a current can be generated, the amount of which is 

Figure 3-10: A OneTouch Ultra Blue Strip; Image adapted from: onetouch.com 
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linear to the number of glucose molecules in this controlled volume of blood sample (i.e., 

blood glucose concentration). However, for the oxidation to happen, the electrode must be 

held at a minimum voltage, the level of which depends on the mediator used, and on the 

material the electrode is composed of. 

3.2.4.2 Potentiostat 

A potentiostat is used to control this voltage. A potentiostat is an electronic amplifier which 

controls the potential drop between an electrode and the electrolyte [92]. By controlling 

the voltage between the electrode and the electrolyte, the oxidation of the mediator is 

encouraged and a current will run through the potentiostat.  

A typical potentiostat (Figure 3-12) has three electrodes that connect to the strip: a working 

electrode (WE) as the cathode, a reference electrode (RE) as the anode, and a counter 

electrode (CE). Because of the nature of an operational amplifier (op-amp, OPA in Figure 

3-12), a current will be supplied through the CE until the voltage at RE and Ud is the same. 

Thus, the voltage of the electrolyte is determined by Ud. Ideally, once the desired voltage 

of the electrolyte is determined, the current being supplied at the CE will be zero, the 

reactions described above will begin to occur. and the electrons will flow through the WE.  

A careful selection of Ud can increase the sensing accuracy. If the level is too low, it may not 

have the potential to initiate the reactions. If the level is too high, other inferencing reactions  

Figure 3-11: Sequence of reactions that occurs in mediator-based glucose biosensors; 
Image Adapted from: [56] 



 73 

might be triggered and bring in unexpected noises. The strip technology is proprietary to the 

manufacturing companies. The technology is updated each time a new version of BGM product 

comes out. Therefore, it is difficult to get to know the exact value of Ud. Fortunately, it is 

known that the OneTouch® Ultra® test strips use ferric-ferrocyanide as the mediator; the 

sensor should respond to voltages as low as -100 mV, according to Wang [56]. Finally, the 

level is set to -400mV, following the recommendations in [56] and discussions with several 

developers of customized BGM [93, 94, 95]. 

Figure 3-13 shows the proposed potentiostat design. The voltage at RE (VRE) is equal to the 

voltage at Ud, which is determined by the resistors R1 and R2 with the following equation:  

𝑉𝑉𝑅𝑅𝑅𝑅 = 𝑈𝑈𝑅𝑅 = −𝑉𝑉𝑆𝑆 ∙
𝑅𝑅2
𝑅𝑅1

= −330𝑚𝑚𝑉𝑉   (Equation 23) 

The above equation assumes ideal op amps. The resistor R3 determines the conversion of 

the output current into a voltage by a current-to-voltage converter attached to the WE, 

according to Ohm’s law:  

𝑣𝑣𝐵𝐵𝐵𝐵 = 𝑠𝑠𝐵𝐵𝐵𝐵 ∙ 𝑅𝑅3     (Equation 24) 

Figure 3-12: A typical potentiostat circuit; Image adapted from: [92] 
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to convert the electron flow to a voltage, which can then be translated into a concentration 

value by the microcontroller. Meanwhile, a first-order, low pass active filter has been 

implemented in the current-to-voltage converter to better address the noise in the output. The 

cut-off frequency is set to 16Hz:  

𝑓𝑓𝑟𝑟 = 1
2𝜋𝜋𝑅𝑅3𝜋𝜋1

    (Equation 25) 

The following component values were determined to implement the features mentioned 

above: R1=100kΩ, R2=10kΩ, R3=100kΩ, C1=0.1uF. To implement the potentiostat 

amplifiers, the LT1492 op-amp chip (Linear Technology, Milpitas, CA, USA) was selected 

for its superior performance in low-power single-supply amplifiers. The LT1492 operates 

on any supply greater than 2.5V and less than 36V, and is specified on single 3.3V supply 

[96].    

Figure 3-13: Proposed potentiostat circuit for the OneTouch strip 
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3.2.4.3 Sensor Calibration 

Strips are designed for patients to do blood glucose tests at home or on the road. Away 

from a safe laboratory environment, the test procedures can be affected by many external 

factors, which may lead to inaccurate results. Some inaccuracies occur when patients fail 

to comply with the test guidelines, which can be avoidable. Others are due to uncontrollable 

environmental factors, such as temperature and humidity. As a result, certain levels of 

inaccuracy are tolerated. A Clarke Error Grid Analysis compares blood glucose test results 

obtained from a home-use glucose monitor with results from a reference method in 

laboratory settings. It visually divides the results into five zones of clinical accuracy, as 

shown in Figure 3-14. Only results in Zone A (inaccuracy <=20%) and Zone B (inaccuracy 

>20%, but clinically safe) are clinically acceptable. It is important to test whether the strip-

based blood glucose sensing circuit implemented for e-Mosquito is regarded as acceptable 

according to the acceptance criteria.  

The electronics components were all bought in dual in-line packages (DIPs). A test circuit   

(Figure 3-15) was first implemented on a breadboard to test the physical prototype to 

ensure it functioned properly.  

 
Figure 3-14: Clarke' Error Grid Analysis 
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A glucose test control solution (OneTouch, Burnaby, BC, Canada) was used to provide 

sensor input. The solution is a liquid contained inside a small vial which contains a known 

amount of glucose. The glucose solution is usually used in place of a drop of blood and the 

results on the meter should match a range listed on the vial of test strips used with the 

meter. The manufacturer claimed it had 5.7 – 7.7 mmol/L of glucose. Figure 3-16 shows 

the output voltage signal of the potentiostat monitored by an oscilloscope in the time 

domain. The voltage surges as glucose molecules initially react with the GOx. Depending 

on how the blood sample enters the microchannel, the surge can sometimes be quite 

volatile.  

Once the microchannel fills up with the blood sample, the signal hits a peak because of the 

saturation of glucose molecules and starts to decay exponentially. Theoretically, an instant 

signal at any time after the peak could be used to calibrate the glucose concentration. It has 

Figure 3-15: A proof-of-concept test circuit. 
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been suggested that one wait for few seconds after the peak until the signal becomes more 

stable [93, 56]. 

   

Next, multiple glucose solutions were prepared to calibrate the signal. A single glucose 

tablet (4g per tablet) was dissolved in 1.3L of distilled water. The concentration of this 

solution was:  

4𝐿𝐿 𝐿𝐿𝑙𝑙𝑔𝑔𝑟𝑟𝑝𝑝𝑠𝑠𝑒𝑒
1.3𝐿𝐿 𝐻𝐻2𝑂𝑂

× 1000𝑚𝑚𝑚𝑚𝑝𝑝𝑙𝑙
180.16 𝐿𝐿 𝐿𝐿𝑙𝑙𝑔𝑔𝑟𝑟𝑝𝑝𝑠𝑠𝑒𝑒

= 17.1 𝑚𝑚𝑚𝑚𝑝𝑝𝑙𝑙
𝐿𝐿

  (Equation 26) 

This solution served as the matrix solution and five other solutions were prepared using 

dilution techniques. This range of glucose concentrations was selected based on the 

repeatability test requirements of the ISO15197 guidelines [97]. At least one glucose 

concentration must fall into each of the following ranges for a minimum of five different 

concentrations: 1.67 – 2.78 mmol/L, 2.83 – 6.11 mmol/L, 6.16 – 8.33 mmol/L, 8.35 – 13.88 

mmol/L, and 14 – 22.2 mmol/L. The values were converted from the original values that 

were in mg/dL. This range also covers the hypoglycaemic, normal, and hyperglycaemic 

concentration levels in the human body [98].  

Figure 3-16: A typical output voltage of a potentiostat connects to a glucose test strip. 
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To verify the actual glucose levels of these prepared solutions, a quick and effective method 

is the use of a commercialized strip-based BGM device (OneTouch® UltraMini®) to 

measure the solutions. As discussed before, there is an inaccuracy of ±20% common to all 

strip-based BGM devices. Therefore, each solution was measured five times and an average 

value was taken as the reference glucose level. Their average concentrations were 1.10, 4.25, 

6.25, 7.80, 11.85, and 17.70mmol/L.  

Finally, the glucose amounts of these samples were tested by the custom-developed glucose 

sensing circuit for the e-Mosquito device. A syringe transferred a small sample of a solution 

and dipped a drop on the capillary opening of the test strip connected to the strip connector 

(Figure 3-15). The solution was shaken well to homogenize the glucose concentration 

before the transfer. Each solution had a designated syringe to avoid sample contamination. 

The syringes were also shaken well before each dipping, and they were immediately 

disposed of after use. 

The output voltage signals of the potentiostat was monitored on an oscilloscope. An instant 

VBG value at the 5th second after the blood detection was recorded (Figure 3-17). The 

Figure 3-17: (left) real-time monitoring of the potentiostat’s output voltage change after 
simulated blood sample filled in the test strip; (c) Instant voltage value at the 5th second 
after blood detection vs. reference glucose measurement by a commercial BGM system 
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right image in Figure 3-17 is the instant voltage as a function of glucose concentration 

measured by the commercial BGM system. It indicates an almost linear relationship (R2 = 

0.9733) between the commercial system measurements and those measured by the 

potentiostat circuit of the e-Mosquito prototype. They are related by: 

𝑉𝑉𝐵𝐵𝐵𝐵 ,5𝑠𝑠 = 0.04295 [𝐺𝐺𝑙𝑙𝑔𝑔𝑐𝑐𝑜𝑜𝑠𝑠𝑔𝑔]  +  0.23841  (Equation 27) 

where [Glucose] means the glucose concentration in mmol/L, 𝑉𝑉𝐵𝐵𝐵𝐵 ,5𝑠𝑠 is the instant voltage 

of 𝑉𝑉𝐵𝐵𝐵𝐵  at the 5th second after the blood detection.  

3.2.4.4 Blood Detection 

According to Figure 3-17, the baseline of the voltage signals is near 0. When blood enters 

the microchannel, one can observe an obvious and abrupt voltage rise until the 

microchannel is filled up. The smallest peak height is 0.5V by the solution with the lowest 

glucose concentration (1.10mmol/L). Based on this observation, it is safe to set a threshold 

voltage of blood detection (VTHRES) at 0.3V. A five-second countdown timer can start 

immediately after the blood detection. When it counts down to time 0, the instant voltage 

of 𝑉𝑉𝐵𝐵𝐵𝐵  is recorded for blood glucose level calculation using Equation 28. 

3.2.5 Graphic Display 

Lastly, a small Organic Light-Emitting Diode (OLED) graphic display is necessary to 

inform the user about the testing results and other messages about the status of the e-

Mosquito device. A graphic display was also helpful to me when I was testing the 

prototype. It provided real-time error messages when the device was operating offline from 

the personal computer. A 0.96” monochrome OLED screen (New York City, NY, USA) 

was immediately picked up from the Adafruit online store(Figure 3-18), as it fits with the 

physical size and the power supplies of the e-Mosquito device. Also the display is less than 



 80 

1” in diameter, and it is very readable due to the high contrast. To communicate with the 

microcontroller, it only occupies two GPIO pins from the RFduino microcontroller with an 

I2C interface. The screen works with either a 3V or a 5V power supply. Its price is 

$19.50USD.  

3.2.6 Microelectronics System Integration 

Figure 3-19 illustrates the microelectronics system architecture in detail. The ultimate goal 

is to control no less than eight e-Mosquito cells in one cartridge to reach the optimal number 

of BGM suggested for effective daily diabetes management [99]. The main challenge in 

implementing this microsystem is the limited number of general-purpose input/output pins 

(GPIOs) of the RFduino microcontroller. As each e-Mosquito cell has 1 output pins: CE, 

RE, WE from the test strip (OneTouch Ultra, Lifescan, Burnaby, BC), and 1 input pin (A) 

to switch on/off the SMA actuation circuit, a total of 32 pins would be required. An efficient 

circuit using four multiplexers (MUXs) was implemented to reduce the number of 

components. When one MUX selects an actuator in one cell, the other three MUXs are set 

to connect the test strip pins in the same cell to a common potentiostat. In this way, all 

blood samples from different e-Mosquito cells are analyzed by a common potentiostat in 

order to achieve consistent precision of all blood glucose measurements. The output of the 

Figure 3-18: Monochrome 0.96" 128x64 OLED graphic display; Image adapted from: 
www.adafruit.com 
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potentiostat (VBG) is measured by the ADC of the microcontroller.  

The entire microelectronic system was gradually integrated on a breadboard for 

troubleshooting and testing. It is time to take a look at the embedded software to control 

this breadboard prototype to achieve autonomous skin lancing and blood glucose testing in 

the next section.  

  

Figure 3-19: Detailed microsystem architecture of the autonomous actuation control and 
glucose sensing. 
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3.3 Software Design 

Two pieces of software were implemented after the breadboard prototype development. 

Embedded software for controlling the RFduino microcontroller was developed first. It 

witnessed the iterative design and development of the microelectronic system of the e-

Mosquito device until the system was completely functional. An Android app was also 

developed to test the feasibility of connecting the e-Mosquito device with an Android 

phone. 

3.3.1 Embedded Software 

3.3.1.1 RFduino Programming 

As introduced before, the RFduino microcontroller can be programmed using the Arduino 

Integrated Development Environment (IDE) together with an RFduino extension library, 

which is distributed to users as open-source software under general public licenses. The 

Arduino IDE makes it easy to write code and upload it to the RFduino microcontroller chip. 

It is written in Java and runs on Windows, Mac OS X, and Linux. The breadboard prototype 

uses the RFD22121 USB Shield to load code from a personal computer onto the RFduino 

chip. 

3.3.1.2 Embedded Software Flowchart 

The actuation and glucose sensing are controlled autonomously by the RFduino 

microcontroller. Our proposed algorithm for each autonomous “bite” is as follows (Figure 

3-20): First, the SMA actuation is set to ON for 10 seconds. When the actuation of the 

SMA wire is removed, the biasing spring retracts the lancet back to its original position in 

the cell. After 60 seconds, VBG is sampled and compared with the threshold voltage 

(VTHRES=0.3V) to see if blood sample has emerged at the surface of the skin and flown into 

the microfluidic channel of the standard test strip positioned in the vicinity of the lancet. If 
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VBG remains low, the actuation cycle is repeated for a maximum of 3 times or until blood 

sample is detected. Approximately 5 seconds after a blood sample is detected, the current 

blood glucose level is determined from the calibration curve, and can be either transmitted 

wirelessly to any Bluetooth device for trend tracking [20], and presented on the OLED 

screen integrated into the matrix.  

The software was designed for an acute experiment on a single e-Mosquito “bite”. 

Advanced features, such as preprogrammed sequential “bites” and power saving switches, 

were not implemented yet, as it would not be economical until the e-Mosquito prototype is in 

its clinical trial stages. The source code of this program is available in the Appendix A.  

 
Figure 3-20: Software flowchart of an autonomous "bite" 
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3.3.2 Android Programming for Wireless Device-Phone Connection 

A very simple Android App, “e-Mosquito Test” was created using the free Android Studio 

software and downloaded to an LG G4 Android phone (Figure 3-21). The App features all 

basic functions as a component that connects an e-Mosquito device to a mobile device: The 

app is able to run in the background and continuously listen to the specific RFduino 

microcontroller on the e-Mosquito prototype via the Bluetooth Low Energy (BLE) 

protocol. When it detects a BLE connection request sent out by the specific e-Mosquito 

Figure 3-21: A screen shot of the e-Mosquito Test app on an Android phone 



 85 

device, it will automatically accept the connection and receive all VBG data recorded 0.5 

seconds before and 5 seconds after the blood detection event. Once the data is transmitted, 

it will store it in a data file in the cellphone and plot all data on the app screen. Following 

that, it will also retrieve 𝑉𝑉𝐵𝐵𝐵𝐵 ,5𝑠𝑠 from the data series and convert it to a blood glucose level 

in mmol/L using Equation 28. According to the flowchart in Figure 3-20, if the e-Mosquito 

device failed to detect any blood after a “bite”, it will transmit an error message to the 

user’s cellphone. When the app receives the message, it will display it on the App screen. 

The current device-phone connection is one way only. The Android app is not able to send 

commands to the e-Mosquito device yet. This is out of the scope of this thesis. In the future, 

it would be interesting to see other advanced features added to the App, such as testing 

schedule set-up. The Android source code is in Appendix B.     

3.4 MEMs Integration 

MEMs integration was not possible until the software and the breadboard prototype of the 

microelectronics system were both completely functional. As introduced in Chapter Two, 

the two SMA-based microactuators were implemented on two stacked PCBs, leaving 

plenty of areas the PCBs to house the electronic components (Figure 2-5).  

The top surface of the top PCB has the largest surface areas and clear overhead space. 

Therefore, it becomes a perfect location to house those bigger electronic modules, such as 

the RFduino microcontroller, the battery, the OLED screen, and the power booster. The 

actuator control circuit is an application-specific module. Therefore, it was implemented 

on the matrix PCB with the mechanical components in the same module. For the same 

reason, the blood glucose sensing circuit was also implemented on the matrix PCB, making 

efficient use of the restricted space between the two PCBs. Such an arrangement also made 
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the matrix PCB functionally independent of the top PCB, facilitating testing and 

troubleshooting. The strip connector was soldered on the bottom side of the matrix PCB 

on a level with the tip of the lancet. 

The PCB layouts were designed using EAGLE PCB design software (Autodesk, San 

Rafael, CA, USA). The two PCBs were custom-made by a local manufacturer (AP Circuits, 

Calgary, AB, Canada). All electronic components were brought in their surface-mount 

packages and manually soldered onto the PCBs using a soldering station. Electrical 

connections between the PCBs are through those pin jumpers, which also partly partake in 

the structural load bearing. Once all of the microelectronic system components were 

soldered on the PCBs, the SMA-based microactuator components were integrated in the 

process that was described in Section 2.4.2. All PCB schematics and layouts can be found 

in Appendix D. 

Figure 3-22 shows pictures of the PCBs and the cartridge before the final assembly. Finally, 

the disposable cartridge was properly installed below the matrix PCB using four more 

standoff spacers.  

 

Figure 3-22: (a) The top PCB and the OLED display board; (b) the matrix PCB featuring 
the SMA-based microactuators and (c) the integrated test strips and the lancets on the 
disposable cartridge below the matrix PCB;  
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The e-Mosquito prototype was integrated with a silicone wrist strap. The total dimension 

of the prototype, including the multiple layers of PCBs and the cartridge, was 

60x39x30mm, which is equivalent to the size of a bulky watch (Figure 3-23). 

  

Figure 3-23: The assembled prototype of the e-Mosquito device worn by a user on his 
wrist 
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3.5 In-vitro Testing on a Skin Simulator 

The integrated microsystem was tested using the skin simulator, which was discussed in 

Section 2.6. Three glucose solutions of different concentrations (low: 5mmol/L, medium: 

8.44mmol/L, and high: 16.48mmol/L) were prepared using the same technique as 

discussed in 3.2.4.3. The concentration level of each solution was measured five times 

using the same commercial glucose meter and its associated test strips. An average 

concentration value was calculated for each solution as a reference. Then, each solution 

was transferred into a skin simulator balloon. Next, the prototype with a lancet and a test 

strip was installed on the skin simulator. The lancet action was continuously monitored 

using a microscopic camera. Once the device was turned on, the embedded software 

controlled the system to lance the skin simulator following the flowchart proposed in 

Section 3.3.1.2. A glucose level reading or an error message was wirelessly transmitted to 

the cellphone. At the end of the test, the prototype was removed from the skin simulator 

and its cartridge was replaced.  

The microscopic camera footage confirmed that the skin penetration was successful in the 

first “bite” in all three solutions (Figure 3-24). The lancet penetrated the skin barrier and a 

simulated blood sample emerged from the lanced wound and quickly filled the microfluidic

 

Figure 3-24: In-vitro testing of lancing on the skin simulator and in-situ blood glucose 
measurement by an integrated test strip 10 seconds after the initial lancing; Image 
Adapted From: [70] 
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channel of the strip, which was also confirmed by examining the strips after the device 

removal (Figure 3-25). Voltage readings of the potentiostat output (𝑉𝑉𝐵𝐵𝐵𝐵 ) after blood 

detection were received by the app on the Android phone, as shown in Figure 3-26. The 

values of 𝑉𝑉𝐵𝐵𝐵𝐵 ,5𝑠𝑠 in all three tests were converted to predicted glucose levels, using Equation 

28, as shown in Table 6.  

Eventually, the reference and the predicted glucose concentrations by the e-Mosquito 

device were all plotted on a Clarke’s Error Grid, as shown in Figure 3-27. The three red 

Figure 3-25: Post-experiment examination of strips confirmed blood detection 

Figure 3-26: Potentiostat output voltage signals after blood detection from skin 
simulation 
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dots indicate the accuracy of the three simulation tests. All of them are within Zone A, 

which means that their inaccuracy is less than 20% and clinically acceptable. Those black 

dots indicates the accuracy of the individual calibration tests.   

Table 6: Voltage/Glucose Concentration conversion 

Reference 
Glucose 

Concentration 
[mmol/L] 

VBG,5s 
[V] 

k  
(Eqn 28) 

b 
(Eqn 28) 

Predicted 
Glucose 

Concentration 
[mmol/L] 

Predicted 
Glucose 

Concentration 
[mg/dL] 

16.48 1.01 0.0429 0.2384 20.18 363.19 

8.44 0.62 0.0429 0.2384 8.95 161.08 

5.00 0.45 0.0429 0.2384 5.03 90.46 
 

 

 

  

Figure 3-27: Clarke's Error Grid Analysis of the e-Mosquito device 
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3.6 In-Vivo Testing on Human Subjects 

Following the tests on the skin simulators, human tests of the e-Mosquito device were 

performed on volunteers, using the same testing protocol that was approved by the Conjoin 

Health Research Ethics Board of the University of Calgary (Protocol No.: REB15-1633).  

Before each test, the cartridge of the e-Mosquito prototype was loaded with a cell that 

contained one lancet and one test strip. Each volunteer was instructed to use an alcohol rub 

to clean his or her wrist area before wearing the prototype. The volunteer then remained in 

a sitting position. Then, the e-Mosquito device was switched on by pushing a button on the 

matrix PCB and it immediately began the autonomous “biting”, following the flowchart 

proposed in Section 3.3.1.2. The volunteer remained in a sitting position until a result or 

an error message was displayed on the OLED screen. If a glucose result was delivered on 

the screen, the volunteer would be asked to do a standard fingerpricking test to get a blood 

glucose level as a reference. At the end of the experiment, the device was subsequently 

removed from the volunteer’s wrist and the cartridge was immediately placed in a standard 

sharps disposal bin.  

A total of three male volunteers (ages: 25, 27, and 30) and a female volunteer (age: 28) 

who are a convenient sample and are known to the student were recruited. Multiple tests 

were conducted on each volunteer. Unfortunately, none of the tests delivered an accurate 

reading. The tests ended with an error message shown on the screen. Examinations after 

these tests identified blood stains at the skin surface as well as the bottom surface of the 

strip. The strip channel was found partially filled with a tiny amount of blood samples on 

several occasions. The amount of the glucose was not enough to trigger the threshold 

voltage (VTHRES) as per our blood detection mechanism. As a result, no data was collected 

and stored after these few tests for data analysis. 
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The conclusion of the human testing was straightforward: Even though the current 

prototype of the e-Mosquito was able to autonomously extract a blood sample, the sample 

amount was still too little to feed the strip to get an accurate blood glucose reading at the 

current stage. In the next chapter, several methods will be proposed to overcome this 

problem. Their concepts were well-developed. However, they have not been completely 

implemented and tested at the end of my Ph.D. study. They will be discussed, and 

hopefully, direct the future research and development. 
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Chapter Four: Design Advanced Features for the e-Mosquito 

The lesson learned from the "bloody" experience in human testing of the e-Mosquito is that 

the current e-Mosquito prototype is not able to extract a sufficient about of blood to get a 

reliable reading using a commercialized strip. There are two approaches solving this 

problem: either the strip shall be replaced, or the SMA-based microactuator technology 

shall be further improved. This chapter discusses several possible solutions in both 

approaches, including their concepts and the development progress. At the end of this 

chapter, several other aspects of the project are discussed. 

4.1 In Search of a Glucose Sensor Replacement 

4.1.1 Fabric Strips 

A plastic strip is a nearly enclosed structure with a tiny opening in the microchannel for 

wicking blood. Since the e-Mosquito can only extract a tiny amount of a blood sample at 

this stage, the chance of it getting wicked into this microchannel is low. Furthermore, the 

plastic layers above and below the microchannel may provide extra expelling force against 

blood flow because of its hydrophobicity.  

Recently, an Indian company reported using a silk strip for blood glucose sensing on [100]. 

Silk strips are different from paper and plastic strips which contain several embedded 

layers, including enzymes, conduction, hydrophilic wicking, and protection layers. Their 

structure is complex and can only be manufactured with specialized equipment. By 

comparison, silk strip fabrication only requires the spraying of enzymes and chemicals on 

yarns, that are subsequently handloom-woven as a single-layer strip electrode. 

The simple structure and great flexibility of the silk strip make it a suitable candidate to 

replace the plastic strip on the current e-Mosquito prototype. It is possible to position the 

e-Mosquito lancet right on top of the hydrophilic sampling area (Figure 4-1). When 
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lancing, the lancet tip can penetrate the skin in the inter-yarn space. When the lancet 

retracts, the blood emerging on the skin’s surface will immediately merge with the 

hydrophilic blood sampling fabrics. This silk strip is based on the same three-pin 

potentiostat-sensing technology that most plastic and paper strips are. Therefore, it will 

take little effort to integrate the strip with our existing potentiostat circuit. We have 

established a research collaboration with Achira Labs through Skype calls. Achira’s 

engineer will send a batch of silk strips and the matching strip connectors for integration 

with the e-Mosquito device. A proof-of-concept study shall be done to verify integration 

feasibility. 

4.1.2 Needle-Type Blood Glucose Sensors 

Another possible replacement of the strip is a needle-type sensor for in-situ blood glucose 

monitoring, for instance, the lancet of the e-Mosquito device will be converted to a sensor. 

Once being triggered, it will remain inside the wound it creates until its embedded sensor 

gets a glucose reading.  

Figure 4-1: Silk Strips by Achira Labs; Image adapted from [100] 
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Figure 4-2: Sensor Diagram. (a) Teflon-coated Pt-Ir wire (0.25 mm diameter), (b) Teflon 
tip, (c) 1-mm long sensing cavity, (d) Ag/AgCl reference electrode, (e) heat-shrinkable 
tubing, (f) reference electrode terminal, and (g) working electrode terminal; Image 
adapted from [101] 

 A needle-type glucose sensor also relies on a potentiostat circuit to sense glucose [101]. 

Unlike the strip circuit, which is 2D-printed on a flat piece, the potentiostat circuit has a 

3D structure embedded on the needle as shown in Figure 4-2. Contemporary needle-type 

sensors are usually termed as “cannula-type” sensors because they are flexible and much 

thinner (~0.35mm in diameter). The technology has been commercialized for CGM 

applications. The Dexcom G4 sensor (Dexcom, San Diago, CA, USA) is a cannula-type 

sensor. Before being implanted, it is housed in a hollow, stainless steel needle. A plunger 

pushes both the needle and the sensor under the skin. After that, the plunger mechanism 

allows only the needle retraction to retract, leaving the sensor inside the body for several 

days to detect glucose [102]. 

We have developed a preliminary solid needle-type sensor using a Dexcom G4 sensor. The 

assembly is shown in Figure 4-3(a). First, an e-Mosquito lancet was fabricated using a 25-

Gauge hollow hypodermic needle (BD, Franklin Lakes, NJ, USA) instead of a 28-Gauge 

solid needle. The sensor was then inserted into the hollow needle and leveled with the 

needle tip. The position of the sensor was fixed by a UV-curing medical glue (7939-V-VT, 

Tangent Industries, Winsted, CT, USA) at the top opening of the hollow needle. After the 
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UV-curing, the lancet, together with the transmitter, was installed on an e-Mosquito 

prototype. 

A preliminary in-vitro study was completed to prove the feasibility of this needle-type 

sensor. Five glucose solutions of different concentrations (42, 149, 204, 253, and 353 

mg/dl) were prepared using distilled water and concentrated glucose tablets in beakers, as 

previously discussed in section 3.2.4.3. Each solution was injected into a latex balloon, 

which was installed on the skin simulator (Figure 4-3(b)). The e-Mosquito device, with the 

needle-type sensor and the attached transmitter, was fixed on the skin simulator. Upon 

SMA actuation, the needle tip was submerged ~2.5mm deep in a glucose solution on a 

35°C hotplate (Figure 4-3(c)). Immediately after a glucose concentration value was 

obtained from the Dexcom receiving device, the concentration was also measured five 

times with a standard glucose meter and test strips to obtain an average reading of each 

solution as a reference. This process was repeated five times to obtain measurements in 

each of the five glucose solutions. Figure 4-4 displays the Clarke’s Error Grid, which 

indicates a linear correlation (R = 0.9923) between the standard meter measurements and 

those from the integrated needle-type sensor on the e-Mosquito device. 

Figure 4-3:  Assembly process of a solid needle-type glucose sensor. 
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It took more than two hours for the sensor to “warm-up” itself before it started to read the 

glucose levels accurately. Since the Dexcom sensor remained attached to the transmitter, 

it was impossible to monitor the VBG to study the signal patterns during the warm-up 

period. It remains unclear why such a long period of time was required. Further literature 

reviews are necessary to understand the conceptual differences between needle-type 

glucose sensors and strip-based glucose sensors. 

The primary challenge of the needle-type sensor approach is its cost. Although the CGM 

has been commercially available for more than 10 years, significant cost reduction has not 

been seen. The current price of a Dexcom G4 sensor is ~$60 USD. Although it can 

continuously sense glucose for seven days, it was still considered expensive by most 

patients with DM. In a recent interview of over 30 diabetes patients, we discovered that 

Figure 4-4: Clarke's Error Grid Analysis of the simulated In-Situ BGM;  
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only one patient was using a CGM although all interviewees were aware of the advanced 

features of CGM compared to fingerpricking tests. It will be tough to justify the idea of 

using such an expensive sensor for a one-time application with the e-Mosquito device. 

4.2 Precision Control of SMA Actuation 

Although statistics have shown that the current SMA-based microactuator can penetrate 

the skin surface and reach capillary vessels at a higher success rate, the microactuator 

performance still has room for improvement. 

The e-Mosquito system currently does not have a method of feedback control for the 

deployment depth of the lancet. In the current implementation of the device, the lancet is 

simply deployed at maximum force and length for each “bite”. When the e-Mosquito is not 

successful at drawing blood, then the actuation cycle is repeated for up to 3 times or until 

a blood sample is detected. This could cause discomfort for the user as the lancet is re-

inserted into the skin multiple times at the full deployment length. An adjustable 

penetration length will be a nice feature to have in the future development of the e-

Mosquito device. Since skin thickness may vary from person to person [41], use of the full 

deployment length may not be necessary for users with thinner skin. Instead, users should 

be allowed to begin with a lesser, but more comfortable penetration depth and force. If 

blood extraction is not satisfied, the microcontroller should be able to slightly increase the 

penetration depth in the next trials until a sufficient blood sample is obtained. 

After reading section 2.2, one may start to appreciate the fact that the SMA wire contraction 

is a result of a complex thermomechanical phenomenon. It has been shown in Figure 2-17 

that the output force depends on the SMA wire current. The following new features were 

added to the e-Mosquito design: First, current measurement through the SMA actuator 

wire; Second, a control algorithm to vary the current through the SMA actuator wire, in 
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order to achieve a specific current setpoint. These features allow the e-Mosquito to deploy 

the lancet at various depths. If blood can successfully be drawn with a smaller actuation 

depth, then there is no need to deploy the lancet to full depth. 

A flowing current control mechanism was proposed (Figure 4-5). Measurement of the 

current through the SMA wire was accomplished by the addition of a small shunt resistor 

(0.1Ω) in series with the SMA wire, and a high-side current sense amplifier (INA213, 

Texas Instruments, Dallas, TX, USA) to measure this shunt voltage and thus extract the 

current flow through the wire. 

The current measurement circuit was built up as per the recommended circuit diagram 

offered by the current sense amplifier [103] (Figure 4-6). The output of this amplifier, x, is 

a voltage proportional to the current level across the shunt resistor. One GPIO of the 

RFduino microcontroller was designated to read the sensor output (x).  

The PWM logic/comparator will increase or decrease the PWM signal proportional to the

 
Figure 4-5: The proposed SMA current control algorithm 
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difference between the averaged current and the desired current setpoint. This is limited to 

a maximum change of 8% per step, as it was found that the wire could physically oscillate 

if the PWM signal varied widely between samples. The output of this function is a PWM 

signal, which is applied to the base of a transistor. This transistor is used as a switch, and 

when turned on, it allows current to flow through the SMA wire. As the actuation time for 

the SMA wire is about 1 second [104], a PWM signal of relatively high frequency (about 

800Hz in the RFDuino) can be used to control current through the wire. The design does 

not require an analog signal, as the time-domain average of the PWM will correlate with 

the current through the wire. 

This feature has been successfully implemented on the matrix PCB, as there are only two 

additional electronic components added to the board. In-vitro tests have confirmed it can 

efficiently control the SMA wire current. It was not added to the embedded software.   

 

 

 

Figure 4-6: Schematic for INA213 current sense amplifier; Image Adapted from [103] 
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4.3 Other Aspects 

4.3.1 Blood Volume Estimation 

Several other aspects are missing in this Thesis. Firstly, there is lack of a quantitative 

measurement of blood samples extracted by the e-Mosquito device. Wounds created by the 

autonomous lancing were visually inspected. It is critical to developing a cheap and quick 

measurement method. One possible way is to adopt a predictive method proposed by [105], 

in which the prediction of the blood volume is based on a curvilinear relationship with the 

diameter of the blood drop, as illustrated in Figure 4-7. The method is working effectively 

with blood drops formed from fingerpricking tests because the lancet is immediately 

removed from the finger and the circular pattern of the blood sample is well preserved. It 

remains questionable if it can work with the e-Mosquito tests since the extracted blood 

sample might not retain a circular pattern once it comes into contact with the lancet and the 

strip remaining at the skin’a surface.  

Another sophisticated method will make use of a high-precision scale to weigh the blood 

samples. Before each test, the total mass of the entire e-Mosquito device and a cotton swab 

is measured. Immediately after the device removal, the swab is applied to wick all extracted 

Figure 4-7: Predicting blood drop volume from its diameter; Image Adapted from [105] 
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blood samples on the skin. The swab and the device that contains the rest of the blood 

sample is weighed together. The blood weight and volume can be calculated by the 

difference between the two measurements. It is known that an ordinary strip can contain 

approximately 1uL of blood in its microchannel. Since the density of blood is ~1mg/uL, 

the sample weight is at a scale of 1mg. A weighing scale with a precision of 0.1mg or even 

0.01mg will be appropriate for this experiment. Lastly, it is critical to conduct the 

measurement immediately after the test, as water in the sample quickly evaporates. 

4.3.2 Long-term Exposure of Sensor to Bodily Environment 

In our current design and in the proposed designs, the glucose sensors will be in contact 

with the skin surface for a whole day. The effects of body temperature and humidity due 

to sweating on the sensors remain unknown at this stage. A recent study has revealed that 

short-term thermal-humidity shock could elevate the output VBG value of the blood glucose 

strips in austere lab conditions [106]. It will be interesting to test if the output VBG value of 

the potentiostat utilized in the e-Mosquito device will drift in a similar pattern. Further 

digital signal calibration techniques that take account of the signal drift could be developed 

if necessary. 

 

4.3.3 Reference Test of Blood Glucose Concentration 

Currently, the reference measurement of blood glucose concentration is obtained by 

averaging results obtained from multiple home-use meter tests. As discussed in section 

3.2.4.3, this type of testing method has an inherited inaccuracy of 20%. Any predictive 

model developed based on the reference glucose levels obtained using this type of method 

can be inaccurate and not reliable. The YSI analyzer series (Yellow Spring Instrument, 

Yellow Spring, OH, USA) is currently the gold-standard equipment for measuring glucose 
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in the blood, plasma, serum and cerebrospinal fluids.  However, they are very expensive. 

Such an investment is not economical at this stage of the development but will be 

worthwhile in future. 

  



 104 

Chapter Five: Conclusion 

Diabetes management, unlike the management of other diseases, heavily relies on patients’ 

self-control. The goal is to maintain the blood glucose at a healthy level. However, the pain 

and inconveniences associated with current invasive fingerpricking methods are hindering 

a lot of patients from adhering to their testing schedule. Studies have found that a decrease 

in the frequency of blood glucose tests will result in an increase rate of diabetes-related 

complications, such as limb amputation and death in some severe cases. 

This thesis presents for the first time a completely functional prototype of a wearable 

microsystem, the e-Mosquito, which provides autonomous, pseudo-continuous and 

minimally-invasive whole blood sampling based on a novel SMA-based microactuator. In-

vitro tests and pilot human studies have clearly demonstrated the capillary reaching 

feasibility of the SMA-based actuator. To our knowledge, the e-Mosquito proposed in this 

thesis was the first wearable device that demonstrates its feasibility for autonomously 

performing in-situ blood extraction as well as blood glucose analysis, without any user 

input.  

The e-Mosquito device aims to provide a “carefree” experience for patients with diabetes.  

We envision point-of-care blood sampling to be autonomously performed on children, 

home-bound patients and the elderly equipped with the e-Mosquito wearable system, 

without the need for expensive visits to hospitals or doctor’s offices, while being entirely 

pain-free. Once being worn by an user, it will perform BGMs autonomously at several 

critical moments throughout a day, including wake-up fasting, before and after each meal 

as illustrated in Figure 5-1. 
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The feasibility of the blood extraction has been proven in preliminary human tests. 

However, the current e-Mosquito prototype is not able to extract sufficient amount of blood 

to get a reliable reading using a commercialized strip. There are two approaches to solve 

this problem. Either the strip shall be replaced, or the SMA-based microactuator 

technology shall be further improved. Meanwhile, other factors discussed in the section 4.3 

shall be addressed. Other than the wrist, other regions of body such as upper arm, thigh and 

calf can also be testing sites [107].  

The e-Mosquito presented in this thesis has the potential to become a core technology for 

reliable autonomous blood glucose monitoring and to significantly enhance the quality of 

life for diabetic patients as well as improve their disease management. By providing whole 

blood samples, this method can also be adapted for testing important analytes other than 

glucose from blood, e.g. blood pH, H1AC, ketone and lactate [108, 109]. 

  

Figure 5-1: e-Mosquito as a standalone autonomous BGM device; 
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Contributions 

When I first participated in this project, the idea of utilizing a piezoelectrical actuator for 

skin lancing in the e-Mosquito design has been abandoned. I was encouraged by Dr. 

Mintchev and Dr. Yadid-Pecht to search for novel microactuation materials, including the 

shape memory alloy materials, to replace the piezoelectrical actuator. I independently 

designed and implemented the current version of the SMA-based  microactuator, after 

several iterations of the design. The current rack-and-pinion design was able to convert an 

in-plane SMA-based actuation to a out-of-plane skin penetration. Therefore, the thickness 

of the device was significantly reduced, which made it possible for implementation on a 

wearable device later. Furthermore, it allows the easy detachment of the lancet from the 

main actuation components. Using such a design, the latter become reusable and the overall 

costs of the lancet per single use have been significantly reduced. 

 

The SMA-based microactuator was first characterized on an in-vitro customized 

mechanical test station, which was modified from [77]. My contribution to the in-vitro 

simulation was the proposal of adding the measurements of the vertical force and 

displacement of the actuator using a vertically-positioned load cell and a micrometer. 

Following that, I independently prepared and applied for the ethical approval for testing 

the microactuator lancing mechanism on human subjects. The application was approved, 

and many tests were successfully conducted on several volunteers in the summer of 2015.  

 

The statistical results of the human testing were promising, and we moved on to the system 

integration of the SMA-base microactuator to a wearable device. Michael Poscente applied 

his knowledge and skills of microelectronic design in this project. He proposed to use the 
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RFduino chip as the microcontroller in this design, which was later proven an excellent fit.  

Two of us co-designed the embedded system. He was mainly in charge of the software 

coding and testing. I was in charge of the hardware design and integration. I spent a 

significant amount of time and efforts on tweaking the potentiostat parameters to their 

optimal for glucose testing using the commercial test strip. I also proposed the multilayer 

modularized board stack-up design. Such a modularized approach makes each board 

functionally independent, which also facilitating testing and troubleshooting. 

 

While working on my thesis, I also co-supervised two undergraduate students who 

contributed to developing the advanced features for the e-Mosquito device, which was 

described in chapter four. Carlena Merchand and I co-designed the modified e-Mosquito 

system for the inclusion of the needle-type sensor. She independently tested the sensor 

using the in-vitro skin simulator. Jason Cihelka and I co-designed the current measurement 

feedback system for precision control of the SMA contraction. He independently designed 

the current sensing circuit. We worked together to integrate the current sensor to the 

RFduino microcontroller and implement it on a PCB.  

 

The thesis work has resulted in three patent applications, three journal papers and several 

conference publications on the thesis subject. My contributions to the e-Mosquito project, 

together with my contributions on other research activities in the Low Frequency 

Instrumentation Lab, are all listed below: 
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PEER-REVIEWED JOURNAL PAPERS 

 

• G. Wang, M. D. Poscente, S. S. Park, C. N. Andrews, O. Yadid-Pecht and M. P. 

Mintchev, “Wearable Microsystem for Minimally Invasive, Pseudo-Continuous Blood 

Glucose Monitoring: The e-Mosquito”, IEEE Transaction on Biomedical Circuits and 

Systems, vol. 11, no. 5, pp. 979-987, 2017 

• G. Wang, M. D. Poscente, S. S. Park, O. Yadid-Pecht and M. P. Mintchev, 

"Characterization of A Cuff-based Shape Memory Alloy (SMA) Actuator," Intl J Inf 

Theories Appl, vol. 22, no. 1, pp. 3-20, 2015. 

• M.D. Poscente, G. Wang, D. Filip, O. Yadid-Pecht, G. Muench, P. Ninova, C. N. 

Andrews and M. P. Mintchev, Transcutaneous Intraluminal Impedance Measurements 

(TIIM) for Minimally Invasive Monitoring of Gastric Motility: Validation in Acute 

Canine Models, Gastroenterology Research and Practice, 2014, Article ID 691532. 

• M.D. Poscente, G. Wang, D. Filip, P. Ninova, O. Yadid-Pecht, C. N. Andrews and M. 

P. Mintchev, Real-time gastric motility monitoring using transcutaneous intralumina l 

impedance measurements (TIIM), Physiological Meausurement, 2014, 35:217-229 

• G. Wang, M. P. Mintchev, Development of Wearable Semi-invasive Blood Sampling 

Devices for Continuous Glucose Monitoring: A Survey, Scirp Engineering, 2013, 5:42-

46 

 

BOOK CHAPTER: 

 

• G. Wang, D. Filip, M. D. Poscente, C. N. Andrews and M. P. Mintchev, Capsule-based 

Mesurements of Gastrointestinal Impedance, Handbook of Biochips, Springer, 2016 

 

PEER-REVIEWED INTERNATIONAL CONFERENCE PAPERS: 

• M. Berka, G. Wang, O. Yadid-Pecht and M. P. Mintchev, “MEMS actuator for 

splinter-like skin penetration in glucose-sensing applications: Design and 

demonstration”, IEEE Sensors, Orlando, FL, USA, Oct 30-Nov 3, 2016. 

• G. Wang, M. D. Poscente, S. S. Park, Christopher N. Andrews, O. Yadid-Pecht and 

M. P. Mintchev, "Minimally Invasive Pseudo-continuous Blood Glucose Monitoring: 
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Results from In-Vitro and In-Vivo Testing of the e-Mosquito," IEEE International 

Symposium on Circuits and Systems 2016, Montreal, QC, Canada, May 22-25, 2016.  

• G. Wang, M.D. Poscente, D. Filip, O. Yadid-Pecht, C.N. Andrews, M.P. Mintchev, 

Mo1302 Gastric-Retentive Transcutaneous Intraluminal Impedance Measurement 

(TIIM): Sham Controlled, Minimally-Invasive Assessment of Gastric Motility in Acute 

Canine Models, DDW 2014, Chicago, USA, May 3-6, 2014. 

 

INTERNATIONAL CONFERENCE PRESENTATIONS: 

 

• C. Marchand, G. Wang, O. F. Bathe, O. Yadid-Pecht, and M. P. Mintchev, 

“Autonomous In-Situ Blood Glucose Monitoring: Results from In-Vitro Testing”, 

Presented at the 38th Annual International Conference of the IEEE Engineering in 

Medicine and Biology Society (EMBS 2016), Orlando, FL, USA, August 16-20, 2016. 

(Poster). 

• G. Wang, O. Yadid-Pecht and M. P. Mintchev, "Wearable Microsystem for 

Minimally-Invasive, Pseudo-Continuous Blood Glucose Monitoring: The e-

Mosquito," Presented at 2016 IEEE International Solid-State Circuits Conference 

(ISSCC) SRP, San Francisco, CA, USA, Jan. 31 - Feb. 4, 2016. (Podium) 

• G. Wang, M. D. Poscente, S. S. Park, O. Yadid-Pecht and M. P. Mintchev, 

"Autonomous Shape Memory Alloy (SMA) Based Actuator Reaching Subcutaneous 

Blood Capillaries: Results from In-Vitro Characterization and Two Pilot Human 

Studies," Presented at Diabetes Technology Meeting 2015, Bethesda, MD, USA, Nov. 

10 - 12, 2015. (Poster) 

 

 

PATENT APPLICATIONS: 

 

• G. Wang, O. Yadid-Pecht, M. P. Mintchev, Method, apparatus and system for 

minimally-invasive skin penetration comprising an in-plane lancing device; Filed: 

November, 2014 
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• G. Wang, O. Yadid-Pecht, M. P. Mintchev, Method and apparatus for minimally-

invasive skin penetration and in-situ sensing of blood analytes; Filed: November, 2015 

• M. Berka, G. Wang, O. Yadid-Pecht, M. P. Mintchev, Method and apparatus for a 

compact, in-plane skin penetration device; Filed: November, 2016 
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Appendix A: Arduino Source Code For An Autonomous e-Mosquito Bite Control 

////////////////////////////////////////////////////////////////////// 

// eMosquito-Bite.ino  

// Ver.: 3.2 

// 22/02/2017  

// Gang Wang 

 

#include <RFduinoBLE.h> 

 

int packets;  

int flagBLE = 0; 

int flagBG = -1; 

int ch; 

int packet=0; 

int start; 

 

int V_THRES=100; 

 

const int F_S=200; //sampling rate in samples/seconds 

const int T_S=3; //sampling time in seconds 

 

const float T_SE=0.5;//event detection period in seconds 

 

   

unsigned int timeValue[(int) F_S * T_S]; 

unsigned int sensorValue[(int) F_S * T_S]; 

unsigned long curTime; 

unsigned long iniTime; 

long int i1=0; 

long int i2=0;  
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int iV=0;  

int i3=0;  

 

const int VIN_BG1= 6; 

const int VOUT_ACT1= 2; 

 

void setup() { 

 

pinMode(VOUT_ACT1, OUTPUT);   

   

  // this is the data we want to appear in the advertisement 

  // (if the deviceName and advertisementData are too long to fix into the 31 byte 

  // ble advertisement packet, then the advertisementData is truncated first down to 

  // a single byte, then it will truncate the deviceName) 

 

RFduinoBLE.deviceName ="eMosquito"; 

RFduinoBLE.advertisementData = "V_Out"; 

 

  // start the BLE stack 

RFduinoBLE.begin(); 

Serial.begin(9600); 

 

Serial.println("Initialization Completed!"); 

} 

 

void loop() { 

   

  if (flagBG==-1){ 

      Serial.println("Actuation Begins!"); 

      delay(5000); 

      analogWrite(VOUT_ACT1, 255);        
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      delay(5000); 

      Serial.println("Actuation Ends!"); 

      analogWrite(VOUT_ACT1, 0);        

      flagBG=0; 

    } 

  if (flagBG==0){ 

//       Serial.print(i1); 

//       Serial.print("    "); 

//       Serial.println(i2); 

//      Serial.println(i1%(F_S*T_S)); 

      i2=i1-(F_S*T_SE)+1; 

      if (i2<0) {i2=i2+(F_S*T_S);} 

         

      timeValue[i1] =  (millis()-iniTime); 

      sensorValue[i1] =  analogRead(VIN_BG1); 

      Serial.print(timeValue[i1]); 

      Serial.print("    "); 

      Serial.println(sensorValue[i1]); 

      if(sensorValue[i1]>=V_THRES) {iV++;}       

      if (i2>0 && sensorValue[i2]>=V_THRES) {iV--;} 

               

      if(iV>50){ 

        flagBG=1; 

        Serial.print("Blood Detected! Current Time:"); 

        Serial.println(millis()); 

        Serial.print("  Current i1:"); 

        Serial.println(i1); 

        Serial.print("  Current i2:"); 

        Serial.println(i2); 

        Serial.print("  Current iV:"); 

        Serial.println(iV); 
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        } 

      i1++; 

 

      i1=i1%(F_S*T_S);  

 

       

      delay(5); 

  } 

 

  if (flagBG==1) 

  { 

      sensorValue[i1] =  analogRead(VIN_BG1); 

      timeValue[i1] =  (millis()-iniTime); 

 

      i1++; 

       

      i1=i1%(F_S*T_S);  

      delay(5); 

 

      if (i1==i2){flagBG=2;} 

  } 

   

  if (flagBG==2){ 

        Serial.println("Data Collected! Ready for BLE connection!"); 

        Serial.print("Current Time:"); 

        Serial.println(millis()); 

        Serial.print("  Current i1:"); 

        Serial.println(i1); 

        Serial.print("  Current i2:"); 

        Serial.println(i2); 

        Serial.print("  Current iV:"); 
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        Serial.println(iV); 

        flagBG=3; 

  } 

    

 

  if (flagBG==3 && flagBLE){ 

 

      packets=(F_S*T_S);  

      Serial.println("Begin BLE Transmission!"); 

       

       

      while (! RFduinoBLE.sendInt(timeValue[i2%(F_S*T_S)])) 

        ;  // all tx buffers in use (can't send - try again later) 

      while (! RFduinoBLE.sendInt(sensorValue[i2%(F_S*T_S)])) 

        ;  // all tx buffers in use (can't send - try again later) 

       

/*      Serial.print("Packet No.:"); 

      Serial.print(packet); 

      Serial.print("  Current i1:"); 

      Serial.print(i1); 

      Serial.print("  Current i2:"); 

      Serial.println(i2);*/ 

         

      if (! start) 

      start = millis(); 

      i2++; 

      i2=i2%(F_S*T_S);  

      packet++; 

      if (packet >= packets) 

      { 

        int end = millis(); 
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        float secs = (end - start) / 1000.0; 

        Serial.println("Finished"); 

        Serial.println("Started in (millis):"); 

        Serial.println(start); 

        Serial.println("Ended in:"); 

        Serial.println(end); 

        Serial.println("Total Time (s):"); 

        Serial.println(secs); 

 

        while (! RFduinoBLE.sendInt(-2)) 

        ; 

 

       

        flagBLE = false; 

    } 

  } 

} 

  

 

void RFduinoBLE_onDisconnect(){ 

  Serial.println("BLE Transmission Disconnected!"); 

  flagBLE=false; 

} 

void RFduinoBLE_onConnect(){ 

 

  packet = 0; 

  ch = ';'; 

  start = 0; 

  flagBLE = true; 

  Serial.println("BLE Transmission Connected!");  

} 
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Appendix B: Android Source Code For Wireless Device-Phone Communication 

/* 
 * Gang Wang   
 * February 20, 2017 
 * Ver 1.2 
 * The main  structure of Source Code Adapted from: 
 * 
http://developer.android.com/samples/BluetoothLeGatt/src/com.example.android.bluetoothlegatt/BluetoothLeSe
rvice.html 
 */ 
package com.lannbox.rfduinotest; 
 
import android.Manifest; 
import android.app.Service; 
import android.bluetooth.BluetoothAdapter; 
import android.bluetooth.BluetoothDevice; 
import android.bluetooth.BluetoothGatt; 
import android.bluetooth.BluetoothGattCallback; 
import android.bluetooth.BluetoothGattCharacteristic; 
import android.bluetooth.BluetoothGattDescriptor; 
import android.bluetooth.BluetoothGattService; 
import android.bluetooth.BluetoothManager; 
import android.bluetooth.BluetoothProfile; 
import android.content.Context; 
import android.content.Intent; 
import android.content.IntentFilter; 
import android.os.Binder; 
import android.os.IBinder; 
import android.util.Log; 
 
import java.util.UUID; 
 
 
public class RFduinoService extends Service { 
    private final static String TAG = RFduinoService.class.getSimpleName(); 
 
    private BluetoothManager mBluetoothManager; 
    private BluetoothAdapter mBluetoothAdapter; 
    private String mBluetoothDeviceAddress; 
    private BluetoothGatt mBluetoothGatt; 
    private BluetoothGattService mBluetoothGattService; 
 
    public final static String ACTION_CONNECTED = 
            "com.rfduino.ACTION_CONNECTED"; 
    public final static String ACTION_DISCONNECTED = 
            "com.rfduino.ACTION_DISCONNECTED"; 
    public final static String ACTION_DATA_AVAILABLE = 
            "com.rfduino.ACTION_DATA_AVAILABLE"; 
    public final static String EXTRA_DATA = 
            "com.rfduino.EXTRA_DATA"; 
 
    public final static UUID UUID_SERVICE = BluetoothHelper.sixteenBitUuid(0x2220); 
    public final static UUID UUID_RECEIVE = BluetoothHelper.sixteenBitUuid(0x2221); 
    public final static UUID UUID_SEND = BluetoothHelper.sixteenBitUuid(0x2222); 
    public final static UUID UUID_DISCONNECT = BluetoothHelper.sixteenBitUuid(0x2223); 
    public final static UUID UUID_CLIENT_CONFIGURATION = BluetoothHelper.sixteenBitUuid(0x2902); 
 
    // Implements callback methods for GATT events that the app cares about.  For example, 
    // connection change and services discovered. 

http://developer.android.com/samples/BluetoothLeGatt/src/com.example.android.bluetoothlegatt/BluetoothLeService.html
http://developer.android.com/samples/BluetoothLeGatt/src/com.example.android.bluetoothlegatt/BluetoothLeService.html
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    private final BluetoothGattCallback mGattCallback = new BluetoothGattCallback() { 
        @Override 
        public void onConnectionStateChange(BluetoothGatt gatt, int status, int newState) { 
            if (newState == BluetoothProfile.STATE_CONNECTED) { 
                Log.i(TAG, "Connected to RFduino."); 
                Log.i(TAG, "Attempting to start service discovery:" + 
                        mBluetoothGatt.discoverServices()); 
            } else if (newState == BluetoothProfile.STATE_DISCONNECTED) { 
                Log.i(TAG, "Disconnected from RFduino."); 
                broadcastUpdate(ACTION_DISCONNECTED); 
            } 
        } 
 
        @Override 
        public void onServicesDiscovered(BluetoothGatt gatt, int status) { 
            if (status == BluetoothGatt.GATT_SUCCESS) { 
                mBluetoothGattService = gatt.getService(UUID_SERVICE); 
                if (mBluetoothGattService == null) { 
                    Log.e(TAG, "RFduino GATT service not found!"); 
                    return; 
                } 
 
                BluetoothGattCharacteristic receiveCharacteristic = 
                        mBluetoothGattService.getCharacteristic(UUID_RECEIVE); 
                if (receiveCharacteristic != null) { 
                    BluetoothGattDescriptor receiveConfigDescriptor = 
                            receiveCharacteristic.getDescriptor(UUID_CLIENT_CONFIGURATION); 
                    if (receiveConfigDescriptor != null) { 
                        gatt.setCharacteristicNotification(receiveChar acteristic, true); 
 
                        receiveConfigDescriptor.setValue( 
                                BluetoothGattDescriptor.ENABLE_NOTIFICATION_VALUE); 
                        gatt.writeDescriptor(receiveConfigDescriptor); 
                    } else { 
                        Log.e(TAG, "RFduino receive config descriptor not found!"); 
                    } 
 
                } else { 
                    Log.e(TAG, "RFduino receive characteristic not found!"); 
                } 
 
                broadcastUpdate(ACTION_CONNECTED); 
            } else { 
                Log.w(TAG, "onServicesDiscovered received: " + status); 
            } 
        } 
 
        @Override 
        public void onCharacteristicRead(BluetoothGatt gatt, 
                                         BluetoothGattCharacteristic characteristic, 
                                         int status) { 
            if (status == BluetoothGatt.GATT_SUCCESS) { 
                broadcastUpdate(ACTION_DATA_AVAILABLE, characteristic); 
            } 
        } 
 
        @Override 
        public void onCharacteristicChanged(BluetoothGatt gatt, 
                                            BluetoothGattCharacteristic characteristic) { 
            broadcastUpdate(ACTION_DATA_AVAILABLE, characteristic); 
        } 
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    }; 
 
    private void broadcastUpdate(final String action) { 
        final Intent intent = new Intent(action); 
        sendBroadcast(intent, Manifest.permission.BLUETOOTH); 
    } 
 
    private void broadcastUpdate(final String action, 
                                 final BluetoothGattCharacteristic characteristic) { 
        if (UUID_RECEIVE.equals(characteristic.getUuid())) { 
            final Intent intent = new Intent(action); 
            intent.putExtra(EXTRA_DATA, characteristic.getValue()); 
            sendBroadcast(intent, Manifest.permission.BLUETOOTH); 
        } 
    } 
 
    public class LocalBinder extends Binder { 
        RFduinoService getService() { 
            return RFduinoService.this; 
        } 
    } 
 
    @Override 
    public IBinder onBind(Intent intent) { 
        return mBinder; 
    } 
 
    @Override 
    public boolean onUnbind(Intent intent) { 
        // After using a given device, you should make sure that BluetoothGatt.close() is called 
        // such that resources are cleaned up properly.  In this particular example, close() is 
        // invoked when the UI is disconnected from the Service. 
        close(); 
        return super.onUnbind(intent); 
    } 
 
    private final IBinder mBinder = new LocalBinder(); 
 
    /** 
     * Initializes a reference to the local Bluetooth adapter. 
     * 
     * @return Return true if the initialization is successful. 
     */ 
    public boolean initialize() { 
        // For API level 18 and above, get a reference to BluetoothAdapter through 
        // BluetoothManager. 
        if (mBluetoothManager == null) { 
            mBluetoothManager = (BluetoothManager) getSystemService(Context.BLUETOOTH_SERVICE); 
            if (mBluetoothManager == null) { 
                Log.e(TAG, "Unable to initialize BluetoothManager."); 
                return false; 
            } 
        } 
 
        mBluetoothAdapter = mBluetoothManager.getAdapter(); 
        if (mBluetoothAdapter == null) { 
            Log.e(TAG, "Unable to obtain a BluetoothAdapter."); 
            return false; 
        } 
 
        return true; 
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    } 
 
    /** 
     * Connects to the GATT server hosted on the Bluetooth LE device. 
     * 
     * @param address The device address of the destination device. 
     * 
     * @return Return true if the connection is initiated successfully. The connection result 
     *         is reported asynchronously through the 
     *         {@code BluetoothGattCallback#onConnectionStateChange(android.bluetooth.BluetoothGatt, int, int)} 
     *         callback. 
     */ 
    public boolean connect(final String address) { 
        if (mBluetoothAdapter == null || address == null) { 
            Log.w(TAG, "BluetoothAdapter not initialized or unspecified address."); 
            return false; 
        } 
 
        // Previously connected device.  Try to reconnect. 
        if (mBluetoothDeviceAddress != null && address.equals(mBluetoothDeviceAddress) 
                && mBluetoothGatt != null) { 
            Log.d(TAG, "Trying to use an existing mBluetoothGatt for connection."); 
            return mBluetoothGatt.connect(); 
        } 
 
        final BluetoothDevice device = mBluetoothAdapter.getRemoteDevice(address); 
        // We want to directly connect to the device, so we are setting the autoConnect 
        // parameter to false. 
        mBluetoothGatt = device.connectGatt(this, false, mGattCallback); 
        Log.d(TAG, "Trying to create a new connection."); 
        mBluetoothDeviceAddress = address; 
        return true; 
    } 
 
    /** 
     * Disconnects an existing connection or cancel a pending connection. The disconnection result 
     * is reported asynchronously through the 
     * {@code BluetoothGattCallback#onConnectionStateChange(android.bluetooth.BluetoothGatt, int, int)} 
     * callback. 
     */ 
    public void disconnect() { 
        if (mBluetoothAdapter == null || mBluetoothGatt == null) { 
            Log.w(TAG, "BluetoothAdapter not initialized"); 
            return; 
        } 
        mBluetoothGatt.disconnect(); 
    } 
 
    /** 
     * After using a given BLE device, the app must call this method to ensure resources are 
     * released properly. 
     */ 
    public void close() { 
        if (mBluetoothGatt == null) { 
            return; 
        } 
        mBluetoothGatt.close(); 
        mBluetoothGatt = null; 
    } 
 
    public void read() { 
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        if (mBluetoothGatt == null || mBluetoothGattService == null) { 
            Log.w(TAG, "BluetoothGatt not initialized"); 
            return; 
        } 
 
        BluetoothGattCharacteristic characteristic = 
                mBluetoothGattService.getCharacteristic(UUI D_RECEIVE); 
 
        mBluetoothGatt.readCharacteristic(characteristic); 
    } 
 
    public boolean send(byte[] data) { 
        if (mBluetoothGatt == null || mBluetoothGattService == null) { 
            Log.w(TAG, "BluetoothGatt not initialized"); 
            return false; 
        } 
 
        BluetoothGattCharacteristic characteristic = 
                mBluetoothGattService.getCharacteristic(UUI D_SEND); 
 
        if (characteristic == null) { 
            Log.w(TAG, "Send characteristic not found"); 
            return false; 
        } 
 
        characteristic.setValue(data); 
        characteristic.setWriteType(BluetoothGattCharacteristic.WRITE_TYPE_NO_RESPONSE); 
        return mBluetoothGatt.writeCharacteristic(characteristic); 
    } 
 
    public static IntentFilter getIntentFilter() { 
        IntentFilter filter = new IntentFilter(); 
        filter.addAction(ACTION_CONNECTED); 
        filter.addAction(ACTION_DISCONNECTED); 
        filter.addAction(ACTION_DATA_AVAILABLE); 
        return filter; 
    } 
} 
  



 135 

Appendix C: Arduino Source Code For Controlling the SMA Wire Current 

 

#include <RFduinoBLE.h> 

#include "CurrentMonitor.h"  

 

int packets;  

int flagBLE = false; 

int flagBG = false; 

int ch; 

int packet=0; 

int start; 

 

int V_THRES=100; 

 

const int F_S=200; //sampling rate in samples/seconds 

const int T_S=3; //sampling time in seconds 

 

const float T_SE=0.5;//event detection period in seconds 

 

   

unsigned int timeValue[(int) F_S * T_S]; 

unsigned int sensorValue[(int) F_S * T_S]; 

unsigned long curTime; 

unsigned long iniTime; 

long int i1=0; 

long int i2=0;  

long int i2_ini=0;  

 

int iV=0;  

int i3=0;  
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// Current level for needle deployment 

int forceLevel;  

int sampleTry; 

 

const int VIN_BG1= 6; ///must switch it back to 1; 

const int VOUT_ACT1= 2; 

const int VIN_BG2= 1; 

const int VOUT_ACT2= 5; 

 

const int VIN_CURRENT1= 3; 

const int VIN_CURRENT2= 4; 

CurrentMonitor* cm; 

void setup() { 

 

 // Create a new CurrentMonitor with the current measurement pins and the actuation PWM pin 

cm = new CurrentMonitor(VIN_CURRENT1, VOUT_ACT1); 

// Start at forceLevel 0 for lowest force bite 

forceLevel = 0; 

 

pinMode(VIN_CURRENT1, INPUT); 

pinMode(VOUT_ACT1, OUTPUT); 

pinMode(VOUT_ACT2, OUTPUT); 

   

RFduinoBLE.deviceName ="eMosquito"; 

RFduinoBLE.advertisementData = "V_Out"; 

 

  // start the BLE stack 

RFduinoBLE.begin(); 

Serial.begin(9600); 

 

Serial.println("Initialization Completed!"); 
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delay(1000); 

} 

 

void loop() { 

  if (flagBG == -1) 

  { 

    Serial.println("Error"); 

    Serial.println("Blood could not be attained");  

    //const char* errMessage[5] = {'e', 'r', 'r', 'o', 'r'}; 

    

    if(flagBLE){ 

    while (!RFduinoBLE.sendInt(-1)); 

    } 

  } 

   

  if (flagBG==0){ 

       

      // Send current at the desired force Level 

      Serial.print("Biting at force level: "); 

        Serial.println(forceLevel); 

        Serial.println(millis()); 

      cm->SendCurrent(forceLevel); 

      Serial.println("Bite Completed"); 

        Serial.println(millis()); 

 

      // analogWrite(VOUT_ACT1, 255);        

      // delay(10000); 

      // analogWrite(VOUT_ACT1, 0);        

      flagBG=1; 

      sampleTry = 0; 

  } 
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  if (flagBG==1){ 

      i2=i1-(F_S*T_SE)+1; 

      if (i2<0) {i2=i2+(F_S*T_S);} 

         

      sensorValue[i1] =  analogRead(VIN_BG1); 

     // Serial.println(sensorValue[i1%(F_S*T_SE)]); 

      timeValue[i1] =  (millis()-iniTime); 

      if(sensorValue[i1]>=V_THRES) {iV++;}       

      if (i2>0 && sensorValue[i2]>=V_THRES) {iV--;} 

               

      if(iV>50){ 

        flagBG=2; 

        Serial.print("Blood Detected! Current Time:"); 

        Serial.println(millis()); 

        Serial.print("  Current i1:"); 

        Serial.println(i1); 

        Serial.print("  Current i2:"); 

        Serial.println(i2); 

        i2_ini=i2; 

        Serial.print("  Current iV:"); 

        Serial.println(iV); 

        }         

      i1++; 

      // When the sensor value array is full, reset its value and increment sampleTry 

      if (i1 == F_S*T_S) 

      { 

      sampleTry++; 

      i1=i1%(F_S*T_S);  

      } 
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      // SampleTry 10 -> 10 * 3 seconds = 30 seconds without blood detected 

      if (sampleTry == 10) 

      { 

        // If the max force has already been tried, go to the error state. 

        if (forceLevel == 2) 

          flagBG = -1; 

        else 

        { 

          // Try again with a higher force level 

          flagBG = 0; 

          forceLevel++; 

        } 

      } 

      delay(5); 

  } 

 

  if (flagBG==2) 

  { 

      sensorValue[i1] =  analogRead(VIN_BG1); 

      timeValue[i1] =  (millis()-iniTime); 

 

      i1++; 

       

      i1=i1%(F_S*T_S);  

      delay(5); 

 

      if (i1==i2){flagBG=3;} 

  } 

   

  if (flagBG==3){ 

        Serial.println("Data Collected! Ready for BLE connection!"); 
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        Serial.print("Current Time:"); 

        Serial.println(millis()); 

        Serial.print("  Current i1:"); 

        Serial.println(i1); 

        Serial.print("  Current i2:"); 

        Serial.println(i2); 

        Serial.print("  Current iV:"); 

        Serial.println(iV); 

        flagBG=4; 

  } 

  if (flagBG==4 && flagBLE){  

 

      packets=(F_S*T_S);  

//      Serial.println("Begin BLE Transmission!"); 

           

      while (! RFduinoBLE.sendInt(timeValue[i2%(F_S*T_S)]-timeValue[i2_ini%(F_S*T_S)])) 

        ;  // all tx buffers in use (can't send - try again later) 

      while (! RFduinoBLE.sendInt(sensorValue[i2%(F_S*T_S)])) 

        ;  // all tx buffers in use (can't send - try again later) 

       

/*      Serial.print("Packet No.:"); 

      Serial.print(packet); 

      Serial.print("  Current i1:"); 

      Serial.print(i1); 

      Serial.print("  Current i2:"); 

      Serial.println(i2);*/ 

         

      if (! start) 

      start = millis(); 

      i2++; 

      i2=i2%(F_S*T_S);  
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      packet++; 

      if (packet >= packets) 

      { 

        int end = millis(); 

        float secs = (end - start) / 1000.0; 

        Serial.println("Finished"); 

        Serial.println("Started in (millis):"); 

        Serial.println(start); 

        Serial.println("Ended in:"); 

        Serial.println(end); 

        Serial.println("Total Time (s):"); 

        Serial.println(secs); 

 

        while (! RFduinoBLE.sendInt(-2)) 

        ;  

        flagBLE = false; 

    } 

  } 

} 

void RFduinoBLE_onDisconnect(){ 

  Serial.println("BLE Transmission Disconnected!"); 

  flagBLE=false; 

} 

void RFduinoBLE_onConnect(){ 

 

  packet = 0; 

  ch = ';'; 

  start = 0; 

  flagBLE = true; 

  Serial.println("BLE Transmission Connected!");  
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Appendix D: PCB Schematics and Layouts 

D.1: Top PCB – Microcontroller Board 
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D.2.: Matrix PCB – Actuator and Glucose Sensing Board 
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D.3: Bottom PCB - Strip Holder Board 
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