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Abstract 

Flexible and stretchable wearable biomedical devices provide a platform for 

continues long-term monitoring of biological signals during neutral body 

movements thus enabling early intervention and diagnostics of various 

diseases. This thesis evaluates novel flexible and stretchable bio interfacing 

medical devices based on microneedle patches and split ring resonator for 

healthcare diagnostics. Flexible and stretchable microneedle patches were 

realized by integrating a soft polymer substrate with sharp stainless steel 

microneedles. This was realized using a magnetic assembly technique. 

Investigations have shown that the flexible microneedle patch can provide 

conformal and reliable contact with wrinkles and deformations of the skin. 

In addition, transdermal monitoring of potassium ions using the proposed 

flexible microneedle patch have been demonstrated by coating the 

microneedles with a potassium sensing membrane. Ex-vivo test on the 

microneedle potassium sensor performed on chicken and porcine skin was 

able to detect change in potassium concentration in the skin. Furthermore, a 

novel flexible bio-interface spilt ring resonator (SRR) for the monitoring of 

intera cranial pressure (ICP) is demonstrated. The sensor was fabricated by 

depositing a 500 nm gold film on a thermoset thiolene epoxy polymer 

substrate. The flexible sensor was able to clearly detect the pressure 

variation that might be an indication of increased ICP in the skull. The 

proposed methodology of heterogeneous integration of hard materials on a 

soft and flexible substrate demonstrates a first proof of concept of flexible 

wearable bio-interfacing devices with vastly different material properties 

with the potential for continuous and real-time health monitoring. 

Keywords: Wearable biointerfacing sensor, flexible and stretchable 

microneedles patch, wearable microneedles device, health and fitness 

monitoring, minimally invasive ICP monitoring, bioelectronics. 
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School of Electrical Engineering and Computer Science 

KTH Royal Institute of Technology, SE 100 44 Stockholm, Swede
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Sammanfattning 

Flexibla och töjbara bärbara biomedicinska anordningar utgör en plattform 

för fortsatt långvarig övervakning av biologiska signaler under neutrala 

kroppsrörelser, vilket möjliggör tidig intervention och diagnostik av olika 

sjukdomar.Denna avhandling undersöker nya flexibla och töjbara 

medicinska enheter rörande gränssnitt mot kroppen såsom mikronålsplåster 

och ringresonatorer för diagnostika ändamål. I avhandlingen har ett flexibelt 

och töjbart mikronålsplåster validerats som kombinerar ett mjukt 

polymersubstrat med vassa mikronålar av rostfritt stål. Mikronålsplåstret 

realiserades genom en magnetisk monteringsteknik och undersökningar har 

visat att det flexibla mikronålsplåstret åstadkommer en följsam och bra 

kontakt mot rynkor och deformationer i huden. Dessutom har mätningar av 

kaliumjoner gjorts med det flexibla mikronålsplåstret genom att belägga 

mikronålarna med kaliumavkännande skikt. Ex-vivo-test med denna 

mikronålsbaserade kaliumsensor på kycklinghud och grishud visade en bra 

respons som svarade mot förändringar i kaliumkoncentrationen i huden. 

Vidare visas en ny flexibel gränssnittslös ringresonator (SRR) för mätning 

av interkranialt tryck (ICP) i huvudet. Detta sensorelement tillverkades 

genom att deponera en 500 nm guldfilm på ett värmehärdande tiol-epoxi-

substrat. Det flexibla sensorelementet möjliggjorde att tryckvariationen, 

som kan vara en indikation på ökad ICP i huvudet, kunde detekteras.Den 

föreslagna metoden för heterogen integration av hårda material på mjuka 

och flexibla substrat visar på gångbarheten av konceptet med flexibla 

bärbara biogränssnitt med väldigt olika materialegenskaper. Dessa kan i sin 

tur potentiellt bidra till att åstadkomma kontinuerliga mätningar, i realtid,  

av olika hälsotillstånd. 
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Chapter 1  

Introduction 

Inspired by the nature, humans have made significant advances in science 

particularly in medicine and pharmacy. Over the years, scientific research 

has enabled us to overcome the diseases which were inevitable earlier by 

introducing the nature’s inspiration into the advanced technology. One such 

inspiration source lies in the human skin due to its ability to sense, self-heal, 

and regulate temperature 
1,2

 . In this way, many medical devices have been 

designed for applications ranging from basic monitoring of biological 

signals to the delivery of advanced therapies 
3,4

.  

The human body continuously generates a wide range of biological 

signals including electrophysiological signals (electroencephalogram (EEG) 

and electrocardiogram (ECG)), physiological signals (pulse, temperature, 

strain, pressure) and biochemical information 
5–7

. These signals provide 

important health metrics of an individual and could indicate the presence of 

various fatal and chronic diseases. For example, pressure is considered one 

of the vital indicators for various health diagnostics such as blood pressure, 

intracranial pressure (ICP), etc. Intracranial pressure is defined as the 

pressure in the cranial vault exerted by the intraventricular fluid. Traumatic 

brain injuries (TBI), brain stroke and neurological disorders lead to an 

abnormal increase in the intracranial pressure of the subject. This can often 

lead to numerous neurological complications or even death. Capturing these 

signals precisely and in real-time is of high importance. In fact, this requires 

accessing desired biological tissues and organs in the human body. 

However, a number of challenges arise when conventional medical systems 
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interface with the human body. Biological tissues are soft, deformable and 

dynamic whereas the conventional medical systems are often rigid, planar 

and bulky. Consequently, this characteristic mismatch emphasizes on the 

need to develop advanced class of healthcare devices that can integrate well 

with biological tissues. This fact has revolutionized the medical industry 

resulting in the emergence of flexible bio integrated electronics. Non-

invasive health monitoring systems and therapeutic devices have 

particularly benefitted from such technological advances opening doors in 

the felid of wearable biomedical electronic patches 
8,9

 and electronic skins 
10,11

. In recent years, significant progress on device design, material 

selection and fabrication of bio integrated electronics have paved way in 

establishing clinically relevant diagnostic and monitoring tools such as 

epidermal sensing platforms for prosthetic control, wireless sensors for 

sweat diagnostics, etc. 
12–16

 

1.1 Wearable biomedical devices 

Wearable biomedical devices are healthcare devices that can be worn on the 

body and are capable of detecting, collecting and processing real-time 

biological signals. Therefore, they enable the physician to make early 

intervention and diagnostics of various diseases and health conditions. 

Commercially established high-performance wearable medical electronics 

Figure 1.1 Elastic modulus and strain at break (presented in red text) of 

various materials. 
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are designed, structured and primarily fabricated from semiconductor 

materials i.e. Si, gallium (Ga), etc. 
17–19

. These materials are fundamentally 

hard, planar, and in most cases bulky in nature.  As mentioned earlier, these 

characteristics are not compatible with the soft, curvilinear, and dynamic 

human body. Figure 1.1 shows the elastic modulus and strain at break 

(presented in red text) of various materials. As it can be observed from 

figure 1.1, there exists a huge difference in modulus of conventional 

electronic materials to that of the soft human body. In addition, the human 

skin undergoes strains of 30% whereas the conventional electronics fail to 

operate at 1-3 % strain 
20–22

.  

The existing state-of-the-art wearable biomedical devices provide 

reliable and consistent functionalities in clinical applications 
23

. On the other 

hand, they compromise on the users comfort and natural body movements 

due to their poor skin integration 
22

. In these regards, flexible wearable 

biomedical devices are promising to show accurate and reliable 

performance while preserving its applications in continuous long-term 

precision monitoring with neutral body movements 
24

. Figure 1.2 shows a 

schematic of various flexible wearable biomedical devices as tools for 

diagnostics.  

Figure 1.2 Schematic of flexible wearable biomedical devices for diagnosis of 

electroencephalography, electrocardiography, skin surface temperature, sweat 

content, skin modulus clockwise from right to left 
29

. 
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“The global wearable medical devices market is anticipated to rise at a 

tremendous CAGR of 18.0% during the forecast period of 2015 to 2023. 

The global market valued in terms of revenue at US$2.7 bn during 2014 and 

is expected to rise up to US$10 bn by the end of 2023" 
25

. One of the key 

factors that enabled a significant rise in the wearable medical devices is the 

advances in semiconductor process technology resulting in low-power 

electronics with high computational performance. Increased demand for this 

class of technology has resulted in stringent requirements and criteria for the 

development of next generation flexible wearable biomedical devices. To 

mitigate motion artifacts and enhance the wearer comfort of users in daily 

life, next generation of wearable biomedical devices have been transformed  

in a way that can be attached directly to the human skin such as epidermal 

electronics 
22,26–28

 with applications ranging from basic healthcare 

monitoring to clinical evaluation of disease diagnostics 
29–32

. One of the 

fundamental components of epidermal electronics is their base substrate as 

the electronic-skin interface. It is desired for the base substrate to have skin-

like characteristics in terms of elastic modulus and deformability. Various 

strategies have been used to address the mechanical mismatch between soft 

and hard materials 
33–37

. Polymers can be counted as excellent candidates for 

wearable technologies owing to their outstanding characteristics particularly 

with superior deformability, conformability, long-term wearer comfort and 

outstanding optical transparency 
38-50

. 

One of the important areas of application for wearable electronics is the 

measurement of electrophysiological signals. These signals provide 

information on health conditions of human body such as brain, heart, 

muscle, etc. Electrodes are considered to be one of the key components for 

the measurement of these signals. Current electrode systems in use are 

mostly based on wet gel electrode and dry metal electrode techniques. 

Although ultra-thin and flexible electrodes based on wet gel electrode 

technique have been reported they are limited to a short term usage due to 

their characteristic issues 
51

. For instance, wet gel electrodes are reported to 

cause skin irritation and show degradation in the signal as the gel material 

dries over a period of time 
51

.  

On the other hand, conventional dry electrodes are mainly limited by the 

rigidness of the metal electrodes. Nevertheless, in the recent years research 
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have shown their inherent potential for the development of the long term 

wearable patch 
53

. For instance, MC10, Inc. has developed a silicone based 

wearable patch, BioStamp, for detecting the muscle activity and has been 

implemented to monitor movement loss due to Parkinson and Huntington 

disease 
54

. However, the electronics are made of semi-flexible thin Si and 

the electrode arrangement is not optimized for sensing the small muscles 

movements. To address this concern research is ongoing to develop flexible 

dry electrodes on flexible substrates such as polymers and textiles 
55

.  

Typically, electrodes based on elastic carbon composites such as carbon 

nanotubes, graphene, etc. show high electrical conduction together with 

mechanical flexibility as oppose to stiff traditional electrode materials such 

as Au, Pt, etc. Apart from the mechanical flexibility of the electrodes, 

contact impedance and signal to noise ratio (SNR) are considered as 

important figures of merit to evaluate the performance of these devices. In 

general, it is known that the dry electrodes suffer from high contact 

impedance as compared to wet gel electrodes. In recent years some progress 

has been made in this regard, for instance, S. K. Amiri et al. have 

demonstrated a novel graphene-based electronic tattoo for the detection of 

various electrophysiological signals with a SNR comparable to wet gel 

electrodes 
56

. In conclusion, the key challenge in the further advancement of 

the wearable epidermal electrodes is to maintain a great degree of user 

comfort while having an optimal performance and a wide range of 

functionalities. 

1.2 Microneedles 

Needles are one of the most used medical devices. It has been reported that 

16 billion injections are annually administered worldwide through 

transdermal administration which is the most efficient approach to deliver 

most therapeutics and vaccines 
57–59

. Conventional transdermal delivery 

through hypodermic needles hinders the application scope of this essential 

device due to the risks involved with needle-stick injuries, pain perception 

and transport barrier limit of the stratum corneum (SC), the outermost layer 

of the skin 
60

. 
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One approach to address these limitations is the emergence of 

microneedles. Microneedles are micron-sized needles with a length of 

typically 100 - 1000 µm that pierce the skin and cross the SC into the 

epidermis and dermis layers. They are sufficiently short to avoid touching 

nerve endings that reside in the lower layers of the skin, thereby enabling 

minimally invasive and painless insertion of the microneedles into the skin 
61,62

. They have shown dramatic improvement in skin permeability by 

several orders of magnitude and enabled transdermal delivery of 

biotherapeutics across biological membranes including skin using a wide 

range of mechanisms 
59,63–65

. Because of these features, they offer promising 

advantages such as reduced pain and tissue damages, easy administration 

and possibility for self-administration particularly for pediatric, needle-

phobias and diabetics 
57

.  

Microneedles are typically arranged in an array manner forming a patch-

like structure.  In such a patch an array of microneedles is gathered on one 

side of a supporting base substrate 
66

. A large number of studies on 

microneedle geometries, materials and fabrication methods have been 

reported 
67

. Microneedles have been made of materials such as Si, metals, 

polymers, glass and ceramics and a variety of fabrication methods have 

been used for fabricating microneedle arrays, including semiconductor 

micromachining, laser cutting and micromolding 
67

. However, the rigid 

substrate, as the human-machine interface, cannot conform well to the 

human body featuring inherent viscoelasticity. This mechanical mismatch 

could result in sharp waste of drug delivery and slower delivery time. Thus, 

flexibility of the substrate is one of the key properties for successful 

integration of this promising technology with biological tissues in wearable 

biomedical device. 

To date, microneedles have been primarily used for the transdermal 

delivery of drugs and compounds such as proteins, DNA, vaccines, insulin, 

etc. 
68

. Recently, significant interest has also grown in the application of 

microneedle based devices in the field of diagnostics 
65

. In a recent state-of-

the-art study published by T. M. Blicharz, a microneedle based capillary 

blood collection device, which is less painful than the conventional 

venepunture and fingerstick have been shown. This combines solid 

stainless-steel microneedles array, high-velocity insertion mechanism, 
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stored vacuum, and a microfluidic system into a single compact device 
69

. In 

another study, C. O’Mahony devised a wafer-level manufacturing process 

of epoxy polymer based microneedles to be used as dry electrodes for ECG 

recording with a better SNR as compared to wet gel electrodes. These 

investigations further revealed that the performance of the microneedle 

based electrodes primarily depends on the contact force between the skin 

and the electrodes 
70

.  In-vivo detection of glucose with high sensitivity 

using gold coated polymer microneedles was demonstrated by K. 

Schossleitner et al.  
64

. Therefore, microneedles have great potential in 

wearable epidermal diagnostic device due to its painless and noninvasive 

properties. However, in order to become commercially viable, novel 

strategies have to be developed to reduce the fabrication cost while 

maintaining both the mechanical flexibility of the bio-interface and the 

sharpness of the needles to provide accurate diagnostics and wearer 

comfort. 

1.3 Aims and structure of the thesis 

This thesis aims at investigating flexible and stretchable skin-integrated 

devices that combines sharp and hard metal into flexible and soft base 

substrate. 

The thesis presents research towards enabling wearable biomedical 

devices based on heterogeneous integration techniques. The proposed 

technology could potentially pave way to replace bulky clinical apparatus 

with a flexible wearable device with the aim of providing wearer comfort at 

a reduced cost. 

In this respect, two biointerfacing devices were designed, developed and 

characterized. Moreover, a simple, low cost and efficient processing 

technique is introduced for the fabrication of flexible and stretchable 

microneedles patch using off-the-shelf standard materials. Furthermore, a 

novel minimally invasive and flexible ICP monitoring device for a 

microwave-based sensor system is presented, in contrast to the current 

invasive continues ICP monitoring approaches. 

The thesis is organized into four chapters as follows. 
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Chapter 1 introduces the field of wearable biomedical devices and 

microneedles.  A brief overview of the current state-of-the-art wearable 

biomedical devices and the aims and structure of the thesis are presented.  

Chapter 2 describes the current status and requirements of epidermal 

electronics. Additionally, various material requirements, integration 

strategies, the challenges, and future research directions for the fabrication 

of epidermal electronics are discussed.  

Chapter 3 presents the research results on the flexible and stretchable 

transdermal skin patch. Fabrication, integration technique and material 

characteristics of the flexible and stretchable base substrate are discussed. 

Fabrication of a novel potentiometric microneedles sensor complemented 

with ex-vivo and in-vitro experiments are described. Fabrication of a novel 

flexible microwave based sensor for the monitoring of ICP together with 

initial proof of concept studies is demonstrated. 

Chapter 4 describes the concluding remarks and the future work of the 

thesis.   
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Chapter 2 

Heterogeneous Integration  

Numerous wearable, skin-like biomedical devices are developing to address 

continuous and long-term diagnosis of various biological signals from 

different parts of body. To adapt to the current rapid growing market 

innovative solutions have to be considered to improve user comfort, device 

performance and manufacture process accessibility with low cost and less 

complexity. So far, several methodologies to fabricate skin-like biomedical 

devices have been developed and reported in review articles as in ref 
26,29,32

. 

Nevertheless, these technologies are based on advanced clean room 

processing which are often expensive and complex. As a result, low-cost 

methodologies such as skin-like integration techniques are gaining much 

attention for flexible and stretchable wearable devices. In this way, a part of 

or all the elements can be directly purchased from industrial manufacturers 

instead of using advanced clean room fabrication, thereby reducing cost and 

complexity.  

In this chapter, the current status of skin-integrated biomedical 

electronics that are commonly termed as ‘skin-like electronics’, ‘epidermal 

electronics’ or ‘electronic tattoos’ in terms of material properties, 

integration strategies and applications will be briefly presented. 

Additionally, different materials and structures in terms of substrate and 

conductors used for the fabrication of skin-like electronics are discussed. 

Finally, an outlook into the challenges, opportunities and future research 

directions will be presented. 
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2.1 Epidermal Electronics 

Sensors are regarded as the fundamental building blocks of a multitude of 

advanced electronics. By entering into the healthcare systems, they have 

revolutionized human life quality and longevity around the world. 

Generally, biomedical sensors are a platform that can detect and monitor the 

surroundings and then communicate the acquired physical data to a smart 

brain i.e. human, doctor and the patient. The sensing modalities are typically 

in the form of pressure, shear, strain, temperature, and humidity that can 

have wide spectrum of applications in wearable consumer electronics such 

as epidermal electronics and real-time healthcare monitoring. Epidermal 

electronics is a class of electronic devices that are flexible and soft which 

can conformally contact the epidermis of the skin to perform different 

functions. The key is to make the whole system in a way that can provide 

conformal contact to the human skin enhancing seamless integration with 

the body. Such integration can be achieved by fulfilling certain material and 

design requirements which will be further discussed in the following 

sections. 

2.1.1 Requirements for epidermal electronics 

To provide the maximum comfort to the user for continuous and long-term 

healthcare monitoring the size of the complete epidermal electronic system 

should be as small as possible. Furthermore, in order to provide both 

conformal contact and user comfort it is desirable for the epidermal 

platforms to have similar mechanical properties as epidermis layer of the 

skin. Typically, the epidermis can strain at least by 15% and has an elastic 

modulus of ten to a few hundreds of kPa
71

. Therefore, the epidermal 

electronics must be capable of undergoing such physical deformation to be 

mechanically compatible with human skin. In addition, the epidermal 

electronics must be able to maintain high electrical conductivity and signal 

to noise ratio (SNR) while subjected to varying stress and deformation. The 

epidermal platforms must also be biocompatible and allowing sweat to 

evaporate for long and continuous healthcare monitoring.  
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2.1.2 Materials and design 

In general, epidermal sensors are composed of two types of materials 

namely substrates and electrodes. The substrate is referred to as the 

supporting base onto which sensory systems are integrated. The electrodes 

act either as electrical contacts or as an active material of the epidermal 

sensor system.  The following sections give a brief overview of these 

materials. 

2.1.2.1 Substrate 

As discussed in the previous chapter, elastomers are the most commonly 

used substrate materials for epidermal electronics due to their superior 

mechanical properties. To fabricate these class of devices with such 

properties, soft elastomeric materials have been implemented as supporting 

base substrate including flexible thermoplastic polymers such as 

polyethylene terephthalate (PET) 
39–41

 and polyurethane (PU) 
42,43

, 

polyethylene naphthalate (PEN) 
44

, polyester 
44

, poly vinyl alcohol (PVA) 

films 
45

, soft silicone elastomers in particular PDMS 
39

 and the trademarked 

silicone rubbers such as EcoFlex® (Smooth-On, Macungie, PA, USA) 
39

 

DragonSkin® (Smooth-On, Macungie, PA, USA) 
46

, and Silbione® 

(Bluestar Silicones, East Brunswick, NJ,USA) 
47

, polyimide 
48

, water-

soluble tapes 
13

, medical adhesives 
49

  and acrylic tapes 
50

.  

In this work, we have mainly focused on novel Off-stoichiometry 

thiolene (OSTE) based polymer to realize the substrate material. Unlike 

typical polymers, OSTE consists of multifunction monomers, which are not 

fully reacted and partially attached in the polymer network leaving some of 

the links free 
75

. Thus, these links are readily available to bond with metals 

and metal oxides after complete polymerization.  

2.1.2.2 Electrodes 

To obtain optimal performance of the epidermal sensors it is crucial to have 

a stable electrode arrangement that can maintain a conformal interface with 

the skin. Electrode materials are, in most cases rigid and brittle. Therefore, 

new strategies have to be implemented to tailor the properties of electrode 

materials for soft, flexible and stretchable applications as in epidermal 
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electronics 
76–81

. In this respect, the two commonly used methodologies are 

‘materials that stretch’ and ‘structures that stretch’ as put forth by Rogers 

et al. 
82,83

 In the former, the desired mechanical properties are achieved by 

the use of conductive nanocomposites and liquid metals. Whereas in the 

later conventional conducting materials are designed in various geometrical 

structures to obtain flexible and stretchable properties.  

Conducting nanocomposite (NC) materials are fabricated by mixing 

conductive nanoparticles into flexible and stretchable polymers. The 

conducting nanoparticles that are commonly in use are carbon nanotube 

(CNT), graphene, and metallic nano-flakes while PDMS, PI, polystyrene are 

used as polymers. Among these various NC, carbon based NC have gained 

particular interest from researchers due to their ability to conduct and 

mechanically deform. The first carbon based CNT/polymer NC was 

reported in 1994 by P.M. Ajayan et al. and ever since, the use of CNT 

nanocomposites have been rapidly grown and were implemented in various 

epidermal electronic applications 
84

. Although carbon-based 

nanocomposites show great potential for future applications they still suffer 

from relatively low conductivity. Additionally, the conductivity of these NC 

has been found to further reduce due to prolonged deformation and stress 
85

. 

Apart from these carbon-based NC, metallic NC based on silver or copper 

nano-flakes are also other commonly investigated for epidermal electronics. 

In addition to conductive nanocomposite, recently ionic and liquid metals 

are gaining attentions, as they do not suffer from deformation issues as 

mentioned above. The most popular liquid metals used are eutectic alloys 

based on gallium and indium. For example, S. Zhu et al.
86

 have 

demonstrated liquid metals fabricated using eutectic gallium-indium 

(eGaIn) that has sustained its electrical conductivity up to a strain of 700%.  

Another strategy is to fabricate electrodes for epidermal electronics by 

designing them in novel geometric structures using either highly conductive 

metals such as silver, gold and copper or semiconductor materials such as 

silicon (Si) or germanium (Ge). The most commonly used geometries are 

serpentine, buckled, open-mesh, coiled and sponge structures 
87

. It has been 

demonstrated that by using appropriate engineering design it is possible to 

achieve electrodes that can stretch up to 300% using this methodology 
88

.   
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Both the strategies presented here offer great possibilities, but there are 

still issues that have to be overcome before fully exploring them in 

epidermal electronics. For instance, the “materials that stretch” approach 

mainly suffers from electrical instability due to repeated mechanical 

deformation, whereas, “structures that stretch” approach has complex 

processing techniques and unidirectional stretching. Therefore, novel 

strategies are needed for heterogeneous integration of all the components 

into a flexible and stretchable skin-like platform. 

2.3 Integration strategies 

Skin-like integration can be broadly classified into three strategies namely 

temporary tattoos, functional substrates, and hard-soft integration 
29

. The 

classification is based on how the epidermal platforms are attached to the 

skin and their functionalities. In the first strategy the electrode structures are 

directly fabricated on the low modulus and ultrathin substrates
 21

. The 

epidermal patch is attached to the skin with the electrode side facing down. 

Different substrate materials such as PDMS, PI, PVC, water-soluble acrylic, 

medical adhesives, etc. are used to attach to different parts of body for a 

variety of applications. However, the key drawback of this methodology is 

that the fabrication of advanced electronic systems such as wireless 

communication, signal processing, etc. are complex on low modulus 

substrates such as polymers. This will thereby limit the number of features 

on the epidermal patch.  

In the second strategy, ultra-thin film sensors are bonded on a low 

modulus functional substrate for a specific sensory application. Some of the 

recent examples demonstrating this strategy include, mapping of 

temperature transport across the skin using thermochromics liquid crystal 

sensor integrated with a thin elastomeric functional substrate, diagnostics of 

sweat using a hydrate sensor combine with a sponge substrate 
47,89

. The third 

strategy combines the hard electrode system with the soft substrates using 

readily available commercially off the shelf (COTS) systems. This enables 

the epidermal platforms to have advanced electronic functionalities at a 

significantly low cost as compared to the other two strategies. Recently, J. 

Kim et al. have demonstrated a near field communication tattoo, which was 

fabricated using the hard- soft integration 
50

. This device consists of advance 
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communications and power electronic systems integrated into low modulus 

and thin adhesive substrate.  

A successful integrated epidermal patch meets the criteria of delivering 

conformal skin contact and enduring adhesion. This however, is limited by 

the shedding of the dead skin from the epidermis layers. Here, researchers 

have identified that the layout of the electrode structures and the thickness 

of the substrate as the two critical engineering parameters 
29

. For instance, 

the critical substrate thickness to have confirm integration is reported to be 

around 25 μm for materials with elastic modulus lower than 100 kPa 
49

. In 

another study, Jeong et al. have reported that the optimal lateral dimensions 

for gold electrode structures to provide conformal skin contact is in the 

range of 40-1000 μm 
90

. In this thesis, we have utilized the hard-soft 

integration technique to realize a microneedle-based epidermal patch, which 

is further described in detail in chapter 3. 

2.4 Microneedles as epidermal sensors 

Human skin allows passage of fluids in order to maintain heat and 

hydration. These biological fluids such as tears and sweat can be used for 

diagnosis of various health conditions 
93,94

. An ideal sensor typically 

demonstrates the ability to measure different biological markers with 

negligible tissue damage and small sample volumes. In this respect, 

transdermal sensing has developed into a novel technology for point of care 

(POC) diagnostic devices. Among various transdermal devices and sensing 

techniques, microneedle arrays have received significant attention in recent 

years due to its ability to provide real-time, minimally invasive POC sensing 
91,92

. Today, transdermal interfacing with the microneedles has found its way 

into various applications such as drug delivery, detection of physiological 

signals, measuring body-liquids and skin therapy.    

Generally, the sensing mechanisms using microneedles can be 

categorized into three types: I) extracting interstitial fluids for on and off-

body analyses, II) capturing and extracting of biomarkers and III) utilizing 

microneedles as electrodes for in-vivo sensing. Mukerjee et al. performed 

the first investigations on microneedles for sensing purpose 
95

. They 

integrated hollow Si microneedles in a microfluidic channel for the 
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extraction of interstitial fluids that was analyzed off-body for glucose 

concentration 
95

. Following these studies, several research groups focused 

their early studies on combining the hollow microneedles with microfluidic 

channels to extract body analytes. However, the hollow microneedles, 

which were primarily used for these types of studies, required unique 

geometries in order to perform an efficient extraction of interstitial fluids. 

In the year 2010, Corrie et al. pioneered a new approach to extract 

interstitial fluids with the so-called microprojection arrays 
96

.  In this 

approach, they used surface functionalized microneedle arrays as probe to 

selectively capture antigen related biomarkers. Muller et al. demonstrated 

functionalized microneedles to probe NS1, biomarker for early detection of 

dengue fever, in a mouse model 
97

. The detection limit of these microneedle 

probes was comparable to the standard clinical based serum assays. Around 

the same time, several research groups have also explored microneedles as 

electrodes for in-vivo detection. Windmiller et al. packed the bore of hollow 

microneedle with carbon paste to use it as amperometric sensor and 

biosensor
98

. Windmiller et al. also investigated another methodology for 

sensing with microneedles by inserting solid microneedles into hollow 

microneedles
99

.  

As mentioned in chapter one many investigations have reported various 

microneedles materials and fabrication methodologies. Nearly, all 

microneedle arrays that are in use today are monolithic i.e. both the 

substrate and the microneedles are made out of the same material. However, 

there is a characteristic tradeoff in materials between the requirements for 

the substrate and the microneedles. On one hand, the microneedles have to 

be mechanically strong and stiff to avoid fracturing and adequately sharp to 

easily pierce the skin. On the other hand, the base substrate should be 

flexible to be able to imitate and follow the curvature of the human skin to 

decrease the risk of detachment and increase wearer comfort. Additionally, 

the fabrication of microneedle arrays should be compatible with cost 

effective large-volume production that is less complex. Microneedles 

fabricated using Si was the first material that was chosen to demonstrate the 

transdermal drug delivery and sensing. Ever since, Si is one of the highly 

studied materials for microneedles. Investigations from Park et al. propose 

that the fracture force is higher than the insertion force for the microneedles 
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fabricated out of the materials with young’s modulus greater than 1 GPa 

such as Si 
100

. Although, Si microneedles are sufficiently stiff and sharp, 

they are also rigid in nature that makes it difficult to adhere conformally to 

the curvilinear nature of skin. Moreover, the fabrication of these 

microneedles involves expensive and complex cleanroom processing.  

Nevertheless, polymer based microneedles are very attractive due to the 

relatively low material cost as compared to Si microneedles. Recently, 

different novel fabricating approaches have been investigated to reduce the 

complexity and cost. Typically, the tip diameter of the polymer 

microneedles is in the range of tens of micrometer 
101

. However, the 

structural reliability of microneedles is highly governed by the insertion 

force. Therefore, blunt needles could possibly have significantly reduced 

safety margins. Since they require a relatively high insertion force to pierce 

the skin and consequently might cause some pain for the users. 

Development of wearable microneedles-based technology is assessed with 

the requirements to fabricate devices that are capable of mimicking the 

curved tissues of the human body but that retain the tip sharpness as that of 

Si microneedles and allow large-scale processing line at low cost . To 

address these challenges, in this thesis, we have used a hard-soft integration 

technique to fabricate microneedle-based epidermal patch that is described 

in detail in chapter 3. 
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Chapter 3 

Flexible and stretchable transdermal skin 

patch  

This chapter summarizes the fabrication process of the flexible and 

stretchable skin patch using a magnetic assembly technique its application 

for transdermal potassium detection. For this purpose, the stainless steel 

based microneedles have been used. Stainless steel needles are the standard 

clinically widespread types of needles all over the world owing to their 

exceptional properties such as sharpness, durability, large extent 

biocompatiblity and magnetic properties. We have made use of the 

magnetic properties of the commercial stainless steel needles to demonstrate 

the magnetic assembly approach for integrating hard and soft materials. 

3.1 Microneedles and substrate material  

We have investigated microneedle patches with two of the different 

stainless steel needles available in the market with different sizes namely 

type MA and MB. Microneedles type MA are 31 gauge stainless steel bevel 

needles  (Unifine
®
 Pentips

®
, Owen Mumford Ltd, UK) with a nominal outer 

diameter of 250 µm. The needles were aligned from the tip side and cut to a 

length of 2 mm using a diamond blade-dicing saw (ZH05, Disco 

Corporation, Japan). Microneedles type MB are 32 gauge stainless steel 

bevel needles (Novo Nordisk A/S, Denmark), with a nominal diameter of 

220 µm and an initial length of 16 mm. The needles were aligned from the 

tip side and cut to a length of 1.1 mm using a laser microfabrication 

workstation (Laser µFAB, equipped with a Spectra-Physics Spirit 1040-4/-

SHG femtosecond laser, Newport, USA). Two different materials, 

polystyrene film and OSTEMER Flex have been used as substrate material. 

The polystyrene film substrate is a commercially available film from 
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Shrinkles
®
, Panduro Hobby, Sweden.  The second substrate material, 

OSTEMER Flex (Mercene Labs AB, Sweden) is made through a dual 

polymerization process 
75

. First, the liquid resin of the OSTE flex polymer 

was injected into a mold and then exposed to collimated UV-light (14 

mWcm
-2

) for 100 s to start the first polymerization step, thus partially curing 

the polymer. Following the first cure, the microneedles are assembled in the 

substrate as described in section 3.2. Subsequently, the microneedle patch 

was kept in an oven at 70 ˚C for 2 h to complete the polymerization process. 

Consequently, the unreacted functional groups left behind will fully 

polymerize, making a covalent bond to the microneedles.  

3.2 Hard-soft integration using magnetic assembly  

In this thesis, two microneedle patches are reported with two different 

elasticities of the base substrate namely patch type A and B. The 

photographs of the both patches are shown in Figure 3.1a and 3.1b. The 

microneedle patch type A is realized from a polystyrene film as a substrate 

with a thickness of 250 µm. To integrate the microneedles onto the 

substrate, numerous holes were drilled in the polymer film in a 7×7 array 

format using a CNC milling machine. The polymer film is subsequently 

trimmed into an area of 18×18 mm
2
 containing 7×7 holes with a diameter of 

220 µm that are placed 2 mm apart. The needles used for patch type A are 

MA.  

Figure 3.1 Photographs of the fabricated microneedle patches: (a) Microneedle 

patch type A (higher Young’s modulus and lower flexibility). (b) Microneedle 

patch type B (lower Young’s modulus and higher flexibility). [Figure is taken from 

Paper I] 
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Figure 3.2 Illustration of the magnetic assembly process for the microneedles 

patches: (a) A permanent magnet is placed about 5 mm below the flexible base 

substrate and an excess amount of microneedles is dispensed onto the substrate. 

The ferromagnetic microneedles align along the field lines of the magnetic field 

and erect themselves perpendicular to the substrate surface. As the magnet is 

moved laterally, the microneedles follow the magnets and the needles with the 

bevel facing to the substrate surface get trapped inside the holes. (b) By flipping 

the magnets upside down, the microneedles that are not trapped in holes rotate and 

turn the bevel end towards the substrate surface. (c) A metal plate is used to push 

the microneedles inside the holes. (d) 3D schematic of a fully assembled 

microneedle patch. [Figure is taken from Paper I] 

The microneedle patch type B is made width OSTEMER Flex as the 

base substrate. The mold was prepared by milling of an array with 5×5 

pillars with a diameter of 210 µm from an Al (alloy 6082-T) plate using a 

high-precision CNC milling machine. The array is realized by milling a 
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cavity with the dimensions of 20 × 20 × 0.1 mm
3
 in the Al plate. The pillars 

are 100 µm long and separated with a distance of 2 mm. An injection port 

and a ventilation port, each with a diameter of 4 mm were also incorporated 

in the cavity to allow injection molding of the liquid OSTE Flex resin. A 

poly methyl methacrylate (PMMA) plate laminated with a release liner 

(ScotchPak 9775 Release liner, 3M, USA) was placed on top of the mold 

while was clamped with paper clips from all sides to ease the demolding 

process. The released film has a size of 20 × 20 × 0.1 mm
3
 and contains a 5 

× 5 array of through-holes corresponding to the replicated pillars. The 

partially cured released film was used for magnetic assembly of 

microneedles as described below. We have made use of dual polymerization 

to reinforce the bond strength between the stainless steel microneedles and 

the base substrate. The needles used for patch type B are MB. In this way, 

the materials were ready for the further integration through the magnetic 

assembly process. 

A schematic of the magnetic microneedle assembly process is illustrated 

in Figure 3.2. Prior to the magnetic assembly, the substrate was placed on 

the center of an aluminum plate where a hole with the dimensions of 

15×15×1 mm
3 

is milled through the plate leaving space below the projected 

microneedles for a magnet holder to move easily in the x-y plane. Another 

identical Al plate is placed on top of the substrate which fixates it onto the 

edges. An excessive amount of microneedles (about 30%) were placed onto 

the substrate. A holder containing a stack of two permanent magnets with 

dimensions of 15×15×3 mm
3
 (Q-15-15-03-N, Supermagnete, Germany) was 

placed about 5 mm under the substrate. Presence of the permanent magnet 

induces a magnetic field around the substrate making the ferromagnetic 

microneedles position themselves in the direction of the magnetic field and 

get aligned perpendicular to the surface. Though most of the microneedles 

align themselves with their bevel end facing down to the substrate, there are 

some microneedles which have their bevel end facing upwards (Figure 

3.2a). When the magnet holder moves in the x-y plane, the microneedles 

move correspondingly on the substrate surface until the microneedles with 

bevel end facing downward are trapped into the holes and partially inserted 

in the substrate. The ferromagnetic microneedles being exposed to the 

magnetic field hold residual magnetism. Hence, the magnetic field polarity 

switches by turning over the permanent magnet. This helps the 
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microneedles that are still left on the base substrate to rotate by themselves 

and turn their bevel end downwards (Figure 3.2b). As a result, by lateral 

moving of the magnets the remaining holes eventually fill with the 

microneedles. Lastly, to put on a force onto the back end of the 

microneedles, a metal plate was arranged to push the microneedles into the 

holes (Figure 3.2c). The diameter of the holes in the base substrate is 

slightly smaller than the diameter of the microneedles. Thus, a press-fit 

between the holes sidewalls and the microneedles is established. Finally, the 

microneedle patches are realized on a flexible substrate with approximately 

1300 µm long microneedles, (Figure 3.2d). 

3.3 Structural characterization of microneedle patch 

Structural characterizations were performed to investigate the substrate’s 

mechanical properties and evaluate the bond strength between the hard 

microneedles and the soft substrate. The flexural modulus, Young’s 

modulus and maximum elongation at the point of breakage are figures of 

merits to evaluate the flexibility and stretchability of a material. The flexural 

modulus was measured using a dynamic mechanical thermal analysis 

instrument (DMTA Q800, TA Instruments, USA). The flexural modulus as 

a function of temperature is illustrated in figure 3.3.1a for the base 

substrates of microneedle patch type A and B. The base substrate type A 

Figure 3.3.1 Mechanical properties of the base substrate type A and B. a) 

Representative flexural modulus as a function of temperature measured using the 

DMTA Q800. b) Representative tensile stress-strain curves measured using the 

Instron Microtester 5848. [Figure is taken from paper I] 
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showed flexural modulus of 2432 MPa at 27˚ C whereas the base substrate 

type B showed 29±4 MPa at 27˚ C which is almost two orders of magnitude 

lower than that of the base substrate of patch type A. Since the flexural 

modulus provides an inverse measure of the flexibility of a material this 

shows the patch type B is nearly two orders of magnitude flexible as 

compared to patch type A. 

The Young’s modulus was measured using an Instron Microtester 

(Instron 5944, USA) in tensile configuration. The samples were stored at 

constant conditions in 50% relative humidity and 23 °C for at least 48 h 

prior to the measurements. The measurements were obtained at a strain rate 

of 10 %/min until the sample disjoints at the breakage point. Fig 3.3.1b 

shows representative stress-strain curves of the base substrates type A and 

B. Table 1 shows the Young’s modulus, % elongations and tensile stresses 

at breakage extracted from the stress-strain curves. Base substrate type A 

shows a limited elongation of only 3.5±0.5% and a high Young’s modulus 

of 1540±36 MPa. Base substrate type B shows a very high elongation of 

35±1% and a Young’s modulus of 15.5±0.5 MPa. 

For measuring the detachment force between the base substrate and the 

microneedles a bond wire test equipment (Dage PC2400, Nordson DAGE, 

UK) was used. To fasten the microneedle patch, a holder with 500 µm 

diameter holes and a pitch of 2 mm (identical to the pitch of the microneedle 

array) was fabricated. A stripe with one row of microneedles was cut from 

the microneedle patch and placed on a holder in a way that each 

microneedle was located inside a hole of the holder. Using a microscope, 

the stage of the bond test equipment was carefully adjusted in a way that the 

probe was perpendicular to the microneedle. During a measurement, the 

motorized probe moves laterally towards the microneedle and records the 

force required to detach the microneedle from the base substrate.  

Table 1 Young’s modulus, % elongation and tensile stress at breakage, extracted 

from the tensile strain-strain curves of base substrates type A and B.  
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Figure 3.3.2 shows the measured detachment force for various 

microneedle patch types. For each patch type, detachment force 

measurements have been performed on 15 microneedles, 7 from tip side and 

8 from the backside.  Investigations from various research groups have 

indicated that the minimum required insert the microneedle into the human 

skin is 80-200 mN as indicated by the gray area in fig. 3.3.2 
92, 93

. It can be 

observed that the detachment force for the patch type A show a detachment 

force of 1190±60 mN and 970±165 mN when measuring from the tip and 

the back side, respectively. Whereas, patch type B shows a relatively low of 

detachment force of 385±80 mN and 365±70 mN while measuring from tip 

and backside respectively. Although patch type B showed a low detachment 

force as compared to patch type A they are well above the minimum skin 

insertion force. In order to increase the bond strength between the 

microneedles and the substrate for the patch type B, a new patch type B+ 

was fabricated by coating an extra 20 µl of 10% diluted OSTEMER layer on 

the backside after the assembly of microneedle. This additional layer 

increased the detachment force by 170% for patch type B+ as compared to 

patch type B.  

Figure 3.3.2 Needle detachment forces measured for patch type A and B when 

pulling from both, the needle tip and needle backside. The gray area represents the 

required force reported in literature to insert a microneedle into the human skin. 

[Figure is taken from paper I] 
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3.4 Wearable microneedle patch for potassium detection 

3.4.1 Fabrication of microneedle based potassium electrode 

In order to fabricate a transdermal potassium sensor, the microneedles are 

initially coated with thick layer of commercially available carbon ink, as per 

the manufacturer instructions. Consequently, the microneedles are manually 

inserted into the flexible PDMS substrate. For the fabrication of PDMS 

substrate first, the liquid resin of the PDMS polymer with a ratio of 10:1 

was injected into an Al mold. The mold was prepared by milling an array 

with 3×3 pillars with a diameter of 300 µm and length of 1 mm into an Al 

(alloy 6082-T) plate with a high-precision CNC milling machine with 

similar design as described for patch type B. The mold was kept in an oven 

at 80 ˚C for 2 h to polymerize and then the PDMS substrate was released 

from the mold. In order to avoid detachment, the microneedles were glued 

to the substrate using Loctite Super Glue (Henkel Norden AB). The 

microneedles are then coated with functionalized multiwalled carbon 

nanotubes (f-MWCNT) and a potassium membrane by drop cast process. In 

order to prepare the microneedle based solid-state reference electrode first a 

layer of Ag/AgCl was coated by dipping a bare microneedle into a 

commercially available Ag/AgCl ink (Henkel, Germany).  Then the 

reference microneedle electrode is integrated into the flexible substrate. 

Following this process a membrane of poly vinyl butyral (PVB) is drop 

casted on the microneedles and is consequently dried for 10 min. Further 

information on the processing of the potassium sensor can be found in paper 

III. 

3.4.2 Characterization of potassium sensor 

To demonstrate the transdermal sensing of potassium using the microneedle 

sensor ex-vivo experiments have been performed. This was done by 

inserting the microneedle and RE into dermis layer of either chicken or 

porcine skin. Initially, the electrodes were externally calibrated for the 

potassium in the artificial interstitial fluid by placing them in a beaker 

solution. Figure 3.4a shows the response of the microneedles electrodes 

inserted in the chicken skin and placed in the interstitial fluid breaker. The 

slope of 52.2 mV, limit of detection (LOD) of 10
-4.9

 and linear range of 

response (LRR) of 10
-4.2

 –10
-1.2 

can be observed. To test the robustness of 
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Figure 3.4 a) Calibration graphs observed for potassium cation before and after 

several insertions into animal skin. The inset shows the corresponding calibration 

graphs. b) Correspondence of the potassium activity measured during ex-vivo 

experiments in chicken skin with a previous calibration graph. [Figure is taken from 

Paper II] 

the microneedles the calibration test was repeated for 10-insertion test. The 

detection response of the microneedles after 1
st
 and 10

th
 were found to be 

very similar. Following the calibration tests, the ex-vivo experiments have 

been performed. Figure 3.4b shows the potentiometric response after the 

insertion of the microneedle electrodes in chicken skin with increasing 

concentrating of potassium. As it can be seen, clear steady state potential 

was achieved 30 min after addition of each potassium concentration in 

chicken skin. In conclusion, the ex-vivo tests performed in porcine and 

chicken skin clearly validates the potential and suitability of the novel 

microneedle patch for transdermal sensing of potassium changes in skin. 

3.5 Flexible bio-interfacing using split-ring resonator 

sensor for intra-cranial pressure monitoring  

3.5.1 Design and fabrication of the ICP sensor 

Figure 3.5.1 shows the schematic of the proposed ICP sensor based on a 

flexible and stretchable microwave split ring resonator. The system 

comprises two components, an epidural ICP reader and a subdermal ICP 

sensor which is a microwave split ring resonator (SRR).The ICP sensor is 
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Figure 3.5.1 a) Photograph of the microwave read out and SRR b) implanted SRR 

sensor on the surface of the skull. [Figure is taken from Paper III] 

implanted onto the surface of the patient’s skull while the mobile reader 

transmits the signals to a network analyzer that is connected to a PC. The 

data is then evaluated by dedicated software which enables the doctors to 

get real-time visual indication of the ICP fluctuations ranging from normal 

to high risk stages (7-50 mmHg). The characteristics of the reader and the 

sensor were optimized using computer simulation technology (CST) in 

order to obtain peak performance in the 2.4GHz ISM WLAN band.  

The proposed ICP sensor is fabricated with gold (Au) as the sensing 

material on a flexible and stretchable OSTE flex polymer substrate. The 

substrate is made of a molded thiol-ene-epoxy-based thermoset film 

(OSTEMER Flex, Mercene Labs AB, Sweden). The sensor fabrication was 

done in a two-step polymerization process for the substrate 
75

. The injection 

molding process was performed in a similar way as described in detail in 

section 3.1. A mold was designed having a drilled cavity with the 

dimensions of 25×25×1 mm
3
 into an aluminum plate. Initially, the liquid 

resin of the OSTE flex polymer was injected into the mold. Then the top 

surface of the mold was exposed to collimated UV-light (14 mWcm
-2

) for 

400 s to start the first polymerization step, thereby partly crosslinking the 

polymer. Then a 100 nm-thick Au was sputtered through a hard mask to 

form the SRR. Next the sample was fully cured at 80 ˚C for 2 h to complete 

the polymerization process thereby enabling strong adhesion between the 

SRR and the substrate. Further information regarding the design and 
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simulation of the ICP monitoring system can be found in appended paper 

III.  

3.5.2 Characterization of the ICP sensor 

Figure 3.5.2 shows the reflection coefficient of the SRR sensor as function 

of frequency under three different pressure conditions. The green 

monograph in the figure 3.5.2 represents the measurement preformed on the 

as implanted SRR sensor referred as normal condition. A resonance 

frequency of 2.52 GHz was measured under the normal condition. Then a 

pressure typically corresponding to the ICP was applied on the SRR sensor 

as represented by red dashed curves. Under this condition, a clear shift in 

the resonance frequency to 2.49 GHz corresponding to a bandwidth of 

30MHz can be observed. The black curve in fig 3.7 represents the reflection 

coefficient of the SRR sensor after the release of the applied pressure. The 

reflection coefficient characteristic of the sensor almost retrieves back its 

initial condition with a measured resonance frequency of 2.51 GHz.  This 

clearly demonstrates the ability of the flexible SRR sensor to measure the 

pressure variations in the skull that might be the sign of increased ICP. 

Figure 3.5.2 a) Photograph of the microwave read out and SRR b) implanted SRR 

sensor on the surface of the skull. [Figure is taken from Paper III] 
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Chapter 4 

Conclusion and future work 

This thesis has validated the feasibility of a novel flexible microneedle 

patch that integrates the flexible and stretchable substrate with sharp 

stainless steel microneedles using magnetic assembly technique. The soft 

polymer base substrate provides a conformal contact between the 

microneedle patch and the curvilinear skin. On the other hand, Stainless 

steel microneedles are mechanically strong to avoid fracturing and 

adequately sharp to easily pierce the skin. The wearable microneedle patch 

showed a full functional integrity and a detachment force well above the 

minimum skin insertion force. The bonding strength between the 

microneedles and polymer substrate was further enhanced by addition of an 

extra layer of elastomer on the backside after the assembly of microneedle. 

Additionally, the novel wearable microneedle patch was realized for 

transdermal sensing of potassium ions. Ex-vivo evaluation of the 

microneedle sensor was demonstrated on both porcine and chicken skin. 

Results show a good steady state potential after addition of each potassium 

concentration. Furthermore, a flexible microwave based sensor was 

presented for ICP monitoring.  

To summarize, integration of metal and polymer as the hard and soft 

materials is one of the key challenges in the field of flexible wearable 

biomedical devices. To address this, the base substrate was made out of 

OSTE Flex getting benefit of its dual polymerization process which 

provides covalent bonding between the free polymer radical and the metal. 

Moreover, simple, low cost and efficient fabrication technique with 

magnetic assembly could overcome the complex and costly processing of 

such basic devices. 
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In conclusion, the technology introduced in this thesis has great potential 

to facilitate the emerging of wearable biomedical sensors at large-scale and 

low cost. The unobtrusive wearable patch investigated in this thesis could 

contribute in many evolving applications such as in transdermal and real-

time monitoring of health parameters. 

Below are some of the suggestions for the future work as a possible 

continuation of this thesis: 

 Perform an in depth investigations on the transdermal sensing of 

electrophysiological signals such as EEG, ECG, etc. using the flexible 

microneedle patch demonstrated in this thesis. 

 Development of lab on chip wearable microneedle patch that is capable 

of multi-sensing of various health indicators.  

 Process optimization and ex-vivo characterization of flexible ICP 

sensor. 
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