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Abstract 

Oral drug delivery is widely regarded as the ideal administration route due to its ease 

of manufacture, storage stability, and high patient compliance. In many clinical 

instances, however, it proves unsuitable due to the hepatic first pass metabolism, which 

significantly reduces drug bioavailability and therapeutic efficacy. In response, 

microneedles (MNs) have garnered increasing attention from public and research 

sectors, offering painless administration and dose-sparing potential. 

Silicon MNs were the first devices developed for minimally invasive drug delivery, and 

recent advances in semi-conductor processing have made their scalable production 

increasingly feasible. This research aimed to establish evidence for their effective and 

safe use by characterising their mechanical, biological, and functional performance. 

Devices were fabricated at 100 mm wafer scale, with process optimisation focused on 

improving yield and structural fidelity. Devices were produced at heights up to 600 µm 

with good feature fidelity and yields reaching 82 %. Insertion mechanics were evaluated 

using digital image correlation (DIC), enabling comparison of strain profiles between 

MN and hypodermic insertion - the latter served as the clinical gold standard. Over the 

imaged period, hypodermic needles exerted approximately fourfold greater strain than 

MNs, indicating the potential for reduced tissue trauma.  

Biocompatibility of both the silicon substrate and fabricated devices was confirmed 

using ISO 10993-5 compliant cytotoxicity assays, with no statistically significant 

impact on the viability of human immortalised keratinocytes. To assess repeatability, 

dye-based injections into dermal mimics were performed, demonstrating consistent 

bolus formation and reproducible diffusion. MN injection plumes were uniform in size 

and morphology, in contrast to the variability observed with hypodermic delivery.  
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To improve compatibility with continuous industrial manufacturing, etch steps were 

optimised at 150 mm wafer scale, which, when combined with the redesigned layout, 

resulted in a 140 % increase in usable device die. This research addressed key gaps in 

silicon MN literature, including fabrication throughput, potential cytotoxicity, and 

performance benchmarking. Furthermore, this work developed a standardised 

methodology for device performance assessment and demonstrated feasibility for the 

scaled manufacture of both hollow and solid silicon MNs. 
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Public Engagement Activities and its Importance 

Public engagement and science communication play a critical role in promoting 

awareness of science, technology, engineering, and mathematics (STEM), highlighting 

to younger generations the variety careers and pathways available to them within these 

fields. By actively fostering connections between research and higher education 

communities and non-specialist audiences, public engagement aids in the clear 

dissemination of complex scientific concepts, building transparency and trust between 

these parties. This pertains specifically to the present project, whereby research 

involving medical devices for the purpose of drug, and specifically vaccine, 

administration is prone to harmful misinformation. Researchers, including PhD 

students, have a responsibility to engage with non-specialist audiences and facilitate the 

translation of scientific progress in an accessible and clear manner, supporting 

education and fostering public trust. Below is a summary of public engagement 

activities which I have designed, led, or contributed to, organised by activity type. 

Outreach Training 

i. RAEng Reaching Wider Training Workshop (2022) 

This workshop provided strategies and techniques required for effective science 

communication to primary and secondary school children, to ensure both good 

engagement and effective comprehension of scientific advances. 

School Outreach Workshops 

ii. Pennard Primary School, Gower (2021) 

I introduced students to the microneedles research project, inspiring interest in 

medical device development. 

iii. Monkton Primary School, Pembrokeshire (2022) 

We explored sustainable development within engineering, encouraging students 

to deliberate on societal challenges and responsible design to benefit all. 

iv. Cowbridge Comprehensive School, Vale of Glamorgan (2024, 2025) 



~ xxx ~ 
 

I organised and led multiple STEM careers session, sharing my microneedle 

research to illustrate real-world research and opportunities in STEM. 

v. St Joseph’s Cathedral Primary School, Swansea (2025) 

I delivered activities on sustainability and development, promoting awareness 

of STEM’s role in addressing societal challenges. 

Outreach Conferences and Festivals 

vi. Discover Materials Conference (2022) 

We shared best practices for connecting children with materials engineering, 

sharing various mediums and techniques which are effective for engagement. 

vii. Discover Engineering Festival (2024) 

I delivered interactive demonstrations of biomedical devices, enhancing public 

understanding of STEM concepts and encouraging engagement with 

engineering research.
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1. Chapter 1: Introduction 

This introduction chapter begins to provide the context and rationale behind the present 

research. It reviews the scientific and clinical relevance of microneedle technologies, 

highlighting the requirement for them, their current shortcomings, and key hurdles to 

their translation into the clinic. This chapter defines the aim and objectives for the 

presented research, establishing a strong basis for the subsequent experimental 

chapters. 

1.1.  Research sphere background 

Transdermal drug delivery has been investigated in various formats, ranging from non-

invasive methodologies, such as patches, gels, and creams, to minimally invasive 

platforms, such as electroporation and microneedles (MNs). This transdermal 

administration route has long been favoured  for providing over-the-counter alternatives 

and improved patient compliance. It is also useful for circumventing the physiological 

barriers that can compromise therapeutic efficacy such as the first-pass metabolism and 

variable pharmacokinetics (PKs).  

MNs, of which the various different forms are detailed in Chapter 2, offer an attractive 

compromise between traditional transdermal platforms and injection-based delivery, 

merging minimal invasiveness and superior bioavailability. These micron-scale 

projections were designed to breach the physical stratum corneum barrier and 

efficaciously deliver drug formulations, without the activation of pain receptors deeper 

in the skin architecture.  

Early MN prototypes culminated in the first patent filed in 1971 by Alza Corporation 

for silicon MNs. Despite providing excellent proof of concept, significant advances 

were not made until the 1990s, when the development of microfabrication matured. 
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Following this early conceptualisation, MN classifications and materials have 

diversified, to include solid, hollow, and dissolving device types manufactured from 

silicon, polymers, and ceramics. These developments expanded their potential further 

than pain reduction and precise dosing, offering the possibilities of self-administration, 

biosensing, and controlled release medications. 

As MN research has progressed through successive stages of translational development, 

attention has pivoted to understanding the influence of design features on patient safety, 

therapeutic efficacy, and manufacturing feasibility. Devices produced from polymer 

and hydrogel materials are manufactured via additive or mould-based techniques such 

as 3-dimensional (3D) printing and micro-moulding, offering huge advantages with 

respect to production speed and process malleability. Alternatively, devices such as 

silicon MNs leverage an already well established manufacturing route, capitalising 

upon the micro-electro-mechanical systems (MEMS) industry for their understanding 

and scalability of semi-conductor based products. Specific to silicon MNs is the well-

established precision infrastructure in place to repeatably and reliably produce high 

quality devices.  

In a post SARS-CoV-2 (COVID-19) world, the clinical value of platforms that enable 

dose-sparing vaccination and self-administration enabled MNs to become increasingly 

recognised for their potential within healthcare. Although the diverse and versatile 

applications of the devices hold genuine promise, the translation of MN technologies 

through to clinical usage remains constrained by both regulatory and practical 

considerations. Chief among these considerations is the lack of standardisation and 

device/drug classifications. In particular, there is an urgent need for a more systematic 

approach to the study of mechanical, biological, and functional properties in order to 

streamline translation. 
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Despite substantial development within the sphere of MN research and diversification 

of device types and materials, significant gaps remain in our understanding of silicon 

MN’s mechanical performance, biological compatibility, functional repeatability, and 

manufacturing limitations. As a result, this ambiguity has limited the translation of 

silicon devices in favour of more flexible alternatives, such as polymer devices. Despite 

this, there is solid rationale for furthering the understand of silicon MNs, with 

advantages offered in the form of rapid scalability, precision, and high quality 

manufacture, and the potential for integration with smart drug delivery platforms, 

including biosensing and controlled release. Before this potential can be realised and 

devices can be progressed to clinic, however, it is necessary to address these widely 

reported knowledge gaps pertaining to their mechanical performance, biological 

compatibility, functional repeatability, and manufacturing limitations .  

In consequence, this research aimed to investigate the manufacture, biological 

compatibility, functionality and reliability of silicon MNs, before making ground on 

the scalability of the device production to a more industrially relevant scale. By 

systematically examining these key areas, this thesis contributes to the establishment of 

a robust foundation for translating silicon MNs from laboratory scale prototypes to a 

viable platform for industry-scale production and clinical use. 

1.2.  Silicon microneedles 

Silicon was the first material utilised for MN fabrication, with early reports of their 

production in the Georgia Institute of Technology in the 1990s (1). Its adoption during 

this period reflected the maturity of the semi-conductor and MEMS processing 

industry, which was already being employed in both academic and industrial 

environments. The access to cleanroom infrastructure, together with established 
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methodologies for patterning and etching, rendered silicon an excellent material for 

initial device development. The well-established manufacturing technologies enabled 

precise control over geometries and the production of repeatable, high resolution 

structures – critical considerations for consistent and pain-free skin penetration. 

A major advantage of silicon MNs is found in the ability to exploit its crystal planes to 

produce sharp-tipped devices without the requirement for post-fabrication polishing 

(2). With traditional stainless steel devices, the hypodermic tips are sharpened using a 

grinding technique, which requires a trade-off to be made between sharpness and bevel 

length, making it more difficult to produce a sharper steel needle with a short bevel (2, 

3). Silicon devices, however, can be etched to produce sharp tips with short bevels, 

offering a processing improvement from the gold standard hypodermics (3).  

Complementing their sharpness, silicon MNs also offer exceptionally smooth surfaces. 

The lack of abrasive finishing methodologies such as grinding and polishing enable 

MNs to be inserted with minimal friction, reducing the tissue damage ensured during 

insertion (3). The smoother surface and lack of requirement for finishing techniques 

also results in a lower likelihood of contamination of insertion site from residual 

manufacturing debris, supporting the device safety profile (3). 

 A distinctive advantage to the utilisation of silicon as a MN substrate comes from its 

inherent compatibility with MEMS systems (4). Silicon is the foundation of the 

semiconductor industry and provides a platform which would facilitate the 

straightforward integration of additional functionalities into the device. This makes 

silicon MNs the ideal candidate for the integration of components to produce smart 

devices, such as sensors and drug reservoirs, opening the device potential up to areas 

including diagnostics, biosensing, and controlled release platforms. 
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1.3.  Challenges facing silicon microneedle development 

As with any emerging technology, the journey from laboratory innovation to clinical 

reality is a long and complex one. Numerous hurdles must be overcome in order to 

enable MN devices to progress from research and development to clinical application. 

Whilst certain obstacles are common to all MN platforms, others are material specific, 

for example pertaining to the unique intrinsic properties of silicon. Recognising and 

critically examining these challenges is key. Therefore, this section considers both 

categories, with specific focus on the material limitations of silicon MNs, highlighting 

where future work is necessary to support the advancement towards clinical translation. 

The challenges facing the development of silicon MN development will be expanded 

and evidenced in the literature review of this thesis (Chapter 2: Literature Review). 

1.3.1. Mechanical limitations 

Silicon MNs are widely acknowledged to face significant mechanical challenges, 

stemming predominantly from the intrinsic properties of silicon as a base material. 

Whilst silicon’s structure offers a multitude of advantages, such as its amenability for 

precision microfabrication, and the potential for its integration into electronic, smart 

drug delivery systems, its crystalline nature results in brittleness and low fracture 

toughness, rendering it prone to cracking under mechanical stress (5). Consequently, 

this brittleness introduces a fundamental design constraint: a delicate balance must be 

struck between structural integrity and tip sharpness. This engineering trade-off must 

ensure that the devices are sufficiently sharp to penetrate the stratum corneum, whilst 

retaining a robust shaft capable of withstanding fracture during insertion. An additional 

consideration arises with the brittle nature of silicon, with a sharp tip geometry 

potentially leading to a high-stress concentration, localised most likely at the tip or the 

base, again exacerbating fracture risk (6). This brittleness also adds an additional layer 
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of complication post-fabrication with respect to handling, packaging, and applicator 

integration, whereby unintended mechanical stress can compromise device integrity 

(7).  

To best understand the clinical viability of silicon MNs as a medical device platform, 

it is critical to foster a deeper understanding of how this brittleness may manifest under 

biologically relevant conditions. Addressing these gaps through simulations and in situ 

mechanical testing will be crucial in informing future design iterations and evaluating 

the suitability for silicon MN platforms within clinically relevant settings. 

1.3.2. Biocompatibility concerns 

The fabrication of silicon MNs via MEMS-based manufacturing processes necessitates 

the use of harsh agents, including corrosive and, in some instances toxic, chemicals in 

both liquid and gaseous states. Therefore, it is essential that device cleaning and 

sterilisation procedures are rigorously established and validated, to prevent residual 

contamination from posing a cytotoxicity risk. Unfortunately, however, well 

established sterilisation methodologies including aggressive gamma irradiation and 

electron beam sterilisation may alter the surface chemistry and morphology of the 

devices, potentially compromising their performance as drug-release, sensing, and 

smart delivery platforms (8-10). In contrast to this, steam autoclaving and ethylene 

oxide sterilisation are alternative methodologies available to be utilised on silicon-

based platforms which may be more compatible and appropriate, mitigating this 

specific concern. 

Additional biocompatibility concerns require further addressing within the silicon MN 

research sphere. In particular, there is a lack of cytotoxicity testing with regarding 

interactions with location specific skin cells, such as keratinocytes, which reside in their 
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majority in the epidermis. In the absence of comprehensive evaluation of how silicon 

MNs interact with these cells, it remains difficult to assess their cytotoxic potential and, 

by extension, their cellular biocompatibility. With the majority of studies focusing on 

very short-term exposure during the injection usage period, followed by limited 

injection site monitoring, further studies are required to investigate cellular effects 

following medium-to-longer-term exposure. This would enable more robust 

conclusions to be drawn regarding the cytotoxicity and biocompatibility of these silicon 

devices. 

1.3.3. Manufacturing limitations 

Despite the multitude of advantages afforded by the MEMS-driven fabrication, the 

production of silicon MNs remains constrained by several obstacles. Chief among these 

is the reliance on high grade cleanroom facilities and precision equipment, both of 

which require substantial financial investment and resultantly place them beyond the 

economic reach of many laboratories and research institutes. Financial demands stem 

not only from the silicon wafer starting materials, but also from the upkeep of these 

heavily regulated environments, with the outsourcing of fabrication steps rarely 

offering a more economical alternative. Despite this, the broader semiconductor 

industry is currently experiencing extraordinary expansion, with the global market 

projected grow at more than twice the rate of global gross domestic product (GDP), 

exceeding $1 trillion by 2030 (11). This expansion is attributable largely to the climbing 

demand for the Internet of Things, advanced automotive applications, and artificial 

intelligence (AI). In consequence, access to fabrication suites is broadening, and with 

it costs are likely to fall, offering a persuasive offset for current financial barriers. 
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In MEMS fabrication, whereby multi-step, subtractive manufacturing dominate, the 

modification of device geometry (either for improvement or functionalities purposes) 

requires the redesign and reproduction of photomasks and re-optimisation of fabrication 

recipes. This compounds layers of complexity to design iterations, manifesting as a 

slower product development cycle for silicon MNs. Contrastingly, the ‘fail fast’ product 

development philosophy applied to polymer MNs production offers a faster, more 

flexible development route via additive manufacturing. 

When taking a wider view and looking beyond the intricacies of design, the production 

scale also poses difficulties. Currently, 100 mm silicon wafers are used as starting 

materials for the fabrication process, which offers reduced real estate for the device die 

than the 150 mm minimum industry standard, with a die defined as small section of 

wafer correlating to one device. This discrepancy renders the current process 

incompatible with industry standard manufacturing, necessitating different sized 

handling tools in all equipment used to enable integration into semi-automatic 

processing at these facilities. Furthermore, the restrictions surrounding wafer real estate 

prevent the inclusion of test die regions, which would enable the trialling of geometry 

changes on small wafer regions in an attempt to speed device development. Together, 

these factors limit both cost-effectiveness and scalability, supporting the need to 

transition silicon MN production to more industrially relevant scales.  

1.3.4. Regulatory barriers 

MN technologies, irrespective of their material or mechanism of drug delivery, face 

substantial regulatory barriers. Translating MNs from research to a clinical 

environment continues to navigate largely uncharted regulatory territory, where 

requirements are unclear and varied. Regulatory bodies such as the American Food and 
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Drug Administration (FDA), the European Medical Agency (EMA), and the Medicines 

and Healthcare products Regulatory Agency (MHRA) are yet to establish universally 

accepted and standardised testing protocols for evaluating MN safety, efficacy, and 

performance. Within the research sphere, the absence of harmonised protocols has 

created uncertainty for developers, leading to a divergence in the methodologies used 

preventing a real benchmark from being established. This ultimately renders 

progression through the regulatory pathway slow, and, to date, no MN device intended 

for medical applications has secured regulatory approval, highlighting the extensive 

progress required before this technology becomes accessible at the patient level.  

Providing an additional layer of uncertainty to the regulatory pathway is the ambiguity 

surrounding device classification, with differences in device types and drug delivery 

method influencing their regulatory route. As regulatory bodies do not operate within a 

shared framework, approval pathways are inconsistent across jurisdictions. This 

heterogeneity is further compounded by the current scarcity of clinical trial evidence 

for MNs, particularly silicon devices, with very few late-stage studies available. This 

makes it difficult to demonstrate not only safety and efficacy, but also performance, to 

regulatory authorities. This lacuna adds difficulty to the navigation of an already 

complex regulatory system and consequently has resulted in researchers worldwide 

pursuing divergent strategies in what remains to be an uncertain regulatory landscape.  

Additional challenges, as with any medical based technologies, stem from scepticism 

among patients, clinicians, and the wider public due to unfamiliarity of novel 

technology, particularly in the context of vaccine delivery, and the absence of long-

term safety data. Overcoming these concerns is a considerable task, and requires a 

multi-prong, strategic approach, combining targeted outreach, education, and 
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demonstration, with transparent communication of long-term safety and clinical 

efficacy data. 

1.4.  Research aim and objectives 

1.4.1. Aim 

The overarching aim of this research was to provide a foundation of evidence to support 

the progression of silicon MNs down the regulatory pathway. The strategy employed 

to achieve this was to manufacture and characterise these devices, fostering a deeper 

and more comprehensive understanding of their mechanical, biological, and functional 

performance. 

1.4.2. Objectives 

To achieve this aim, five objectives were defined, which formed the basis of the main 

research chapters of this thesis. These were as follows: 

(i) To perform the batch manufacture of hollow and solid silicon MN devices 

via a small-scale, 100 mm silicon wafer fabrication process. 

(ii) To investigate the mechanics of silicon MN insertion and their interaction 

with skin and tissue barriers. 

(iii) To assess the cytotoxicity of silicon MN devices and their constituent 

materials using biologically relevant cell types. 

(iv) To evaluate the repeatability of intradermal style delivery facilitated by 

hollow silicon MNs. 

(v) To initiate the development of a scaled up manufacturing process from 100 

mm to 150 mm silicon wafers, thereby aligning more closely with industry 

processes and infrastructure. 
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Collectively, these objectives were designed to provide a structured research pathway 

and project narrative: initiated with device manufacture, advancing through 

mechanical, biological, and functional assessment, and culminating in the optimisation 

of processes at a more industrially relevant scale.  

1.5.  Thesis structure 

This thesis aimed to produce a comprehensive and well-rounded body of research, 

which focused on the development and characterisation of novel MN devices. The 

motivation behind the research direction was twofold: (i) to deepen the understanding 

of the function of the devices from a mechanical perspective and (ii) to provide the 

necessary foundation to support their progression and translation into industrial scale 

and clinical contexts.  

The research was initiated through the initial small-scale manufacture of the devices, 

using a previously established and reported methodology as a starting point for process 

optimisation to improve yield and quality (Chapter 3: Small-scale Manufacture). From 

here, the research progressed towards gaining better understanding of the mechanical 

interaction between the devices and the surface which they penetrate during insertion. 

This saw a study performed focused on the quantification of strain during insertion 

facilitated by the previously produced MN devices and a gold standard comparator 

(Chapter 4: Insertion Mechanics). This novel phase of work was essential, providing a 

solid quantifiable basis for the comparison of device mechanical performance. 

Building on this physical understanding of device capabilities and performance, the 

following phase of research turned to the investigation of device compatibility with 

relevant biological tissue, with specific focus placed on cytotoxicity evaluation 

(Chapter 5: In Vitro Cytotoxicity Assessment). This facilitated the progression of the 
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research beyond the mechanics of insertion, addressing instead the vital regulatory 

question of biological compatibility and safety. Following the establishment of both 

mechanical performance and biological compatibility, this thesis progressed to 

exploring the functional repeatability through investigation of intradermal delivery 

simulations (Chapter 6: Intradermal Delivery Patterns). This demonstrated that the 

control and reproducibility of MN delivery patterns were comparable to, and exceeded, 

those produced via a gold standard delivery modality. 

The final phase of work required the initiation of scaled-up manufacture, following 

Chapter 3’s demonstration of small-scale batch fabrication. Here, the establishment of 

feasibility at 150 mm silicon wafer scale was assessed, through the optimisation of the 

constituent etch steps (Chapter 7: Scaled Up Manufacture). Following this, the narrative 

arc of this research was brought to a close, spanning the manufacture, testing, 

characterisation, and translational potential of silicon MN devices, laying solid 

groundwork for their progression down the regulatory pathway and industrial scale 

production. 
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2. Chapter 2: Literature Review 

The literature review found here provides a critical review of the existing research MN 

technologies. It will examine various types of MN-style deliveries, the various 

materials available and their advantages, in addition to highlighting limitations and 

shortcomings which must be addressed to enable the field to progress devices towards 

regulatory approval. This literature analysis has informed the experimental strategies 

employed in subsequent chapters. 

2.1.  Introduction to parenteral drug delivery 

One of the first forms of injection for medicinal purposes was vaccination. This long-

standing medical practice has evolved since its early origins in the 7th century, when 

Buddhist monks reportedly ingested small volumes of snake venom to raise immunity 

to future bites (12). The modern hypodermic needle was conceptualised two centuries 

later, when Alexander Wood combined a hollow needle with a plunger in 1853 to inject 

morphine (13). Following this early use, the hypodermic needle has become a 

cornerstone of modern clinical medicine and is used for the delivery of an array of drug 

formulations far beyond vaccination and pain relief.  

The intramuscular (IM) delivery route dominates among the common injection routes 

on account of both its ease of administration and relatively consistent absorption, 

however, subcutaneous (SC) injections into the hypodermis may be used in place where 

more localised effects are required (14). The topical route is one with widely 

acknowledged limitations which perturb its mass usage in clinical-based settings and 

restrict its usage to more over-the-counter (OTC) alternatives, owing to the robust 

barrier properties of the skin rendering onset delayed and limited bioavailability (15-

17). Consequently, there is a clear demand for a platform which offers the advantages 
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of topical delivery’s minimally invasive nature, with the bioavailability and absorption 

offered by IM and SC routes.  

Parenteral drug delivery encompasses all delivery modes which bypass the 

gastrointestinal (GI) tract and is diverse in its subtypes, including IM, SC, intradermal 

(ID), and intravenous (IV) (18). From a PK perspective, parenteral routes are favoured 

heavily over oral solid dose (OSD), offering direct access to systemic circulation and 

target tissues, and circumvention of the hepatic first pass to ensure bioavailability 

preservation (19). This hepatic first pass avoidance enables precise dosing of 

therapeutics, which is critical in some cases, including the delivery of large biologics 

such as deoxyribonucleic acid (DNA)/ribonucleic acid (RNA) vaccines (20). 

Despite the clinical and PK-based advantages of parenteral delivery, current approaches 

remain far from ideal from a patient perspective. The pain and discomfort associated 

with hypodermic needles is extensive, reinforcing needle-related phobia and anxiety, 

and often leading to poor patient compliance (13). Additionally, sharps disposal poses 

significant occupational hazards for healthcare workers, carers, patients who self-

administer, and emergency workers, with incidences of needle-related injuries between 

2012-2022 reaching 2,600, of which 75 % were successful claims, costing the NHS 

£10.8 million (21). Furthermore, operator technique may lead to inconsistencies in 

insertion depths and angles, which introduces significant variability and may further 

increase the likelihood of such device-based injuries (22). Taken collectively, these 

concerns emphasise the challenges of successfully achieving high patient compliance 

with clinical injections as well as safe, reproducible self-administration using 

conventional parenteral methodologies. 
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Given this context, the advancement of research into a more reliable and less invasive 

modality for achieving ID delivery is of significant interest among not just the medicine 

and research community, but also the general public. MNs represent such an innovation, 

with the potential to revolutionise parenteral delivery by minimising the pain and 

anxiety surrounding injections and resultantly improving patient compliance with 

dosing regimens. In addition to their user-experience benefits, emerging research is 

reporting MN-based delivery to enable dose-sparing, with efficacies measured to be up 

to 10-fold greater than that elicited via hypodermic-mediated delivery for trials in 

healthy adults for Japanese Encephalitis (23). This dose sparing potential is seen in 

greater effect in murine models, whereby a dissolving MN patch array yielded a 1,300-

fold elevation in serum IgG tiers compared to the traditional injection (24). This 

efficacy augmentation is attributed to the more specific targeting of resident immune 

cells within dermis, amplifying immune-based responses.  

This literature review therefore aimed to identify current gaps within the field and 

establish the scientific rationale justifying the research. To do this, it will firstly 

examine the skin as a physiological barrier to be overcome and an immune organ to be 

harnessed, before moving on to explore the shortfalls of other delivery modes. Lastly, 

recent developments within the sphere of MN technology will be discussed to aid in the 

identification of the limitations of current understanding and to support the 

conceptualisation of this work’s scope. 

2.1.1. The skin 

The skin is the largest organ in the human body, providing not only the primary line of 

defence via a physical barrier, but also the secondary line of defence through its plethora 

of resident immune cells (25-27). In addition to its protective functions, the skin also 
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provides sensory and homeostatic functions, enabling a more holistic interaction 

between the body’s internal environment and the external environment. Nevertheless, 

in addition to its critical protective role, the skin also provides a barrier that prevents 

efficacious transdermal drug delivery. Hence, while protective, the skin is 

acknowledged to impede the delivery of drugs, posing a barrier to administration which 

must be overcome via the delivery platform (17). Furthermore, the skin architecture is 

now better understood, opening up the possibility of harnessing the cellular 

infrastructure to enhance therapeutic efficacy, particularly of immunotherapies (28-31). 

The skin’s structure and architecture will be covered firstly, before detailing how this 

infrastructure supports both the barrier and immunological functions of the skin as an 

organ. 

Structure and architecture 

The skin is an extremely complex and intricate organ, with cellular architecture tailored 

to support both its barrier and immunological functions (Figure 1). This subsection 

outlines its composition, laying the foundations for subsequent discussion on how the 

skin serves as both a passive (barrier) and active (immunological) defence to the 

external environment. It must firstly be acknowledged that skin architecture varies 

across anatomical sites and is influenced compositionally by factors such as age, 

gender, and ethnicity, although this is currently not well characterised (32-36). This 

subsection focuses on the generalised composition of the skin and will make comment 

whereby there are significant differences relative to these variables. The following 

subsection is organised into a logical sequence through the epidermis, dermis, and 

hypodermis. 
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Figure 1. A cross-sectional diagram of the skin’s layers, the epidermis, dermis, and hypodermis 
with skin architecture labelled 

Epidermis 

The epidermis is the outermost layer of the skin and is composed of stratified squamous 

epithelium (37). All parenteral routes must first penetrate the epidermis, bypassing this 

barrier to reach deeper tissue layers. It is this barrier, specifically the outermost layer 

(stratum corneum) which limits the efficacy and bioavailability of topical and 

transdermal drug delivery (38, 39). With a thickness and composition that vary based 

on site, the epidermis ranges from 0.05 mm (eyelid) to 1.5 mm (palms) in thickness, 

with this variation enabling better adaptation to its role as the primary physical barrier 

(40). 

The epidermis consists of several strata, each with differing cellular architecture. The 

outermost layer, the stratum corneum, is composed of layers of flattened, dead cells, 

filled with keratin, providing a robust interface between the subsequent layers and the 

external environment (41). In thick skin such as fingertips and the palms, the stratum 
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corneum is reinforced against friction and abrasion by the stratum lucidum, a secondary 

layer of dead, keratin-filled cells (42). The following layer, the stratum granulosum, 

marks the transition from dead, keratinised cells to living cells. Comprised of 

predominantly flattened keratinocytes and lamellar granules, these bodies are critical 

for establishing the waterproof barrier of the skin through their release of lipids such as 

ceramides into the intercellular space to maintain barrier integrity (43).  

Deeper still is the stratum spinosum. Composed of several layers of keratinocytes which 

decrease in maturity as they descend, these cells have tightly bound junctions and 

produce keratin to provide support for the skin’s integrity (44). In addition to 

keratinocytes, Langerhans cells are present and comprise 5 % of the nucleated cells in 

the whole epidermis, acting to support the innate immune response (45). The deepest 

layer of the epidermis is the stratum basale. Resting directly on the basement membrane 

separating the epidermis from the dermis, the stratum basale is composed of a single 

layer of column-like keratinocytes which are solely responsible for providing 

regenerated cells for the upper epidermal layers (46). Interspersed amongst the basal 

keratinocytes are melanocytes and Merkel cells which act to produce melanin and 

provide mechanosensory input respectively (47, 48). 

Dermis 

Located immediately beneath the epidermis is the dermis, a connective tissue rich in 

collagen and elastin, providing structural integrity and mechanical support. This layer 

is critical for nutrient exchange via blood vessels and lymphatics, immune defence 

through resident immune cells including dendritic cells, macrophages, and mast cells, 

and sensory perception via embedded nerve endings (48). It also houses key adnexal 

structures such as sebaceous and sweat glands, as well as hair follicles (49). The dermal 
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layer is anatomically divided into two structurally and functionally distinct layers: the 

papillary dermis and the reticular dermis (49). 

The uppermost region, the papillary dermis, is comprised of a loosely arranged network 

of collagen and elastin fibres. This layer is rich in features such as capillaries, 

lymphatics, and sensory nerve endings, in addition to cells critical to immune 

surveillance, such as mast cells and dendritic cells (49). Together, these features enable 

the papillary dermis to support epidermal nutrition, transmit sensory input, and mediate 

immune surveillance. The layer and its interface with the reticular dermis is typically 

the target of MN-based drug delivery, leveraging its lymphatic network and sparse 

neural innervation, as opposed to the hypodermis which is accessed typically by deeper 

parenteral injection routes (49). 

Progressing to the deeper dermal layer, the reticular dermis exhibits a denser, more 

irregular structure, with thicker collagen bundles, unlike the looser structure of the 

papillary dermis (49). It houses larger blood vessels and glands, and providing 

enhanced mechanical strength, elasticity, and support. Importantly, this deeper dermal 

layer holds specialised sensory receptors, such as Pacinian corpuscles and Ruffini 

endings, that detect deep pressure and sustained stretch, respectively (49). While 

together the papillary and reticular dermis support structural integrity and immune 

surveillance, the underlying hypodermis, more commonly targeted by parenteral 

delivery routes, contributes primarily to insulation, energy storage, and more complex, 

deeper vasculature (50). 

Hypodermis 

The hypodermis, also referred to in clinical settings as the SC layer, is the lowest layer 

of the skin and is primarily composed of adipose tissue interspersed with connecting 
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fibres. This layer provides a soft matrix for the vascular and lymphatic networks to 

embed into (51). As an adipose-based soft matrix, it provides thermal insulation and 

serves as a reservoir for metabolic energy, whilst functioning as an anchor for the 

dermis to muscle and bone (52). Although not considered a primary immunological site 

for skin-based defence, the hypodermis contains macrophages which contribute to local 

immune responses (53). Whilst acknowledged to be structurally simpler than the more 

superficial epidermal and dermal regions, the hypodermis plays a greater role in 

metabolic regulation and mechanical protection. 

Functions 

The skin’s diverse and purposive structure enables it to function as a multifaceted 

organ, providing a dynamic interface between the internal and external environments. 

Although certain physiological roles are confined to distinct regions of the skin, many 

functions rely on the co-ordinated interplay between the epidermis, dermis, and 

hypodermis. These functions span protection, regulation, sensation, and cellular 

communication, among others. 

The following subsections focuses on the protective capacity of the skin, which is 

expressed in two principal lines of defence: primary protection via its barrier properties, 

and secondary protection via immunological infrastructure. These functions are 

especially relevant for drug delivery strategies, as they present key factors for both the 

impedance and enhancement of parenteral administration. 

Barrier functions 

As discussed in previously, the skins main barrier is provided by the outermost layer of 

the epidermis: the stratum corneum. This brick-like arrangement of terminally 

differentiated keratinocytes provides the first line of defence, physically preventing 
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penetration and infection from outside the body. Further support is found in the lipid 

matrix composition of the stratum corneum, which plays a critical role in this protection 

by preventing (i) excessive transdermal water loss and (ii) the penetration of unwanted 

pathogens (54). 

This brick-and-mortar-like system provides toxin exclusion and selective chemical 

absorption, and therefore, requires some form of penetration to efficiently deliver 

medication through, traditionally performed by a hypodermic needle (55). Despite only 

requiring penetration through the stratum corneum (0.01 - 0.03 mm) for certain 

medications such as vaccinations, hypodermic needles can range from 16 mm for SC 

injections to 38 mm for IM injections; an unnecessarily invasive length, often resulting 

in pain and bleeding (Figure 2) (55, 56).  

This challenge has prompted the development of devices that can accurately target the 

dermal space, limit the invasion of the procedure and consequently prevent pain and 

improving patient compliance. MN devices are designed to breach this epidermal 

barrier, bypassing the strata and enabling delivery directly into the dermis. 
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Figure 2. Common parenteral drug delivery routes and their relative penetration depths (57) 

Immunological functions 

The skin is not merely a physical barrier to the environment; it is an active immune 

organ which contributes to both innate (immediate, non-specific response) and adaptive 

immunity (slower, targeted response) (25, 58, 59). An armamentarium of immune-

competent cells and signalling proteins, the dermal space is a sink of immune potential 

(Figure 3). Epidermal keratinocytes, in concert with dendritic cells such as Langerhans 

cells (the resident antigen presenting cells (APCs) of the epidermis) aid in raising a 

local immune response to neutralise the threat (25, 45). In addition to the keratinocytes 

and Langerhans cells, the dermis contains a wide variety of immunocompetent cells, 

including macrophages and T lymphocytes, each contributing to the immunological 

surveillance and response (60). Furthermore, signalling proteins, termed cytokines, in 

connection with local lymph nodes, play a key role in flagging the invasion of unwanted 
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pathogens into the skin to the immune system, mobilising a systemic immune response, 

and directing it to the cutaneous injury site (61). By targeting and delivering into the 

dermis, MNs are uniquely and well positioned to engage directly with these local 

immune cell populations, offering a minimally invasive route that avoids commonly 

experienced systemic side effects (62).  

Studies have demonstrated the increased efficacy of drugs such as vaccinations through 

merely altering the depth of penetration, which could maximise dosage and elicit 

dose/antigen sparing effects (23, 63, 64). Dose sparing refers to the ability to achieve 

comparable or enhanced immunogenicity with reduced dosing antigens, a feature 

greatly prized in the drug development sector, offering cost savings and faster, more 

widespread, medication rollout (65, 66). Dose sparing through dermal targeting is 

suggested to be due to the increased number and variety of immune cells within the 

dermis and expediting their interactions and resultantly immunogenicity raised against 

the vaccine antigens (67). Leveraging the dermis for immune stimulation has proved 

effective in vaccination, and this principle is beginning to be applied to cancer 

immunotherapies, where precise delivery may enhance tumour-specific targeting (68). 

Figure 3. The layers of the skin with their resident immune cells (57) 
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To support the multidisciplinary use of the MN platform for drug delivery, dose sparing 

potential and increased efficacy is being demonstrated in a variety of disease states. 

Breast and abdominal cancer studies have identified tumourigenic cells to evade 

immune detection partly by metastasising to, and residing in, the layers of the skin, such 

as adipose tissue (69-71). With a key role in the development and growth of breast and 

ovarian cancers, adipose cells-cancerous cell co-cultures have demonstrated promotion 

of tumour growth in in vitro and in vivo environments (72, 73). Specifically, due to the 

direct transfer of lipids to aid cancer cell metabolism, it is widely acknowledged that 

this fatty acid transfer provided by adipocytes promotes cancer progression through a 

plethora of mechanisms (74, 75).  

With an increasing number of immunotherapies available and in development, local 

activation of the epidermal and dermal immunocompetent cells with this classification 

of anti-cancer drugs offers a promising modality to utilise the skin immune cell 

architecture to target “hidden” tumorigenic cells (76, 77). This demonstrates the 

elevated efficacy of an immunotherapy, whether for cancer or vaccination, when 

directly targeting the skin. Research is now progressing towards fabricating a reliable 

and safe device to accurately deliver these medications. 

2.1.2. Drug delivery routes 

Drug delivery route selection is key in capitalising on therapeutic efficacy, ensuring 

optimal duration of onset, and enhancing patient compliance. Each layer of tissue in the 

skin architecture offers different physiological environments which influence these 

factors. The following subsections will introduce four key delivery routes in order of 

anatomical descent: transdermal, ID, SC, and IM. 
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Transdermal application 

Transdermal drug delivery involves the passage of therapeutic formulations across the 

skin barrier and into the underlying systemic circulation via passive diffusion. It 

typically offers OTC formulations that are applied in a non-invasive manner, 

facilitating sustained release and ultimately improved patient compliance. Despite these 

benefits, the use of transdermal application is restricted by the physio-chemical 

properties of the active pharmaceutical ingredients (API) and any critical excipients 

(78, 79). Typically, transdermal therapeutics are designed to be a topical in 

administration, in gel or cream-like form, and are semi-solid formulations aided by 

chemical enhancers or excipients to support and promote API permeability through the 

skin barrier and into the systemic circulation (80). In some cases, sustained release is 

sought after, and the dosage is integrated into an adhesive patch style delivery platform, 

which enables improved control over dosage. The following subsections introduce both 

gel-like and patch transdermal application styles. 

Gels and creams 

Semi-solid formulations, such as gels and creams, are applied directly to the skins 

surface and rely on drug absorption via passive diffusion (81). Even when formulated 

with chemicals that support and enhance permeation, these formulations are only 

suitable for lipophilic drugs with low molecular weights (< 500 Da) (82). With 

advantages including flexible dosing, self-administration, and rapid onset, this route is 

favoured by patients and is commonly used for pain relief and hormone therapies (83, 

84). However, topical application is not feasible in most cases, as drug permeation is 

not limited by molecular size and solubility alone, but additionally by variations in skin 

conditions thickness, and hydration levels (82, 85, 86). 
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Patches 

Transdermal patches are adhesive-based platforms that are applied to the skin’s surface, 

that contain a drug-containing reservoir or matrix that facilitates and sustained release. 

This passive diffusion can deliver consistent dosing over extended periods of time, from 

hours to days (87). Commonly used for dosing nicotine and fentanyl, patches do not 

provide any improvement on the scope of drugs which can be delivered transdermally 

(87). The limitations in molecular size and skin permeability and condition still apply, 

with additional variables such as skin irritation, allergic reaction, and adhesive failure 

remaining challenges to be overcome (87).  

Intradermal administration 

ID delivery refers to the administration of therapeutics into the outer layers of the skin, 

specifically targeting the dermis (Figure 3). Residing within the dermis is a rich 

population of immune cells, which, upon direct targeting, become activated, initiating 

a cascade of immune stimulation (28). Additionally, due to a reduction of blood vessel 

networks in the dermis in comparison to the SC layer, the therapeutic resides within 

this dermal layer for a more prolonged period, enabling a greater degree of immune cell 

activation than SC and IM injections (88).  

This enhanced immune engagement allows for lower doses to result in greater 

immunogenicity. This is a significant advantage, with smaller doses reducing cold 

chain storage and transportation costs; all crucial when considering mass roll out of 

schemes such as the COVID-19 vaccination campaign. Furthermore, ID delivery 

enables direct targeting of skin-based conditions such as psoriasis and vitiligo, resulting 

in improved efficacy and bioavailability, and in some cases, reduced side effects due to 

limited systemic circulation (89-91). Research interest in ID delivery is increasing, with 

multiple devices being developed for this administration mode. The following 
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subsection will introduce multiple deliver platforms which support ID delivery, 

discussing their relevant advantages and limitations. 

Mechanical-based devices 

The field of needleless injection systems is progressing, effectively developing both 

liquid jet and ballistic powder injectors. The principle of the devices requires a liquid 

to be passed through a micro-aperture, generating a high-speed, thin jet stream that 

penetrates the surface of the skin (92, 93). Although not a novel concept, with jet 

injections used in smallpox and tetanus vaccinations in 1966 and 1999 respectively, it 

has required development since its fall from favour (94). Initial concerns surrounding 

splash-back, infection risk, and retrograde flow required addressing (95). With jet 

injectors approved for the delivery of the Afluria Quadrivalent flu vaccine, these issues 

have been addressed, making the device single use (96). The single use nature of this 

device is unideal from a sustainability perspective, with concerns over consistency in 

dosage often arising. Reports from patients indicate that application of these devices is 

associated with irritation and discomfort (97). Furthermore, the manufacture of these 

devices, in combination with the gases required to generate the high power jet, 

highlights the need for further developments in the field that require minimal apparatus 

and training for administration (93). As a result, attention has shifted towards MN-

based systems, which offer more precise dosing and a better patient-experience of ID 

delivery. 

Microneedles 

MNs themselves are not a novel technology. First conceptualised by Gestel and Place 

in 1976, their initial device comprised of multiple 100 µm needle-like projections was 

used for the penetration of the stratum corneum for the purpose of drug delivery (98). 
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The mid-1990s saw the first production of MNs via microfabrication, as first reported 

by Henry et al., in 1998, where calcein was delivered through MN-penetrated stratum 

corneum (1). Various geometries, dimensions, and materials are now used to fabricate 

both in and out of plane MNs, with out of plane becoming increasingly favoured. MN 

type and material depend upon their application and are widely researched in three 

different fields: cosmetics; therapeutics; and diagnostics. MNs offer the ability to 

capitalise on the plethora of immune cells and interstitial fluid (IF) present following 

epidermal penetration, but avoids cellular structures such as nociceptors, nerve and 

capillary networks. In addition to their minimally invasive nature, MNs boast benefits 

such as minimal irritation and dose sparing, as well as improved skin recovery and 

reduced infection risk (99). Despite both patient-centred and PK advantages, there are 

widely acknowledged hurdles to the widespread adoption of MN technologies. As 

discussed later in section 2.4, the challenges facing their implementation vary 

depending on their material, with dosing accuracy, loading capacity, and needle 

strength commonly assessed. 

Energy-assisted devices 

While the primary focus of this thesis is on needle-based drug delivery platforms, 

energy-assisted devices will be discussed here for more comprehensive 

contextualisation, while acknowledging their peripheral relevance. Energy-assisted 

devices for parenteral drug delivery include, but is not limited to, electroporation, 

sonophoresis, and laser ablation. These methodologies function through the creation of 

transient pores and microchannels in the skin’s lipid barrier to enable therapeutic agents 

to be delivered effectively (100). Each of these approaches utilises a different energy 

source to achieve this disruption, with electroporation, sonophoresis, and laser ablation 

using electrical pulses, ultrasound, and light/thermal energy respectively (101-103). 
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These energy-assisted devices are primarily used for the administration of larger drug 

molecules exceeding a molecular weight of 500 Da (100). Unfortunately, due to the 

complexity of the equipment, specialist training is required, and there remains a 

significant risk of variable skin responses, including irritation and damage (101). This 

has resulted in slow progress though the regulatory approval pathway and therefore has 

impeded its adoption into the clinic, with lower-risk device platforms such as MNs 

being increasingly preferred. 

Subcutaneous administration 

The modality which delivers directly into the hypodermis is clinically referred to as the 

SC administration route. This involves the injection of loading doses into the fatty 

hypodermis, which lies beneath the dermis. Injecting directly into this area results in 

slower drug absorption and, due to the limited presence of resident immune cells, a 

more dampened immune response due to a delayed absorption (104). This route is 

widely used for the delivery of therapeutics such as insulin and heparin, and is often 

preferred for ease of use by healthcare workers and compatibility with infusion pumps 

and patch injectors (105). However, more extensive training is required for the 

utilisation of this administration, and the variable absorption being vulnerable to factors 

such as fat distribution and thickness, local blood flow, and injection site temperature, 

make consistent PKs more difficult to achieve (106, 107). 

Intramuscular administration 

IM delivery is perhaps the most utilised delivery mode, using a 1-1.5” hypodermic 

needle to administer medication into muscular tissue at a 90o angle to the injection site, 

typically at the deltoid, vastus lateralis, or dorsogluteal muscles (108). This classic 

delivery technique is superior to other delivery modes such as the OSD route, enabling 
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the bypass of harsh chemical and physical barriers posed by the GI system, namely the 

1-2 pH stomach acid (109). This allows better bioavailability and more rapid absorption 

into the bloodstream via IM. IM delivery offers a moderate onset time, with responses 

typically expected up to 30 mins post-administration depending on the formulation 

type, which can range from aqueous solutions to sustained release suspensions (108).  

Penetrating through each layer of skin, layers of adipose tissue, and into the muscle 

renders it near impossible to avoid contact with nerve nets and blood vessels, making 

immediate or medium-term muscular pain, and slight bleeding at the injection site 

inevitable (110). Due to the associated pain, this often leads to patient anxiety and 

resultantly poor patient compliance. This is supported by a recent Oxford University 

large-scale study, which showed that a quarter of the adult population of the United 

Kingdom suffer from potential injection phobia, and that tackling this would reduce 

COVID-19 vaccine hesitancy by 10 % (111). Taking this learning and applying it to 

the other common medications delivered by the IM route, including other vaccinations 

and antibiotics, the replacement of the IM dosing methodology with one more favoured 

by patients could lead to a dramatic improvement in public health, reducing the ever-

increasing burden on healthcare services. 

Nevertheless, further to poor patient experience, IM delivery also fails to capitalise on 

the wealth of immune potential housed in the bypassed layers of the skin, specifically 

within the dermis. The skin is being revealed as a sink of immune cells, allowing 

notable enhancement of the dosage-response ratio of multiple drugs, such as vaccines 

(112). Simply put, despite retaining markedly more bioavailability than the OSD 

alternative, IM injections have been demonstrated to require a greater quantity of drug 

to elicit the same response as ID delivery modes such as MNs (113). Therefore, despite 

their ability to deliver higher dosage volumes, this is not ideal in most cases. This is not 
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due to excessive clearance, as is it with OSD, but instead due to poor targeting and 

failure to capitalise on the body’s innate defence mechanisms. As such, despite its 

widespread use, the IM delivery route presents several intrinsic limitations, which have 

promoted the investigation of alternative platforms such as MN devices. 

2.2.  Microneedle technologies 

As an alternative to conventional parenteral drug delivery routes, MN technologies 

offer a novel route for ID drug administration. The wide variety of geometries, 

materials, and mechanisms of action allows for tailored delivery based on clinical and 

therapeutic requirements. This structural diversity offered enables a range of release 

profiles also, with both rapid diffusion and sustained infusion capabilities. This section 

outlines key classifications, solid and hollow, and their constituent mechanisms of 

action, outlining their key design features, therapeutic delivery, materials, advantages, 

and current limitations. 

2.2.1. Solid microneedles 

Solid microneedles (SMNs) were among the earliest MN platforms to be conceived, 

and as a result, represent the most saturated area of research within the field. The first 

reports of their fabrication were published by Hashmi et al., in 1995, originally 

conceptualised for gene transfixion (114). A subsequent study published by Henry et 

al., (1998) is now credited with pioneering the application of SMNs for transdermal 

drug delivery (1). The most frequently used materials for SMN fabrication include 

metal, silicon, and non-degradable polymers, with the latter favoured from a financial 

and manufacturing perspective, and the former two offering advantages including lower 

injection pressures and reduced administration-associated pain (115, 116)  Although 

easier to manufacture en masse, the translational aspect of SMNs is relatively close to 
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its ancestor, the traditional “poke and patch” approach, with developments mainly 

emerging through coating technologies and the “coat and poke” approach. With 

obvious disadvantages in comparison with the poke and patch approach related to 

scalability, reliability, and consistency of dosing, SMNs research is currently focusing 

on coating formulations that facilitate ease of use. 

Geometry and classifications 

This subsection introduces different categories of SMN based on their drug 

administration and release mechanisms. These mechanisms plays a central role in not 

only the pharmacological performance of the API but also in the experience of the 

patient and the clinical feasibility of the platform. Here, three classifications are 

presented: (i) poke and patch, (ii) coat and poke, and (iii) poke and release. Despite all 

being forms of SMNs, these differ significantly in materials selection, fabrication 

methodologies, application technique, and drug release mechanisms.  

Poke and patch 

SMNs are closely associated with the “poke and patch” approach, whereby projection 

devices are used to mechanically pre-treat the skin creating micropores, that are 

exposed topically to an external drug reservoir (Figure 4) (117). This method relies 

heavily on the integrity and size of the micropores, as well as the ability of the skin 

infrastructure, such as capillary networks and IF, to enable the passive diffusion of the 

topical formulation. Although benefiting from its simplicity, the dosage delivered is 

notoriously difficult to control or measure (118). Despite reports that the barrier 

properties of the targeted area recover within 2 hours, this may restrict the time 

available for drug diffusion into the skin compartment, with patch/tape formulations 

occasionally applied to extend this period (117, 119). In these cases, it is crucial to 
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consider the potential increase in infection risk associated with prolonging the open 

state of the micropores (120). 

Figure 4. Schematic of poke and patch style solid microneedle insertion 

Coat and poke 

The coat and poke approach represents an evolution of the poke and patch technique, 

whereby the surface of the SMNs is coated with a drug-loaded formulation (Figure 5). 

Superior to poke and patch, this approach guarantees drug diffusion to a deeper degree, 

allowing delivery of higher molecular weight molecules and enabling rapid delivery 

(121, 122). SMN coating techniques can be roughly categorised into two subsets; those 

which coat the MN shaft only, and those which coat the MN shaft and the array base 

substrate. The ideal coating would produce a selectively uniform coating of the MN 

shaft, without contaminating the array base. Dip coating and inkjet printing fall into the 

former category (123). Dip coating is the simplest method, whereby the device is dipped 

into a solvent-based coating formulation, which upon evaporation leaves a drug-

containing thin liquid film on the MN surface (123). The degree of shaft coverage can 

be controlled by the depth of the coating well, however, increasingly, masking plates 

are utilised to protect the base of the array during dip coating, producing selectively 

coated SMN shafts (123).  
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Figure 5. Schematic of coat and poke style solid microneedle insertion 

The less selective techniques, such as immersion and drop coating, offer little to no 

control over the area coated. During immersion coating, the entire device, inclusive of 

the backside of the array is coated, while drop coating enables the protection of the base 

(124). Not only are these techniques non-selective, but they also contribute to coating 

wastage, with delivery efficiency to the skin reported in the broad range of 60-90 % 

(125-127). This is financially unattractive, as, in some cases, the expensive antigen/drug 

formulations, are either wasted during the coating process, or lost during application, 

since the base coating cannot diffuse into the micropores and is disposed of with the 

used device.  

Although coat and poke is rapidly becoming one of the most popular MN approaches, 

benefiting from scalable processing and simple administration, is has its own subset of 

disadvantages. For example, the available surface area of SMNs greatly limits the 

amount of coating, and therefore the quantity of drug delivered via this method (128). 

Furthermore, there are limits to coating thickness, as increased thickness significantly 

impacts the sharpness of the device, and therefore their penetration efficiency and pain 

experienced by the patient (118). 
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Poke and release 

Dissolving MNs (DMNs) have been conceptualised in response to the demand for a 

reduction in medical device and sharps waste and enable large scale manufacture. 

Termed “poke and release”, the devices are fabricated from a variety of biodegradable 

and water-soluble scaffold materials, which encapsulate the drug within the device, 

allowing an attractive one-step delivery process (Figure 6). This can result in some 

constraints, as it requires compatibility of the drug properties and device chemical 

composition (129). Boasting precise dosage, DMNs are currently fabricated using 

scalable technologies such as micro-moulding, droplet-born air drying, and drawing 

lithography methodologies (129, 130).  

Figure 6. Schematic of poke and release style dissolving microneedle insertion 

A slight modification has been made to the original design, producing a porous version, 

whereby a large volume of drug-loaded pores litter the surface of the MNs, allowing 

absorption of the drug solution by the skin IF following penetration. The pores, 

however, compromise the mechanical integrity of the MN shaft when exceeding a 

cargo:device ratio of 1:1, leading to increased fragility, and therefore negatively 

impacting their clinical adoption to date (129). 

The delivery kinetics of DMNs are unique to the device’s matrix composition and the 

drug formulation being delivered. This provides a significant advantage, enabling the 

addition of excipients to influence delivery kinetics, such as the inclusion of 

amylopectin, which has been reported to not only improve the mechanical properties of 

the DMN structure, but also permit tuning of the dissolution properties, facilitating 
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controlled release (131). Water soluble patches are seemingly favoured due to their 

superior dissolution and resultant delivery efficiency (132).  

On account of their material and fabrication processes, the DMN tip diameter and angle 

are often suboptimal, requiring an applicator to generate sufficient force to achieve a 

complete penetration, often due to variability in skin elasticity and hair density (115, 

133, 134). Without this, penetration may be incomplete, leading to insufficient dosing. 

Importantly, although the patch boasts no sharps waste potential, the applicator must 

be disposed of.  

Following insertion, the devices dissolve into the IF, with the needle length and 

insertion depth limiting the dosage; a widely acknowledged disadvantage of DMNs. 

Only a fraction of the matrix can be API to ensure sufficient structural integrity for 

injection, with a bolus from a DMN patch suggested to provide less than 1 mg of drug 

(135). Furthermore, for full dosage to be achieved, the patch cannot be detached and 

removed until complete dissolution occurs, leaving a large margin for human error in 

premature removal.  

Although ideal for the delivery of standardised dosages, such as vaccinations, DMNs 

are less suitable for applications which require patient-tailored dosing based on height 

and weight-adjusted regimes, as these must be considered during manufacture. Despite 

these limitations, the concept of DMNs, to produce minimally invasive devices to 

deliver a standardised dose with no waste, remains promising, with further 

advancement in its drug loading and delivery still required. 

Materials and fabrication approaches 

Microneedle fabrication is fundamentally dependent upon the material composing the 

device, with material selection having direct influence on their mechanical strength, 
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biocompatibility, and drug delivery efficiencies. Whilst the field of SMNs continuous 

to diversity, this subsection focuses on providing an overview of the most commonly 

fabrication techniques for the most commonly studied materials: silicon, metal, and 

polymer.  

Various fabrication and production approaches have been developed, with material 

selection frequently influenced by priorities such as unit cost, ease of administration, 

and sustainability. Rarely does one device simultaneously satisfy all criteria. Table 1 

summarises each SMN sub-classification, material, and fabrication methodology, 

which will be developed upon in the following subsections. 

Table 1. A summary of microneedle types, material, and common fabrication techniques 

Solid microneedles 

Silicon-based SMNs are being produced by relatively established fabrication 

methodologies, such as isotropic dry, and anisotropic wet etching techniques, with the 

industry looking to progress toward all-dry processing methodologies to lower 

fabrication cost and reduce processing complications. Deep reactive ion etching (DRIE) 

methodologies also facilitate a deeper etch, enabling a taller final needle structure, 

SMN 
Classification Material Fabrication Technique Ref 

Solid 

Silicon 
Deep reactive ion etching (136, 137) 

Wet etching (136, 138, 
139) 

Polymer 

Mould casting using centrifugation or vacuum (140) 
Stereolithography (141, 142) 

Thermal compression moulding (143) 
Photolithography (144, 145) 

Ceramic Soft-lithography and ceramic micro-moulding (146) 

Metal 
Micromachining (121) 

Metal electroplating (147) 
Laser cutting (148) 

Glass Thermoplastic drawing (149) 

Dissolving Polymer 
Mould casting using centrifugation or vacuum (150, 151) 

Stereolithography (142) 
Photolithography (152, 153) 
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which allows for deeper penetration and a greater surface area for coatings, thereby 

improving delivered dosage. This method holds great advantage, offering a reduced 

processing cost by eliminating wet-etch techniques, whilst providing superior final 

device geometries. Despite the benefits of advanced peak angles that facilitate insertion 

with minimal application pressure and minimal pain for the patient, initial material costs 

and the brittle crystal structure of silicon have been questioned by researchers within 

this field (154). 

The fabrication of metal SMNs uses an array of well-established techniques, such as 

metal electroplating, wet etching, laser cutting, and 3D laser ablation. While metal 

electroplating and laser cutting are among the leading industrial techniques currently 

adopted, their respective drawbacks, lengthy processing times and limited throughput, 

hinder scalability for mass production (155). Despite this, these processes are 

successful and widely used at the research level, with techniques such as 3D laser 

ablation offering benefits such as non-cleanroom manufacture. Furthermore, material 

sourcing, most commonly titanium and stainless steel, as well as nickel and palladium-

cobalt alloys is guided by their beneficial mechanical properties (38). 

Polymeric SMNs are very popular within MN research groups currently, offering fast 

and scalable manufacturing processes. Injection moulding is fast becoming the 

favoured technique for polymeric SMNs, facilitating high-throughput production by 

injecting heated polymers/thermoplastics such as polycarbonate and poly-methyl 

methacrylate (PMMA) into master moulds (156). However, limitations in mechanical 

strength and tip sharpness are often reported, with polymer devices often leading to tip 

deformation during insertion, preventing skin rupture (157). Regardless of these 

challenges, polymeric SMNs research is expanding rapidly and continue to garner 
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serious interest, due to its transferable, scalable fabrication infrastructure, and cost-

effectiveness. 

Dissolving microneedles 

The fabrication of DMNs is continually evolving, with numerous matrix compositions 

being trialled alongside varying processing methodologies, as summarised in Table 2. 

Microcasting, also referred to as micro-moulding, and spray moulding are generally 

acknowledged to be the most feasible DMN fabrication methodologies for low-cost 

scalable production (158). The former requires a suspension containing a biocompatible 

matrix and drug formulation to be loaded via vacuum or centrifugation into an 

appropriate MN mould, before being allowed to dry and demoulded (159). 

Advancements have been made to improve the scalability of DMNs, mitigating the 

requirement for centrifugation or vacuum, by utilising atomised spray to fill the moulds 

(160). Furthermore, drying techniques such as symmetrical air-blowing methodologies 

are now being utilised to expedite the drying phase (161).  

Although manufactured through scalable processes, there are shortcomings associated 

with DMNs and their fabrication. Due to the constraints of the moulding techniques, 

the tip angle achievable is often limited, resulting in MNs that are blunter than their 

metal or silicon alternatives (135). Furthermore, with needle size ideally kept minimal 

to capitalise on the minimally invasive, pain free nature of MNs, this restricts the dosage 

capabilities of the devices. It is increasingly being suggested that, to ensure accurate 

and maximal delivery efficiency, the dosage should be concentrated at the tip. This, 

however, further constrains the dosage capabilities (162). Furthermore, recent reports 

have revealed as little as 10% of drug released from DMNs, citing the null or void 

volume of the array base as the cause (163). In some instances, such as vaccination, this 
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is not problematic, as immune responses can be triggered by nanogram-scale doses 

(163).  

In addition, the heating process used during solidification or encapsulation during 

manufacture must be carefully controlled and tailored to the drug formulation. This is 

critical, as excessive heat during fabrication may alter the integrity of sensitive chemical 

components, particularly proteins, present within the formulation (164). 

Table 2. A summary of common matrix materials and their general advantageous properties 

Common Matrix Material Properties Ref 

Polylactic-co-glycolic acid Slow degrading, biodegradable (165) 

Sodium hyaluronate Naturally present in skin (166) 

Sodium 
caroxymethylcellulose 

Good water solubility at any temperature, 
physiologically inert (167) 

Poly(vinylalcohol) Good water solubility and biocompatibility (126, 
168) 

Poly(vinylpyrrolidone) 
Self-assembly into hollow fibres, enables 
delivery of intact proteins to the skin, low 

manufacturing cost and good biocompatibility 
(169) 

Sodium chondroitin 
sulphate Dissolvable (170) 

Carboxymethyl cellulose Biocompatible, easy processing at low 
temperatures, low cost (131) 

Dextran Good biological safety profile, widely used in 
biomedicine, easily modified 

(171, 
172) 

Hydroxypropyl 
methylcellulose Good mechanical strength (173) 

Hyaluronic acid Rapid dissolution within 60 mins of application (174, 
175) 

Sodium alginate Low cost, biocompatible, non-toxic (176) 

Polylactic acid Biodegradable, low cost (177) 

Chitosan Biodegradable, non-toxic (178) 

Methylcrylated hyaluronic 
acid (MeHA) Bioresponsive, increased rigidity (179) 
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2.2.2. Hollow Microneedles 

Hollow microneedles (HMNs) represent a distinct class of MN platforms, characterised 

by a central lumen through which liquid drug formulations are actively delivered 

through once the device is inserted into the dermal compartment. To address the 

limitations of dosage volume and coating reliability of SMNS, HMNs were 

conceptualised in the early 2000s. HMNs enable active fluid delivery through injection, 

as opposed to the passive diffusion of drug formulation required by SMNs that utilise 

the coat and poke or poke and patch methodologies. HMNs therefore have the potential 

of greater control and tunability over dosage and delivery kinetics (180). Fabricated 

from an array of base materials, including - but not limited to - silicon, stainless steel, 

and glass, HMNs are most appropriate for applications which require precise or loading 

doses, including insulin and vaccinations (137, 181, 182). The clinical appeal of HMNs 

stems from their compatibility and ease of integration with conventional delivery 

systems, including luer lock syringes. Yet, despite this, challenges remain, with their 

broader adoption constrained by hurdles in fabrication complexity, mechanical 

integrity, and sterility-assurance. 

Geometry and classifications 

HMNs boast a broad range of applications and are often considered superior to SMNs 

due to their ability to deliver liquid formulations through their lumen with controlled 

infusion directly into the skin, enabling effective lymphatic targeting (Figure 7). The 

major advantage of HMNs is that they can deliver a higher dosage, if required, into 

vascularised dermal tissue, rich in immune cells and capillary networks (183). This 

infrastructure, paired with the capability for increased dosages, has led to a reported 

increase in absorption rates, with infusion rates for HMNs being reported within the 

range of 50 nL/min - 300 nL/min (182, 184).  
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Figure 7. Schematic of poke and flow style hollow microneedle insertion 

Additionally, HMN devices benefit from compatibility with continuous manufacture. 

Unlike DMNs or coated SMNs, HMNs do not require the drug formulation to be 

incorporated during fabrication and can be provided in a separate vial as currently 

produced. This decoupling allows for variations in formulations based on drugs 

required, height, weight, gender, etc., and facilitates the smooth progression through 

the regulatory pathway as an individual, not combination, medical product. 

Material choice plays a substantial role in device performance. Polymeric HMNs 

specifically, due to their material composition and tip diameter, require strictly 

perpendicular insertion and adequate pressure, typically achieved via an applicator 

(185). Without this, particularly in conical designs, the needles have been demonstrated 

to bend on insertion and fail to penetrate stratum corneum effectively (186). In contrast, 

silicon HMNs, with their smaller tip angle, require less insertion pressure, resulting in 

reduced pain. However, their brittle crystalline structure necessitates further 

investigation to determine a reliable safety margin (137, 154, 187).  

All types of HMN, regardless of material, require some degree of training/awareness 

for the user as to the pressure required. Studes demonstrate the variation in 

understanding of the instruction of  “apply thumb pressure” (188). Both polymeric and 

silicon HMNs hold great potential for not just drug administration but for IF extraction. 

HMNs are gaining traction in the research sphere due to their potential for minimally 

invasive delivery of a wide range of drugs at a higher dosage and increased molecular 
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weight drugs, than is possible via SMNs and DMNs (189). They provide a channel for 

liquid formulations to flow through, hence their more colloquial name “poke and flow”. 

Typically mounted onto a classic luer lock syringe, HMNs are similar in assembly and 

application to traditional hypodermic injections.  

In some instances, HMN arrays are coupled with external reservoir of drug, enabling 

the potential for controlled, sustained release, and therefore extended therapeutic effect 

(190, 191). Their ability to deliver dosages with greater precision and control supports 

wider range of clinical applications, offering improved bioavailability, higher dosing 

capabilities, and enhanced penetration efficacy (192). HMNs are fabricated from 

various materials, each with their own advantages and disadvantages.  

Materials and fabrication approaches 

MNs are fabricated from a wide array of materials and therefore require vastly different 

fabrication techniques. This subsection introduces these materials and methodologies, 

firstly by presenting a list of the types of materials HMNs are currently fabricated from 

(Table 3) and secondly focusing on two key types: polymeric and silicon. 

Table 3. A summary of hollow microneedle materials and their common fabrication techniques 

Microneedle 
Classification Material Fabrication Technique Ref 

Hollow 

Silicon 
3D laser ablation (193)  

Deep reactive ion etching (137, 
194) 

Metal 
Electromoulding (195) 

Metal electroplating (196) 
Laser cutting (197) 

Polymer 
Mould casting using centrifugation or vacuum (198) 

Stereolithography (142) 
Photolithography (145)  

Glass Thermoplastic drawing (149)  
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Polymer 

Polymeric HMNs have historically been fabricated via photo- and stereolithography 

(SLA) however, more recently have been manufactured using injection moulding 

techniques. Using a femtosecond laser to engrave the mould insert, PMMA HMNs are 

fabricated under tightly regulated temperature and injection rate controlled (199). Other 

common fabrication processes include ultraviolet (UV) lithography, whereby a 

lithography mask is used in conjunction with a micro-mould to generate the bevelled 

tip and lumen (186). Unlike other polymeric MNs, it has been demonstrated that the 

bevelled tip reduces insertion pressure, resulting in less tip damage and an improved 

insertion efficiency, enhancing insertion efficiency and improved safety profile of the 

device (186). However, this technique has also been associated with reports of fewer 

than 90 % of lumens being open following insertion, again reducing drug delivery 

efficiency (186). Polymer HMN shape has been demonstrated to significantly impact 

insertion efficiency, with shapes such as conical, chiselled under investigation. Thus 

far, bevelled tips have been evidenced to have the best safety and penetration profile 

(186). 

Silicon 

Alternatively, silicon HMNs are fabricated most commonly via MEMS, such as DRIE. 

Although other techniques are used, such as microfabrication, to facilitate transition to 

scalable manufacturing, DRIE in combination with photolithography is favoured as it 

enables all steps to be performed in one set of conditions, supporting continuous 

automated processing. This form of processing also enables the production of HMNs 

with uniform critical dimensions (CDs), such as the bevel and near vertical side walls 

(137). Although currently facing criticism regarding the potential safety profile of the 

devices due to the brittle nature of silicon, the devices demonstrate superiority in tip 
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size and shaft length, both contributing towards better insertion efficiency and 

bioavailability by improving immune cell targeting (154, 187). 

2.3.  Silicon microneedles 

Silicon MN are a form of parenteral drug delivery that leverage precision and scalable 

MEMS fabrication from the established semi-conductor industry. Available in a hollow 

and solid form, they have long been a focal point within the field of MN research due 

to their high-resolution geometries and compatibility with ‘smart’ drug delivery 

platforms. This section explores the rationale underpinning their research, the 

fabrication methodologies, emerging applications, and what challenges remain for the 

translation of this platform.  

2.3.1. Rationale 

Silicon MNs have garnered significant clinical interest on account of their precision 

fabrication, high-resolution structural control, and compatibility with micro-electro-

mechanical systems. Their early adoption was driven by silicon’s widespread 

availability and the maturity of microfabrication techniques (200). This movement 

began in the 1990s, when the accessibility of silicon and rapid advancements in MEMS 

processing technologies were substantially accelerated by the broader technological 

boom of the past two decades (1, 201).  

Progressions in photolithography, etching, and continuous wafer-level processing, 

largely propelled by the demand in the semiconductor and chip industry, have now 

enabled the manufacture of higher aspect ratio MN devices. These devices boast sub-

micron tip radii, near vertical sidewalls, and increasingly larger shaft lengths. These 

impressive geometric characteristics are now attainable through the utilisation of these 

advanced fabrication techniques.  
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A further advantage of silicon lies in the post-processing flexibility. In polymeric MN 

fabrication, array configuration must be predetermined and embedded into the master 

mould design, whereas for silicon MNs arrays, post fabrication wafers can be diced in 

multiple orientations, including as individual needles, larger, dense arrays, or as a 

patch-based design. This flexibility in fabrication, paired with precision and scalable 

manufacture, reflects the efficiencies already demonstrated in the chip production 

sector. 

2.3.2. Fabrication techniques 

The fabrication of silicon MNs begins with a silicon wafer, typically produced on a 

small-scale at research institutes with 100 mm silicon wafers, onto which patterns are 

applied via photolithographic processes. This requires the deposition of photo-sensitive 

chemicals, termed photoresists (PRs), which are then exposed to ultra-violet (UV) light 

through a specifically designed mask. Depending on the resist polarity, this results in 

the exposed regions either hardening (negative PR) or softening (positive PR).  

Post-exposure, the pattern on the wafer is developed, with the softened resist dissolving 

away and hardened regions of the pattern remaining on the wafer, providing a chemical-

based stencil on the wafer for subsequent etching. This chemical mask during etching 

facilitates the production of precise device structures. This process is repeated, allowing 

the accumulation of different individual aspects of device structure, such as the bevelled 

tip surface and the straight edged shaft.  

For hollow devices, an additional step is added to create the lumen feature. Finally, the 

device wafer is diced into the desired format (individual, array, or patch) using either 

saw-dicing or plasma dicing. This flexibility supports their integration into a wide array 

of drug delivery platforms. 
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2.3.3. Applications 

Silicon MNs represented one of the pioneering MN technologies for biomedical use, 

attracting attention due to their precise microstructure and compatibility with MEMS. 

Consequently, silicon MNs have been trialled across a range of biomedical applications, 

including vaccine delivery, insulin administration, biosensing, and gene therapy 

delivery. The following subsections outline some of their recent applications within 

these domains. 

Diagnostics and sampling 

A particularly valuable application of silicon HMNs is the minimally invasive 

extraction of biological fluids, specifically dermal ISF. This use case illustrates how the 

geometric precision of silicon MNs facilitates controlled insertion with sharp tips, 

minimising tissue trauma and reducing contamination or artificially elevated 

inflammatory markers in collected ISF. Most recently, a silicon MN-based chip was 

reported to extract ISF for biomarker analysis in patients with heart failure, employing 

submicron tips (202). The silicon devices fabricated were measured to present a 

maximum height of 300 µm, and were manufactured using a hybrid approach, utilising 

DRIE and wet etching, which should be noted elevated manufacturing costs. 

Despite demonstrating utility, the half-shaft structure of these devices and arrangement 

of 130 MNs per chip limit these devices to sampling applications. They rely on a 

vacuum-assisted system to draw the skin onto the MNs to facilitate penetration without 

such negative pressure, insertion of all 130 MNs in a patch-style assembly, would 

require significantly higher force and could produce a ‘bed-of-nails’ effect. Whilst the 

devices achieved consistent sampling rates of 1 ml/min over a 15 min period, concerns 
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surrounding their elevated fabrication costs, lack of flexibility in application, and 

relatively shallow penetration depths should be noted. 

Drug delivery 

The drug delivery capabilities of silicon MNs has been demonstrated in multiple 

preclinical and clinical studies. Early work reported by Ma et al., (2006) utilised hollow 

silicon MNs (~ 200 µm height) fabricated via wet etching and integrated with a 

piezoelectric transducer (PZT) insulin pump to enable minimally invasive, precise 

insulin administration (203). However, despite providing a compelling proof-of-

concept for a miniature SC delivery device, the short needle height and cost-intensive 

fabrication process represent significant barriers to scalable application. 

Subsequently, clinical investigations explored ID delivery of the influenza vaccination 

in healthy adults using a four-needle silicon MN array administered up to 6 mg of 

vaccine and elicited immune responses comparable to 15 mg delivered via IM (204). 

This three-fold dose-sparing potential is highly desirable within the pharmaceutical and 

vaccination fields. Additionally, the study further highlighted the reproducibility of 

responses measured, which is vital to support regulatory filings for medical devices 

(204). This study, however, failed to include any individual over the age of 40 which, 

with respect to the influenza vaccination administered, would be the population most 

heavily requiring this medical intervention. To further support their progression 

through latter clinical trial stages, studies with a greater cohort size are required, in 

addition to short-term follow up investigation with vaccination trial participants.  

More recently, silicon MN arrays have been applied for ID delivery of live attenuated 

malaria vaccination in female BALB/c murine models (205). The devices, termed the 

ImmuPatch, were shown to influence the induction of central memory CD8+T cells, 
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with design parameters such as needle height and total pore volume significantly 

impacting immunogenicity. It is important to acknowledge, however, that the 

ImmuPatch was fabricated via wet etching, which, although precise, is both financially 

and environmentally costly, and significantly limits the achievable needle length. 

Biologic delivery 

Silicon MNs have been explored in the realm of biologics delivery, including that of 

nucleic acid-based treatments in pre-clinical murine models (206). Chiappini et al., 

(2015) utilised solid silicon nanoneedles manufactured from porous silicon, which, as 

opposed to bulk crystalline silicon, is degradable under physiological conditions. The 

study highlighted that the high aspect-ratio devices efficiently penetrated the skin and 

delivered the nucleic acid payload without inducing significant tissue damage. 

Similarly, Deng et al., (2016) deployed a solid silicon MN array (~ 200 µm height) to 

deliver a cholesterol-modified GAPDH small interfering RNA (siRNA) sequence into 

mouse ear skin with the aim of knocking down the GAPDH housekeeping gene as a 

proof-of-concept (207). This was successful, with a reported 66 % knock-down 

measured without significant off-target accumulation, promoting the benefit of local ID 

delivery. Despite presenting successful results from a drug delivery usage, the utility of 

the device was poorly characterised, with usage described as “press[ing] six times” with 

no measured insertion force or mechanical reproducibility (207). Notwithstanding these 

limitations, there is further scope for the utilisation of silicon MNs within the sphere of 

biologics delivery, with the expense surrounding their quality fabrication offset by the 

expense of the therapeutics delivered. 
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Integrated platforms 

Silicon MNs lend themselves to integration with sensors and electronic based medical 

devices due to their semi-conductor properties and MEMS-compatibility. High density 

silicon MN arrays (~ 9800 MN/cm2) have been integrated with electrochemical 

electrodes by Dervisevic et al., (2022) and used to monitor glucose levels in murine 

models in vivo (208). This study has been repeated within the field by Huang et al., 

(2024), who utilised silicon HMNs to simultaneously monitor glucose levels and 

deliver insulin in rats (209). This offers promise within the field, highlighting the 

potential of silicon MNs to produce fully integrated, wearable, minimally invasive 

systems.  

While these studies showcase the potential and versatility of silicon MNs within 

integrated platforms, current evidence is limited to preclinical testing and devices 

shorter than 600 µm. Nonetheless, they collectively highlight the utility of silicon MNs 

as core components for complex diagnostic and therapeutic systems. 

2.3.4. Limitations 

As with any emerging technology, silicon MNs face a range of hurdles that must be 

overcome to improve its translational potential. A principal obstruction to their clinical 

translation lies in the brittleness of silicon, which may increase the risk of fracture 

during insertion (210, 211). This presents safety concerns surrounding the risk of 

fractured fragments remaining in embedded in tissue, necessitating biocompatibility 

and cytotoxicity assessment to comply with regulatory standards for medical devices 

(212). Although silicon’s compatibility with integration into smart devices makes it 

attractive as a material choice, its rigidity may limit skin comfort for prolonged usage 

(213). Furthermore, the insertion mechanics of the devices are currently insufficiently 
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understood, rendering it difficult to definitively quantify fracture risk under clinical 

conditions. Even so, their geometric precision, specifically their sub-micron tip, have 

been evidenced to reduce insertion force, which may in turn mitigate potential 

fracturing (154, 187). 

Beyond the realm of mechanical concerns, cost-related limitations are often raised 

when comparing silicon MNs to their polymer alternatives (214). However, this is 

largely attributable to the small-batch fabrication and academic cleanroom settings 

currently used. In reality, the fabrication processes (specifically the photolithography, 

etching, and dicing) are very well established at scale within the semi-conductor 

industry and were developed on decades of advancement in the technology. As 

demonstrated within the chip industry, this fabrication process works on the economy 

of scale, and therefore costings of fabrication, are expected to decrease as fabrication 

scale increases. In this context, scalability remains both a realistic and achievable goal. 

Despite being widely regarded as an inert material, the biocompatibility of silicon in 

MN applications is lacking in evidentiary support. To date, there is insufficient 

evidence of compliance with the regulatory framework set out by the International 

Standards Organisation (ISO) Section 10993, which is the internationally agreed-upon 

series of standards for the biological evaluation of medical devices (215). This guidance 

sets out the scope of testing required to assess biocompatibility, including assessment 

of sensitisation, irritation, and importantly, cytotoxicity (215). Given the documented 

concern surrounding the fracture risk of silicon MNs, it is critical that cytotoxicity 

assessment is performed, particularly if the long-term wear in smart biosensing and 

drug delivery devices is to be capitalised on (215). Without clear evidence of 

compliance, the safety profile of silicon MNs cannot be fully established which, in turn, 

provides a barrier to regulatory approval and therefore clinical translation.  
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Taken as a whole, these limitations highlight the key areas of silicon MN research that 

require further investigation to enable the platform to progress through higher 

Technology Readiness Levels (TRLs). Each constraint, from mechanical performance 

and delivery repeatability to biocompatibility and manufacturing scalability, present a 

distinct challenge which must be addressed before commercialisation can be realised. 

Research targeting these areas will be fundamental to position silicon MNs as viable 

candidates for next-generation medical devices. 

2.4.  Challenges and considerations 

As MN-based platforms progress towards clinical and commercial translation, several 

key hurdles must be overcome to ensure successful rollout and long-term viability. 

Although widely discussed in modern product development, sustainability is often 

overlooked with respect to medical devices, where regulatory compliance with respect 

to biocompatibility and excellent safety profiles is prioritised. Nonetheless, concerns 

relative to material waste and environmentally intensive fabrication processes must be 

considered, both of which influence the cost-effectiveness and feasibility of scaled-up 

production. This section explores these factors, highlighting the challenges which must 

be addressed to enable these MN technologies to realise their full translational potential. 

2.4.1. Sustainability 

Sustainability with respect to environmentally friendly material choices and 

recyclability is increasingly recognised as a critical requirement in the development and 

introduction of new products. However, for medical devices, this issue may be eclipsed 

by performance demands. Medical implements are inherently performance-prioritised, 

with serious, and in some cases grave, consequences when cost is prioritised over safety 

and functionality. This poses a substantial challenge to the development of MNs, 
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especially silicon and metal devices. As recycling is not feasible, and nor is reuse, 

needles in general exhibit poor sustainability profiles.  

Since sustainability cannot be prioritised post-fabrication, considerations must be 

crafted during the fabrication process. This could cover the reduction of plastics and 

polymers usage in device fabrication, in addition to the reduction of chemical usage in 

semi-conductor based MN fabrication, both of which carry extensive environmental 

costs. The environmental implications associated with silicon based MNs is reflective 

of the broader silicon and semi-conductor manufacturing industry, which is known for 

its high energy demands. A single Intel fabrication facility (Ocotillo, Arizona) 

generated approximately 15,000 tonnes of waste in just three months (Jan – Mar 2021), 

with around 60 % of this classified as hazardous (216). Figures such as these highlight 

that en masse, wet chemical production of silicon MNs represents a significant 

contributor to global emissions. This calls for a dry-only fabrication process, which is 

achievable, but not yet commercially scaled in the medical field, such as dry etching in 

the production of silicon MNs. 

2.4.2. Scalability and manufacturability 

Manufacturability is a crucial criterion when considering the development of a new 

product. A forward-thinking approach is required to understand how best to scale up 

the research-level fabrication processes in order to streamline and simplify it, thereby 

significantly reduce production costs and render it suitable for cheaper, mass scale 

production. Furthermore, future research must broach methodologies for sterile good 

manufacturing practice (GMP); a topic whose importance has been stressed by 

regulatory bodies such as the FDA and the EMA (217, 218).  
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Current fabrication processes, such as those utilised by NanoPass, require a mix of wet 

and dry etching, which may lead to inflated costs (219). Therefore, a key consideration 

for future developments is the creation of process uniformity to streamline fabrication 

and improve cost-per-device efficiency (136, 220). 

2.4.3. Biocompatibility 

Biocompatibility, in the context of MNs, is defined as the ability of a device material 

to perform its intended function without eliciting an unacceptable adverse event in the 

host (221). This consideration is especially critical for MNs, which breach the skin 

barrier, reside within the dermal compartment, and deliver therapeutic agents. 

Therefore, given their direct contact with the skin and the potential for systemic 

exposure, long-term safety risks must be thoroughly evaluated.  

Biocompatibility profiles must be established for each material and classification, with 

literature reports often forming the basis for justification in investment in one material 

over the other. Metals, while generally well-tolerated, may pose allergy risks; polymers, 

though tuneable in degradation and integrity, can trigger inflammatory responses; and 

silicon, despite its inert nature, is brittle and may fracture under stress (222).  

For SMNs specifically, biocompatibility considerations extend beyond the base 

material to include the formulation coating, which must be assessed individually and in 

combination with the device (223). Sterility and stability studies are vital to ensure 

safety and efficacy throughout the product’s shelf life and clinical usage.  

The industry standard for the biocompatibility and cytotoxicity testing of medical 

devices, ISO 10993, lays out the regulatory expectations for MNs as standalone and 

combination products (215). This standard must be articulated clearly within the 
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regulatory pathway to aid the successful translation of MN-based products from 

research to the clinic. 

2.4.4. Regulation and safety 

Despite an already rigorous regulatory assessment pathway, scrutiny surrounding 

medical devices is at a peak, with widespread misinformation available to the general 

public and heightened public scepticism, particularly following the rise of the anti-vax 

movement during the COVID-19 pandemic (224). Further challenges include the 

requirement for a co-approval process, which requires the submission of both the 

constituent drug and the product as a whole (225). For example, NanoPass silicon MN 

has received FDA regulatory approval, however this is limited, with it registered as a 

non-combination device, and only licenced for use delivering substances which have 

existing intradermal delivery approval (226). Despite the constraints around this 

approval, this may potentially pave the way for a smoother process of regulatory 

pathway for future MN platforms (219). 

As a novel medical device aiming to surpass a well-established current technology, 

safety concerns, spanning from breakages to increased local irritation, must be 

negligible. Polymeric MNs currently demonstrate favourable safety profiles, due to the 

wider range of biocompatible polymers available (38, 227). Despite the more 

favourable polymeric material, these needles require a significantly greater penetration 

force requiring an applicator to ensure proper puncture and to prevent the needle 

bending upon contact (228). This presents a gap in current literature for a product which 

is sharp enough to limit insertion force and therefore minimise damage to the 

surrounding tissue; an area where silicon MNs may offer a distinct advantage in.  
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For vaccination applications, chronic usage studies will not be necessary. However, for 

applications with chronic dosage such as the treatment of pain, cancer, and diabetes, 

continuous safety monitoring will be required. Safety considerations go beyond 

material selection to include the quantity of dosage actually delivered in the case of 

dissolvable polymeric and coated MNs, which can be difficult to confirm. This 

highlights a key benefit of HMNs, as the quantity of drug delivered can be measured in 

the conventional manner with tools such as luer lock syringes. 

2.5.  Conclusion 

MNs are a rapidly evolving area of research, with substantial translational and clinical 

potential. An increasing array of MN materials and geometries are available, each 

requiring thoughtful selection based on their intended application. Among these, SMNs 

are the most evolved devices thus far, typically fabricated from polymers. These, 

however, are typically associated with high penetration forces, reduced penetration 

efficiency, and limited dose loading capabilities.  

Current research stresses a need for a taller, mechanically robust MNs, with a reduced 

tip angles to improve patient comfort and insertion repeatability. There is a particular 

growing demand for taller HMNs that enhance the dosing capacities and enable better 

immune cell targeting. Silicon-based SMNs and HMNs offer a promising solution, 

providing longer, sharper tipped needles with larger bores for increased dosage. 

Nonetheless, they require further development to fulfil their clinical potential, with a 

focus on their mechanical strength and safety profile. 

This research was designed to address crucial technical barriers to silicon MN 

development – tackling fabrication scale, insertion mechanics, cytotoxicity, and 
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delivery performance. This thesis serves to provide foundational evidence to support 

the advancement of silicon MN characterisation and industrial-scale manufacture. 
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3. Chapter 3: Small-Scale Manufacture 

The focus of this chapter is to outline the fabrication processes utilised for the small-

scale manufacture of solid and hollow silicon MNs. Manufacturing reported here 

focuses on 100 mm silicon wafers and reports the fabrication workflow and 

characterisation techniques used for device assessment. Challenges associated with 

small-scale MEMS production are also discussed.  

3.1.  Introduction 

MNs are devices designed to facilitate minimally invasive drug delivery with improved 

dermal targeting, offering a promising alternative to conventional hypodermic needles. 

As MN research continues to expand, a wide range of device formats and corresponding 

fabrication methodologies have emerged, including injection- and micro-moulding-

based polymer devices, wire-bonded metal structures, and hydrogel MNs produced via 

3D printing (229). The first MN devices developed for drug delivery were 

manufactured from silicon, utilising scalable processes adapted from the MEMS 

industry. These silicon-based fabrication techniques enable a stepwise, 

photolithography-driven approach capable of producing both solid and hollow 

geometries with minimal variation between process runs. 

Although recent years have seen a shift towards polymer-based MNs due to their 

manufacturing simplicity, limitations in achievable tip sharpness and confinement to 

solid geometries have prevented them from matching the structural precision and 

functional versatility offered by silicon-based designs (145, 214, 230). Despite the high 

resolution and tunability of MEMS-based processes, the reproducible fabrication of 

high-aspect-ratio silicon MNs, particularly hollow architectures with well-defined 

bores, remains a non-trivial challenge. In addition to process intricacies, further 
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fabrication difficulties associated with deep etches can lead to common defects in high-

aspect ratio MEMS devices including tapering at the base, and the formation of silicon 

‘grass’ on the substrates base (231). This ‘grass’, also referred to as black silicon, is 

areas which have been unevenly masked and etched, producing residual spike like 

material on device trenches. These issues must be addressed to ensure high-quality 

manufacture. 

In this chapter, DRIE was utilised as previously reported by Bolton et al., to fabricate 

the MN devices pictured in Figure 8 (137). This past work established the base 

methodology for device production, with the work reported here focused on adapting 

this approach to produce both better quality and yield of solid (SMN) and hollow 

(HMN) silicon MNs. Detailed in this chapter are the additions made for incremental 

improvement of the methodology, including a smoothing etch (US Patent Number: 

US12417910B2), SiO2 hard masks, and a wet etch which were used to improve 

fabrication fidelity and reduce common defects, such as the presence grass and residual 

walls (232, 233). Yield was evaluated at both the individual needle and array level, 

allowing correlation between design choices and process success. Visual 

characterisation was conducted using profilometry and scanning electron microscopy 

(SEM) as the field standard, with mechanical characterisation performed on the final 

array structures to assess structural integrity under compressive loading.  

Figure 8. Scanning electron microscope image of silicon microneedle previously produced 
based on the methodology used in this project 
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3.2.  Materials and methodology 

This section outlines the materials, chemicals, methodologies, and process flows used 

for the small-scale manufacture of both hollow and solid silicon MNs at 100 mm wafer 

scale. The core approach reported builds on previously reported fabrication processes, 

with modifications and inclusions aimed to improving feature fidelity, quality, and 

yield.  

3.2.1. Materials 

The materials used in the initial fabrication process are reported here. It details the 

substrates, equipment, and chemicals utilised, providing a foundation for the following 

subsection on experimental implementation. 

Silicon wafers 

Device wafers were custom ordered to meet the criteria detailed in Table 4. The batch 

process was initiated with 10 device wafers. Oxide coated standard 150 mm diameter 

silicon wafers (675 µm thickness) were utilised as carriers for the 100 mm devices 

wafers due to the tools 150 mm handling size infrastructure. 

Table 4. Properties of silicon wafer starting material 

Property Value 
Material Silicon 
Diameter 100 mm 
Thickness 1400 µm 

Polish Double sided 
Doping p-type 

Resistivity < 10 Ω⋅cm 
Orientation <100> 

Chemicals 

The solvents and chemicals required for the fabrication of silicon MN devices, 

including solvents, PRs, and chemical etchants, are outlined below. 
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Solvents 

Acetone (CAS: 67-64-1) and isopropyl alcohol (IPA) (CAS: 67-63-0) were used for 

solvent cleans throughout the fabrication process. 

Adhesion promoters 

Ti Prime was used as a wafer adhesion promoter in device fabrication. Due to its 

hexamethyldisilane (HMDS) base, Ti Prime modified the blank device wafer surfaces 

to form a hydrophobic silane monolayer to promote resist bonding and reduce resist 

lifting and edge bead formation. 

Crystalbond 555-HMP (CAS: 9016-45-9) adhesive was used to bond device wafers to 

carrier wafers. Upon heating (66 oC thermal flow point) the Crystalbond enabled wafer 

mounting, which solidified upon cooling. Post etch, the wafers unmounted by heating 

again to melt the Crystalbond.  

Photoresists 

Three PRs were utilised in the fabrication process: two positive (AZ MIR 701 and AZ 

4999) and one negative (AZ 125nXT-10A). AZ MIR 701, a spin coating resist, contains 

the photoactive compound (PAC) diazonaphthoquinone (DNQ). Upon exposure to UV 

light, DNQ underwent a Wolff rearrangement, producing a carboxylic acid derivative 

which has increased solubility to developer. Resultantly, exposed resist regions 

dissolved upon developing, leaving the desired pattern. AZ 4999, also a positive resist, 

was utilised primarily for spray coating. AZ 4999 underwent thermal degradation of its 

resin matrix under high dose UV, resulting in the dissolution of exposed areas under 

development. 

AZ 125nXT-10A, a negative PR, was applied via spin coating to the wafer surface. AZ 

125nXT-10A crosslinked under exposure to UV, resulting in polymerisation of the 
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exposed regions. Resultantly, upon development, the unexposed areas dissolved, 

producing the required pattern. 

Developing agents 

Developing agents were used to selectively dissolve portions of PR after UV exposure, 

revealing the desired patterning on the wafer. AZ 726, a mild, tetramethylammonium 

hydroxide (TMAH)-based, metal ion free developer, was used to dissolve 

uncrosslinked resist. AZ 400K, a strong TMAH-based developer, was used for more 

aggressive development of exposed areas of positive resist. 

Chemical etchants 

Hydrofluoric acid (HF) in the form of buffered oxide etch (BOE) 7:1 was utilised to 

perform a wet etch for SiO₂ removal. BOE 7:1 consisted of a mixture of seven parts 

ammonium fluoride (NH₄F) solution and one part 40 % HF, with the ammonium 

fluoride acting as a buffering agent to stabilise the etch rate and improve process 

control. The BOE etching process was based on a dissolution-precipitation mechanism, 

which was underpinned by the following chemical reaction:  

𝑆𝑖𝑂! + 6𝐻𝐹	 → 	𝐻!𝑆𝑖𝐹" + 2𝐻!𝑂 

Stripping agents 

P1316 was used as a PR stripping agent post etch, functioning by swelling and 

dissolving the resist polymer and releasing resist adhesion to wafer surfaces. 

Photolithography masks 

Photolithography masks were designed using KLayout (version 0.27.11) and 

manufactured by Photronics with the appropriate polarity specified for each layer. Each 

mask included alignment marks to ensure accurate registration between successive etch 
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steps, ensuring the bore patterning was placed correctly on the bevel structure, and 

subsequently the shaft patterning was placed correctly on the bevel structure with 

respect to bore location. CD check structures were also incorporated into each mask to 

enable verification of feature sizes following development and etching. 

Marker 

Alignment mark bases required for each subsequent etch step were patterned onto the 

wafer using the marker photolithography mask. Each CD check region on the marker 

mask was labelled according to its corresponding etch step (marker, bevel, bore, shaft, 

and dicing), and each alignment mark on the respective etch masks was likewise 

labelled to maintain consistency and enable accurate registration throughout the 

fabrication process (Figure 9). 

Figure 9. Alignment marks and critical dimension checks etch steps and dicing 
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Bevel 

The bevel patterning can be seen below, with the bevel alignment marks (Figure 10). 

Figure 10. Photolithography patterning for bevel etch (left) and bevel alignment marks (right)  

Bore 

The bore patterning can be seen below, with the corresponding alignment marks (Figure 

11). The pitch on these device wafers are 1300 µm. 

Figure 11. Photolithography patterning for bore etch (left) and bore alignment marks (right) 

Shaft version 1 

Two versions of the shaft pattern were employed across different wafers within the 

processed batch. Version 1 featured a box-style architecture surrounding each array, 

which reduced the open silicon area exposed for etching (Figure 12). Both versions 

utilised identical alignment marks and CD check structures; the only variation was the 

inclusion of the coffin-style design in Version 1. 
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Figure 12. Photolithography patterning for shaft etch (left) and shaft alignment marks (right) 

Shaft version 2 

The Version 2 of the shaft mask can be seen below Figure 13, with the coffin style walls 

absent. Alignment marks for the shaft design can be seen in Figure 12. 

Figure 13. Photolithography patterning for shaft etch 
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3.2.2. Experimental instrumentation and manufacture methodology 

This subsection details the equipment and chemicals used in the manufacturing process, 

before the detailed process flow is presented in subsection 3.2.3. A schematic of the 

manufacturing process can be seen in Figure 14.  

Figure 14. A schematic representation of the fabrication process flow to manufacture hollow 
silicon microneedles. Four distinct etch steps are labelled as marker (a-d), bevel (e-g) 
smoothing (h), bore (i-l), and shaft (m-p). Colours represent silicon (grey), silicon nitride 
(Si3N4, green), photoresist (red), and silicon dioxide (SiO2, blue). Fabrication of solid 
microneedles omits bore processing (i-l). Fabrication steps are provided in detail in subsection 
3.2.4: Out of plane silicon microneedles 100 mm fabrication 

Wafer cleaning 

Sonicator 

A sonicator was used for solvent-based wafer cleaning steps at various stages 

throughout fabrication. This process, referred to as a solvent clean, involved immersing 

the wafers in 100 ml of acetone for 10 mins, followed by 100 ml of IPA for 5 mins. 
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Ultrasonic agitation was utilised to enhance the removal of organic contaminants and 

surface residues. The cleaning mechanism relies on the generation of high-frequency 

acoustic waves in the solvent bath, which produce cavitation bubbles that collapse near 

the wafer surface and dislodge adhered material without mechanical abrasion. 

Plasma asher 

A plasma asher was used as a surface cleaning tool for device wafers to ensure that no 

organic residue remained prior to processing. The system operates by applying a radio-

frequency electromagnetic field to oxygen gas under vacuum conditions, ionising the 

gas to form a reactive plasma composed of atomic, ionic, and radical oxygen species. 

These species chemically react with organic materials on the wafer surface, generating 

volatile by-products such as carbon dioxide (CO₂), water (H₂O), and carbon monoxide 

(CO). Exposure time was limited (< 5 mins) to avoid unwanted degradation of PR 

layers, where applicable, while ensuring sufficient removal of surface contaminants. 

Compressed N2 gun 

A compressed air gun was used during post-cleaning and drying steps to remove 

residual solvent, moisture, or particulate from the wafer surface. The device delivers a 

controlled stream of pressurised air, enabling non-contact removal of contaminants 

prior to subsequent processing, without introducing mechanical stress or surface 

damage. 

Photolithography and coating 

The photolithographic processes used in the fabrication of hollow and solid silicon 

MNs, including spin and spray coating techniques, are detailed in this subsection. Each 

process of applying a PR is referred to as a recipe, those reported here are optimised to 

ensure uniform coverage across a 100 mm wafer.  
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Spin coater 

A Laurell WS-650 spin coater was used for the uniform application of adhesion 

promoters and PRs onto the wafer surface. A 100 mm vacuum chuck was used to 

securely hold each device wafer in place during spinning. The materials were manually 

dispensed onto the centre of the wafer prior to spin initiation. The system operates by 

spreading the material via centrifugal force, forming a thin, uniform film. Multi-stage 

spin protocols were employed in some cases to accommodate the increased mass of the 

wafers and the viscosity or thickness of certain resists. Acceleration and spin speed 

parameters were adjusted to ensure consistent coverage and minimise defects such as 

edge beading or streaking. The recipes used are detailed in Table 5 and are based on 

industry standard advice taken from the manufacturers datasheet. 

Table 5. Spin coating recipes for Ti Prime, AZ MIR 701, and AZ 125nXT-10A 

Spin 
Coater 
Recipe 

# 

Chemical Recipe 
Step 1 Step 2 

name class rpm accr time (s) rpm accr time (s) 

1 Ti prime adhesion 
promoter 4000 1000 20    

2 AZ 
MIR701 

positive 
photoresist 3000 1000 45    

3 
AZ 

125nXT-
10A 

negative 
photoresist 300 300 5 1500 1000 30 

Spray coater 

A SUSS MicroTec AS8 spray coater was employed for PR deposition on substrates 

where spin coating was unsuitable, such as mid-process wafers with significant 

topography e.g., bevels. This system utilises a fine atomised spray to deposit a uniform 

resist layer by directing aerosolised PR down onto the substrate, allowing uniform 

coverage over three-dimensional features. Process parameters utilised are detailed in 

Table 6 and are based on industry standard advice taken from the manufacturers 
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datasheet. PR AZ 4999 was dedicated to this spray coater therefore the typically 

required dilution with acetone was not necessary. 

Table 6. Spray coating recipe used for AZ 4999 

Chemical Recipe 

name resist 
type 

pump 
flow 

(ml/min) 

chuck 
temperature 

(oC) 

N2 
flow 
(bar) 

sled 
speed 

(mm/s) 
pitch scan 

number 

nozzle 
height 
(mm) 

AZ 
4999 positive 2.5 70 1.3 120 4 12 20 

Hot plates 

An EMS 1000-3 precision electronic hot plate was used for thermal processing steps 

including PR baking. This model features lift pins positioned within a 20 mm radius. 

The hot plate provided stable and accurate temperature control, ensuring consistent 

soft-bake and hard-bake conditions critical for optimal resist adhesion and profile 

development. 

Mask aligner 

A SUSS MicroTec MA8 UV mask aligner was used for photolithographic patterning 

of the wafers. This contact aligner utilises UV light exposure to transfer patterns from 

photomasks onto PR-coated substrates via polymerisation. The MA8 allowed the soft 

contact of a glass mask, held via vacuum, to the wafer during exposure to minimise 

damage to the resist layer and maximise accuracy. It provided precise alignment 

capabilities (accuracy < 0.5 µm) on both the top and bottom sides of the wafer, ensuring 

accurate patterning, critical for MN fabrication such as bore and shaft alignment. 

Exposure was facilitated by a 1000 W mercury lamp positioned perpendicular to the 

mask. Details of the exposure energy (mJ/cm²) are provided in the relevant 

manufacturing step in subsection 3.2.3. 
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Thin film processing 

Thin film processing in the form of plasma-enhanced chemical vapour deposition (PE-

CVD) was utilised and is reported here. This was used to form a hard mask and etch 

stop layer to facilitate processing and ensure device quality. 

Plasma-enhanced chemical vapour deposition 

A PE-CVD system (KLA UK) was used to deposit dielectric thin films at two stages of 

the process. In the first instance, a layer of silicon nitride (Si₃N₄) was deposited to act 

as a hard mask on the wafer surface for subsequent etch patterning steps. Later in the 

fabrication process, a silicon dioxide (SiO₂) layer was deposited to serve as an etch-

stop layer and hard mask. 

PE-CVD operated by introducing precursor gases into a low-pressure vacuum chamber, 

where a radio-frequency (RF) plasma was generated to dissociate and activate the gas 

species. For the Si₃N₄ deposition, the precursor gases were silane (SiH₄), ammonia 

(NH₃), and nitrogen (N₂). For the SiO₂ deposition, silane (SiH₄) and nitrous oxide (N₂O) 

were used. The plasma provided sufficient energy to initiate surface reactions at 

relatively low substrate temperatures, leading to the formation of thin, conformal 

dielectric layers. This process allowed for the controlled deposition of Si₃N₄ and SiO₂ 

with good step coverage and uniformity. 

Etching 

Inductively coupled plasma reactive ion etching 

An inductively coupled plasma (ICP) etcher (KLA UK) was used to etch through the 

silicon nitride (Si₂N₄) hard mask and expose the underlying silicon according to the 

mask design. Inductive coupling between the radio-frequency (RF) antenna and the 

plasma generates a region of high-density plasma, whereby an alternating radio 



~ 71 ~ 
 

frequency (RF) magnetic field induces an electric field that energises free electrons and 

sustains process gas ionisation. A primary RF generator (2 MHz) powers the ICP coil 

to control both plasma density and ion flux, while a secondary RF generator 

(13.56 MHz) was applied to the lower electrode (platen) to establish a substrate bias 

which accelerates ions toward the wafer surface, enhancing directional etching. 

Deep reactive ion etching 

DRIE was performed using the DSi-v™ system (KLA UK) to define high-aspect-ratio 

features on the MN wafers, including the deep bore and shaft structures. The system 

utilised an ICP source to generate a high-density plasma, and a RF bias was applied 

beneath the platen to accelerate ions toward the substrate surface. To accommodate the 

150 mm wafer handling configuration of the tool, all 100 mm device wafers were 

mounted onto standard 150 mm silicon carrier wafers to ensure compatibility with the 

electrostatic chuck (ESC) and robotic wafer handling. 

The bore and shaft etching was performed using a three-step switched Bosch process 

consisting of: (i) deposition (passivation), (ii) a physical etch (E1), and (iii) a chemical 

etch (E2) (Figure 15). A mix of SF6 and O2 gases were utilised switched etching to 

physically and chemically remove material respectively. The bevel etch (E2) was 

performed using non-switched etching. 
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Figure 15. Etch cycle diagram depicting the deposition, physical, E1 and chemical E2 etches 
(137) 

In the deposition step, octafluorocyclobutane (C₄F₈) was introduced into the chamber 

where it was ionised, producing fluorocarbon polymer precursors, which deposited 

conformally (Equation 1). 

𝐶!𝐹"# 	+ 	𝐶$𝐹% 	→ 	𝐶!&$𝐹"&% 	+ 	𝑒# 

Equation 1. The ionisation of octafluorocyclobutane during the deposition step 

 

E1-mediated physical removal of the passivation from the base of the etched features 

was achieved through ion bombardment. O2 gas dissociates reacted with carbon in the 

polymer to enable chemical based removal. Sulphur hexafluoride (SF₆) gas was 

introduced into the plasma and underwent dissociation and ionisation, producing 

charged species (SF₅⁺ and SF₆⁻) which were accelerated by the RF bias towards the 

wafer (Equation 2). These ions remove passivation layer from horizontal surfaces, 
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exposing the silicon beneath, while preserving sidewall protection due to their 

anisotropic trajectory. 

𝑆𝐹' 	+ 	𝑒# →	𝑆𝐹(& 	+ 	𝐹 • 	+	2𝑒# 

𝑆𝐹' 	+ 	𝑒# →	𝑆𝐹'# 

Equation 2. The ionisation of sulphur hexafluoride during the physical etch (E1) 

 

In the chemical etch (E2), the exposed silicon reacted chemically with neutral fluorine 

radicals (F•), which were also produced from SF₆ dissociation in the plasma (Equation 

3). These fluorine radicals etched the silicon to form volatile silicon tetrafluoride (SiF₄), 

which was continuously removed by the exhaust pump (Equation 3).  

𝑆𝐹) 	+ 	𝑒# → 	𝑆𝐹)#* + 	𝐹 • 	+	𝑒# 

4𝐹 •	+	𝑆𝑖	 → 	𝑆𝑖𝐹$ 

Equation 3. The reaction underpinning the chemical etch (E2) 

 

The cyclic repetition of these three steps enabled vertical, high-aspect-ratio structures 

to be etched. The DSi-v™ tool included additional hardware features such as an 

automatic pressure control (APC) valve to finely regulate chamber pressure, an 

internally cooled platen to manage wafer temperature, and a backside helium gas flow 

to enhance thermal conduction. The ESC ensured uniform wafer clamping and 

positional stability throughout the extended etch cycles. These features collectively 

contributed to the process uniformity and precision required for MN fabrication. 

3.2.3. Analytical methodology and characterisation 

Outlined in this subsection are the analytical techniques and characterisation 

methodologies used for the evaluation of the fabrication process and final devices. This 
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includes procedures for within-production quantitative assessment, in addition to 

qualitative imaging of fabricated devices. 

Structural and optical characterisation 

Characterisation of devices has been performed both structurally and optically 

throughout the fabrication process. The subsection below outlines the methodologies 

and techniques used for performing this characterisation. 

Ellipsometer 

An ellipsometer (J. A. Woollam M-2000) was used to measure the thickness of the 

dielectric layers deposited via PECVD. Ellipsometry is a non-destructive optical 

technique that determines thin film thickness by measuring the change in the 

polarisation state of light upon reflection from the wafer surface. The incident polarised 

light undergoes a change in amplitude and phase, which was measured and modelled 

to extract film thickness. 

Profilometer 

A stylus profilometer (Bruker Dektak XT, Bruker Corporation) was used to measure 

the thickness of PR layers following spin coating and soft baking. The stylus was 

scanned across a resist-free step under a defined contact force, and the resulting height 

profile was used to determine the resist thickness. 

Optical microscopy 

A digital optical microscope (VHX-6000 Series, Keyence Corporation) was used to 

perform CD checks on patterned wafers following photolithography development and 

post-etch processes. Measurements included feature sizes specific to each photomask 

design, such as bore and shaft diameters of the MN structures. The system enabled high-
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magnification imaging and dimensional analysis to verify patterning, resist integrity, 

and etch accuracy. 

Scanning electron microscopy 

SEM was used to image MN structures at key stages of fabrication. Two systems were 

employed: a Hitachi S-4800 ultra-high-resolution field emission SEM and a Zeiss EVO 

LS25 variable pressure SEM. 

Samples were mounted onto aluminium stubs using conductive adhesive and sputter-

coated with a thin layer of gold to minimise charging. The stubs were placed on the 

sample stage within the SEM chamber, which was pumped down to ensure a vacuum 

environment. A focused electron beam was generated at the top of the SEM column 

and accelerated toward the sample under high voltage (Figure 16). The beam was 

directed through a series of electromagnetic lenses, which narrowed and focused it onto 

the sample. On impact, the primary electrons interacted with surface atoms, resulting 

in the emission of secondary electrons. These were detected and mapped to construct a 

high-resolution greyscale image of surface morphology. 

Figure 16. Schematic of scanning electron microscope apparatus 
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The Hitachi S-4800 system, equipped with a cold field emission electron source, 

provided magnification up to x1,000,000 and a resolution of approximately 1 nm. 

Imaging was conducted under high vacuum to assess sidewall structure, tip 

morphology, and surface quality. The Zeiss EVO LS25 system, equipped with a 

tungsten filament electron source, offered the same magnification range (x1,000,000) 

and a resolution of approximately 3.49 nm. Sputter-coated samples were used 

throughout to ensure consistency across both platforms. 

Mechanical characterisation 

Mechanical characterisation is critical to understanding of device safety and 

performance. The equipment and methodology used for this characterisation is reported 

below. 

Force station 

Mechanical compression testing was performed using a Tinius Olsen Universal Testing 

Machine 1ST. The silicon MN samples were arranged into a square comprised of five 

linear 1x5 arrays. The tested groups included silicon SMNs, silicon HMNs, and 

polymer MNs. Compression was applied using flat aluminium platens at a controlled 

displacement rate of 0.01 mm/s. The maximum applied force was set to 5 N with a load 

cell capacity of 25 N and a force limit of 5 N to prevent damage exceeding the intended 

testing range, in line with that reported as appropriate for human skin insertion by Singh 

et al., and Satti et al., (234, 235). This method enabled evaluation of force-displacement 

behaviour and mechanical robustness under quasi-static loading conditions. MN 

samples were visually inspected via SEM post compression. 
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3.2.4.  Out of plane silicon microneedles 100 mm fabrication 

This subsection outlines the fabrication process flow for the production of silicon 

microneedles in an out of plane manner. The manufacturing process described below 

was performed on 100 mm wafers, and produced solid and hollow devices, depending 

on the inclusion of the bore etch. 

Marker 

A solvent clean (sonication in 100 ml acetone and IPA for 10 and 5 mins respectively) 

was performed on all wafers, followed by a 10 mins O2 plasma ash. PE-CVD was used 

to deposit 50 nm Si3N4 on each wafers surface. The thickness of this was measured and 

confirmed using the ellipsometer. 

Wafers were then spin coated with Ti Prime (recipe 1, Table 5) and baked for 2 mins at 

120 oC. Wafers were spin coated with 5 ml AZ MIR 701 (recipe 2, Table 5). Coated 

wafers were softbaked (90 oC, 180 s) and allowed to rehydrate (2 mins rest) prior to 

hard contact UV exposure (150 mJ/cm2) via the MA8 mask aligner utilising the marker 

glass mask (alignment marks found in Figure 9). A post-exposure bake (110 oC, 90 s) 

was performed, prior to a 1 min development in 2:1 AZ 726: deionised (DI) H2O. 

Wafers were rinsed in DI wafer, and dried with a N2 gun, before having CD and 

development checks across (centre, north, east, south, west) via the Keyence 

microscope.  

Patterned wafers were etched using the ICP (200 nm Si3N4), following which a strip of 

residual PR was performed using P1316 (75 oC, 10 mins). Wafers were then rinsed in 

DI water and dried.  
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Bevel 

A solvent and plasma clean was performed on all wafers prior to being spin coated with 

5 ml AZ 125nXT-10A (recipe 3, Table 5). Resit was allowed to homogenise (5 mins) 

prior to a softbake (130 oC, 13 mins), after which they were rested again (5 mins 

rehydration). Coated wafers were exposed with using the bevel glass mask (Figure 10) 

with soft contact (1500 mJ/cm2) and then developed in AZ 726 (4 mins). DI water rinses 

were performed, wafers were dried, and CD, development, and alignment checks were 

performed on the patterned wafers.  

Wafers were mounted onto 150 mm carrier wafers (Section 3.2.1.2.2) and then loaded 

into the DSi-v™ and etched using an E2 etch recipe. Upon etch completion, the wafer 

was un-mounted from carrier, which was disposed of. Etched wafers underwent a PR 

strip, submerged in P1316 (70 oC) in two 30 min baths, prior to DI water rinses, and a 

solvent clean. 

Smoothing 

To reduce surface roughness of the bevelled surface, improve etch uniformity, and 

ensure a smooth surface for the deposition of photolithography, a smoothing etch was 

performed. Wafers were mounted to carriers, and a smoothing etch was performed 

using the DSi-v™, following which they were debonded and a solvent clean was 

performed on the device wafers. 

Bore 

SiO2 (4000 nm) was deposited via PE-CVD on the topside (bevel side) of the wafer to 

produce a backstop for the bore etch. Wafers were pre-baked at 150 oC (10 mins) prior 

to spin coating 5 ml AZ 125nXT-10A on the backside of the wafer. Resist was allowed 

to homogenise for 5 mins prior to undergoing a softbake at 130 °C for 13 mins. The 
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wafers were then rested and allowed to rehydrate for a further 5 mins. Coated wafers 

were exposed using the bore glass mask (Figure 11) under soft contact mode, with a 

dose of 1500 mJ/cm², and subsequently developed in AZ 726 for 2 mins. DI water rinses 

were carried out, the wafers were dried, and CD, alignment, and development checks 

were performed on the wafers. 

Wafers were then mounted onto 150 mm carrier wafers using Crystalbond, loaded into 

the DSi-v™, and etched using switched etching. Upon completion of the etch, the 

device wafers were unmounted from their carriers, which were discarded.  

P1316 (2x 30 min baths at 70 oC) was then used to strip residual resist from the etched 

wafers. DI rinses and solvent cleans were performed, followed by CD checks using the 

Keyence microscope. 

Shaft 

Wafers underwent a 10 minute dehydration bake prior to being spraycoated (topside) 

with AZ 4999 (recipe found in Table 6). Coated wafers were allowed to homogenise (5 

mins) before a short soft bake (100 oC, 2 mins) and longer rehydration (2 hours). Wafers 

were exposed to UV at 2800 mJ/cm2 using soft contact on the MA8 mask aligner, 

utilising the shaft glass mask. Wafers 3-5, 7, 9-10 used shaft mask version 1, and wafer 

6 and 8 used shaft mask version 2 (Table 7). Post-exposure, a 10 minute submergence 

in AZ 400K was used to develop the shaft patterning. Wafers were rinsed in DI water 

and dried with compressed N2.  

An HF etch (BOE 7:1, 21 mins) was used, followed by 2x DI H2O rinses, to remove 

the 400 nm SiO2 from the topside of the wafer in areas not protected by the shaft-

patterned PR. 
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Shaft-patterned wafers were mounted onto carriers using Crystalbond (3.2.1.2.2) and 

were loaded into the DSi-v™ where they were etched. Etch recipe R07 was utilised for 

wafers 3-6 and 9-10, and R08 utilised for wafer 7, with differences being an increase in 

the number of loops of switch etching utilised. A hybrid between the two was also 

trialled (R07.2) for wafer 8. Post-etch, device and carrier wafers were debonded, and 

the device wafer was submerged in P1316 for a PR strip (2x 30 min baths, 80 oC) 

followed by 2x DI H2O rinses.  

Table 7. A matrix of the wafer number, the device type produced, and the shaft mask and recipe 
number utilised 

 

 

 

 

A second HF etch (BOE 7:1, 23 mins) was used to remove any remaining SiO2, 

followed again by 2x DI H2O rinses. To complete device fabrication, wafers were then 

rinsed in DI water and dried with compressed air. 

Dicing 

Device wafers were saw diced by DISCO HI-TECH EUROPE to release the MN arrays 

with the below specifications on die size (Table 8). 

Table 8. The parameters and dimensions specified for dicing lanes 

Parameter Value 
Wafer size 100 mm 

Wafer thickness 1400 µm 
Die dimensions 1650 x 7500 µm  

Street width 600 µm 

Wafer # MN Type Shaft Mask Shaft Etch Recipe 
3 

HMN 

V1 R07 4 
5 
6 V2 
7 V1 R08 
8 V2 R07.2 
9 SMN V1 R07 10 
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3.3.  Experimental results 

The experimental results reported in this chapter will cover each wafer sample produced 

via each etch recipe optimised, as well as mechanical characterisation. This section 

reports on the post-fabrication results of hollow devices produced via recipe R07 

(wafers 3, 4, 5, and 6), R08 (wafer 7), R07.2 (wafer 8), in addition to solid devices 

produced via recipe R07 (wafer 9 and 10). 

3.3.1. Visual characterisation 

Results reported here pertain to the SEM images obtained post-fabrication, enabling 

comment on the quality of the devices produced. Comment will be made highlighting 

the fidelity of the features and the presence of any defects.  

Hollow: R07 

The below reports on the visual characterisation of hollow devices on wafers number 

3-7. These devices were produced using shaft recipe R06. 

Wafer 3 

The wafer had areas of unetched silicon with lots of areas of artifacts across the surface 

(Figure 17). Pitting was present on the wall area as well as in some areas at the wafer 

base. Crystalbond used for bonding device to carrier wafer appeared to weep up and 

flow through bores, masking a wider area than required for the shaft patterning, 

preventing etching.  

On devices that were etched, good height was measured (approximately 600 µm). Tip 

area was damaged during the etch, preventing the formation of a sharp tip, as the design 

intended. Over etching was present around the bevelled face of the needle where the 

Crystalbond would have met the wafer surface. Minimal residual wall was observed 
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immediately behind the devices; however, it cannot be determined if the wall was 

present in areas which were masked by the Crystalbond. Minimal grass on the open 

area of silicon was observed. 

Figure 17. Scanning electron microscope images of wafer 3 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scales can be seen on the bottom right of each image 

Wafer 4 

Device features and CDs were consistent across wafer 4, with consistent height 

(approximately 550 µm) (Figure 18). No pitting was observed. The bevelled face has 

minimal undercutting, and a sharp, defined tip was observed across all devices. A thin, 

short wall was present behind the devices in some areas, and absent in others, appearing 

sporadically across the wafer. No other grass was observed across the device wafer. 

 

 

a b 

c d 
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Figure 18. Scanning electron microscope images of wafer 4 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scale for each image can be seen on the bottom right 

Wafer 5 

Wafer 5 showed a good quality etch across the entirety of the device wafer. A consistent 

height device was produced across the wafer, at approximately 600 µm (Figure 19). A 

consistent bevelled surface and tip sharpness was observed, with minimal bevel and 

shaft undercutting. A thin wall was present in some areas but was not consistently 

present. Very minimal grass was observed in the open area, with a clean etch observed 

across the majority of the wafer.  

The use of the SiO2 cap improved the protection of the bevel structure of the MN 

(Figure 20). These needles produced with the cap displayed a greater degree of control 

over the areas etched, reducing the over etching and undercutting of the PR, resultantly 

a b 

c d 



~ 84 ~ 
 

preserving the bore size and the encroachment of the silicon surface between the bore 

and the edge of the needle. 

Figure 19. Scanning electron microscope images of wafer 5 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scales can be seen on the bottom right of each image 

 

Figure 20. Scanning electron microscope images of a silicon microneedle produced (a) 
previously without an SiO2 cap and (b) during this project with an SiO2 cap. The blue oval 
represents the expansion of the bore, yellow bar representing the encroachment of the bore on 
the side walls, and red bracket highlighting the etch defects on the shaft 

a b 

c d 

a b 
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Wafer 6 

Wafer 6 showed a consistent reduction in size with a shorter shaft height (< 400 µm) 

(Figure 21). Despite a consistent bevel profile and tip shape, the wall structure and grass 

was present almost continuously across the wafer, with it now reaching a greater 

proportion of the device height. The wall proved thin in some areas and was 

sporadically absent.  

Figure 21. Scanning electron microscope images of wafer 6 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scales can be seen on the bottom right of each image 

Hollow: R08 

The below reports on the visual characterisation of hollow devices on wafer number 7. 

These devices were produced using shaft recipe R08. 

Wafer 7 

A clean etch was observed across the entirety of wafer 7 surface. A greater height 

(approximately 680 µm) was observed across the devices, which presented with a slight 

taper on the shaft, narrowing at the base (Figure 22). A sharp tip was observed across 

a b 

c d 
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all needles, however over etching resulted in a smaller area of the bevelled face with a 

thinner wall between the bore and bevel edge. No grass or wall was observed, and there 

were no other residual etch effects such as pitting observed.  

Figure 22. Scanning electron microscope images of wafer 7 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scales can be seen on the bottom right of each image 

Hollow: R07.2 

The below reports on the visual characterisation of hollow devices on wafer number 8. 

These devices were produced using shaft recipe R07.2. 

Wafer 8 

Despite consistent height (approximately 600 µm), devices were enclosed by a tall wall 

with grass present along the ridge (Figure 23). The bevelled surface and sharp tip were 

well defined. The wall was present in half height in places, but its presence was 

consistent in some form. The backside of the device was attached to the wall. No 

tapering was present with minimal undercutting under the bevelled surface. 

a b 

c d 
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Figure 23. Scanning electron microscope images of wafer 8 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scales can be seen on the bottom right of each image 

Solid: R07 

The below reports on the visual characterisation of solid devices on wafers number 9 

and 10. These devices were produced using shaft recipe R07. 

Wafer 9 

Wafer 9 displayed a consistent and clean etch, with devices measured at approximately 

560 µm in height (Figure 24). The bevel profile was consistent and clean, with very 

minimal undercutting and a clear tip. The shaft displayed slight tapering, with no wall 

present behind the devices and no grass across the open area. 

 

 

 

a b 

c d 
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Figure 24. Scanning electron microscope images of wafer 9 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scales can be seen on the bottom right of each image 

Wafer 10 

Wafer 10 produced no devices, despite a clear bevelled surface and shaft patterning 

(Figure 25). This shaft etch failed, resulting in grass across the wafers open area.  

 

 

 

 

 

 

 

a b 

c d 



~ 89 ~ 
 

Figure 25. Scanning electron microscope images of wafer 10 post fabrication (a) full height 
device side on (b) full height device front on (c) six devices top down (d) one device top down. 
Scales can be seen on the bottom right of each image 

3.3.2. Manufacturing yield 

Manufacturing yield was assessed for both hollow and solid MN arrays across multiple 

wafers. Percentage yield was quantified at the individual needle level and at the array 

level, using two criteria: (i) arrays with ≥ 3 intact needles and (ii) arrays with all 5 intact 

needles (Table 9). The influence of shaft mask version and etch recipe was evaluated, 

and qualitative process observations were recorded during fabrication. The total 

number of individual needles and arrays possible was 1580 and 316 respectively. 

 

 

 

 

a b 

c d 
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Table 9. A matrix of the wafer number, device type, its fabrication route through the shaft etch, 
and the resultant yield. Yield is presented as a percentage, and has been calculated based on 
individual needle yield, and two types of array yield 

Wafer 
# 

MN 
Type 

Shaft 
Mask 

Shaft 
Etch 

Recipe 

Yield (%) 
Individual 
Needles 

Array 
(≥3 needles) 

Array 
(=5 needles) 

3 

HMN 

V1 R07 

13 11 3 
4 86 88 82 
5 38 36 28 
6 V2 80 86 61 
7 V1 R08 26 30 9 
8 V2 R07.2 71 84 32 
9 SMN V1 R07 75 85 40 
10 0 0 0 

Hollow microneedles 

HMN yield showed substantial variability depending on the shaft mask version and the 

etch recipe used. Wafers 3, 4, and 5 were processed using shaft mask version V1 with 

the R07 etch recipe. Wafer 3 demonstrated poor yield (13 %, 11 %, and 3 % for 

individual needles, ≥3 needle arrays, and 5 needle arrays respectively) due to 

Crystalbond adhesive weeping through the bores during mounting, which obstructed 

etching across much of the wafer. Although partially resolved in subsequent attempts, 

this represented a process limitation associated with the mounting of 100 mm sample 

wafers to 150 mm carrier wafers. Wafer 5 also yielded poorly (38 %, 36 %, and 28 % 

for individual needles, ≥3 needle arrays, and 5 needle arrays respectively), with uneven 

etching and incomplete bore formation observed in multiple regions. However, the 

quality of the complete arrays was high, with good consistent height, minimal wall 

present, and little to no grass. In contrast, wafer 4 achieved excellent yield (86 %, 88% 

and 82% for individual needles, ≥3 needle arrays, and 5 needle arrays respectively), 

with successful bore formation and good feature height. Importantly the wall observed 

surrounding the features was very thin or absent in some areas and was lesser than the 

height of the devices. 



~ 91 ~ 
 

Improved consistency was achieved using shaft mask version V2. Wafer 6, processed 

with the same R07 etch, yielded 80 % of individual needles, 86 % arrays of ≥3 needles, 

and 61% of full arrays. However, needles were notably shorter due to the increased 

open silicon area in the V2 design, which slowed the etch rate. The wall feature was 

again very thin or absent, with minimal grass present. Wafer 8 was fabricated using 

mask V2 and the modified R07.2 recipe, which involved an increased number of etch 

loops (from 750 to 1000) to compensate for the higher open area. Although yield 

remained good at 71 % (needle level) and 84 % (arrays of ≥3 needles), the etch proved 

too aggressive, causing over-etching and feature distortion near wafer edges. This 

resulted in a reduction in yield for complete arrays (32 %). 

Wafer 7, which used mask V1 with the more aggressive R08 recipe, yielded poorly 

(26 % needle, 30 % arrays of ≥3 needles, and 9 % full array). The etch produced 

significant structural damage tapered profiles of the needles, indicating that the R08 

recipe was unsuitable for this geometry. 

Solid Microneedles 

SMN arrays were fabricated using shaft mask V1 and the R07 etch recipe. Wafer 9 

achieved good yield (75 % needle, 85 % ≥ 3-needle arrays, 40 % full arrays), with 

successful formation of MNs across the wafer. The needles showed a good height of 

554 µm but were slightly tapered, and no separation wall was present in the majority of 

cases. 

Wafer 10, processed with identical mask and recipe conditions, yielded no usable 

structures. Yield was 0 % across all metrics. Post-etch inspection revealed the presence 

of silicon ‘grass’ and unremoved material between all needle sites, suggesting severe 
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under-etching. This was attributed to possible contamination or residue left inside the 

DSi-v™ chamber, compromising plasma activity and etch uniformity. 

3.3.3. Mechanical characterisation 

Results reported in this subsection are those collected post compression testing. Device 

results are reported for silicon SMNs and HMNs, and polymer SMNs. 

Compression testing 

Results obtained from the compression testing for each device type are reported here in 

triplicate. All device types are presented individually, and collectively as the average 

of each material and MN classification and are depicted graphically. 

Hollow microneedle array 

Compression testing of HMNs demonstrated a good level of repeatability, especially 

between 0 - 2 N. The same trend was observed across each repeat, with distinctive 

jumps in force observed between 1 - 4 N (Figure 26).  

Some debris was observed when SEM was performed on the compressed arrays, with 

a variation of degrees of damage identifiable (Figure 27). Some devices displayed no 

damage, however Figure 27d-e depicts notable damage to the tip specifically down a 

vertical cleave plane. 

 

 

 

 

 



~ 93 ~ 
 

Figure 26. Force displacement curve for hollow microneedle (n = 3) array compression 
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Figure 27. Scanning electron microscope images of hollow microneedle samples post 
compression (a) section of array (b-c) front and back of a needle with good integrity (d-e) front 
and back of needle with absent tip. Scales can be seen on the bottom right of each image 

a 

b c 

d e 
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Solid microneedle array 

The results of the SMNs compression testing demonstrated a greater degree level of 

repeatability from 1.5 - 5 N in comparison to the HMN devices, however there was 

greater degree of variation in earlier stages of the test (0 - 1.5 N) (Figure 28).The 

distinctive jumps in readings present in the HMN force-displacement trace are also 

visible in Figure 28. These notches and irregularities along the curve between 0.08 – 

0.17 mm were consistent with micro-fracture events along the device shafts, consistent 

with brittle silicon under axial compression. Minimal debris was observed when the 

compressed samples were imaged using the SEM, with the thin wall observed 

sporadically (Figure 29). Very minimal damage was observed on the individual needle 

level, with a slight peeling of material on the tip side profile of the devices (Figure 29d-

e). 

 

Figure 28. Force displacement curve for solid microneedle (n = 3) array compression 
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Figure 29. Scanning electron microscope images of solid microneedle samples post 
compression (a) section of array (b-c) front and back of a needle with good integrity (d-e) front 
and back of needle with cleave visible. Scales can be seen on the bottom right of each image 

a 

b c 

d e 
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Polymer microneedle array 

Polymer MN arrays demonstrated a repeatable response during the compression test 

(Figure 30). The traces for all three repeats present a largely linear trend, with minor 

differences in the slope of each repeat, likely due to minor variations in individual 

device stiffnesses. No catastrophic failure was identifiable in the traces, likely due to 

elastic bending deformation i.e., ductile failure, rather than brittle. 

Figure 30. Force displacement curve for polymer solid microneedle (n = 3) array compression 

Device comparison 

When plotted collectively in Figure 31, the silicon HMN array perform similarly to the 

polymer MN array, however both silicon arrays present with characteristic staggered 

response across all repeats. The SMN devices responded most repeatably under 5 N 

force, but presented with a more exaggerated response under the continuous loading 

between 0 - 4.5 N.  
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Figure 31. Force displacement curve of polymer (green), hollow silicon (black), and solid 
silicon (blue) microneedles 

3.4.  Discussion 

The aim of this chapter was to produce a small batch of silicon MN (SMN and HMN) 

device wafers while systematically trialling variations in shaft mask architecture and 

etch recipes. Fabrication outcomes were evaluated through comprehensive visual and 

mechanical characterisation, enabling insight into etch quality, geometric consistency, 

and mechanical robustness. These data collectively informed process reproducibility 

and validated the suitability of the fabricated devices for subsequent experimental work 

in future chapters. 

3.4.1. Influence of shaft mask iterations 

In this batch process, two shaft mask variations were trialled in an attempt to improve 

on the original mask by removing the coffin style wall around each array in the second 

version, as visible in Figure 17d (Figure 12, Figure 13). As a result, Version 2, with no 
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perimeter wall, had a greater open area of silicon, and therefore required alterations in 

the etch recipe to maintain final device structure. The larger open area of silicon has an 

impact on plasma loading, with a slower etch rate as a result of the dilution of the 

concentration of reactive ions per feature. Furthermore, etch uniformity, as well as etch 

depth, may be negatively impacted as a result. Therefore, modifications of the number 

of Bosch cycles in the etch recipe was required. 

HMN device wafers fabricated using the original shaft mask version and etch recipe 

(wafers 4 and 5) produced needles with good height and consistent geometries, with 

minimal grass observed along the wall boundaries (Figure 18, Figure 19). Yield 

assessment revealed a good consistency and needle morphology when utilising the 

combination of the original version of the shaft mask and R07 recipe, with the reliable 

etch depth contributing to improved array integrity (Table 9). In contrast, HMNs 

manufactured on wafer 6 using shaft mask Version 2 and the original etch recipe (R07), 

produced significantly shorter needles, evidencing that the original recipes loop number 

to produce insufficient etch depth when the open area of silicon was increased (Figure 

21). 

A more aggressive etch (R08) was applied to wafer 7, masked with shaft Version 1 

patterning, which produced a clean etch with very minimal grass, and notably taller 

devices (Figure 22). However, the increased etch loops resulted in a tapered profile of 

the devices. This was potentially due to mask erosion and excessive lateral etching, 

which is reported widely in the literature (236). In compensation for the reduced etch 

rate, an intermediate recipe (R07.2) was trialled (wafer 8), which, despite producing 

adequate height devices, produced extensive grass along the device line, potentially as 

a result of the accumulation of the deposited polymer (Figure 21, Figure 23). HMN 

device wafers fabricated using Version 2 of the shaft mask resulted in either under-
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etched needles with poor height (wafer 6) or significant grass artifacts (wafer 8) (Figure 

23). Both of these effects substantially limit their suitability for further characterisation 

and testing. Solid devices were fabricated exclusively using the original mask and etch 

recipe (Version 1, R07), yielding devices of consistent height and minimal artifacts 

(Figure 24).  

While shaft Version 2 was preferable from a design perspective due to its simplified 

geometry and absence of isolating walls, its increased open silicon area necessitated 

further and more precise etch tuning for future scalability. However, for the current 

batch, further optimisation was not essential, as the saw dicing lanes utilised during 

array dicing were aligned along the wall regions. 

3.4.2. Yield outcomes 

A wide range of percentage yields were calculated in this batch process, ranging from 

0 % – 88 % and 0 % – 82 % for arrays with ≥3 and 5 needles respectively (Table 9). 

Although unideal from a manufacturability perspective, key learnings were made which 

should be taken forward when scaling up production. Root causes of poor yield such as 

Crystalbond adhesive weeping (wafer 3) will inherently be eradicated upon scale-up, 

as the requirement for wafer-to-carrier mounting will not be necessary (Figure 25). 

Notably, there were significant failures in yield, such as wafer 10 with 0 % success, 

which arose due to poor etch chamber cleaning leading to contamination due to dual 

processing usage: an easily rectifiable issue ahead of scale-up (Table 9). Despite these 

occasions of low  yield, wafers 4, 6, 7, and 9 presenting with > 80 % yield at the ≥ 3 

needle level, and wafer 4 presenting with > 80 % yield at the 5 needle level (Table 9). 

This represents successful proof of concepts for future scale-up activities as well as 

producing a rich sample base for characterisation and investigation in future chapters.  
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3.4.3. Mechanical characterisation 

Mechanical testing of the MN arrays revealed clear differences in performance under 

compression between the three device types. Each device type, in a 5x5 array, was 

subjected to uniaxial compression, and force-displacement data were collected under a 

nominal 5 N force. This value was selected based on precedent in the literature and 

represents a conservative estimate of the force achievable via thumb pressure (234, 

235). Prior to discussing the mechanical characterisation of these devices, it is 

important to acknowledge that the compression testing of MNs on a rigid surface is not 

identical to loading during skin insertion. Insertion of devices within a clinical setting 

involves deformable tissue, friction, and cutting forces, all of which cannot be 

mimicked in this study design (115, 237). This context is critical, as it may overestimate 

the mechanical load on the devices, resulting in failure which may not be seen during 

patient usage. Despite this, the methodology used for the mechanical testing of the MN 

devices was the appropriate approach to identify failure modes in isolation from 

biological compliance (115, 237). The influencing factor of tissue compliance will be 

addressed via the inclusion of phantoms in Chapter 4.  

The polymer MN arrays exhibited the highest overall stiffness and load-bearing 

capacity, with all replicates displaying steep, linear force-displacement profiles and 

failure loads exceeding 5 N (Figure 30). This linear behaviour has been previously 

reported to arise from the elastic response of the polymer material, with bending 

observed as the predominant failure mode rather than brittle fracture (238). In contrast, 

HMNs showed intermediate stiffness and higher deformation capacity prior to failure 

(Figure 26). The SMNs demonstrated the lowest stiffness and more gradual force 

accumulation (Figure 28). Surprisingly, these trends suggested that both HMNs and 
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polymer MNs had superior mechanical robustness under axial loading compared to 

SMNs (Figure 31). 

However, a more critical assessment of the force–displacement behaviour suggests that 

the apparent superiority of HMNs may be somewhat artificial. As all compression 

testing was performed against flat aluminium platens rather than into skin or a 

compliant substrate, the loading conditions were not physiologically representative. 

The sharp hollow tips of HMNs likely fractured early in the compression cycle, which 

would have shifted the applied load onto the broader, blunt shaft. This redistribution of 

force may have resulted in a smoother or more repeatable rise in the force response, not 

because the device was more robust, but because the tip, being the most fragile feature, 

had already failed. In contrast, the SMNs retained their intact tips throughout loading, 

which led to greater variability in force traces due to sustained stress concentrations at 

the tip apex (Figure 29). Therefore, the perceived robustness of the HMNs under axial 

compression may in fact reflect early tip breakage and not a superior structural integrity. 

The observed jumps in the traces of both silicon device types reflect progressive 

fracture of the devices, as opposed to a single more catastrophic failure event (Figure 

27, Figure 28). Minor fabrication imperfections and variations may have contributed to 

small geometric differences, and are therefore likely responsible for non-uniform 

loading, which in turn caused the fractures identifiable by the notches. 

Visual examination of post-test devices under SEM confirmed distinct failure 

mechanisms. HMNs frequently exhibited localised fracture down the plane between the 

tip and the back of the device, consistent with brittle failure due to stress concentration 

(Figure 27). SMNs also showed brittle fracture features, with a higher incidence of 

partial shearing was noted (Figure 29). In contrast, the polymer MNs primarily failed 

via ductile deformation or blunting at the tip. These observations were consistent with 
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the known and previously reported material properties of silicon (brittle) and polymer 

(more ductile) and suggested that design factors such as shaft thickness and tip 

sharpness also played a role in failure localisation (238-240). 

Importantly, all device types fabricated in this study withstood initial compressive 

loading without immediate catastrophic failure, demonstrating that the small-batch 

fabrication methodologies produced MN arrays that were structurally sound and 

mechanically testable. Specifically, both SMNs tolerated compressive loading up to test 

completion (5 N) without significant mechanical compromise, a conservative load 

range compatible with skin insertion forces reported in previous literature (234, 235). 

This supported the suitability of these devices for further functional testing, including 

ex vivo insertion and penetration trials. 

The polymer devices were fabricated as a monolithic 5x5 array, while the silicon 

devices, originally produced as 1x5 arrays. Therefore, to enable valid mechanical 

comparisons, the silicon devices were arranged to form equivalent 5x5 configurations. 

This approach controlled for differences in array layout and spacing, allowing axial 

stiffness and failure behaviour to be attributed to needle architecture and material 

properties rather than array footprint or any distribution effects. Although the 

monolithic polymer MN baseplate may have offered marginally greater interfacial 

stiffness than the assembled silicon array, the structural performance of the HMN and 

SMN arrays was sufficient to allow a comparative analysis. 

Collectively, these results demonstrated that the DRIE-based fabrication process 

yielded HMN and SMN arrays that were not only structurally complete but also capable 

of withstanding the mechanical demands of skin insertion. Further, the data confirmed 

that the methodologies used in this study facilitated fair comparative evaluation 
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between HMNs, SMNs, and polymer MNs, thereby establishing a strong foundation for 

the subsequent functional assessment of insertion performance and strain generation in 

Chapter 4. 

3.4.4. Future recommendations for upscale 

Several refinements could enhance the scalability and translational potential of the 

fabrication process described in this study. First, the elimination of the coffin-style wall 

structure around individual arrays is recommended for future mask iterations. Whilst it 

aided in dicing alignment for small-scale production, it occupies valuable and 

expensive wafer real estate. Removing this structure would simplify the layout and 

increase the available area for device placement, though it would require alternative 

strategies for dicing alignment in large-scale manufacturing. 

Second, the reliance on Crystalbond mounting limited both process yield and 

reproducibility, rendering the process manual and engineer dependent. Scaling up to 

150 mm wafers would not only allow elimination of manual mounting steps but also 

offer greater compatibility with industry-standard MEMS workflows. The use of larger 

wafers would not only increase potential yield, but also reduce handling variability, 

aligning with established semiconductor processing infrastructure. 

Additionally, future device iterations could explore altered bore positioning and inter-

needle pitch spacing to determine their effect on mechanical performance under 

compressive loading. Modifications such as these may allow more systematic 

optimisation of HMN designs for enhanced robustness and insertion performance and 

allow investigation of the ‘bed of nails’ theory. 

Finally, although the DRIE process was inherently complex and equipment-intensive, 

this study has demonstrated its suitability for fabricating MN devices. The broader 
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MEMS industry provides a robust precedent for its scalability, indicating that with 

appropriate process refinement, DRIE can be effectively employed for higher-

throughput production of both SMN and HMN arrays. 
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4. Chapter 4: Insertion Mechanics 

This chapter reports the development of a novel methodology to examine the insertion 

mechanics of MNs in comparison to hypodermic needles. Measurements were obtained 

in the form of force-displacement data and visual strain mapping to characterise the 

strain induced during penetration at key stages of insertion. 

4.1.  Introduction 

The introduction for this chapter serves to provide context surrounding the current 

methodologies utilised within the field of assessing MN performance as a device which 

punctures the skin, as opposed to focusing on their drug delivery function. This will 

highlight the need for quantitative methodologies and will provide literature based 

evidence for the appropriate selection of a digital image correlation (DIC)-based 

methodology. 

4.1.1. Current pain assessment methodologies 

The traditional and current gold standard for assessing the pain experienced following 

medical device usage is the Visual Analogue Scale (VAS) (241, 242). Widely used for 

its simplicity, its ease of implementation has facilitated its popularity within the medical 

field. The VAS, available in various forms, relies entirely on patient self-reporting and 

personal perception, and is therefore widely acknowledged to be subjective (243, 244). 

Variability introduced by psychological, contextual, and environmental factors makes 

it difficult to standardise across studies and populations (243). In an effort to address 

the limitations of the VAS, alternative methodologies have been developed, such as the 

Sensation/Pain Rating Index (SPRI), which aims to enhance descriptive detail by 

separating intensity from quality of pain and incorporating a range of pain descriptors 

(e.g., sharp, throbbing, tingling) (245). Despite this, the SPRI still suffers from the 
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inherent subjectivity of self-reported measures. It cannot account for individual 

variability, response bias, and non-linear perception between individuals, proving 

quantitative comparisons difficult (245, 246). These limitations represent significant 

obstacles during early-stage medical device development and evaluation, where 

objective measurement is preferable, either as a replacement for or complement to 

subjective feedback. 

4.1.2. Justification for objective strain-based assessment 

Within both research and regulatory contexts, there is growing interest in identifying 

objective physiological correlates of pain to complement or potentially replace 

traditional subjective assessment methodologies. Mechanical strain in skin tissue 

during device insertion is a promising candidate, due to its direct interaction with 

sensory structures known to mediate pain perception (247, 248). This physiological 

basis is supported by the presence and function of specialised mechanoreceptors within 

the skin that transduce mechanical strain into neural signals implicated in pain 

perception (249-251). Merkel cells, predominantly located in the basal layer of the 

epidermis between 150 - 900 μm beneath the skin surface, are closely associated with 

mechanoreceptors and other nerve endings (252, 253). These cells convert localized, 

sustained skin strain (micro-deformation) into electrical signals that are relayed to the 

brain, contributing to tactile and pain perception (252, 253). In contrast, other 

mechanosensitive nerve endings, such as Ruffini corpuscles found deeper in the dermis 

ranging from 200 - 1500 μm beneath the skin surface, respond primarily to larger-scale 

skin stretch and sustained strain (macro-deformation) (254). The activation of these 

sensory structures by mechanical strain contributes to the sensation of pain (255). 
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Emerging experimental evidence demonstrates that mechanical strain can directly 

trigger neural excitation in these receptors, supporting a link between strain and pain 

perception (256). The responsiveness of mechanoreceptors to subtle, small-scale tissue 

deformations underscores the need for accurate, localised strain assessment 

methodologies like DIC. Unlike subjective pain scales, strain-based assessments such 

as DIC provide objective, continuous, and reproducible data that are not affected by 

individual psychological or contextual factors. Consequently, measuring mechanical 

strain offers a valuable, quantifiable indicator that contributes to the perception of pain 

and is particularly suited to early-stage medical device evaluation. Furthermore, strain 

mapping enables localisation of areas experiencing the highest deformation, giving 

insight into potential pain-inducing sites and device-tissue interactions (248). 

Incorporating objective strain metrics can support the development of design criteria 

and regulatory standards for minimally invasive devices, ultimately expediting their 

development, improving their safety and efficacy, and accelerating their regulatory 

approval. 

4.1.3. Relevance to microneedles and hypodermic needles 

Both hypodermic needles and MNs interact with Merkel discs, mechanoreceptors 

located predominantly in the basal layer of the epidermis approximately 50 - 100 µm 

below the skin surface, which contribute to tactile and pain perception (48). 

Hypodermic needles, such as the commonly used 25-gauge (G) devices, penetrate well 

beyond the epidermis and dermis, reaching into the deeper dermal and hypodermis/SC 

layers. At these depths, they engage larger myelinated Aδ and unmyelinated C 

nociceptive fibres, as well as free nerve endings distributed throughout the dermis, 

which are principally responsible for the transmission of sharp and burning pain 

sensations (Figure 32) (257). Additionally, deeper insertion with hypodermic needles 
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may sometimes stimulate Ruffini endings, located in the dermis at depths ranging from 

200 to 1500 µm, which respond to skin stretch and sustained pressure (258).  

With MNs designed to facilitate much shallower insertions, they typically penetrate 

only the stratum corneum and upper viable epidermis to depths of approximately 100 

to 900 µm beneath the skin surface (259). This limited penetration allows MNs to 

largely avoid the nociceptor-rich dermal layer where most pain-mediating nerve fibres 

reside. Microneedles, typically less than 1 mm in length, are confined to interacting 

with the epidermis and dermis. Contrastingly, 25-G hypodermics can extend to 16 mm, 

penetrating through the dermis and into the SC tissue (hypodermis). These varying 

depths result in marked different modes of tissue interaction, providing a strong 

physiological basis for the consistently lower pain responses reported during MN 

applications.  

Figure 32. Schematic of layers of the skin, various parenteral delivery routes, and additional 
nerve, lymph and blood networks. Adapted from (57) 
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As previously established in subsection 4.1.1, subjective pain reporting is confounded 

by perceptual bias, particularly the common association of larger needles with greater 

pain, and thus direct comparisons between MNs and hypodermic needles are inherently 

limited. This context presents a strong use case for the application of objective, 

quantifiable proxies such as mechanical strain, measured via DIC, to evaluate device-

tissue interaction. The use of strain-based metrics offers a validated and reproducible 

alternative to overcome the limitations of subjective sensation assessment in this 

comparison. 

Strain mapping has grown in interest within the field of MNs in recent years, as 

attention turns to the MN-skin interactions, however, thus far remains largely within 

the modelling domain. Notably, Potts et al., (2022) investigated the effect of needle 

pitch on strain accumulation during the indentation phase of needle insertion, reporting 

that pitches below 3 mm resulted in non-uniform forces across individual needles in 

both 2- and 9-needle arrays (260). Although the authors acknowledge that their analysis 

was limited to the indentation stage and did not encompass full penetration, this 

research highlighted the influence of array geometry and arrangement on local strain, 

as assessed using the finite element method. This research is one of a growing number 

which utilise finite-element to quantify the interactions between MNs and their various 

geometries, and skin. Studies reported by Shu et al., (2021) have focused on using finite 

element to model the impact of pretension on reducing penetration force and local 

deformation, with a 10 % pretension reported to reduce penetration force and 

deformation by 13 % and 22 % respectively (261). However, only rigid materials were 

modelled here due to the replication of stainless steel arrays, and this falls short of 

including the variation which would come from the use of other needle types such as 

polymer. In more recent years, they further reported that skin deformation alone 
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reduced transdermal insulin penetration by 25 %, while the incorporation of strain 

effects further decreased the overall permeation by over 45 % over 24-hours (262). 

These studies have collectively enhanced the field’s comprehension of MN-skin 

interactions and mechanics; however, most findings remain model-driven. 

Experimental approaches, such as DIC, offer a means to complement existing 

computational models and provide validation for theoretically predicted strain. 

4.1.4. Introduction to digital image correlation 

DIC is a non-contact, optical measurement technique that utilises pattern recognition 

algorithms to track surface displacements during mechanical deformation, from which 

it calculates full-field strain maps (Figure 33) (263). Stereo-DIC specifically employs 

two synchronised cameras, which facilitate image capture from different angles and 

resultantly enable a three-dimensional reconstruction of the surface geometry and 

deformation (264). This stereo approach allows precise measurement of both in-plane 

and out-of-plane displacements, yielding highly accurate 3D displacement and strain 

fields with micrometre-scale spatial resolution and sub-pixel displacement sensitivity 

(265). Sub-pixel displacement refers to the detection of pixel movements which are 

smaller than the camera’s resolution. This is possible as, unlike image registration, DIC 

uses a correlation within small, unique subsets of speckles to estimate the most probable 

displacement, enabling subtle, sub-pixel displacements to be captured (263, 265). 

Stereo-DIC requires a high-contrast speckle on the specimen surface, which provides a 

unique pattern for the correlation algorithms to track during deformation (264). The 

technique then compares images captured before (reference images) and during 

mechanical loading (deformed images) to compute displacement vectors in three 

dimensions, from which detailed strain maps of the surface deformation can be derived. 
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Figure 33. Schematic visually depicting the process of using speckle patterns to correlate strain 
as used by digital image correlation 

The enhanced spatial accuracy offered by stereo-DIC, and its ability to measure out-of-

plane motions, make it particularly well-suited to biomechanical investigations of soft 

tissues and skin-mimicking phantoms. In the context of MN and hypodermic needle 

insertion studies, stereo-DIC enables objective characterisation of small-scale localised 

deformation and strain progression during device insertion, providing insights into the 

mechanical interactions at the device/skin interface which underpinning both device 

insertion dynamics and associated sensory responses. 

Although stereo-DIC has been widely applied in materials science and engineering for 

complex deformation analyses, its specific use in quantifying strain induced by medical 

device insertions remains relatively underexplored (266). Given its ability to capture 

full-field, time-resolved 3D strain distributions, stereo-DIC offers significant potential 

to advance understanding of the mechanobiology of device-induced strain and improve 

assessment methodologies beyond subjective scales. 

4.1.5. Study aim and scope 

 This study employs stereo-DIC to measure the strain generated during the insertion of 

two distinct medical devices, a standard 25-G hypodermic needle and a 1x5 array of 
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silicon HMNs, and allow their objective comparison (Figure 34). By capturing full-

field, three-dimensional strain maps throughout the insertion process, the study 

characterises how the two devices differ in their mechanical interaction with a skin-

mimicking substrate. Particular attention was given to differences in strain magnitude, 

spatial distribution, and temporal progression during insertion. The experimental 

design, methodology, and results reported in this chapter have been peer reviewed and 

published in Frontiers in Bioengineering and Biotechnology (247). 

Figure 34. Needle samples being compared in this study (a) 25-gauge hypodermic and (b) an 
individual needle from a 1x5 hollow silicon microneedle array. Scales can be seen on the top 
right of each image (247) 

The overarching aim was to develop a novel method which provides quantitative 

supplement to subjective assessment methodologies for needle-based device 

performance. The subsequent section describes the experimental methodology in detail, 

including the device insertion protocol, imaging setup, and image processing pipeline. 

Quantitative outputs including insertion force profiles and strain field evolution are 

presented, forming the basis for the comparative analysis of device-membrane 

interaction between the two sample types. 

a 

b 
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4.2.  Materials and methodology  

This section provides detail on the materials used and methodology developed during 

this study. It will cover experimental instrumentation and setup, in addition to analytical 

methodology and data handling and processing. 

4.2.1. Experimental instrumentation 

This subsection will cover all equipment used, from the physical apparatus and mounts 

holding the samples, to the production of phantoms, to the camera settings and setup. 

The camera hardware in addition to the DIC software parameters are also detailed in 

this subsection. 

Insertion test rig design and manufacture 

The setup of this experiment required the design and production of apparatus to hold 

the skin phantom and mirror directly below the force station insertion head which the 

sample devices were affixed to. This chapter outlines the design and fabrication of both 

the apparatus, and both MN and hypodermic sample mounts. 

Apparatus 

An insertion test rig was designed and manufactured to accommodate force-

displacement controlled device insertion in conjunction with stereo-DIC. The rig was 

designed using SolidWorks (2022) and fabricated using clear photopolymer resin 

(FormLabs Clear Resin V4) on a FormLabs 3B SLA printer. The design incorporated 

a ring mounting platform for the epidermal phantom with a recessed circular cavity at 

its centre. This central cavity provided a viewing window to allow unobstructed optical 

access to the insertion site and surrounding area from below, ensuring optimal light 

penetration and uniform illumination for stereo-DIC imaging. A 42° angled slot was 
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integrated into the rig to accommodate a mirror, enabling imaging of the underside 

surface during insertion procedures (Figure 35). 

 Figure 35. Membrane and mirror support apparatus (a-b) structure design (c-d) structure post 
3D printing and processing. Adapted from (247) 

Needle sample mounts 

Custom-designed needle mounts were fabricated to secure each device to the Tinius 

Olsen mechanical testing machine (Model 1ST, Tinius Olsen Ltd., UK). A mount was 

designed for the 1x5 array of silicon HMNs and printed in Tough resin using a 

FormLabs 3B SLA 3D printer (FormLabs) (Figure 36a-b). The hypodermic needle 

mount was adapted from a drill chuck and secured within the load cell grip (Figure 36c-

d). Both mounts were designed to eliminate any physical interference of the mount and 

the membrane during testing, and to maintain alignment along the insertion pathway 

throughout. 

 

a 
b 

c 
d 
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Figure 36. Sample mounts (a-b) microneedle adaptor (c-d) 25-gauge hypodermic adaptor. 
Adapted from (247) 

Phantom preparation 

Two phantoms required production in this chapter: the epidermal phantom used to 

mimic the skin during insertion, and the PDMS support plug used to prevent the 

unwanted excessive stretching of the epidermal phantom. The production of both of 

these is reported in this subsection. 

Epidermal phantom 

An epidermal-mimicking membrane was fabricated using Ecoflex™ 00-35 Fast 

(Smooth-On Inc.), a soft, platinum-catalysed addition-cure silicone, selected for its low 

elastic modulus (~0.125 MPa), closely approximating that of human epidermis (~0.1 

MPa) (267, 268). Parts A and B were mixed in a 1:1 ratio by volume with a 5-minute 

cure time. Black silicone pigment was added to produce an opaque background suitable 

for a high contrast speckle pattern. The mixture was applied using a bar coater (RK 

control coater, RK Printcoat Instruments, UK) to a target thickness of 50 μm and left to 

cure overnight to ensure complete polymerisation and dimensional stability. 

A high-contrast speckle pattern was applied to the cured black silicone membrane by 

airbrushing a white silicone pigment mixed with acrylic paint thinner, generating a 

random distribution suitable for stereo-DIC. Speckle density and contrast were 

a b c d 
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optimised for full-field strain capture (Figure 37). A new epidermal phantom was used 

for every sample repeat performed. 

Figure 37. Example of white speckle pattern, density, and contrast on black silicone membrane. 
Scale can be seen on the bottom right 

Support structure phantom 

Polydimethylsiloxane (PDMS) was used to simulate the mechanical behaviour of the 

hypodermis/SC layer, including muscle, fat, and connective tissue, providing necessary 

mechanical support to prevent unrealistic stretching of the epidermal-mimicking 

membrane during insertion (269). PDMS is widely reported in the literature for 

replicating in vivo soft tissue environments and for its optical transparency, which was 

essential in this experimental design to enable accurate imaging from below during 

needle insertion (269-271).  

Each PDMS plug was prepared by mixing 50 mL PDMS (CAS: 63148-62-9) with 8 % 

crosslinker by volume, as advised by the manufacturer. The mixture was degassed and 

poured into a silicone mould designed as a negative of the rig’s central viewing void, 

with an acrylic disc placed at the base to create a flat surface with minimal artifacts 

which may impact imaging quality (Figure 38). A new PDMS plug was prepared for 

every sample repeat performed. This support structure ensured physiologically relevant 

mechanical conditions during testing and maintained optical clarity for image capture.  
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Figure 38. PDMS plug creation (a) silicone mould used for casting (b) plug post casting (c-d) 
plug in situ within apparatus 

Sample devices and repeat structure 

Two device types were evaluated: a 1x5 array of silicon HMNs (pitch 1300 µm) and a 

conventional hypodermic needle (Figure 34). The silicon MNs were fabricated as 

described in Chapter 3 and mounted to a custom holder designed to ensure stable 

vertical alignment during insertion (Figure 36). The hypodermic device was a 25-G 

stainless steel needle (Medisave), mounted using a custom assembly (Figure 36). 

All mechanical insertion tests were repeated five times per device type (n = 5). Each 

trial used a new membrane and PDMS plug to eliminate cross-sample mechanical 

degradation and preserve test independence. All insertions were performed using new, 

unused device samples to ensure comparability and accuracy in both force and image-

based analysis. Zero-displacement control tests were conducted prior to each insertion 

to identify baseline system noise and confirm camera stability. 

a b c 

d 

a b c 

d 
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Environmental conditions were standardised across all trials. Test temperatures were 

recorded for each insertion, and lighting conditions were maintained consistently using 

a fixed dual-source setup.  

Imaging and sensor setup 

High-speed cameras were utilised in this experimental setup, of which the setup was 

critical to successful imaging. This subsection reports the camera setup measurements, 

including imaging parameters and physical positioning, in addition to the lighting setup 

requirements. 

Camera setup and calibration 

Critical parameters for DIC are depicted schematically in Figure 39. All camera 

hardware and DIC measurement values can be found in Table 10. Two Photron 

FASTCAM Nova S6 high-speed cameras were utilised, each fitted with Laowa 100 mm 

f/2.8 2x Ultra Macro APO lenses and linear polarising filters to reduce glare. The stereo 

imaging system was configured with a 100 mm focal length, a stereo angle of 33°, and 

an incline angle of 6°, providing appropriate convergence and depth resolution for 

stereo-DIC (Figure 40, Figure 41). The cameras were mounted with a stand-off distance 

(SOD) of 310 mm, resulting in a field of view (FOV) of 30 mm and a depth of field 

(DOF) of approximately 3 mm (Figure 40, Figure 41). To facilitate optimal image 

acquisition geometry, mirrors were positioned at an angle of 42° to the base of the 

mechanical testing machine. Stereo calibration was conducted using LaVision’s 3D 

Calibration Plate (model 025-3.3), which provides defined separations of calibration 

planes and precise mark spacing. This empirical calibration method ensures high spatial 

accuracy without requiring direct measurement of physical angles or distances. The 

working distance and baseline between the cameras were carefully optimised for the 
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experimental setup, enabling robust three-dimensional strain measurements. A photo 

of the camera and apparatus setup can be found in Figure 42. 

Figure 39. Schematic of the setup and key parameters important to camera and sample setup 
for digital image correlation 

 

Table 10. Camera settings and positioning values for this experimental setup (247) 

 Parameter Value 

Camera 

Manufacturer and model Photron FASTCAM Nova S6 
Lens make and model Laowa 100 mm f/2.8 Ultra Macro APO 
Frame rate 1000 fps 
Shutter speed 1/3000 
Resolution 1024 x 1024 
Aperture 8 

DIC 
Measurement 

Focal length 100 mm 
Incline angle 6o 
Stereo angle 33o 
Standoff distance 310 mm 
Depth of field 3 mm 
Field of view 30 mm 
Mirror angle 42o 
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Figure 40. Schematic of experimental setup including camera, mirror, PDMS plug, membrane, 
sample mount, and sample (247) 

Figure 41. Schematic of experimental setup with apparatus, cameras, sample and mount, 
mirror, lights, and imaging angles 
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Figure 42. Photo of experimental setup. Adapted from (247) 

Imaging parameters and synchronisation 

Image acquisition was conducted at 1000 fps (5437 total) with a shutter speed of 1/3000 

s, producing a resolution of 1024 x 1024 pixels. A manual trigger was used with a 10 

% pre-trigger applied to capture any initial deformation states prior to needle insertion. 

Lighting and environmental conditions 

Illumination was provided by two GS Vitec MultiLED QT light sources, positioned 

above the sample and angled downward to ensure uniform, shadow-free lighting critical 

for high quality imaging and accurate particle tracking via DIC. Natural ambient light 

was present but controlled by the addition of synthetic illumination in order to maintain 

imaging conditions. The experimental rig was situated on a concrete table to minimise 

vibrations. Ambient temperature was recorded throughout to monitor environmental 

consistency.  

4.2.2.  Analytical methodology 

The analytical methodology covered in this subsection will be the collection of force-

displacement data, imaging collection, handling and processing, in addition to the 
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parameters used for digital image correlation analysis. Reported here also is the 

technique for strain discretisation when each needle point in the MN array was 

investigated. 

Force-displacement data collection 

Mechanical insertions were performed using a Tinius Olsen Model 1ST mechanical 

testing machine operating in displacement-controlled mode. Insertions were conducted 

at a constant speed of 1 mm/s. A 25 N load cell was employed to measure insertion 

force, with test initiation triggered at a force threshold of 0.01 N to ensure detection 

above the noise floor, which was confirmed to be lower than this value. A load 

protection limit of 20 N, 80 % of the load cell capacity was applied to safeguard the 

experimental setup. Quantitative force-displacement data were recorded continuously 

throughout each insertion. 

Image handling and processing 

Raw camera images were extracted from cameras and imported into LaVision, as 

shown in the figures below (Figure 43, Figure 44). Rupture was defined as the first 

frame in which speckle pattern distortion indicated membrane breakthrough. The frame 

number of the following insertion depths (50 and 100 % for MNs, 15 and 30 % for 

hypodermics) were determined, utilising known frame rate (1000 fps) and insertion 

speed (1 mm/s). The frame corresponding to 100 % insertion was identified as the 

rupture point plus the number of frames required for device length, and 50 % identified 

as half of this interval. The same approach was taken for hypodermic samples, for 

equivalent frames at 15 and 30 % insertion depth. The identification of the mid and full 

insertion point frames for this study is detailed further, with accompanying raw merged 

images, in frame identification. 
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Figure 43. Example of image handling route for microneedle samples 

 

 

Raw dataset imported 

Raw dataset mirrored 

Camera 1 and 2 datasets merged 

Area of interest identified 

Rupture identified on area 
of  interest on merged 

dataset 

Camera 1 Camera 2 
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Figure 44. Example of image handling route for hypodermic samples 

Raw dataset imported 

Raw dataset mirrored 

Camera 1 and 2 datasets merged 

Area of interest identified 

Rupture identified on area 
of  interest on merged 

dataset 

Camera 1 Camera 2 



~ 126 ~ 
 

Digital image correlation analysis 

DIC (LaVision DaVis 10 StrainMaster) was employed to quantify surface strain of the 

epidermal phantom immediately prior to, during, and post needle insertion. The white 

speckle pattern applied on a black background provided high contrast for accurate 

tracking. Strain values were calculated using stereo-DIC with a dual high-speed camera 

system. Lighting, speckle pattern quality, and camera alignment were optimised to 

maximise measurement accuracy. A zero-displacement test was first conducted to 

identify and quantify any baseline noise or artefacts. The correlation mode utilised was 

the sum of differential, with the following optimised calculation settings found in Table 

11. This approach enabled quantification of the maximum normal strain experienced 

by the epidermal phantom, thereby providing an objective measure of mechanical 

deformation induced by needle insertion. 

Table 11. Parameters used for digital image correlation for strain calculation (247) 

Parameter Value 
Correlation mode Sum of differential 
Minimum number of valid pixels 100 % 
Pyramid levels 1 
Maximum iterations 30 
Epsilon 30 
Threshold for correlation value 0.5 
Threshold for confidence margin 0.25 pixel 
Threshold for triangulation error 3.00 pixels 
Interpolation mode Bi-linear 
Subset size 19 pixels 
Step size 12 pixels 
Noise floor (peak) 2.98 x 10-13 % 

Strain discretisation approach 

Local strain data was extracted using LaVision DaVis 10 StrainMaster software by 

manually defining a net of facets to surround and only cover the tip of each MN. All 

other facets beyond this immediate region were excluded from the calculation to isolate 

strain local to the puncture event. This allowed strain to be quantified in the area directly 

affected by each MN tip as deformation progressed. The procedure was repeated for 
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each individual tip on every 1x5 array, across all repeats. The same region geometry 

and net discretisation were consistently applied to each sample to ensure comparability 

between insertions and across devices. The DIC processing parameters used for this 

analysis were identical to those reported in Table 11, maintaining consistency in subset 

size, step size, and all correlation thresholds. 

4.3.  Experimental results 

This experimental results section is comprised of the force-displacement data of device 

insertion in addition to the visual strain field data calculated from the captured 

membrane distortion. Data is also provided whereby the calculated strain was 

discretised to each MN tip to provide a greater level of detail over the performance of 

each individual device in the array of 5. 

4.3.1. Force-displacement 

Representative force-displacement curves for the hypodermic needle insertion into the 

epidermal phantom-PDMS support system are shown in Figure 45 (n = 5) exhibited 

greater variability in force response within the initial 0-0.15 mm displacement window. 

A distinct rise in force up to 0.033 N was observed between 0 and 0.14 mm, followed 

by a small but repeatable decrease to 0.025 N at 0.15 mm (Figure 45). This localised 

force decline was observed consistently across all repeats and was interpreted as the 

point of phantom rupture - defined here as the moment at which the needle tip penetrates 

and breaches the silicone surface. 
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Figure 45. Force displacement curve during hypodermic needle (n = 5) insertion into the 
silicone membrane (247) 

 

Figure 46 depicts the representative force-displacement curves for HMN insertion into 

the epidermal phantom-PDMS support system (n = 5). In all samples, the force initially 

increased gradually between 0 and 0.15 mm displacement, reaching a peak of 0.049 N. 

Beyond this point, a steeper rise in force was observed, reaching a maximum of 

approximately 1.1 N at 0.8 mm displacement (Figure 46). This trend was consistent 

across all five repeats, with MN2 and MN4 recording the highest (1.12 N) and lowest 

(0.85 N) peak insertion forces, respectively. 
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Figure 46. Force displacement curve during hollow silicon microneedle (n = 5) insertion into 
the silicone membrane (247) 

 

A comparison of MN and hypodermic needle insertion forces is presented in Figure 47 

with solid and dashed lines denoting MN and hypodermic insertion, respectively. The 

data has been truncated to cover the MN insertion displacement depth. This 

comparative plot illustrates that, whilst both device types showed comparable force 

magnitudes in the early displacement range (0 - 0.15 mm), MN insertion forces 

increased more rapidly following this (Figure 47). In contrast, the hypodermic needle 

exhibited a more gradual increase in force, indicating reduced resistance during deeper 

penetration. 
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Figure 47. A comparison of the force displacement curves during microneedle (n = 5, -) and 
hypodermic needle (n = 5, - -) insertion into the silicone membrane (247) 

4.3.2. Digital image correlation 

This subsection will present the results which DIC was performed on, and the 

subsequent frame with calculated strain maps. The data presented here serve as the basis 

for subsequent discussion and assessment of how insertion mechanics and strain 

localisation impact device functionality and performance.  

Frame identification 

Here the frames of interest are presented, post mirror and merge steps as described in 

image handling and processing. The images in Figure 48 present examples of the 

frames, from zero through to the deepest insertion point recorded, which were used for 

DIC and strain measurement in subsequent subsections of this chapter. 
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Figure 48. Example frames used for (a) microneedle strain analysis and (b) hypodermic strain 
analysis. Both present frames for no contact (zero) and rupture, and microneedle and 
hypodermic samples present with 50 % and 100 %, and 15 % and 30 % of the needle depth 
inserted respectively 

Hypodermic 

Zero 

Rupture 

50 % 

100  % 

Zero 

Rupture 

15 % 

30 % 

Microneedle 

a b 
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25-G hypodermic induced strain fields 

Strain fields induced by 25-G hypodermic needle insertion was calculated according to 

the parameters specified in Table 11. Strain field images were extracted at four critical 

timepoints during the insertion tests: initial contact (zero displacement), phantom 

rupture, 15 % insertion depth, and 30 % insertion depth (Figure 49). The insertion depth 

percentages refer to the fraction of the total needle length. 

A colour scale ranging from -10 % to 65 % maximum normal strain was employed for 

ease of visualisation, with deliberate saturation at the maximum strain values (notably 

sample repeat 5 peaked at 72.7 %) to allow optimal comparison across the dataset. The 

average maximum normal strain values and corresponding standard deviations at these 

timepoints were 1.61 x 10-13 % (7.44 x 10-14 %), 1.59 % (0.64 %), 23.22 % (5.95 %), 

and 51.43 % (13.97 %), respectively (Figure 49).  

Notably, the strain magnitude at rupture was comparatively low, averaging 1.59 %, 

representing only 3.09 % of the strain measured at 30 % insertion depth. This finding 

demonstrates that the hypodermic needle progress to generate significantly higher 

strains during deeper penetration stages than at the moment of phantom rupture. 

The strain distribution was highly localised to the immediate vicinity of the needle tip, 

with areas of higher strain concentrated at the tip and bevelled regions, with minimal 

propagation into the surrounding areas. This localised effect contrasts with the strain 

patterns observed for MNs. 
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It should be noted that for sample 3, the final image was taken at 29 % rather than 30 

% insertion depth due to facet loss in the DIC analysis. This loss was likely caused by 

interference factors such as shadows, objects obstructing the optical path, or excessive 

membrane deformation, which compromised facet tracking by the DIC algorithm. 

Figure 49. Strain field images showing maximum normal strain (%) throughout hypodermic 
needle insertion (n = 5) extracted at four points (zero contact, rupture, 15 %, and 30% 
insertion). The area of interest has been denoted by a black box (247) 
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Hollow microneedle induced strain fields 

Strain fields induced by HMN insertion were evaluated using the same parameters as 

specified in Table 11. Representative strain images were extracted at four key insertion 

points: zero displacement, phantom rupture, 50 % insertion depth, and 100 % insertion 

depth (Figure 50). The insertion depth percentages correspond to the proportion of total 

needle length. 

A colour scale of -4 % to 14 % maximum normal strain was applied. Slight saturation 

occurred in some samples (MN1: 14.89 %, MN2: 14.88 %) to permit clear visualisation 

of the entire strain distribution dataset (Figure 50). The average maximum normal strain 

and associated standard deviation at the four timepoints were 1.41 x 10-13 % (3.86 x 10-

14 %), 3.5 % (2.6 %), 8.2 % (2.7 %), and 12.7 % (2.2 %), respectively. 

Maximum normal strain at rupture ranged from 1.00 % to 6.69 %, with an average of 

3.52 % (Figure 50). At 100 % insertion depth, the strain range increased to a range of 

9.88 % - 14.89 %, averaging 12.74 % (Table 12). The average strain induced at 

epidermal phantom rupture by the HMN was found to be 27.6 % of the strain at full 

insertion depth, indicating substantial strain accumulation as insertion progresses. 

Visually, linear strain hotspots were consistently identifiable across the region 

corresponding to the 1x5 array of MNs (Figure 50), highlighted for ease with black 

rectangles. These hotspots suggest that strain localisation aligns closely with each MN 

in the array, reflecting the spatial distribution of mechanical loading. 
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Figure 50. Strain field images showing maximum normal strain (%) throughout microneedle 
insertion (n = 5) extracted at four points (zero contact, rupture, 50 %, and 100% insertion). 
The area of interest has been denoted by a black box (247) 

Comparative strain distribution: 25-G versus microneedles 

A direct comparison of maximum normal strain distributions for 25-G hypodermic 

needles and HMN is presented in Figure 51. The median sample has been used for both 

device types to provide a fair comparison (Hypo1, MN4). Strain images were analysed 

at membrane rupture and at key insertion depths - full insertion (100 %, 600 μm) for 

MNs and 30 % insertion depth for hypodermic needles - using a consistent colour scale 

to facilitate comparison. 
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At the point of rupture, the HMN median sample induced slightly greater (1.56 %) 

maximum normal strain over a larger phantom area compared to hypodermic needles 

(1.38 %) (Table 12). In contrast, the hypodermic needle generated highly localised 

strain patterns with multiple hotspots exceeding 50 %, whereas the HMN strain at full 

insertion peaked considerably lower, at approximately 12.86 %. 

Figure 51. Strain fields of the median strain sample for rupture and the full/30 % insertion 
frames for (a-b) microneedle and (c-d) hypodermic needle insertions (247) 

These observations indicate fundamental differences in strain distribution between the 

two device types. Microneedles produce more diffuse strain across the insertion area, 

while hypodermic needles generate intensely localised strain focused near the needle 

tip. The strain concentration factor of each device type in Figure 51b and Figure 51d 

were calculated to be 7.5 and 33.5 for the MN and hypodermic device types 

respectively.  

 

 

 

a b 

c d 
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Table 12. The average extracted values for maximum normal strain (%) for each sample type 
at 4 stages per sample type (247) 

 
Maximum normal strain (%) 

Microneedles Hypodermic Needle 
Zero Rupture 50 % 100 % Zero Rupture 15 % 30 % 

Min 1.15x10-13 1.00 5.17 9.88 1.04x10-13 0.64 14.77 34.13 
Max 2.08x10-13 6.96 11.64 14.89 2.89x10-13 2.00 30.99 67.08 
Mean 1.41x10-13 3.52 8.17 12.74 1.59x10-13 1.59 23.22 51.43 

Strain discretisation, localisation, and progression 

Figure 52 presents the individual MN profiles of average maximum normal strain 

during HMN insertion, grouped by needle position within the 1x5 array, while Figure 

54a shows analogous data for the 25-G hypodermic needle insertions. All plots for both 

device types demonstrate a continuous increase in average maximum normal strain over 

the insertion period of 0-0.6 s. Notably, each curve exhibits a distinct, sharp, and 

repeatable initial peak occurring within the first 0.01 s. The maximum and minimum 

strain values within this peak range from 0.38 % to 0.57 % for the MN samples, and 

approximately 0.42 % for the hypodermic needle samples. 

Examining the MN array positions in greater detail (Figure 52; Table 12), position 1 

needles (Figure 52a) show a continuous increase in average maximum normal strain 

from 0 % at contact to 7.91 % at 0.6 s, with some degree of noise between 0.2-0.6 s. 

Similarly, position 5 needles (Figure 52b) demonstrate a comparable continuous 

increase, reaching 8.24 % average maximum normal strain at 0.6 s and exhibiting a 

similar noise pattern in the same time interval as position 1. The difference in peak 

strain between positions 1 and 5 was minimal, at only 0.33 %. 

Position 2 needles (Figure 52c) display a more gradual incline in strain over time, 

achieving a peak average maximum normal strain of 5.42 % at 0.6 s. Moreover, these 

position 2 data exhibit noticeably less noise compared with positions 1 and 5. Position 

4 needles (Figure 52d) follow a similar pattern to that of position 2, showing the initial 



~ 138 ~ 
 

sharp strain peak between 0 and 0.01 s and reaching a maximum strain of 5.34 % at 0.6 

s, only 0.08 % less than position 2’s peak. The noise profiles for positions 2 and 4 are 

analogous. 

Position 3 needles (Figure 52e) also demonstrate a continuous increase in strain similar 

to the other positions, peaking at 6.04 % at 0.6 s with minimal noise, consistent with 

positions 2 and 4. 

Figure 52. Average maximum normal strain (%) for each microneedle position. The 
microneedle position can be seen as identified on the schematic insert on graphs (a-e) (247) 

a b 

c d 

e 
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The peak % maximum normal strain for each needle position, on average, reported in 

Table 13 is presented graphically in Figure 53. For the hypodermic needle insertion 

(Figure 54a), although the strain increases continuously throughout the entire insertion 

duration, the curve reveals multiple distinct phases: from 0 to 2 s, strain rises from 0 % 

to 20.34 %; between 2 and 3.5 s, it increases further to 34.14 %; and from 3.5 to 4.43 

s, it reaches a final peak of 50.89 % (Table 13).  

Table 13. Maximum average maximum normal strain values relative to microneedle position 
compared to the hypodermic needle average (247) 

 Microneedle Position Hypodermic Needle 
Maximum Average 

Maximum Normal Strain (%) 
1 2 3 4 5 50.89 7.91 5.42 6.04 5.34 8.24 

Figure 53. The peak % maximum normal strain experienced by the membrane at each 
microneedle position 

A comparative plot of average maximum normal strain induced by MN and hypodermic 

needle insertions during the MN insertion timeframe is shown in Figure 54b. Initially, 

both devices exhibit a similar rate of strain increase from 0 to 0.1 s, following which, 

the profiles begin to diverge, with the hypodermic needle strain increasing at a higher 

rate until 0.5 s. The curves then separate more distinctly as the MN full insertion 

completes at 0.6 s. The hypodermic needle strain continues to increase substantially 
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beyond 0.6 s, reaching a peak value of 50.89 %, well above the maximum strain 

experienced during MN insertion. 

Figure 54. Average maximum normal strain (%) for (a) hypodermic needle insertion and (b) a 
comparison of the hypodermic needle (- -) and microneedle (-) insertion over the entirety of the 
microneedle insertion time (247). The box visible on graph (a) is expanded and presented as 
graph (b) 

4.4.  Discussion 

Discussed in this section is the insertion mechanics and strain behaviour calculated 

during MN and hypodermic needle insertion. A global assessment of the response to 

insertion is discussed, in addition to a comparison of the maximum normal strain 

following both device insertions. In parallel, there is also an examination of rate of 

strain increase and progression to aid in establishing a more detailed understanding of 

device/surface interactions. 

4.4.1. Global mechanical response comparison 

Force-displacement behaviour is a key parameter in the evaluation of needle-based 

devices, with lower insertion forces correlating with reduced pain perception and 

improved patient compliance being generally accepted in the field (272). In this study, 

the HMN array exhibited a smooth and consistent force-displacement profile from the 

point of initial contact up to 0.22 mm insertion depth, representing 36 % of the full 

insertion depth (Figure 46). This initial phase observed a gradual increase in insertion 

(aa b 
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force and a notable absence of signal noise, suggesting a controlled and stable rupture 

of the membrane. Such mechanical consistency is highly desirable in clinical contexts, 

where repeatable skin penetration contributes to both therapeutic reliability and user 

acceptability. 

The stability observed in MN insertion contrasts markedly with the behaviour of the 

hypodermic needle, which displayed distinctive oscillations in the force-displacement 

profile during the early phase of insertion, specifically within the 0-0.2 mm range 

(Figure 54). These oscillations were consistently observed across all repeats, 

eliminating the possibility of instrumentation artefact and instead suggesting unwanted 

variation within the device-phantom interface, potentially of a more mechanical nature. 

The likely cause of these oscillations was the single-point contact at the lancet tip of 

the hypodermic needle, which, when interacting with the layered phantom-PDMS 

structure, may generate local frictional loading and sporadic device slippage (273, 274). 

This behaviour reflects a fundamental difference in the mechanical interaction mode 

between conventional hypodermic needles and multi-point MN arrays (273, 274). 

Despite the presence of early force oscillations, the hypodermic needle showed 

predictable rupture behaviour, consistent with its clinical design, whereby its small 

bevel angle and sharp lancet geometry achieve reproducible penetration (275). This was 

expected on account of its repeatable, controlled, and regulatory-compliant 

manufacture. Beyond initial rupture, a distinct mechanical divergence between the two 

device types becomes evident. In the MN array, a further increase in force was observed 

after 0.4 mm of displacement (Figure 46). This additional force was attributed to the 

compression of the phantom by the rigid silicon wafer baseplate that connects the five 

600 μm MNs. This compression was a structural artefact stemming from the array’s 

design. In contrast, once rupture was achieved in hypodermic needle insertions, the 
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force-displacement curve began to smoothen beyond 0.5 mm displacement (Figure 45). 

However, the latter stages of insertion were characterised by a marked increase in 

variability between repeats. This variability was likely due to differences in the extent 

of slippage between the hypodermic needle shaft and the PDMS plug, which becomes 

more prominent as greater needle length was inserted. Importantly, such sliding 

behaviour introduces clinically relevant variability, modelling how factors such as 

individual differences in skin hydration, elasticity, and structure may impact insertion 

force and user experience (115, 274). 

This phenomenon aligns with the broader clinical literature, which suggests that pain 

and discomfort during needle-based procedures are influenced not only by the initial 

puncture force but also by sustained drag force and displacement during insertions 

which disrupt deeper layers of tissue architecture (272). Hypodermic needles, by virtue 

of their greater length and higher penetration depth requirements, inherently generate 

more extensive tissue interaction and strain, further exacerbating patient discomfort 

relative to minimally invasive MN systems. 

4.4.2. Digital image correlation 

Here, DIC has offered a high-resolution and non-invasive method to study the dynamic 

strain fields associated with needle insertion. By capturing full-field deformation over 

time, DIC enabled the visualisation and quantification of strain localisation and 

progression, allowing for deeper insight into the underlying insertion mechanics and 

their relation to tissue trauma. 

Strain progression and localisation during insertion 

The DIC-derived strain maps for MN insertion proved to be highly repeatable across 

trials, with maximum normal strain at 100 % insertion depth ranging from 9.88 % to 
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14.89 % (SD = 2.22 %) (Figure 50). Furthermore, the standard deviation values at 

rupture, 50 %, and full insertion, were comparably low (2.63 %, 2.67 %, and 2.22 % 

respectively), indicating consistency of insertion across the arrays from a mechanical 

perspective. 

The high resolution enabled by the stereo-DIC method developed here was sufficient 

to resolve strain distribution at the level of individual needles within the 1x5 MN array 

(Figure 53). This capability enables the assessment of the commonly referenced "bed 

of nails" hypothesis, which assumes uniform deformation across the array (276). 

Instead, the DIC strain maps generated in this experiment clearly demonstrated inter-

needle variation in strain, highlighting the role of local mechanical interactions and 

baseplate-induced effects. Throughout all MN insertions, no facet loss was observed, 

suggesting robust experimental conditions were maintained, including optimal speckle 

quality, uniform lighting, and minimal out-of-plane deformation. This ensured reliable 

particle tracking and repeatable strain quantification. 

One consistent finding was the presence of increased background strain in the MN 

datasets, most notably in repeat 1, where compression and potentially silicone phantom 

sliding contributed towards the introduction of noise around the baseplate region 

(Figure 50). This elevated background strain likely arose due to a compressive 

interaction between the MN array and the phantom, with the potential for effects such 

as local friction at the PDMS interface to have contributed also. As the maximum strain 

values generated by MN insertions were relatively low, sometimes approaching the 

threshold of background noise, this likely contributed to the increased prominence of 

background strain observed in the MN datasets.  



~ 144 ~ 
 

As expected, the strain fields derived from the hypodermic needle insertions differed 

significantly in their spatial profile (Figure 49, Figure 51). Notably, the maximum 

normal strain was observed to extend beyond the immediate lancet tip of the device, 

which suggests a broader deformation zone. Facet loss was minimal, with only a single 

occurrence detected at 29 % insertion depth in repeat 3, which deviated only marginally 

(by 1 %) from the targeted 30 % depth, indicating reliable DIC tracking, well 

maintained conditions, and high quality patterning. Unlike with the MN samples, 

hypodermic insertions demonstrated less compression-induced background strain but 

were more affected by sliding and drag effects. These could not be fully decoupled from 

true strain contributions in the strain maps, presenting an inherent limitation of the 

current methodology. 

The stress concentration factors of the median samples illustrate a key difference in 

their performance: MN produced a factor of 7.5 at full insertion, whereas the 

hypodermic device generates 33.5 at 30 % insertion (Figure 51). This highlights the 

hypodermic device to generate substantially greater local stress past the point of rupture 

than the MN device. It must be acknowledged that a high stress concentration is 

desirable to ensure cutting and reliable penetration at insertion point (277). However, a 

high stress concentration factor beyond rupture is largely superfluous and may 

exacerbate tissue trauma (278). Beyond membrane rupture, the stress concentration 

factor indicates that MNs generate moderate stress to achieve full penetration, whereas 

the hypodermic device produced approximately a four times greater stress 

concentration factor at only 30 % insertion, reflecting aggressive mechanical behaviour. 

Despite their regulated manufacture, and a consistent experimental setup, the 

hypodermic device insertions induced a considerably greater degree of strain 

variability. At 30 % insertion depth, the standard deviation reached 13.97 %, indicative 
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of significant inter-sample mechanical divergence (Figure 49). This variability likely 

reflects the increased complexity of the needle-tissue interaction over longer insertion 

paths and again highlights the potential for clinically meaningful differences in patient 

response and experience. From a translational perspective, such variation may underpin 

inconsistencies in user pain experience, potentially affecting patient anxiety and 

compliance in currently available needle-based procedures. 

Rate of strain increase 

Understanding the rate at which strain progresses during insertion is essential for 

identifying how quickly tissue is deformed or ruptured, which is directly relevant to 

user experience and pain perception (115, 247). Strain rate is not only a mechanical 

parameter but has also been suggested as a factor influencing physiological discomfort, 

with sharper increase in strain generally associated with greater nociceptor activation 

and thus greater reported pain (115, 247). 

The stereo-DIC method developed here enabled time-resolved tracking of strain 

evolution around individual needle points, allowing spatially and temporally resolved 

strain rate measurements. In the MN array, strain rate varied by needle position. Edge-

positioned needles (positions 1 and 5) exhibited higher peak strain values, reaching 7.91 

% and 8.24 % respectively (Figure 52, Table 13). Needles adjacent to the edges 

(positions 2 and 4) displayed slightly lower peak strains (5.42 % and 5.34 %), and the 

central needle (position 3) peaked at 6.04 % (Figure 52, Table 13). This spatial trend 

suggests a pinning effect of the phantom material, particularly between adjacent 

needles, which may restrict lateral membrane displacement and resultantly have a 

dampening effect on local strain magnitude. The result was reduced penetration 

efficiency in needles not located at flanking edges of the array. This finding has 
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important implications for MN array design. Alterations to the pitch or arrangement of 

needles could be explored to mitigate pinning effects, potentially improving uniformity 

of insertion and reducing strain asymmetry. This would contribute to both the 

mechanical effectiveness and patient comfort of MN-based systems. 

A comparative analysis of hypodermic versus MN induced strain at 0.6 s into the 

insertion further demonstrates differences in mechanical behaviour. At this point, MN 

insertions produced a slightly higher average maximum strain (6.59 %) than the 

hypodermic needle (6.07 %) (Figure 54). However, this corresponds to full MN 

insertion versus only 30 % penetration of the hypodermic needle, which equates to 

approximately 3.75 % of its total length. This context was crucial in interpreting the 

data, as although the strain values appear comparable, it in fact underscores the 

mechanical efficiency of MNs in generating similar strain levels to hypodermic needles, 

despite operating at significantly shallower penetration depths. 

Initial force-displacement data support these findings, confirming that the sharp lancet 

geometry of the 25-G hypodermic needles allows for an effective initial penetration 

with relatively low applied force. However, over full insertion, hypodermic needles 

produce substantially higher strain values due to their larger shaft diameter and 

extended penetration depth. These geometric and mechanical differences contribute to 

the more invasive nature of hypodermic injections compared to MN arrays. 

4.4.3. Methodological limitations and future work recommendations 

Several limitations should be acknowledged when interpreting the findings of this 

study. The silicone/PDMS phantom provides a useful approximation of human skin 

mechanics but cannot fully replicate in vivo human tissue and physiological responses, 

including perfusion, immune activation, and pain perception. Therefore, while the 
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method developed here has proved repeatable and provided informative trends, 

definitive clinical extrapolation should be approached with caution. 

The PDMS backing, selected to mimic the mechanical support provided by underlying 

dermal architecture, played a critical role in enabling realistic epidermal deformation 

and rupture behaviour. Its inclusion prevented excessive or unrealistic stretching of the 

epidermal phantom during insertion, thereby contributing to physiologically relevant 

failure patterns. However, the presence of this backing introduced potentially 

artefactual or exaggerated compressive behaviour and membrane/device slippage, 

complicating the interpretation of the DIC strain data. These effects were particularly 

evident in the MN samples, where background strain originating from baseplate 

compression could not be fully isolated from insertion-induced strain. In the 

hypodermic needle samples, membrane drag and lateral displacement introduced 

additional confounding strain patterns, particularly across the lateral deformation fields, 

and may have contributed to the premature loss of a facet in hypodermic repeat 3, which 

occurred 1 % earlier than the targeted depth (Figure 49). 

The stereo-DIC system and experimental design developed in this study enabled 

measurement of both in-plane and out-of-plane surface deformations, including sub-

surface strain distributions beneath the epidermal phantom. However, limitations 

related to the spatial resolution and frame rate of the cameras must be acknowledged. 

In particular, as this study focused primarily on MN insertion, a high frame rate was 

selected to capture rapid deformation events with sufficient temporal resolution. 

Consequently, the recording duration was limited, resulting in a shorter observation 

period that did not encompass the full insertion of the hypodermic devices. Although a 

sufficient number of frames were captured to enable a fair and valid comparison, these 

factors represent limitations of the experimental design and may contribute to 
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underestimation of peak strain magnitudes and temporal strain gradients within the 

hypodermic needle group, as well as restrict direct temporal comparisons of insertion 

dynamics between both device types. 

Inter-sample variability in strain measurements may have been influenced by minor 

inconsistencies in the fabrication of the bar-coated silicone epidermal phantom. While 

the use of synthetic materials offered improved reproducibility compared to ex vivo 

biological tissue, small variations in membrane thickness, surface topography, and 

coating uniformity still introduced experimental variability (279). Standard deviations 

in the MN datasets were generally within acceptable limits, but the greater spread 

exhibited by the hypodermic needle samples likely reflects the increased mechanical 

disruption and deformation associated with larger, deeper insertions. This amplified the 

impact of even small differences in phantom properties on strain distribution outcomes. 

Future work should consider the integration of volumetric imaging techniques capable 

of capturing subsurface and internal deformation, such as micro-computed tomography, 

optical coherence tomography (OCT), or high-resolution ultrasound. These approaches 

could complement surface-level data obtained via stereo-DIC, offering a more 

comprehensive understanding of device-tissue interaction. The inclusion of in vivo 

studies or the use of excised human skin would improve both clinical relevance and 

translational applicability. Of particular interest is further examination of the membrane 

pinning phenomenon observed in MN arrays, which may significantly affect insertion 

efficiency and localised tissue trauma and can inform device optimisation with 

variations in array pitches and device geometries. Finally, to bridge the gap between 

experimental mechanics and patient outcomes, future research should adopt a 

multidisciplinary approach integrating computational modelling, experimental 

validation, and clinical trials. 
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5. Chapter 5: In Vitro Cytotoxicity Assessment 

This chapter presents a study investigating the cytotoxicity of silicon SMN and HMN, 

as well as silicon starting material. The study design utilised a human immortalised 

keratinocyte cell line to evaluate cell viability post exposure to devices. Cytotoxicity 

was assessed utilising an in vitro cell viability assay in compliance with the ISO 10993 

standards (225). 

5.1.  Introduction 

5.1.1. Biocompatibility in medical devices 

Biocompatibility, as defined by ISO 10993-1, is the ability of a material to perform 

with an appropriate host response in a specific application (215, 221). This definition 

highlights that biocompatibility is not an intrinsic property of a material but heavily 

depends on its intended use, contact site, and the duration of exposure. The ISO 10993 

series, developed by the International Organization for Standardisation, provides an 

internationally recognised framework to assess the biological safety of medical devices, 

helping to ensure the quality, safety, reliability, and regulatory compliance across 

global markets (215). In the context of medical devices, biocompatibility evaluation is 

essential to confirm that materials will not induce harmful effects including but not 

limited to cytotoxicity, sensitisation, irritation, or systemic toxicity when in contact 

with the human body (212). Effective biocompatibility assessment supports risk 

management strategies and standardises regulatory approval processes, ultimately 

safeguarding patient health and device performance, and expediting regulatory 

processes (212). 
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Poor biocompatibility has the potential to lead to inflammation, toxic reactions, and 

even failure in clinical trials (280). Consequently, this may result in costly redesigns, 

regulatory delays, or funding loss, with regulatory agencies such as the FDA and the 

MHRA mandating comprehensive biocompatibility testing for device approval. Factors 

influencing biocompatibility include material composition, surface properties, device 

design, and the nature and duration of contact with the body (281). Evaluation strategies 

utilise a tiered testing approach, as outlined in the ISO 10993 series, which tailors 

assessment to the type of device, materials used, anatomical location, and exposure time 

(215). Among these tests, in vitro cytotoxicity screening, particularly guided by ISO 

10993-5, serves as one of the earliest and most vital steps in identifying potentially 

harmful materials (215). 

5.1.2. Cytotoxicity and biocompatibility 

Cytotoxicity and biocompatibility, despite being closely related, are distinct concepts 

through the lens of medical device evaluations. Biocompatibility refers to the overall 

ability of a material or device to perform its intended function without eliciting adverse 

local or systemic effects within the host (221). It encompasses the evaluation of broad 

range of biological responses, from inflammation to immunogenicity. In contrast, 

cytotoxicity specifically addresses the material’s potential to cause cell damage or death 

(282). Cytotoxicity testing forms a critical subset of biocompatibility assessment, 

offering a fast, cost-effective means of identifying materials likely to produce harmful 

cellular responses before progressing to more complex and costly in vivo evaluations. 

As such, while cytotoxicity is not synonymous with biocompatibility, it represents a 

solid foundation in determining whether a material is likely to be biocompatible in its 

intended application. 
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5.1.3. ISO 10993-5: Guidance for in vitro cytotoxicity testing 

The ISO 10993 series provides a comprehensive framework for evaluating the 

biological safety of medical devices (215). Within this series, ISO 10993-5 specifically 

addresses the in vitro assessment of cytotoxicity, offering standardised guidance for 

determining whether a material causes harmful effects on cultured cells (215). This is 

particularly relevant as cytotoxicity serves as an early and essential indicator of 

biocompatibility, as previously discussed. 

ISO 10993-5 outlines three testing approaches: 

• Direct contact, whereby the test material is placed in immediate contact with a 

cell layer; 

• Indirect contact, involving a barrier (e.g., agar or filter) between the material 

and cells; 

• Extract testing, in which material leachables are incubated with cells to assess 

potential toxicity. 

These methodologies are typically carried out over 24 - 48 hours, using cell lines 

relevant to the devices intended site of contact and application. Human immortalised 

keratinocyte cells (HaCaT), for example, are often used for evaluating skin-contacting 

technologies such as MNs (283, 284). Results are assessed based on cell viability, with 

a ≥ 70% viability threshold relative to controls commonly accepted as indicating non-

cytotoxicity. 

The use of positive and negative controls, as well as standardised test conditions, 

ensures reproducibility and comparability of results across laboratories and device 

types. However, it is acknowledged that this method offers only a preliminary 



~ 152 ~ 
 

indication of safety and must be used to gather a foundational understanding prior to in 

vivo assessments as advised under ISO 10993 (215). 

This standard plays a critical role in the regulatory approval process, providing early 

evidence that a device material is unlikely to provoke acute cellular toxicity. In the 

context of novel transdermal systems such as MNs, compliance with ISO 10993-5 is 

foundational for risk mitigation in early-stage device development and progressing 

safely down the roadmap to clinical roll out, as will be discussed in the next subsection. 

5.1.4. Relevance to microneedle-based technologies 

Microneedle technologies often employ novel materials or coatings, including 

polymers, composites, or bioactive agents, which may not have extensive safety data. 

Furthermore, the unique geometry and fabrication methodologies (e.g., moulding, 

lithography, or additive manufacturing) introduce potential residuals, leachables, or 

surface contaminants that warrant cytotoxic evaluation. In this context, extract testing 

under ISO 10993-5 serves as a valuable tool for identifying any acute cytotoxic effects 

arising from the device in its final, fabricated form. 

For novel medical devices such as MN, early assessment of biocompatibility using in 

vitro cytotoxicity protocols are crucial in translational success, allowing for a smooth 

transition between research and clinical deployment. Beyond regulatory compliance, 

such testing facilitates risk mitigation in design and material selection, ensuring that 

devices are safe for their intended short- or long-term application (285). 

In this study, HaCaT keratinocytes were selected for the cytotoxicity assay due to their 

strong biological relevance. As an immortalised human keratinocyte cell line, HaCaTs 

are widely used in dermatological research because they retain many of the structural 
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and functional characteristics of normal epidermal keratinocytes (284). Given that MNs 

primarily interact with the epidermis during application, HaCaTs provide an 

appropriate and representative in vitro model to evaluate potential cellular toxicity and 

predict localised skin responses (286). Their robustness, reproducibility, and 

standardised culture conditions also make them well-suited for regulatory-aligned 

cytotoxicity testing (286). Demonstrating cytocompatibility with this cell type is 

therefore a key milestone in building both scientific credibility and regulatory 

acceptance for the MN platform developed in this research. 

5.2.  Materials and methodology  

The experimental approach employed within this chapter to evaluate the 

biocompatibility and potential cytotoxicity of the silicon MN devices is detailed in this 

section. HaCaT keratinocytes were utilised as a representative epidermal cell line to 

model skin responses to exposure conditions and materials. The below will detail 

sample preparation, cell culture, viability assays, and the statistical analysis used. All 

methodology employed in this chapter was in line with the ISO 10993-5 guidelines. 

5.2.1. Experimental methodology 

All experimental work was conducted under aseptic conditions using a Class II 

biological safety cabinet, which was disinfected before and after each use. All 

instrumentation and consumables introduced into the cabinet were sterilised 

immediately prior to transfer to maintain sterility throughout all procedures. 

Media preparation 

Complete keratinocyte growth medium was prepared by supplementing Dermal Cell 

Basal Medium (ATCC PCS-200-030) with the Keratinocyte Growth Kit (ATCC PCS-

200-040), as per the manufacturer’s instructions. This formulation creates a serum-free 
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environment specifically optimised for keratinocyte culture, with a low calcium 

concentration (0.06 mM) to reduce spontaneous differentiation and inhibit fibroblast 

overgrowth. No feeder layers or additional extracellular matrix (ECM) proteins were 

required. The final concentrations of the individual components in the complete 

medium and their biological role can be found in Table 14. 

Table 14. The composition of growth medium utilised for HaCaT cell culture, their 
concentrations, and the purpose of each component 

Component Final Concentration 
in Growth Medium Purpose in Keratinocyte Culture 

Extract P 0.4 % Provides growth-promoting peptides and 
nutrients to support keratinocyte proliferation 

rh TGF-a 0.5 ng/mL Stimulates cell growth and survival via EGF 
receptor activation 

L-glutamine 6 mM An essential nutrient for energy and protein 
synthesis 

Hydrocortisone 100 ng/mL Reduces inflammation and supports cell 
differentiation and barrier function 

Insulin 5 µg/mL Promotes glucose uptake and cell metabolism to 
support growth 

Epinephrine 1.0 µM Modulates signalling pathways to enhance cell 
survival and reduce oxidative stress 

Apo-transferrin 5 µg/mL Supplies iron in a bioavailable form without 
promoting oxidative damage 

HaCaT keratinocyte cell culture 

HaCaT keratinocytes were used as the representative epidermal cell for 

biocompatibility testing in this chapter. Below details the culture of these cells, from 

storage to seeding and splitting. 

HaCaT cell thawing 

Cryovials containing HaCaT keratinocytes at passage 8 (P8, 8th culture split) and 

passage 26 (P26, 26th culture split) were retrieved from liquid nitrogen storage and 

immediately placed in a 37 °C water bath to minimise dimethyl sulfoxide (DMSO)-

induced cell lysis. The cryovial caps remained above the water level at all times to avoid 

contamination.  
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Under aseptic conditions, the thawed HaCaT cells were transferred into sterile 15 ml 

Falcon tubes containing 5 ml of growth medium and centrifuged at 300 × g for 5 mins. 

The supernatant was discarded, and the cell pellets were resuspended in 1 ml of fresh 

growth medium. 

Cell viability was assessed using an erythrosin B (16423-68-0) exclusion assay. This 

dye was selectively taken up by cells with compromised plasma membranes, thereby 

staining only non-viable cells. Live cells excluded the dye and remain unstained, 

allowing for differentiation between viable and non-viable cells. A cell count was 

performed on each passage by pipette mixing 10 μl of cell suspension with 10 μl of 

erythrosin B. A 10 μl sample of this was then transferred onto a glass slide, which was 

then inserted into the LUNA-II™ Automated Cell Counter (Logos Biosystems) in 

brightfield mode for analysis. Cell counts were obtained (Table 15) and used to 

calculate appropriate seeding densities (Section 5.2.1.2.3: Cell Seeding). 

Table 15. Cell counts and viabilities for each passage cultured (P8 and P26) 

 P8 P26 
Total cell concentration (cells/ml) 1.35x106 6.33x106 
Live cell concentration (cells/ml) 1.25x106 5.99x106 
Dead cell concentration (cells/ml) 1.0x105 3.4x105 

% Viability 92.2 94.6 

Cell seeding 

A seeding density of 1x10⁴ cells/cm² was targeted, as commonly recommended for 

culturing expanding HaCaT keratinocytes. For T75 flasks (75 cm²), this corresponds to 

approximately 7.5x10⁵ cells per flask in 15 ml medium. 

Flasks were incubated at 37 °C, 5 % CO₂. After 24 hours, a media change was 

performed to support proliferation. Cells were grown to ~80 % confluency, typically 

by 72 hours. 
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Cell splitting 

Prior to cell splitting, old growth media was aspirated and immediately replaced. Cells 

were washed with 5 ml sterile phosphate-buffered saline (PBS), which was then 

aspirated. Cells were detached by adding 3 ml of prewarmed 0.05% trypsin- 

ethylenediamine-tetra acetic acid (EDTA) solution and incubating for 5 mins at 37 °C 

with 5 % CO₂. The flasks were then tapped manually to promote detachment. Once 

detached, 3 ml of growth medium was added, and the cell suspension was mixed by 

pipetting. 

The detached cell suspension was transferred to a sterile 15 ml falcon tube and 

centrifuged at 300 g for 5 mins. The supernatant was discarded, and the cell pellet 

resuspended in 1 ml of fresh growth medium. A cell count was performed as described 

under HaCaT cell thawing. The cell suspension was then diluted to achieve the desired 

final concentration for seeding into 6 well plates (Table 16), which have a working 

volume and total growth area per well of 2 ml and 9.5 cm² respectively. The seeding 

densities and incubation periods used for each exposure are summarised in Table 16. 

For repeat 2, the initial seeding density was reduced compared to repeats 1 and 3 due 

to limited lab access preventing a 4-day incubation. The incubation period was extended 

to 7 days to ensure the cell density at exposure matched that of the other repeats (2.0x10⁴ 

cells/cm²). With the HaCaT cells typically double every 24 - 36 hours, the 1.5-fold 

increase in cell number over 7 days to reach the target density well within expected 

proliferation capacity, while maintaining consistent exposure conditions across all 

repeats. 
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Table 16. Cell culture schedule including seeding dates and cell seeding density, in addition to 
the incubation period, cell density at exposure, and exposure date 

n Seed 
date 

Cell seeding density Incubation 
period (days) 

Cell density at 
exposure (cells/cm2) 

Exposure 
date cells/ml cells/cm2 

1 10 Apr 9.5x104 2.0x104 4 2.0x104 14 Apr 
2 16 Apr 6.3x104 1.3x104 7 2.0x104 23 Apr 
3 24 Apr 9.5x104 2.0x104 4 2.0x104 28 Apr 

Device sterilisation and preparation 

Device samples used per exposure consisted of one HMN array, one SMN array, one 

block from the HMN wafer edge (HB), and one block from the SMN wafer edge (SB). 

The HB and SB samples were included as controls for weight, being taken from 

unetched wafer areas to account for any potential effects of device weight on the cell 

monolayers. 

Samples were extracted from the wafer carrier boxes and sterilised using a moist heat 

autoclave cycle at 121 °C and 2 bar pressure for 20 mins. These conditions were 

consistent with validated sterilisation cycles described in ISO 17665-1:2006 and widely 

accepted industry standards such as the United States Pharmacopeia <1211> and the 

European Pharmacopoeia. After sterilisation, the devices were retained under sterile 

conditions until use. 

Plate layout and experimental controls 

The experimental plate layout is illustrated in Figure 55, with each labelled according 

to its contents. One plate was used per repeat. 

Two types of controls were included in the experiments: 

• Positive control: 1% Triton X-100 (20 µl) was added to induce cell death. 

Triton X-100, a non-ionic surfactant, disrupted cell membranes by solubilising 

membrane lipids and proteins, causing rapid loss of membrane integrity and cell 
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viability. This control served to verify the assay’s sensitivity to cytotoxic 

effects. 

• Negative control: No treatment to serve as a baseline for normal cell viability. 

Figure 55. Plate plan for each exposure sample 

Following exposure, cells were allowed zero recovery time before device removal and 

viability counting to ensure immediate effects were measured without interference from 

cellular repair or proliferation. 

Cell viability assay 

Cell viability assays were conducted at 24 hours post-exposure for all three 

experimental replicates. To investigate potential longer-term cytotoxic effects, a single 

additional replicate was performed at the 48-hour timepoint. This extended timepoint 

was included to assess sustained cell viability beyond the standard 24-hour exposure 

period stipulated by ISO 10993-5. Due to practical limitations, only one 48-hour 

replicate was conducted; therefore, statistical comparisons were not performed for this 

timepoint. A summary of seeding, exposure, and extraction timepoints for all repeats is 

provided in Table 17. 

Table 17. The seeding, exposure, and extraction date for each repeat 

n Seeding date Incubation 
period (days) Exposure date Extraction date 

1 10 Apr 4 14 Apr 15 Apr 
2 16 Apr 7 23 Apr 24 Apr 25 Apr 
3 24 Apr 4 28 Apr 29 Apr 
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Immediately prior to exposure, a growth medium change was performed in all wells to 

ensure standardised metabolic conditions. Subsequently, the positive control and 

devices were applied consecutively to the assigned wells, allowing them to incubate for 

24 hours before assessment. Well assignments and control types are as previously stated 

under plate layout and experimental controls. Plates were then incubated for 24 hours 

(or 48 hours for the extended replicate) at 37 °C and 5 % CO₂. 

At the appropriate timepoint, MN devices were carefully extracted using sterile 

tweezers and discarded to sharps waste. The culture supernatant was then collected 

from each well into sterile 15 ml falcon tubes to capture any detached cells and 

centrifuged at 300 × g for 5 mins. The resulting supernatant was aspirated into a new 

Falcon tube and stored at -20 °C. The cell pellet was retained in the original tube. 

Each well was washed twice with 1 ml sterile PBS. To detach adherent cells, 500 µl of 

prewarmed 0.05 % trypsin-EDTA was added to each well and incubated at 37 °C, 5 % 

CO₂ for approximately 10 mins (not exceeding 15 mins). Manual tapping was used to 

promote full detachment. Following detachment, 500 µl of fresh growth medium was 

added to neutralise the trypsin. 

To assess viability, 10 µl of the cell suspension was combined with 10 µl erythrosin B. 

This membrane-impermeable dye was excluded by viable cells but taken up by dead 

cells, allowing distinction by microscopy. Cell counts were then performed on each 

sample following the previously described process. 

5.2.2. Analytical methodology 

This subsection describes the analytical procedures used in this study to quantify cell 

viability post-exposure to MN devices and silicon material. Viability was determined 
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via an erythrosin B exclusion assay, with percentage viability calculated and analysed 

statistically, in accordance with ISO 10993-5 guidelines. 

Cell viability assay 

Cell viability was quantified using erythrosin B exclusion staining combined with 

automated cell counting. Following staining, counts were performed to determine the 

total number of cells, live cells, and dead cells/ml of suspension. The percentage 

viability was calculated using Equation 4. 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) = 7
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑙𝑖𝑣𝑒	𝑐𝑒𝑙𝑙𝑠
𝑡𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠A

	𝑥	100 

Equation 4. The formula used to calculate the % cell viability post exposure 

Cell suspensions were mixed in equal volumes (10 µl each) with erythrosin B dye, 

which selectively penetrates cells with compromised membranes, thereby staining only 

non-viable cells. Viable cells exclude the dye and remain unstained, allowing 

differentiation by brightfield microscopy. 

Cell counts were performed using the LUNA-II™ Automated Cell Counter (Logos 

Biosystems) in brightfield mode, with manual verification to ensure accuracy. The 

counts obtained were used to calculate the cell concentration and viability for each 

sample, informing subsequent seeding densities and exposure assessments. 

Statistical analysis 

Statistical analyses were performed using Microsoft Excel. A summary of the statistical 

analysis parameters and rationale can be found in Table 18. Cell viability was calculated 

as the percentage of live cells relative to the total number of cells for each sample. For 

the 24-hour timepoint, three independent replicates were performed per group. For the 

48-hour timepoint, one replicate was conducted.  
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Table 18. A summary of the statistical elements applied in this study 

Element Summary and Justification 
Dependent variable % of live cells relative to the total cell count 

Independent 
variable Treatment group (negative control, HMN, HB, SMN, SB) 

Descriptive 
statistics Mean, standard deviation, standard error of the mean 

One-way ANOVA 

Parametric test comparing mean % viability across groups, 
generating F and p values. 

F value quantifies the ratio of the variance between groups to within 
groups, with larger F indicating greater between group differences. 
Statistical significance is determined by the p value relative to a. 

Dunnett’s post-hoc Compares each treatment group to the control group, whilst 
controlling Type I error. An adjusted p value is generated from this. 

Bonferroni 
correction 

Used to limit false positives by dividing the a value by the number 
of comparisons. 

Significance 
threshold (a) 

p = 0.05.  
After Bonferroni adjustment, a = 0.0125. 

Normalisation/ 
scaled viability 

Viability is expressed relative to control to allow comparison and 
evaluation against the ISO 10993-5 threshold of < 70 % cytotoxic 

Descriptive statistics, including means, standard deviations, and standard errors of the 

mean, were calculated for each group at the 24-hour timepoint. These data were 

visualised using bar graphs with error bars representing the standard error of the mean. 

To assess statistical differences in cell viability between groups at 24 hours, a one-way 

analysis of variance (ANOVA) was conducted. This test compared five groups: 

Negative Control, HMN, HB, SMN, and SB. Although formal tests for normality (e.g., 

Shapiro-Wilk) and homogeneity of variances (e.g., Levene’s test) were not conducted 

due to small sample sizes (n = 3 per group), the use of ANOVA was deemed appropriate 

based on the relatively low variability observed across all replicates. Parametric tests 

are generally robust to modest deviations from these assumptions in small, balanced 

designs. Following ANOVA, Dunnett’s post-hoc test was used to compare each 

treatment group directly against the negative control. This test controls for Type I error 

in multiple comparisons made to a single control group. Bonferroni-adjusted p-values 

were calculated, and a significance threshold of α ≤ 0.0125 was applied to account for 

the four comparisons. 
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Scaled viability values were also calculated by normalizing each sample’s mean % 

viability to the mean viability of the negative control (set as 100 %). This allowed 

expression of relative viability across samples and enabled interpretation against the 

ISO 10993-5 threshold of 70 %, which defines cytotoxicity as < 70 % viability relative 

to the negative control. No formal statistical analysis was performed on the 48-hour 

data due to the limited sample size (n = 1); results are presented descriptively. 

5.3.  Experimental results 

The following section summarises the results of the erythrosin B assay performed at 

both 24 and 48 hour time points post exposure to silicon base material and silicon MNs. 

Cell viability was calculated relative to negative controls and assessed statistically. 

5.3.1. Cell viability assay: 24 hour timepoint 

Cell viability at the 24-hour timepoint was assessed across all sample groups, with raw 

data presented in Table 19. Total, live, and dead cell counts, and percentage viability 

were measured in three independent replicates per group. The positive control samples 

consistently showed 0 % viability, which confirmed complete cytotoxicity. Negative 

control samples exhibited mean percentage viability of 89.19 % (± 2.2 % SD), 

indicating a healthy baseline of cell survival. 

Treatment groups showed similarly high viability, with mean percentage viability 

values of 91.86 % (± 2.5 % SD) for HMN, 96.53 % (± 1.0 % SD) for HB, 95.55 % (± 

2.9 % SD) for SMN, and 92.99 % (± 6.2 % SD) for SB. Standard error of the mean 

ranged from 0.6 - 3.6 % across treatments, reflecting low variability between replicates. 

A summary of the mean % viabilities for each group and their corresponding standard 

deviation and error can be found in Table 20. This data indicates that cell viability 

remained consistently high across all treatments and comparable to the negative control 
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after 24 hours of exposure. Error bars in the bar graphs in Figure 56 represent the 

standard error of the mean, reflecting variability between biological replicates. 

Table 19. Cell count (cells/ml) and viability (%) results for each well across three replicates. 
Samples reported include all controls (positive and negative) and all samples tested (hollow 
and solid, microneedles and blocks) post 24 hour exposure 

n Well Sample Cell Count (cells/ml) % Viability Total Live Dead 

1 

1 + control 2.87x104 0.00 2.87x104 0.00 
2 - control 5.35x105 4.78x105 5.73x104 89.35 
3 HMN 2.82x105 2.63x105 1.91x104 93.26 
4 HB 5.54x105 5.35x105 1.91x104 96.57 
5 SMN 4.01x105 3.92x105 9.55x103 97.76 
6 SB 3.39x105 3.30x105 9.55x103 97.35 

2 

1 + control 4.78x103 0.00 4.78x103 0.00 
2 - control 3.96x105 3.44x105 5.25x104 86.87 
3 HMN 3.63x105 3.39x105 2.39x104 93.39 
4 HB 3.10x105 2.96x105 1.43x104 95.48 
5 SMN 1.19x105 1.15x105 4.78x103 96.64 
6 SB 3.25x105 3.11x105 1.43x104 95.69 

3 

1 + control 9.55x103 0.00 9.55x103 0.00 
2 - control 1.62x105 1.48x105 1.43x104 91.36 
3 HMN 2.53x105 2.25x105 2.87x104 88.93 
4 HB 1.62x105 1.58x105 4.78x103 97.53 
5 SMN 6.21x104 5.73x104 4.78x103 92.27 
6 SB 3.34x104 2.87x104 4.78x103 85.93 

 

Table 20. Summary of mean viability (%), standard deviation, and standard error of the mean 
for each sample group post 24 hour exposure 

Sample Mean % Viability Standard Deviation Standard Error of the Mean 
+ control 0.00 0.0 0.0 
- control 89.19 2.2 1.3 

HMN 91.86 2.5 1.5 
HB 96.53 1.0 0.6 

SMN 95.55 2.9 1.7 
SB 92.99 6.2 3.6 
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Figure 56. The viability (%) of HaCaT cells from each group (n = 3) following 24 hour 
exposure  

A one-way ANOVA was performed to assess differences in cell viability (% viability) 

among five groups: negative Control, HMN, HB, SMN, and SB. The analysis indicated 

no statistically significant differences between the groups (F(4, 10) = 2.19, p = 0.143), 

suggesting that none of the treatments had a significant overall effect on cytotoxicity 

(Table 21). 

Table 21. One way ANOVA results comparing sample group viability indicate no statistical 
difference between groups 

Statistic Value 
F-value 2.19 
p-value 0.143 

 

Despite the lack of overall significance, Dunnett’s post-hoc test was conducted to 

compare each treatment group directly against the negative control, as this method 

specifically controls for type I error when making multiple comparisons to a single 

control group. The post-hoc analysis revealed that none of the treatments significantly 

differed from the negative control after adjustment for multiple comparisons 

(Bonferroni-adjusted p-values > 0.0125). Although the HB treatment approached 
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significance in the raw p-value (p = 0.017), this difference was not statistically 

significant following correction for multiple testing (adjusted p = 0.068) (Table 22). 

Therefore, none of the treatments demonstrated a significant cytotoxic effect compared 

to the negative control. 

Table 22. Dunnett’s post hoc analysis results comparing each sample group to the negative 
control. No sample group showed statistically significant differences in viability relative to the 
negative control at the adjusted significance threshold 

Negative control 
versus t-statistic raw p-value 

Bonferroni-
adjusted  
p-value 

Significant 
(Threshold 
a ≤ 0.0125) 

HMN -1.36 0.246 0.984 No 
HB -5.14 0.017 0.068 No 

SMN -3.00 0.043 0.172 No 
SB -1.00 0.403 1.612 No 

 

Cell viability was assessed at the 24-hour timepoint to evaluate any potential cytotoxic 

effects of the device test samples. The negative control was used as the baseline, with 

its mean viability normalized to 100%. The viability of each test sample was expressed 

as a percentage relative to this baseline. As shown in Table 23, the negative control 

exhibited a mean viability of 89.19 %. All test samples demonstrated viability values 

equal to or exceeding the negative control, with scaled viability percentages ranging 

from approximately 103.0 % - 108.3%. 

Scaled viability values above 100 % occur due to the raw viability measurements 

experienced by some samples being slightly higher than the negative control. This was 

attributable to biological variability, experimental noise, or minor differences in cell 

proliferation or assay conditions. Such variations are typical in cell viability assays. 

According to ISO 10993-5 standards, a viability of 70 % or higher compared to the 

negative control indicates no cytotoxicity. Therefore, all tested samples are considered 

non-cytotoxic under the conditions of this assay. 
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Table 23. Raw mean percentage viability and scaled viability of each sample group relative to 
the negative control 

Sample Mean % Viability (Raw) Scaled Viability (% of Negative Control) 
+ control - - 
- control 89.19 100.0 

HMN 91.86 103.0 
HB 96.53 108.3 

SMN 95.55 107.1 
SB 92.99 104.2 

5.3.1. Cell viability assay: 48 hour timepoint 

A single replicate of the cell viability assay was conducted at the 48-hour timepoint to 

provide additional insight into longer-term cytotoxicity. As shown in Table 24, cell 

viability remained high across all treatment groups, ranging from 90.00 % - 96.50 %, 

with the negative control at 87.94 %. The positive control showed 0 % viability, which 

confirmed assay validity. Results are displayed graphically in Figure 57. Although only 

one replicate was performed at 48 hours, these results were consistent with the 24-hour 

data and indicate sustained cell viability beyond the standard ISO 10993-5 24-hour 

exposure period. Importantly, the 48-hour timepoint extends well beyond both the ISO 

10993-5 requirement and the intended use period of the devices, and given the absence 

of adverse effects, further replicates at this timepoint were not pursued. Due to the 

single replicate performed at the 48-hour timepoint, statistical analysis was not 

possible, limiting the ability to draw definitive conclusions about long-term 

cytotoxicity. Nonetheless, the observed viability levels align with the 24-hour data, 

providing preliminary evidence of sustained cell compatibility. 
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Table 24. Summary of mean viability (%), standard deviation, and standard error of the mean 
for each sample group post 48 hour exposure  

n Well Sample Cell Count (cells/ml) % Viability Total Live Dead 

1 

1 + control 0 0 0 0.00 
2 - control 2.82x105 2.48x105 3.34x104 87.94 
3 HMN 4.35x105 3.96x105 3.82x104 91.03 
4 HB 4.30x105 3.87x105 4.30x104 90.00 
5 SMN 3.44x105 3.20x105 2.39x104 93.02 
6 SB 1.43x105 1.38x105 4.78x103 96.50 

 

Figure 57. The viability (%) of HaCaT cells from each group (n = 1) following 48 hour 
exposure  

The bar graph (Figure 58) illustrates the mean percentage cell viability for each sample 

group at both 24 (blank) and 48-hours (crosshatch) post-exposure. Viability remained 

consistently high across all samples and timepoints, with values generally above 85%, 

indicating minimal cytotoxic effects. The 48-hour single replicate data align closely 

with the 24-hour mean values, suggesting sustained cell viability over the extended 

exposure period. Due to the limited number of replicates at 48 hours, no formal 

statistical comparison was performed; however, the similar viability levels support the 

conclusion that the MN devices and wafer blocks do not induce significant cytotoxicity 

up to 48 hours. 
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Figure 58. A comparison of cell viability (%) from each group post 24 and 48 hour exposure 

At 48 hours, the negative control (87.94 % viability) was set as the reference for scaling. 

All test samples surpassed this baseline, with scaled viabilities between 102.3 % - 109.7 

%, while the positive control confirmed assay function with 0 % viability (Table 25). 

Values exceeding 100 % reflect slight increases in raw viability relative to the negative 

control, likely due to typical biological variation or minor experimental differences. 

Despite only one replicate, all test samples remained well above the ISO 10993-5 

cytotoxicity threshold of 70 %. As 48 hours exceeds both the ISO-defined exposure 

period and the expected device use duration, these results further indicate acceptable 

long-term cytocompatibility. 

Table 25. Raw mean percentage viability and scaled viability of each sample group relative to 
the negative control post 48 hour exposure 

Sample Mean % Viability (Raw) Scaled Viability (% of Negative Control) 
+ control - - 
- control 87.94 100.0 

HMN 91.03 103.5 
HB 90.00 102.3 

SMN 93.02 105.8 
SB 96.50 109.7 
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5.4.  Discussion 

The following discussion investigates the reported results of the cell viability assay at 

both the 24 and 48 hour timepoint. The interpretation of these results focused on 

whether the devices or silicon material induced any adverse effects on cellular viability 

and therefore whether the tested materials had any cytotoxic effects over the 

investigated time periods. 

5.4.1. Cell viability at 24 hours timepoint 

The high cell viability observed across all test samples at the 24 hours timepoint 

consistently exceeded the ISO 10993-5 threshold of 70 % of the negative control, which 

confirmed that the MN devices and wafer blocks tested do not elicit cytotoxic effects 

in HaCaT keratinocytes under the assay conditions (Figure 56) (215). The complete 

loss of viability in the positive control validates the sensitivity and robustness of the 

cytotoxicity assay employed in this study. 

Notably, the viability outcomes between the MNs and blocks taken from the same wafer 

showed no statistically significant differences despite minor variations in mean values 

(HMN: 91.86 % ± 2.5 % SD versus. HB: 96.53 % ± 1.0 % SD; SMN: 95.55 % ± 2.9 % 

SD versus. SB: 92.99 % ± 6.2 % SD) (Figure 20). This indicates that the physical form 

and weight of the samples do not substantially influence keratinocyte viability at the 

24-hour point. The slightly elevated viability observed in HB samples could reflect 

minor effects related to sample geometry or surface characteristics; however, these 

remain within normal biological variability and do not raise concerns regarding 

cytotoxicity. 

Furthermore, the low standard deviations and standard errors across replicates highlight 

the reproducibility and reliability of the experimental procedure, strengthening 
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confidence in these findings. Collectively, these results substantiate the 

biocompatibility of the materials and designs tested, supporting their potential for safe 

progression into in vivo studies and further in their application in clinical scenarios 

involving short-term skin contact. 

Statistical analysis and interpretation of 24-hour timepoint 

The one-way ANOVA conducted on raw % viability data (F(4,10) = 2.19, p = 0.143) 

indicated no statistically significant differences in cytotoxicity between the test groups 

and the negative control at 24 hours (Table 21). This lack of significance suggests that 

the MN devices and wafer blocks did not adversely affect HaCaT cell viability under 

the tested conditions. The subsequent Dunnett’s post-hoc comparisons, which control 

for Type I error when evaluating multiple treatments against a single control, further 

corroborated this finding; none of the adjusted p-values fell below the corrected α 

threshold of 0.0125 (Table 22). Although the HB group exhibited the lowest raw p-

value (p = 0.017), this did not reach statistical significance after Bonferroni adjustment 

(adjusted p = 0.068), indicating that any observed differences are likely attributable to 

random variation rather than a true cytotoxic effect. 

The choice of parametric methodologies, despite the small sample size (n = 3), was 

supported by the absence of outliers, consistent with the known robustness of ANOVA 

and Dunnett’s tests under these conditions. However, it is acknowledged that formal 

normality and homogeneity of variance tests were not feasible given the sample size, 

representing a limitation that should be considered when interpreting the results. 

Nevertheless, the consistent high viability percentages and low variability strengthen 

confidence in the results and conclusion of no cytotoxic effects observed. 
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Overall, the statistical analyses provide robust evidence that the tested MN and wafer 

formulations do not induce significant cytotoxicity in HaCaT cells at 24 hours. This 

aligned with the qualitative viability observations and support their cytocompatibility 

for potential biomedical application. 

Adjusted viability interpretation of 24-hour timepoint 

Cell viability data was normalised by defining the mean viability of the negative control 

group (89.19 %) as the reference baseline set at 100 % (Table 23). The viability of each 

test sample was then expressed as a percentage relative to this baseline. Under this 

scaling, all treatment groups demonstrated adjusted viability values exceeding 100 %, 

indicating that raw viability measurements in the treatment groups slightly surpassed 

those of the negative control. These variations were consistent with expected biological 

variability, minor fluctuations in cell proliferation, and typical technical or assay noise 

as reported in previous studies (287). Crucially, adjusted values greater than 100 % do 

not imply increased cytotoxicity or enhanced cell health beyond normal conditions. 

Instead, they confirmed that cell survival under test conditions was comparable to, or 

marginally higher than, the negative control. 

Importantly, all results exceeded the ISO 10993-5 viability threshold of 70 % relative 

to the negative control, confirming compliance with the relevant cytotoxicity standard 

(215). This finding demonstrates that none of the MN devices or wafer blocks induced 

cytotoxic effects on HaCaT cells under the test conditions applied. While the slightly 

elevated adjusted viability values might suggest a minor proliferative effect or assay 

variation, the lack of statistical significance and biological plausibility indicates these 

differences are not meaningful. The data therefore supports the conclusion that all tested 

devices exhibit good cytocompatibility at 24 hours, with no evidence of cytotoxicity. 
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5.4.2. Cell viability at 48 hour timepoint 

A single replicate at the 48-hour timepoint was included to explore the possibility of 

delayed or progressive cytotoxic effects beyond the standard 24-hour exposure 

recommended by ISO 10993-5 (215). The negative control viability remained high at 

87.94 %, with test samples showing similarly elevated viability levels: 91.03 % for 

HMN, 90.00 % for HB, 93.02 % for SMN, and 96.50 % for SB (Table 24). The positive 

control again confirmed assay validity by demonstrating complete cytotoxicity (0 % 

viability). 

All samples remained well above the ISO 10993-5 threshold of 70 % viability, 

affirming the absence of cytotoxicity at this extended timepoint. These findings suggest 

that the materials tested do not induce delayed toxicity in HaCaT cells, which was an 

important consideration given the potential for progressive cellular responses to 

biomaterials. However, the reliance on a single replicate at 48 hours constitutes a 

significant limitation. Statistical analysis was not possible, and biological variability 

cannot be fully accounted for. Nevertheless, the consistency of the 48-hour viability 

results with the more robust 24-hour dataset lends preliminary support to the sustained 

biocompatibility of the MN devices and wafer blocks over the likely clinical exposure 

duration. 

It is also important to acknowledge the rationale for limiting 48-hour assessments. The 

ISO standard primarily specifies 24 hours as the standard exposure period for 

cytotoxicity testing, reflecting typical short-term clinical use of these devices. Extended 

exposure assessments may not be as clinically relevant, though they can offer 

supplementary reassurance regarding safety. In conclusion, while further replication 

would strengthen confidence, the available 48-hour data reinforce the conclusion that 
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the tested materials do not elicit delayed or progressive cytotoxic effects, supporting 

their safety profile within the intended timeframe of use. 

5.4.3. Methodological limitations and future work recommendations 

The study detailed in this chapter presents a modest sample size (n = 3 per group), 

which is acknowledged to reduce the statistical power of results analysis. 

Notwithstanding this, within preliminary in vitro cytotoxicity evaluations, triplicate 

investigation is widely accepted and compliant with ISO 10993-5. Despite this, future 

work could increase the replicate number beyond triplicate to reinforce the statistical 

power of the analysis performed. A single assay endpoint, cell viability, was utilised. 

Complementary assays, such as lactate dehydrogenase (LDH)-release and caspase 

activity assays, commonly applied to assess HaCaT membrane damage and apoptosis 

respectively, were not performed. While these additional assays would support a more 

detailed understanding of cellular responses and mechanistic insights, the assay 

performed was sufficient to meet the criteria for the ISO 10993-5 cytotoxicity 

assessment.  

The major timepoint for analysis within this investigation was at 24 hours, which for 

the device type, reflects relevant clinical exposure and aligns with ISO 

recommendations. Additionally, a single 48-hour replicate was performed for 

exploratory purposes, and not used for formal statistical analysis, which may be seen 

as a limitation of this methodology; however, this was considered acceptable as 

extended exposure past the 24-hour point is unlikely to be utilised within clinical 

settings.  

This study was built on the architecture of utilising a single type of cell line, HaCaT 

keratinocytes. Despite being the most appropriate choice due to MNs’ primary 
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interaction with the epidermis, where keratinocytes are abundant, this study design 

decision limits the broader generalisation of results and the translatability to in vivo 

dermal cell viability. To address this, and to promote a more well-rounded assessment 

of the impact of the devices and material on cell viability, future work should diversify 

the cell type to include dermal fibroblasts and microvascular endothelial cells. Finally, 

using in vitro studies such as the one performed here establishes a good foundation of 

preliminary screening. Further work should incorporate the use of ex vivo human skin 

to improve the physiological relevance and therefore the translation of findings for 

incorporation into regulatory submissions. 
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6. Chapter 6: Intradermal Delivery Patterns 

Chapter 6 presents the intradermal delivery patterns of a dye injected into a dermal 

simulant through both a silicon HMN array and through a 25-G hypodermic device. 

The distribution of injected dye across the injection period and the 60 minutes following 

was captured and evaluated with respect to repeatability and consistency of deposition. 

This repeatability and delivery performance was compared between device types to 

provide an insight into the differences between hypodermic-mediated and silicon 

HMN-mediated injections. 

6.1.  Introduction 

The following introduction will outline the context and gap in the currently available 

literature surrounding the assessment of device drug delivery performance with respect 

to the drug load itself, as opposed to the therapeutic efficacy of the API. Key motivation 

for this study as well as critical methodological considerations are outlined here to 

provide a greater level of context for the subsequent study. 

6.1.1. Context and motivation 

HMNs offer a promising platform for ID drug delivery for treatments including, but not 

limited to, vaccines and localised therapies, owing to their minimally invasive profile, 

reduced pain induction, and dermal cell targeting (288). However, clinical adoption of 

this novel technology requires not only the demonstration of biological efficacy 

equivalency comparable to the current accepted gold standard, but also consistently 

reliable delivery performance. Variation and inconsistency in delivery and diffusion 

patterns may compromise therapeutic outcomes, particularly for biologics and 

treatments with narrow therapeutic windows. Regulatory agencies worldwide are 

aligned in stressing the importance of delivery repeatability and reliability in injectable 



~ 176 ~ 
 

systems; a requirement that becomes especially critical for platforms proposed for self-

administration devices (289).  

Fluid drug delivery via HMN and hypodermic needle injections are governed by 

complex structural and material interactions, with factors such as insertion angle and 

skin heterogeneity having notable effects on delivery efficiency and drug efficacy 

(290). These variables become even more significant when viewed in a clinical context, 

where consistency and repeatability is critical for not just effective, but safe, drug 

administration. 

Previous chapters of this thesis have examined in detail the mechanics of insertion, 

specifically mapping strain and rupture characteristics of HMNs in comparison to 25-

G hypodermic devices. However, to obtain a more comprehensive view of device 

performance, the fluid injection phase must be examined – an underexplored but 

significant factor that directly influences dosing reliability and, by extension, device 

performance. 

6.1.2. Injection Repeatability 

Injection repeatability refers to the platform’s ability to consistently deliver a defined 

fluid volume with reproducible dispersion characteristics and spatial distribution (291). 

Despite such significant clinical importance, this aspect remains under-investigated 

within the research sphere, which primarily prioritises fabrication, insertion dynamics, 

and penetration success. Most injection studies employ skin models (in vivo or ex vivo), 

followed by analysis techniques such as OCT. However, the use of biological tissue 

introduces inherent inter-sample variability in parameters such as elasticity, hydration, 

and thickness. These are influenced by donor age, sex, lifestyle, and the time elapsed 

between sample collection and testing (292). As a result, assessment of injection-to-
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injection consistency is confounded by biological noise which, while relevant in real-

world deployment, is suboptimal for controlled, laboratory-based investigations (279). 

Furthermore, the models currently deployed within the field fail to enable any real-time 

visualisation and investigation of the delivery during and immediately post injection.  

Despite a recent expansion in the MN research sphere, there is a relatively small body 

of literature concerned with device delivery performance, with repeatability remaining 

poorly characterised, with therapeutic efficacy of API delivered measured in its place. 

The ambiguity introduced by these biological models is reflected across the literature, 

with research reporting pronounced differences in dye diffusion and penetration depth 

using porcine skin (293, 294). However, the underlying cause of this variation could 

not clearly be attributed to either device repeatability and performance, or local tissue 

heterogeneity (295). Similarly, Shrestha et al., observed inconsistent delivery volumes 

across replicate injections, attributing this variability to local differences in tissue 

hydration and anatomical site, which complicates distinguishing true device 

performance from biological variability (296). Furthermore, the influence of post-

mortem tissue alterations and donor-specific variability in cadaveric samples 

complicates the generalisation of injection repeatability findings, as evidenced by 

Ranamukhaarachi et al., (297). Additionally, they also demonstrated that skin 

properties, including stiffness and permeability, degrade progressively after excision 

and preservation, introducing further uncontrollable variability prior to any injection 

procedure (297). Although recent studies have begun to use more generic models to 

investigate HMN-mediated fluidic delivery, these remain largely limited to simple 

mediums such as air and water (190). In instances whereby injections were performed 

into relevant mediums, such as ex vivo porcine skin, only leakage during and post 

injection was measured, limiting the utilising of the research in evidencing repeatability 
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(298). Most recently, Oyarte et al., (2019) investigated insertion into an agarose skin 

mimic to image, at high speed, the impact and deposition of ink via a tattoo gun (299). 

However, although similar in size to microneedles, the focus of this study lay in 

highlighting the micro-scale damage occurring upon impact, failing to provide any 

detail over the repeatability and reliability of deposition. To provide meaningful insight 

into physiological performance, future studies should employ more physiologically 

relevant media and phantoms to better approximate the dermal environment. 

Collectively, these studies highlight a recurrent theme in the literature: variability in 

fluid delivery is routinely observed but is either rarely isolated from biological noise or 

it is investigated in oversimplified models, severely limiting the ability to draw 

definitive conclusions on device repeatability. More often reported as ancillary 

observations while investigating other phenomena, these findings suggest that factors 

such as back-pressure, partial clogging, or subtle mechanical shifts during insertion 

may further contribute to inter-injection variability (300, 301). However, such device-

related inconsistencies remain largely unexplored in a systematic, real-time context. 

Without a stable and well-characterised injection medium, the true reliability of MN-

based fluid delivery platforms continues to be obscured. 

6.1.3. Dermal Simulants 

In recent years, synthetic skin simulants have gained traction as invaluable tools for 

medical training, particularly in the context of surgical models that rely heavily on 

silicone-based materials (302-305). In contrast to in vivo and ex vivo models, which are 

inherently variable and constrained by donor availability and ethical considerations, 

phantoms offer a standardised platform for a more robust investigation into 

repeatability of device behaviour; a domain which such simulants remain underutilised 

(306).  
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In addition to silicone-based phantoms, a range of hydrogel-based skin simulants are 

also available, with a range of materials employed, including polyvinyl alcohol (PVA), 

sodium alginate (SA), gelatine, and HA (307). More commonly used hydrogels, like 

gelatine, although are accessible in cost and production, are deployed more to 

investigate frictional or mechanical interactions (308, 309). However, once set, are not 

conducive to diffusion-based investigations. Further, despite good optical clarity and 

common deployment within a research environment, PVA/SA hydrogels have low 

mechanical strength, which in some instances can provide practical limitations to its 

utility, in addition to the polymer networks imposing diffusion limitations for drug 

delivery based studies (310).  

HA hydrogels have gained particular prominence due to their physiological relevance. 

HA is found in its greatest concentration within the dermal ECM, where it plays a 

crucial role in maintain hydration, regulating viscoelastic properties, and the 

modulation of interstitial transport (311-313). Given its dermal ubiquity, HA-based gels 

offer excellent biological resonance for modelling dermal drug delivery in a 

translational manner in comparison to rigid silicone models or synthetic hydrogels such 

as PVA/SA which are both incompatible with biological tissue constituents (314). 

HA-based gels boast the advantages of offering tuneable mechanical properties whilst 

being free of donor/site-specific variation (315). Their optical clarity allows the 

investigation of injection repeatability, enabling imaging and frame by frame analysis 

of injection plume and diffusion (316). Currently, other hydrogels are used for tissue 

mimics, however unlike HA they are often not a pH or ionic environment match, often 

introducing artificial chemicals and components which may have a considerable impact 

on diffusion repeatability (317). Buffered saline solutions, such as PBS, are often used 

to produce gels, allowing a closer approximation of both ionic and pH conditions in the 
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interstitium; a critical consideration when investigating solute behaviour during 

injection (318).  

Looking further afield than laboratory applications, HA-based gels and formulations 

are currently being deployed in clinical and aesthetic based settings, including sustained 

release formulations and dermal fillers (319). This widespread adoption and use further 

reinforces its translational relevance as a model substance for evaluating injection and 

dermal delivery applications. 

6.1.4. Study aim and scope 

Whilst drug delivery using MNs is currently being investigated heavily, there is a 

distinct gap in the research sphere in the shape of injection repeatability evaluation. The 

geometry of the injection plays an essential role in determining the spatial distribution 

of the therapeutic, which then influences the diffusion dynamics and tissue-level 

bioavailability (128, 320, 321). Further to this, there is limited reporting of the 

characterisation of injections in controlled mediums, with groups such as Ripolin et al., 

calling for more reproducible testing environments to better characterise injection 

performance (288, 322). Despite current literature reporting investigation of the 

efficacy of therapeutic payloads delivered by HMN devices, a methodology has not yet 

been established for assessing consistency and repeatability across injections and 

device types (323). This chapter reports the development of a methodology which 

enables the assessment of injection repeatability using a dermal simulant and fixed 

insertion and injection parameters. Additionally, this methodology allows a direct 

comparison of the repeatability of different device types, facilitating the determination 

of which device type exhibits the most reproducible fluid delivery, when all 

environmental and procedural variables are controlled and standardised. The findings 
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from this chapter address a critical translational barrier highlighted by regulatory 

guidance, whereby delivery consistency is crucial to clinical validation and adoption. 

6.2.  Materials and methodology  

This section will present the experimental methodology and required materials used to 

investigate the intradermal delivery pattern following injection by hypodermic and 

HMN devices. The apparatus, including the dermal phantom preparation, syringe-

driver, controlled insertion and imaging setup will be reported, in addition to the 

protocol for image acquisition and frame processing. 

6.2.1. Experimental instrumentation 

The following subsection outlines the key experimental instrumentation employed 

during the intradermal delivery study. It will encompass the devices investigated, 

phantoms used, and injection system, in addition to the insertion apparatus and the 

image acquisition setup. The use of this setup supported in producing a controlled 

environment for the assessment of injection repeatability. 

Device types 

Devices investigated in this chapter, as with Chapter 4, were silicon HMNs in a 1x5 

array format and stainless steel 25-G hypodermic needles (Figure 34). The HMNs (600 

µm height, 100 µm bore diameter) were fabricated via the process detailed in Chapter 

3. The 25-G hypodermic needle was selected as a clinically relevant benchmark and 

served as the gold standard comparator. This same device was also used in Chapter 4 

to facilitate methodological continuity and consistency across the thesis. A new device 

was used for each repeat, with three independent repeats conducted per device type. 

Devices were visually inspected prior to use to identify any potential defects which may 
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impact performance. All devices within each group were nominally identical to ensure 

consistency across the repeats.  

Dermis phantom 

A 1 % HA gel (9067-32-7) was prepared using a PBS solution (7647-14-5). Each 

sample required 1 g of HA powder to be weighed and added gradually to 100 ml PBS, 

whilst being continuously mixed (increased to 600 rpm slowly to prevent bubble 

formation) using a magnetic stirring rod until homogenous. The solution was gently 

heated (below 40 oC) to aid dissolution. The pH of the solution was confirmed to be 

approximately 7.4 using indicator strips prior to decanting the solution into a clear 

acrylic box (5 x 5 x 5 cm), sealed, and left to set at room temperature for 7 weeks. The 

prolonged setting period was trialled and determined to be most appropriate to ensure 

complete gelation and stabilisation prior to testing. 

Injection dye and delivery system 

Methylene blue (61-73-4) dye was used at a concentration of 0.1 mg/ml to produce a 

drug mimic with good contrast for better imaging quality. With its known 

biocompatibility and wide clinical use, methylene blue offers a good mimic of many 

drugs traditionally delivered through 25-G hypodermic devices, such as lidocaine. 

Often delivered intradermally (0.1 ml) through 25-G devices for local anaesthesia 

during procedures such as skin biopsies, dermatological surgeries, and allergy testing, 

lidocaine is similar to methylene blue with respect to their size (270 g/mol and 319 

g/mol respectively) and water solubility, allowing for similar diffusion behaviour 

through hydrated gel networks (324, 325). 
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A 50 ml syringe was filled with the aforementioned prepared methylene blue dye. This 

was loaded into a Cole Palmer 78-8100C syringe pump, which was used to control the 

injection speed (flow rate 0.6 ml/min) and volume (0.1 ml). 

Controlled insertion system 

An Instron Universal Testing System (68SC-2, 2kN load cell, BlueHill® software 

Version 4.42) was used to control insertion dynamics, controlling the insertion speed 

to 1 mm/s, as reported in Chapter 4. The top platen was replaced by an adaptor designed 

to be mounted to the Universal Testing System, with a side inlet for the injection fluid, 

and a bottom adaptor for sample mounting (Figure 59). The bottom platen was replaced 

with a previously designed and machined mount which allowed it to be adjusted to fix 

the sample boxes into place (Figure 59). Devices were inserted (0.1 mm/s) to full length, 

following which, injection was initiated. When the full 0.1 ml had been dispensed, 

devices were removed. 

Figure 59. Mounts for force station (a-b) to hold needle and dye inlet (c-d) to hold the box 
containing the dermal mimic 

a b c 

d 
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Visual acquisition setup 

A Nikon D7200 camera and Laowa 100 mm lens was used to record the injection period 

(60 fps, 1280x720, 10 s), the immediate post-injection period (60 fps, 1280x720, 2 

mins), and the extended dye diffusion phase (1 frame per 30 seconds programmed into 

the camera, 1280x720, 60 mins). The camera was mounted on a tripod and positioned 

perpendicular to the injection site to ensure optimal imaging of the area of interest. A 

GSVITEC MultiLED QX-Mini (GS00284) light emitting diode (LED) light source was 

positioned to provide uniform illumination across the injection zone (Figure 60).  

Figure 60. Picture of setup with camera, light, syringe drive, and needle mounted onto force 
station visible 

6.2.2.  Analytical methodology 

From the recorded videos, frames were extracted at key timepoints corresponding to 0 

%, 25 %, 50 %, 75 %, and 100 % progression through both the 2-min recording and the 

60-min timelapse sequences. A consistent crop size, defined by fixed pixel dimensions, 

was established and uniformly applied to all extracted frames to ensure comparability. 

Each image was aligned by centring the injection site within the crop, using this as the 

spatial reference point. Following cropping, all images were normalised on a per-frame 
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basis. Each RGB channel was normalised relative to the maximum intensity of the blue 

channel in that frame, corresponding to the drug mimic dye colour, ensuring the pixels 

were scaled proportionally. Per-frame normalisation was the selected processing 

approach, allowing emphasis on the spatial consistency and reproducibility of the drug 

mimic plume. This enabled direct comparison of dispersion patterns across both repeats 

and device groups. The same processing route was applied to both the MN and 

hypodermic datasets to ensure internal consistency was maintained within each device 

group. To facilitate assessment of repeatability, images from multiple repeats were 

overlaid with an opacity set to 33.3 %, such that stacking three images achieved full 

opacity (100 %), enabling clear visualisation of consistent versus variable plume 

regions. This methodology allowed for detailed, time-resolved comparison of fluid 

dispersion patterns across replicates while preserving spatial fidelity. 

6.3.  Experimental results 

Figures in this section comprise frames extracted at set timepoints across the injection 

and dye-dispersion period, followed by overlaid and thresholded images to allow 

assessment of repeatability. The colour scale on all figures indicated the dye intensity 

of the frames and overlaid images as a percentage between replicates, as a measure of 

repeatability. In all images, higher colour intensity corresponded to greater dye 

concentration within the gel. Darker blue regions indicated areas of higher localised 

dye accumulation, whereas paler blue regions indicated lower dye presence or greater 

dilution. 
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6.3.1. 2 minutes post injection 

This subsection presents the experimental results based on the frames captured within 

the first 2 minutes post injection. Three repeats (n = 3) for each device type has been 

displayed below. 

Microneedle array 

Post-MN devices injection, (time point = 0 s), gel samples presented a consistent dome-

shaped dye zone, with the dye artifacts from each individual needle tip visible across 

all samples, demonstrating good array performance. Immediate dispersion was highly 

lateral, with shallow dispersion and diffusion of dye at t=0 (Figure 61). All MN samples 

exhibited consistent and repeatable morphology at the first extracted timepoint. Despite 

some variation (MN1 exhibited the most localised deposition and MN3 showed the 

more diffuse pattern) there was minimal variation between injection consistency 

diffusion patterns immediately post injection (Figure 61). 

A further 25 % into the 2 mins recording sees limited immediate diffusion, with dye 

remaining fairly localised and largely static in both shape and intensity, especially in 

seen in MN1. MN2 and MN3 exhibited a modest lateral expansion of the bolus, 

identifiable through the diffusion of the MN tip point artefacts (Figure 61). At the 

halfway point (1 min) through recording, expansion spread beyond the immediate 

needle regions, with merging occurring.  

As approaching the final frame, although the extent of change remained relatively low, 

all three samples demonstrated further lateral diffusion as identifiable by the softening 

of the dye boundaries. MN1 maintained the most compact bolus throughout, with MN2 
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and MN3 showing greater bolus expansion over time through less defined edges and a 

slight gradient surrounding the gel/bolus interface (Figure 61). 

 

 

Figure 61. A matrix of frames extracted at various times post injection (0 – 2 mins) for each 
microneedle repeat (n = 3). Frames taken at each time point have been overlaid for 
visualisation of repeatability 

To further support the investigation of injection repeatability, a fixed-size overlay was 

applied across the samples at each timepoint to provide a more standard visualised 

comparison of the bolus morphology and diffusion. By using a constant frame of 

reference, the interpretability of injection consistency improved, enabling the visual 

assessment of localisation and spread. All MN samples demonstrated a consistently 

localised zone of bolus delivery, with minimal lateral or vertical deviation. The overlay 

highlighted that the shape and degree of dye diffusion through the gel remained aligned, 

MN1 MN2 MN3 Overlay Intensity 
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specifically at timepoints of 1 min and 1 min 30 s (Figure 61). Furthermore, the overlay 

made it evident that all three array samples achieved similar dispersion, reinforcing the 

injection volume, location, and diffusion reliability. Whilst there was subtle variation 

in boundary sharpness (MN3) and degree of lateral spread (MN1), all MN samples 

remained relatively confined within the same spatial limits, strengthening the evidence 

for controlled and repeatable delivery facilitated by MN devices. 

Although there was lighting variations observed between recordings, most notably in 

brightness (MN3), there was limited effect on data interpretation (Figure 61). The high 

contrast afforded by the dye prevented any comprised data collection, with clear 

delineation of the injection zone across all timepoints, which allows for robust cross-

sample comparison and reliability assessment.  

Hypodermic needle 

Immediately after the injection volume was dispensed, significant variation in 

morphology was observed between replicates, ranging from narrow and elongated 

channels (sample 1) to a narrow shaft with a bulbous head (sample 2), and a broader 

bulbous dye volume (sample 3) (Figure 62). All samples, as expected, displayed a more 

elongated dye shape compared to all MN samples. Additionally, some immediate 

leakage and backflow were noted at the surface in all three hypodermic repeats. 

At 30 s post-injection, modest lateral expansion was observed, with dye boundaries 

beginning to soften visibly (Figure 62). Samples 2 and 3 exhibited slightly 

asymmetrical diffusion patterns compared to the more columnar shape of sample 1 

(Figure 62). This asymmetry may be due to delivery bias associated with the bevel 

length of the hypodermic needle. 
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Figure 62. A matrix of frames extracted at various times post injection (0 – 2 mins) for each 
hypodermic needle repeat (n = 3). Frames taken at each time point have been overlaid for 
visualisation of repeatability 

Approaching the halfway point of data collection (1 min), dye intensity increased at the 

central point on the sample surface, suggesting upward progression along the needle 

tract and pooling. Vertical elongation of the dye region continued at this time point, 

with diffusion extending beyond the initial bolus zone (Figure 62). Sample 1 retained 

the most compact shape, while samples 2 and 3 showed greater lateral expansion 
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(Figure 62). Sample 3 demonstrated evidence of merging between the shallower 

leakage zone and the deeper bolus area. 

By 1 min 30 s, all replicates exhibited more pronounced elongation, with localized areas 

of higher density within the core and lighter density within the plume, indicating uneven 

dye distribution (Figure 62). At 2 mins post-delivery, significant vertical migration of 

dye through the needle tract and pooling at the surface was evident, accompanied by 

softening of dye boundaries vertically, contrasting with the preferential lateral diffusion 

observed in MN samples (Figure 62). Across all three samples, lateral spread remained 

secondary. Notable variation persisted among hypodermic samples, with deeper 

penetration apparent in samples 1 and 2, and more irregular diffusion morphology in 

sample 3 (Figure 62). Repeatability up to the 2-min mark appeared poor, with 

variability in plume shape, diffusion patterns, and dye intensity clearly apparent. 

Overlaying the hypodermic samples highlighted a high degree of variability, with 

misalignment of deep dye fronts between repeats leading to inconsistent delivery depths 

and diffusion paths. Consequently, the lack of comparability in delivery and diffusion 

up to 2 mins post-injection indicated less predictable morphology, suggesting reduced 

repeatability in targeted localisation. 

Device comparison 

Thresholded images enabled identification of areas of high repeatability in dye delivery. 

The larger areas of high colour intensity observed in the MN samples, particularly at 

the 0 s and 30 s time points, demonstrated strong intra-group repeatability in deposition 

morphology (Figure 63). In contrast, the small core of intense colour surrounded by a 
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more diffuse region in the hypodermic samples indicated greater inter-sample 

variability, with significant inconsistency in dye diffusion between replicates. 

Across all five time points, MN delivery exhibited more localised and lateral diffusion 

compared to the broader vertical dispersion associated with the deeper penetration 

enabled by the longer hypodermic needles (Figure 63). The MN replicates produced 

tighter alignment and more defined edges in the overlayed images, whereas the 

hypodermic overlays appeared misaligned, suggesting greater variability and reduced 

predictability in injection delivery and diffusion profiles. 
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Figure 63. A comparison of the overlays of microneedle sample frames and hypodermic sample 
frames from 0 – 2 min. Scale bar represents 1 mm 

6.3.2. 60 minutes post injection 

This subsection presents the experimental results based on the frames captured within 

the 60 minute post injection timelapse recording. Three repeats (n = 3) for each device 

type has been displayed below. 

1 mm scale 
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Microneedle array 

Figure 64 presents regular time points spanning from injection completion (0 mins) 

across the timelapse video up to 60 mins post-injection. Across the entire data collection 

period, all MN replicates presented a compact, shallow, lateral dispersion, with distinct 

deposition sites from individual MN tips clearly visible at t=0 for all samples. High 

repeatability was demonstrated in the consistent size, shape, and intensity observed 

across replicates. 

Figure 64. A matrix of frames extracted at various times post injection (0 – 60 min) for each 
microneedle repeat (n = 3). Frames taken at each time point have been overlaid for 
visualisation of repeatability 

At the 15 min time point, minimal expansion was observed, with the dye front 

remaining relatively well defined (Figure 64). Although MN2 and MN3 showed slight 

lateral diffusion, MN1 remained highly compact. Tip-site artefacts visible at t=0 were 

no longer present at 15 mins, indicating that lateral movement and diffusion had 

resulted in merging relatively early in the observed time period. 
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By the 30 min mark, there was significant merging between adjacent deposition zones 

due to lateral spread (Figure 64). There was no evidence of directional bias, with 

uniform diffusion occurring in all directions from the original site in each sample. The 

dye intensity at the core remained relatively centralised, indicating more passive 

diffusion rather than active fluid movement. Boundaries between diffuse edges and the 

core continued to soften beyond the 45 min time point, with increased coalescence of 

previously distinct diffusion zones (Figure 64). Diffusion appeared to progress 

symmetrically across individual replicates, with MN3 presenting the greatest lateral 

spread. 

At the end of the observation period (60 mins), dye zones in MN1 and MN3 had largely 

merged into a horizontal band, while MN2 retained a centralised core intensity despite 

significant softening (Figure 64). By this time point, there was no clear evidence of 

substantial depth penetration, with controlled lateral diffusion remaining the 

predominant direction of dye spread. There was limited evidence of leakage or 

preferential pooling at the gel surface. Across the full 60 mins, all three MN samples 

exhibited minimal asymmetry, with small differences arising only from variations in 

the degree of merging and edge softness. 

Hypodermic needle 

Immediately post-injection, there was significant variation in morphology, with 

injections exhibiting narrow vertical channels (sample 1) and more bulbous heads 

(sample 3), as previously discussed. In addition to the elongated profiles, the entry 

points were less defined in all hypodermic samples than in the MN injections, 

suggesting greater gel disturbance. 
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By the 15 min time point, diffusion had clearly progressed in a vertical manner in all 

replicates, with only modest lateral spread (Figure 65). The combination of vertical 

diffusion bias and limited lateral movement resulted in greater asymmetry developing 

by approximately 25% of the imaged time period. Dye intensity increased in a band 

near the entry site in hypodermic samples 2 and 3, while in sample 1 the vertical column 

showed a marked reduction in intensity in favour of pooling near the surface (Figure 

65). 

At the 30 min time point, vertical diffusion remained the dominant pattern, with dye 

intensity again increasing in the core band at the surface and boundary softening along 

the vertical column deeper into the gel, as seen in the overlayed image (Figure 65). 

Sample 2 exhibited uneven lateral widening at the mid-depth area, producing an 

irregular morphology. 

By 45 mins, lateral diffusion and symmetry across all replicates remained inconsistent, 

with samples 1 and 3 showing significant broadening, while sample 2 maintained a 

narrower profile (Figure 65). The overlayed image showed further softening of 

diffusion zone boundaries, with greater intensity in the secondary zone surrounding the 

core, suggesting that deeper penetration continued. 

By the final frame (60 mins), all dye zones across the three replicates were broad and 

diffuse, despite varying morphologies, intensities, and diffusion depths (Figure 65). 

Across the entire 60 min observation period, dye diffusion was predominantly vertical, 

with irregularity in lateral spread and boundaries. As time progressed, a core zone at 

the top of the gel increased in intensity, despite generally high variability in morphology 

and depth between replicates. The larger bore and deeper penetration appeared to result 
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in greater structural disturbance within the gel, contributing to inconsistency in 

diffusion.  

Figure 65. A matrix of frames extracted at various times post injection (0 – 60 min) for each 
hypodermic needle repeat (n = 3). Frames taken at each time point have been overlaid for 
visualisation of repeatability 

Device comparison 

Figure 66 presents overlayed, thresholded images of dye dispersion over the 60-min 

timelapse following MN and hypodermic insertion. As with Figure 63, the colour scale 
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represents the dye intensity of the overlap between replicates, expressed as a 

percentage, providing a measure of repeatability. The thresholded images reveal a high 

overlap of MN-delivered dye immediately after injection (t=0), with a consistent, high-

intensity zone visible at the centre of the overlays. Over time, lateral spread appears to 

dominate, progressing with minimal morphological change to the bolus shape (Figure 

66). The intensity of the core decreases as time advances, indicating limited dye 

movement back into the primary injection area. Misalignment was minimal, with both 

the central high-intensity zone and the surrounding lower-intensity zone remaining well 

defined (Figure 66). Overall, MN samples demonstrate high repeatability across the full 

60-min period, with good temporal consistency and spatial delivery evident through 

well-aligned overlap regions of constant intensity (Figure 66). 
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Figure 66. A comparison of the overlays of microneedle sample frames and hypodermic sample 
frames from 0 – 60 min. Scale bar represents 1 mm 

In contrast, the thresholded overlay images of hypodermic repeats show a smaller and 

more irregular intense core from t=0. The overlays display a thin common area of higher 

intensity, surrounded by a diffuse lower-intensity zone. At the initial timepoint, 

significant variation was observed not only in morphology but also in bolus deposition 

depth, with misalignment of the deeper dye front further reducing overlap intensity. As 

MN Hypodermic 

0 

15 min 

30 min 

45 min 

60 min 

Time post 
injection 

100 % 

80 % 

60 % 

40 % 

20 % 

0 % 

Intensity 

1 mm scale 



~ 199 ~ 
 

time progresses, boundaries soften rapidly, and diffusion adopts a less regular pattern, 

producing an uneven, cone-like morphology (Figure 66). Temporally, hypodermic 

injections exhibit progressive divergence between replicates compared to the MN 

repeats, likely due to the deeper initial penetration. Over time, the overall cone shape 

persists through the dye depth, but localisation decreases (Figure 66). A clearer 

distinction emerges between the high-intensity core near the penetration site and the 

surrounding diffusion zone, suggesting dye was flowing back into the larger void 

created by the hypodermic shaft. 

Comparatively, MN devices produce a more lateral and regular dispersion pattern, 

whereas hypodermic devices show vertical elongation and irregular lateral diffusion 

(Figure 66). Spatial control appears greater in MN samples, resulting in more uniform 

dispersion than observed with hypodermic injections. In terms of repeatability, 

hypodermic devices exhibit greater variation, particularly in initial delivery, contrasting 

with the consistent size, shape, and location of MN primary delivery and subsequent 

dispersion. By the end of the 60-min period, MN injection replicates demonstrate 

greater localisation and morphological consistency than hypodermic alternatives, as 

evidenced by the more uniform and intense overlap regions visible in the thresholded 

images (Figure 66). 

6.4.  Discussion 

This chapter investigated the repeatability of MN array-mediated injections compared 

with the hypodermic gold standard (25-G) in a dermal gel phantom. Reliable spatial 

and temporal control is essential for both regulatory approval and clinical effectiveness, 

particularly for novel medical devices intended for precise ID delivery (326). Although 

the repeatability of device-mediated skin puncture is well documented, and device-
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induced strain was examined in Chapter 4, the repeatability of the injection process 

itself, independent of biological treatment response, remains poorly characterised (288, 

322, 323). This study therefore aimed to fill this gap, providing insight into the 

consistency and precision of MN and hypodermic injection patterns under controlled 

conditions. Repeatability of spatial control is particularly critical, as the precise 

localisation of the delivered drug payload can substantially affect the efficacy of 

therapies targeting the dermal layer (326). ID treatments, which require highly localised 

delivery, demand a high degree of repeatability with respect to bolus and diffusion 

profiles, making it essential to investigate this independently of therapeutic effect in 

order to fairly compare MN device performance with currently used injection-based 

devices (99). 

6.4.1. Early observations 

In the first 2 mins post-injection, the MN-injected samples displayed a consistent lateral 

distribution, with a well-aligned bolus across replicates, indicating that the devices can 

achieve precise, dermis-specific delivery (Figure 61). This early repeatability 

establishes a foundation for a more consistent diffusion pattern over time and further 

supports the use of MNs in applications requiring high localisation, such as ID vaccines, 

where controlled dosing is critical for efficacy (327). The repeatability may also result 

from the minimal mechanical disruption induced by MN devices, which appears to 

promote a more predictable local diffusion pattern compared with the greater disruption 

observed with 25-G hypodermic needles. In contrast, the depth variability noted during 

early hypodermic insertion may establish an inconsistent starting point for subsequent 

diffusion, introducing variability that could limit the effectiveness of dermal-specific 

drug delivery (Figure 62). These early observations provide insight into the 

mechanisms underlying divergence in longer-term diffusion patterns and potential 
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therapeutic outcomes, particularly in applications where reliability and precision are 

essential. 

6.4.2. Long-term observations 

Over the full 60-min observation period, the MN-injected samples retained a surface-

constrained distribution, with both overlay and thresholded images demonstrating the 

stability and reproducibility of this approach for ID delivery (Figure 64, Figure 66). In 

contrast, the hypodermic-injected samples, though showing the greater penetration 

depth expected from their longer shaft length, developed variable diffusion patterns that 

by 60 mins reflected markedly lower predictability (Figure 65, Figure 66). Clinically, 

such inconsistency may produce uneven treatment outcomes. Taken together, these 

patterns indicate that MN arrays achieve a more controlled and localised delivery, 

whereas hypodermic devices create a broader bolus that disperses in a less consistent, 

and therefore less dependable, manner over time. This initial characterisation 

established the baseline performance of both devices, enabling subsequent comparison 

of their capacity to deliver dye into the simulant matrix. 

In terms of repeatability, MN injections showed minimal variation between replicates, 

maintaining consistent localisation across samples (Figure 66). By contrast, 

hypodermic injections produced a poorly defined, cone-like morphology with reduced 

spatial precision (Figure 66). Such variability may arise from the greater mechanical 

disruption and void formation caused by the hypodermic insertion, effects that can alter 

subsequent diffusion behaviour. These differences suggest that MNs are better suited 

to applications demanding precise localisation and uniform dosing, while hypodermics 

may compromise delivery accuracy in scenarios where diffusion control is critical (328, 
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329). These early post-injection differences provided a foundation for assessing how 

dispersion evolved over the following hour. 

Furthermore, the controlled and gradual spread of dye across the full observation period 

reinforces the potential of MN arrays for sustained retention in dose-sensitive therapies. 

Such stability suggests that MN devices could serve effectively as an adjunct to, rather 

than a replacement for, hypodermic delivery, and be reserved for cases where precise 

ID targeting is required. In contrast, the reduced spatial precision of the 25-G 

hypodermic makes it more suited to applications where broader distribution and 

systemic uptake are advantageous. 

6.4.3. Mechanical considerations 

The repeatable lateral distribution following MN delivery may be attributed to the 

minimal mechanical disruption exerted during penetration. With only local 

compression and generally negligible voids, the MN devices displace a reduced volume 

of gel, limiting alterations in the initial injection deposition. In contrast, the hypodermic 

devices, with their greater penetration depth, result in greater gel displacement, creating 

voids and morphological inconsistencies. It is important to acknowledge, however, that 

in real skin, the highly complex tissue architecture would provide additional mechanical 

resistance that may moderate these effects  (330). The minimal depth and low 

variability of MN insertion support high repeatability and consistent bolus alignment, 

whereas the increased void depth from hypodermic insertion produced greater tissue 

displacement, a non-predictable variable (331, 332). This establishes a non-uniform 

baseline that can propagate into less reproducible diffusion and dispersion patterns. 
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6.4.4. Methodological limitations and future work recommendations 

It is important to acknowledge the limitations within the experimental setup, which may 

have impacted the results and observations, the most significant being the constraints 

of the model. The HA gel was selected for its hydrophilic nature, physiological 

relevance to dermal composition, and optical clarity. Nonetheless, it lacks the structural 

complexity of native skin, including collagen fibres and elastin networks, which are 

absent in most phantoms. The gel cannot reproduce the microstructural constraints of 

real tissue, and the absence of vasculature and live cells prevents the capture of 

dynamics such as recoil and IF movement. Therefore, although the HA gel provides a 

reproducible and optically ideal platform for assessing and comparing injection 

reproducibility, extrapolation to clinical outcomes in physiological conditions must be 

approached with caution. 

The imaging setup used in this study was designed to provide a qualitative visualisation 

of injection, enabling direct comparison between MN and hypodermic delivery in a 

controlled setting. The image resolution was sufficient to capture the overall dye spread, 

with analysis focused on relative, global differences rather than specific quantitative 

measurements. However, modifications such as opacity adjustments and thresholding 

to improve feature visibility may have introduced minor variations in perceived 

intensity that do not directly reflect actual concentration changes. Accordingly, dye 

intensity was interpreted as a comparative indicator rather than an absolute, calibrated 

metric. 

Whilst the present study provided valuable insights into the reproducibility of MN and 

hypodermic needle injections, further work is needed to assess these delivery 

methodologies in phantoms that more closely replicate tissue architecture, including a 

defined dermis–epidermis interface. Building on the current findings, future studies 
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could employ multi-layer, optically clear gels to better mimic the mechanical 

characteristics of native skin whilst enabling optical-based investigation. Incorporating 

multiple cameras positioned at varying angles would allow three-dimensional 

reconstruction of the injection bolus and its subsequent dispersion, providing a more 

comprehensive spatial analysis. In addition, systematic variation in MN array geometry 

and hypodermic gauge could be explored to establish a stronger relationship between 

device design and resultant diffusion behaviour, which may also inform considerations 

for scaled-up manufacture where array pitch and layout are modified. 
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7. Chapter 7: Scaled Up Manufacture 

This chapter describes the activities undertaken to facilitate the scale-up of silicon MN 

fabrication from 100 mm to 150 mm silicon wafer scale. Process modifications and 

quality considerations implemented during these scale-up activities are presented. The 

quality and critical dimensions of devices produced using scaled-up methodologies will 

be discussed. Throughout, the challenges associated with scaling the fabrication of 

silicon MNs will be highlighted, with specific regard to optimising a more 

commercially ready manufacturing process. 

7.1.  Introduction 

Scaling from small-scale, laboratory-based fabrication to more industrially relevant 

wafer sizes represents a critical transition in advancing silicon MN technologies 

through higher TRLs. This step is essential for enabling robust assessments of process 

scalability and economic viability. Foundries and MEMS fabrication facilities 

predominantly operate with 300 mm wafer formats, with a gradual transition towards 

larger wafers also underway (333). To improve the TRL of silicon MN platforms, 

upscaling is necessary to ensure compatibility with these industry standards prior to 

engagement with regulatory or translational activities. Larger wafer formats, such as 

300 mm, offer a balance between high-throughput manufacture and cost-effectiveness, 

and as such, industrial infrastructure and tooling are typically configured for this sizing 

(334). Therefore, to facilitate integration into industrial-scale manufacturing and to 

reduce the cost-per-device, scale-up trials are required to optimise etch parameters for 

consistent CDs across the wafer. Furthermore, the scale-up process enables 

investigation of array reproducibility, device yield, and process robustness under more 
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demanding and potentially fully automated conditions than those encountered in 

Chapter 3’s small-batch prototyping. 

The 100 mm, 10-wafer batch fabrication process reported in Chapter 3 provided a 

validated proof-of-concept for the fabrication of silicon MNs using the reported DRIE-

based methodology. Building on this, scale-up activities were undertaken on a step-by-

step basis, with challenges extending beyond handling size. These included new 

lithographic constraints, increased open area of silicon, and etch uniformity 

considerations, all of which required optimisation to ensure process continuity and 

future commercial feasibility. The same experimental instrumentation and 

manufacturing technologies reported in Chapter 3 were employed in this scale-up study; 

however, 150 mm silicon wafers were used as the starting material, and carrier wafer 

mounting was no longer required. The increase from 100 mm to 150 mm wafers 

represented a 125 % increase in surface area, providing an additional 9818 mm² of 

usable wafer real estate for device production. As a result, this enabled a greater number 

of devices to be produced per batch, thereby lowering per-unit production cost. 

A secondary opportunity afforded by the scale-up of the wafer size was the inclusion 

of novel sub-regions for experimental trials, such as modified array pitches and altered 

bore positions, which could later be characterised and compared with the original array 

design. Design modifications were implemented in the 150 mm photolithography 

masks to reflect learnings from the 100 mm study, including the removal of coffin wall 

structures surrounding each array and the addition of an exclusion zone around the 

wafer’s perimeter to facilitate vacuum clamping and wafer handling during processing. 

These changes, in combination with the larger open silicon area, necessitated re-

optimisation of each DRIE etch step to account for altered gas conductance and flow 

distribution. 
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7.2.  Materials and methodology 

The following section will describe the materials and fabrication methodologies used 

for the scale-up activities required for the manufacture of silicon MNs at 150 mm wafer 

scale. This section reports the optimisation work performed on this process thus far, 

and encompasses photolithography, thin film deposition, and DRIE processing. 

7.2.1. Materials 

This subsection details the materials used for the scale-up proof of concept for silicon 

MN production. It will detail the chemicals used, photolithography masks designed, 

and any alterations to photolithography and etch recipes designed to maintain 

processing steps and ensure device fidelity. 

Chemicals 

Chemicals used for photolithography were listed in Chapter 3. Additional chemicals 

required include the positive PR AZ 12XT, and developing agent AZ MIF 726. 

Photolithography masks 

A new photolithography mask set was designed using KLayout (version 0.27.11) based 

on the initial design reported in Chapter 3 and manufactured by Photronics. The general 

design of the masks can be seen in Figure 67, with the new test die and alignment marks 

pictured in Figure 68 and Figure 69 respectively. 
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Figure 67. The 150 mm photolithography mask design with following key features: red circle 
(wafer stencil), 9 mm exclusion zone, blue rectangles (device arrays), red box (alignment 
marks) and green box (test die region) 

The test die had arrays with an alteration in bore position (from 100 to 75 µm) was 

altered from, and pitches were varied from the standard pitch (1300 µm) to cover the 

pitch range of 600 – 1600 µm (Figure 68). The new mask design produced 884 dies 

(844 5x1 arrays, 4 dies for alignment marks, 36 test arrays); a 140% increase in die 

number from the original mask set (351 arrays) (Table 26). The wafer surface area was 

increased by 125 % when scaling from 100 mm to 150 mm wafers, with the die number 

per wafer increasing by approximately 140 %. This was attributable to more efficient 

die arrangement, reduced exclusion zone, and removal of coffin-like architecture 

surround the die, allowing a greater proportion of the wafer’s real estate to be utilised. 

The glass mask set was ordered in 6 layers, including outlines, marker, bevel, bore, 
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shaft, and dice masks. Alignment marks were rearranged into a vertical orientation to 

reduce the wafer real estate requirement and improve visibility (Figure 69). 

Figure 68. Test die region (a) green box representing the test die region. Upper section with 
altered bore position, lower section with altered device pitches (b) altered bore position (c) 
altered pitch 

Figure 69. New alignment marks format, presented here horizontally, however are in the 
vertical orientation on the mask 

 

Table 26. A comparison of the number of various die sizes on 100 and 150 mm silicon wafers, 
and the die increase (%) on the increased wafer size  

Wafer 
size 

Die number Total 
die 

Die % 
increase 5x1 4x1 3x1 Replaced by 

alignment marks 
Test 
die 

100 333 16 6 4 0 351 140 % 150 884 0 0 4 36 844 

a 

b 

c 
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7.2.2. Experimental instrumentation and manufacture methodology 

The fabrication of silicon MN arrays on 150 mm silicon wafers was carried out using 

the same experimental instrumentation and manufacturing processes as reported in 

Chapter 3, including the spin coater, hot plate, mask aligner, and DSi-v™ DRIE system. 

No additional or modified equipment was introduced during this scale-up study. All 

equipment was calibrated as previously described, and no deviations in operational 

parameters were introduced unless otherwise stated in the subsequent process-specific 

subsections. The primary difference from the 100 mm fabrication process was the use 

of 150 mm, single-side polished silicon wafers as starting substrates. These were 

processed directly without mounting to carrier wafers, due to the improved handling 

compatibility of full-size wafers with the DSi-v™ system. 

In Chapter 3, spray coating was required for shaft patterning to accommodate the 

topography of 3D-etched features. During scale-up, all wafers remained flat at the point 

of each patterning step due to process segmentation and independent optimisation of 

each etch stage. Consequently, spray coating was not required. A spin coater was 

therefore used for PR deposition during shaft patterning, both for consistency and due 

to limitations in spray coater availability at the time of processing. The spin coating 

procedure for shaft patterning using AZ 12XT resist is summarised as recipe 4 in Table 

27. This process yielded approximately 15 µm-thick PR layers. 

Table 27. Spin coating recipe for AZ 12XT 

Spin 
Coater 
Recipe 

# 

Chemical Recipe 
Step 1 Step 2 

name class rpm accr time (s) rpm accr time (s) 

4 AZ 
12XT 

positive 
photoresist 300 1000 10 1000 1000 30 
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Optimisation of etch steps required consideration of potential alterations in etch depth, 

duty cycle, platen power, etch length, and time ramps. The effects of varying these 

control parameters are detailed in Table 28. The switched etching, as described in 

Chapter 3, can also be controlled by the time allocated for E1 and E2, with E1 and E2 

time determining the length of time allotted for removal of process deposition and for 

chemical etch respectively. 

Table 28. The main controlling parameters of the etch recipe, their role, what they can control, 
and the resultant effect of altering them 

Parameter Role Control Effect 

Duty cycle Notch suppression Sets % of etch cycle 
with RF power 

Lower values reduce 
notching 

Platen 
power Etch anisotropy Increases ion energy Higher power improves 

verticality 

Time ramp Etch depth and 
aspect-ratio control 

Adjusts etch/passivation 
time ratio 

Maintains depth control 
and sidewall profile 

7.2.3. Analytical methodology and characterisation 

Analytical methodology and characterisation techniques used for scale-up activities 

were consistent with those previously reported in Chapter 3. Namely, optical 

microscopy and SEM was used to assess photolithography alignment and development, 

and PR thickness respectively. No additional analytical methodologies were introduced 

during the scale-up optimisation. 

7.2.4. Bevel 150 mm fabrication 

A batch of 10, 150 mm silicon wafers were photolithographically patterned as reported 

in Chapter 3 and repeated in brevity here. Wafers were solvent and plasma cleaned, and 

spin coated with AZ 125nXT-10A. Following which they were left to homogenise (5 

mins), softbaked (130 oC, 13 mins), and rehydrated (5 mins). Newly designed masks 

(Figure 67) were utilised during soft contact exposure (MA8 Mask Aligner, 1500 

mJ/cm2) and aligned to the wafer flat, following which they were developed in AZ 726 
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(4 mins). Wafers were washed (DI water), dried, and all necessary quality checks (CD, 

development, and alignment) were performed on the patterned wafers using an optical 

microscope.  

Wafers were etched using the DSi-v™ previously described in Chapter 3 initially at 

half-depth using the original bevel etch recipe developed for the 100 mm wafer size to 

investigate etch quality, before being run at full-depth (recipe found in Appendix A). 

Post etch, wafers were cleaved and samples from the centre and edge were sputtered in 

gold and imaged using a SEM. 

7.2.5. Bore 150 mm fabrication 

Bore patterning was performed on a batch of 10, 150 mm silicon wafers as described 

in Chapter 3. Following spin coating (AZ 125nXT-10A), resist coated wafers were 

homogenised (5 mins) softbaked (130 oC, 13 mins), and rehydrated (5 mins). Exposure 

was performed using the MA8 mask aligner, performing manual alignment of the new 

mask (Figure 67) to the wafer flat, exposing the resist using soft contact (1500 mJ/cm2). 

Wafers were developed in AZ 726 (2 mins). Wafers were rinsed (DI water), dried, and 

all necessary quality checks were performed on the patterned wafers using an optical 

microscope.  

Wafers were etched using the DSi-v™ previously described in Chapter 3 initially at 

half-depth using the original bore etch recipe developed for the 100 mm wafer size to 

investigate etch quality, before being run at full-depth (recipe found in Appendix A). 

Post etch, wafers were cleaved and samples from the centre and edge were sputtered in 

gold and imaged using a SEM. 
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7.2.6. Shaft 150 mm fabrication 

A batch (10) of blank 150 mm silicon wafers were spin coated using recipe 4 (Table 

27, subsection 7.2.2) and baked (110 oC, 4 mins). Exposure was performed using the 

MA8 mask aligner (200 mJ) using the new mask set (Figure 67), which was manually 

aligned to the wafer flat. Following a post exposure bake (90 oC, 60 s), wafers were 

developed in 2x 60 s baths of AZ MIF 726 and rinsed in DI water. Quality checks were 

performed on the patterned wafers using the optical microscope.  

The DSi-v™ was used to etch wafers, as previously described (Chapter 3, subsection 

3.2.4), initially using the original recipe at half-depth (recipe found in Appendix A). 

The recipe alterations made during optimisation are detailed below (Table 29,  Figure 

70). Iterations were run in the order listed. 

Table 29. A register of the recipe number, its original base recipe, the depth it etched to, and 
any additional modifications to the base recipe for shaft recipe iterations 

 

  

 

Figure 70. A schematic of shaft recipe alterations during optimisation 

Recipe no. Base recipe Depth Modifications 
R01 - ½   
R04 R01 ½ ½ duty cycle 2x platen power 
R05 R01 ½ Reduction in E2  
R02 R01 Full   
R03 R01 ½ Aggressive time ramp  
R06 R01 ½ Reduced E1  
R07 R04 Full   
R08 R01 Full Aggressive time ramp ½ duty cycle 
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7.3.  Experimental results 

The results in this section are organised by MN feature, with separate subsections for 

the bevel, bore, and shaft. Each includes quantitative data on shared etch parameters 

such as depth, feature widths, calculated shaft profile, etch rate, and etch selectivity. 

All calculated profiles are measured as the profile of the remaining silicon. Etch 

selectivity was calculated as the etch rate of the target material relative to the etch rate 

of etch rate of masking material, with higher values more desirable and reported as a 

ratio. Feature-specific metrics are also reported where applicable. Cross-sectional SEM 

images from the wafer centre and south edge are provided to qualitatively support 

profile assessment. 

7.3.1. Bevel recipe development 

The critical dimensions and device fidelity of the bevel feature produced are detailed 

here. The evaluation of the features produced via a half etch depth (R01) in addition to 

full etch depth (R02) are presented. 

Bevel R01 

Bevel R01 achieved an average etch depth of 555.4 µm, with minimal variation 

observed across the wafer (± 2.2 %) (Table 30) (Figure 71).The centre sample presented 

with a slower etch rate (552.4 µm) than the south sample (577.1 µm), with 23.39 µm 

unetched PR remaining on the south sample (Table 30). A tight uniformity with respect 

to the calculated profile was observed, with a non-uniformity (NU) of ± 1.2 % on the 

average of 103.2 µm (Figure 71). There was significant variation in the mask etch rate 

observed between the centre and south (3.8 µm/min and 28.1 µm/min respectively) 

resulting in an inflated non-uniformity of ± 76 %. This discrepancy contributed to 

driving a larger selectivity variation (144.5 µm versus 20.5 µm). SEMs show that the 
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etched samples were free of debris or grass formation (Figure 71). The mask etch rate 

was calculated form the centre sample to be 9.2 µm/min, this was expected to be 

consistent across the wafer. Etch selectivity was calculated as 144.5:1 and 20.6:1 for 

the centre and south respectively, presenting with a large non-uniformity (75.1 %), due 

to the lift off of residual PR on the south sample. 

Table 30. Measured post-etch features and calculated etch rate for bevel sample post R01 etch 
recipe at the centre and south of the sample 

Parameter Unit Bevel: R01 
Centre South Average NU (±%) 

Depth µm 543.2 567.5 555.4 2.2 
Etch Rate µm/min 9.2 9.6 9.4 2.2 

Etch selectivity Si:PR 144.5:1 20.6:1 82.5:1 75.1 
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Figure 71. Scanning electron microscope images of bevel features following recipe Bevel R01. 
Images from (a ) a centre sample and (b) a south sample 

 

 

a b 
CENTRE SOUTH 
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Figure 72. Tip of bevel on a Bevel R01 from (a) centre with remaining photoresist and (b) south 

Bevel R02 

Bevel R02 achieved a greater average etch depth of 640.1 µm with excellent uniformity 

(NU ± 1.0 %) (Table 31) (Figure 73). Unlike Bevel R01, no PR mask remained on 

either the centre or south sample following the etch. Selectivity was consistent across 

the wafer, with a NU of ± 1.8 %. Some debris was visible in the SEM images of the 

Bevel R02 etch, although this was attributed to cleaving and sample preparation 

artefacts rather than to the etch process itself (Figure 73). Etch selectivity was consistent 

across the wafer, calculated as 23.8:1 and 23.0:1 for the centre and south respectively 

(NU ± 1.8 %).  

Table 31. Measured post-etch features and calculated etch rate for bevel sample post R02 etch 
recipe at the centre and south of the sample 

Parameter Unit Bevel: R02 
Centre South Average NU (±%) 

Depth µm 646.5 633.6 640.1 1.0 
Etch Rate µm/min 9.7 9.5 9.6 1.0 

Etch selectivity Si:PR 23.8:1 23.0:1 23.4:1 1.8 

a b 
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Figure 73. Scanning electron microscope images of bevel features following recipe Bevel R02. 
Left and right column presents images from a centre and south sample respectively 

a b 
CENTRE SOUTH 
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7.3.2. Bore recipe development 

This subsection presents an evaluation of the bore feature produced at 150 mm wafer 

scale. Bore features produced at half-depth (R01) and full-depth (R02) are presented. 

Bore R01 

Bore R01 achieved an average etch depth of 798 µm, with very minimal NU (± 0.8 %) 

(Table 32). The south samples were measured as slightly narrower than the centre (NU 

± 2.6 %) at the top of the feature, although the bottom width (average 90.0 µm) 

exhibited greater variation, with a NU of ± 10.4 % (Table 32). The south samples 

presented with a greater degree of bow, with a middle with of 104.2 µm, which was too 

excessive to be as a result of an off-centre cleave, identifiable via the striations visible 

in Figure 74. The south sample bottom width, however, was measured to be 

substantially lower (80.64 µm) than that of the centre, however, was as a result of the 

cleave line (Figure 74). The feature profile angle averaged 89.8° (NU ± 0.3 %), 

indicative of well-controlled etch sidewalls nearing the ideal value of 90o. The 

selectivity was calculated 50.8:1 and 54.6:1 for the centre and south samples 

respectively (NU ± 3.6 %).  

Table 32. Measured post-etch features and calculated etch rate for bore sample post R01 etch 
recipe at the centre and south of the sample 

Parameter Unit Bore: R01 
Centre South Average NU (±%) 

Depth µm 804 792 798.0 0.8 
Top width µm 98.08 93.04 95.6 2.6 

Middle width µm 100.6 104.2 102.4 1.8 
Bottom width µm 99.32 80.64 90.0 10.4 
Scallop width nm < 600 < 570   

Calculated Profile ° 90.0 89.5 89.8 0.3 
Etch Rate µm/min 11.3 11.3 11.3 0.1 

Etch selectivity Si:PR 50.8:1 54.6:1 52.7:1 3.6 
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Figure 74. Scanning electron microscope images of bore features following recipe Bore R01. 
Left and right column presents images from a centre and south sample respectively 

Bore R02 

The full-depth Bore R02 etch achieved an excellent average etch depth (1335.5 µm 

depth etch on a 1400 µm thick wafer) with excellent wafer uniformity (± 0.3 %) and 

highly consistent top and middle widths across the centre and south samples (NU ≤ 0.8 

%) (Table 33) (Figure 75). However, bottom widths were measured to have the largest 

variation, with an increased NU of ± 22.2 %. The bore profile angle averaged 89.0° 

a b 
CENTRE SOUTH 
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(NU ± 0.3 %), comparable to that of Bore R01. The etch rate was consistent across 

centre and south samples (9.9 µm/min). The etch selectivity was calculated to be a 

reduction from that in R01, at 23.8:1 and 23.0:1 (NU ± 1.8 %) for the centre and south 

respectively. 

Table 33. Measured post-etch features and calculated etch rate for bore sample post R02 etch 
recipe at the centre and south of the sample 

Parameter Unit Bore: R02 
Centre South Average NU (±%) 

Depth µm 1331 1340 1335.5 0.3 
Top width µm 105.6 104 104.8 0.8 

Middle width µm 103.5 102 102.8 0.7 
Bottom width µm 46.69 73.41 60.1 22.2 
Scallop width nm < 1.2 < 2.7   

Calculated Profile ° 88.7 89.3 89.0 0.3 
Etch rate µm/min 9.9 9.9 9.9 0.3 

Etch selectivity Si:PR 23.8:1 23.0:1 23.4:1 1.8 
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Figure 75. Scanning electron microscope images of bore features following recipe Bore R02. 
Left and right column presents images from a centre and south sample respectively 

7.3.3. Shaft recipe development 

The evaluation of the shaft feature produced at 150 mm wafer scale is presented in this 

subsection. The features produced at half etch depth (R01, 3, 4, and 5) and full etch 

depth (R02, 7, and 9) are presented separately. The analysis to be reported focused on 
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critical dimensions for this feature, such as etch depth, rate, and profile, to provide 

insight into the effects of recipe parameters on etch uniformity and feature geometries. 

Half-depth recipes 

The evaluation of device and etch quality following the shaft etch at half-depth and at 

150 mm will be presented here. Four half-depth shaft etches (R01, 3, 4, and 5) will be 

presented and evaluated to provide insight into how etch recipe alterations in can impact 

device geometry and etch uniformity across the wafer. 

Shaft R01 (Base Recipe) 

The half-depth etch recipe, Shaft R01, produced an average etch depth of 349.0 µm, 

with minimal NU across the centre and south samples (NU ± 2.6 %) (Table 34). Shaft 

feature width across centre and south samples remained consistent relative to their 

heights, with top, middle, and bottom widths measured to be 295.3 µm (NU ± 0 %), 

267.7 µm (NU ± 0.9 %), and 230.9 µm (NU ± 1.6 %) respectively (Figure 76). Despite 

centre/south symmetry, the gradual decrease in feature width with increasing etch depth 

resulted in a calculated average profile angle of 84.7° (NU ± 0.5°), indicating steep but 

slightly tapered sidewalls. There was no grass formation or debris identified on the 

SEMs post etch (Figure 76). The average etch rate was 5.5 µm/min (NU ± 2.6 %). The 

etch selectivity for Shaft R01 was calculated as 72.2:1 and 68.7:1 (NU ± 2.5 %) for 

centre and south respectively. 
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Table 34. Measured post-etch features and calculated etch rate for shaft sample post R01 etch 
recipe at the centre and south of the sample 

Parameter Unit Shaft: R01 
Centre South Average NU (± %) 

Depth µm 340 358 349.0 2.6 
Top width µm 295.3 295.3 295.3 0.0 

Middle width µm 265.2 270.2 267.7 0.9 
Bottom width µm 227.2 234.5 230.9 1.6 

Calculated profile ° 84.3 85.1 84.7 0.5 
Etch rate µm/min 5.3 5.6 5.5 2.6 

Etch selectivity Si:PR 72.2:1 68.7:1 70.5:1 2.5 

Figure 76. Scanning electron microscope images of shaft features following recipe Shaft R01. 
Left and right column presents images from a centre and south sample respectively 

a b 
CENTRE SOUTH 



~ 225 ~ 
 

Shaft R04 (Base Recipe, ½ duty cycle, 2x platen power) 

The Shaft R04 recipe produced a slightly shallower average etch depth (337.9 µm) than 

R01, with a significant reduction in wafer non-uniformity (NU ± 0.6 %) (Table 35, 

Figure 77). Top, middle, and bottom widths showed slight increases relative to R01, 

measuring 297.0 µm, 276.9 µm, and 247.9 µm respectively, with improved uniformity 

at the bottom of the features (NU ± 0.5 %). The calculated profile angle averaged 85.8° 

with negligible variation (NU ± 0.0°), indicating steep sidewalls with a slight reduction 

in taper compared to Shaft R01 (84.7°, NU ± 0.5°). The etch rate across the wafers was 

calculated to be 5.3 µm/min (NU ± 0.6 %). The etch selectivity for the centre and south 

samples were calculated to be 47.2:1 and 42.5:1 respectively, with a NU of ± 5.3 %. 

Table 35. Measured post-etch features and calculated etch rate for shaft sample post R04 etch 
recipe at the centre and south of the sample 

Parameter Unit Shaft: R04 
Centre South Average NU (± %) 

Depth µm 340 335.7 337.9 0.6 
Top width µm 298.1 295.9 297.0 0.4 

Middle width µm 278 275.8 276.9 0.4 
Bottom width µm 249 246.7 247.9 0.5 

Calculated profile ° 85.9 85.8 85.8 0.0 
Etch rate µm/min 5.3 5.3 5.3 0.6 

Etch selectivity Si:PR 47.2:1 42.5:1 44.9:1 5.3 
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Figure 77. Scanning electron microscope images of shaft features following recipe Shaft R04. 
Left and right column presents images from a centre and south sample respectively 

Shaft R05 (Base recipe, 0.5s reduction in E2) 

Shaft R05 produced features with a reduced average etch depth of 290.0 µm and 

moderate wafer non-uniformity (NU ± 2.4 %) across the centre and south samples 

(Table 36, Figure 78). Alongside the decrease in etch depth, middle and bottom widths 

exhibited increased non-uniformity compared to R04 (NU ± 1.3 % and 2.5 %, 

respectively). Despite this, the calculated profile angle averaged 86.8° (NU ± 0.5°), 

reflecting slightly steeper sidewalls, which may partly result from the shallower etch 

depth. The average etch rate calculated was 5.0 µm/min (NU ± 2.4 %). SEM images 

showed no evidence of grass or debris formation (Figure 78). The etch selectivity for 

the centre (38.8:1) and south (43.6:1) samples had a NU calculated to be ± 5.9 %. 
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Table 36. Measured post-etch features and calculated etch rate for shaft sample post R05 etch 
recipe at the centre and south of the sample 

Parameter Unit Shaft: R05 
Centre South Average NU (±%) 

Depth µm 283.1 296.8 290.0 2.4 
Top width µm 299.2 296.4 297.8 0.5 

Middle width µm 288.6 281.4 285.0 1.3 
Bottom width µm 272.4 259 265.7 2.5 

Calculated Profile ° 87.3 86.4 86.8 0.5 
Etch rate µm/min 4.9 5.2 5.0 2.4 

Etch selectivity Si:PR 38.8:1 43.6:1 41.2:1 5.9 

Figure 78. Scanning electron microscope images of shaft features following recipe Shaft R05. 
Left and right column presents images from a centre and south sample respectively 

Shaft R03 (Base recipe, aggressive time ramp) 

The half-depth Shaft R03 etch produced an average depth of 305.1 µm with moderate 

non-uniformity across the wafer (NU ± 1.8 %) (Table 37). Top, middle, and bottom 

widths were measured at 300.4 µm, 289.8 µm, and 274.4 µm, respectively, exhibiting 

tight uniformity (NU ≤ ± 0.3 %). These dimensions yielded a calculated profile angle 
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of 87.6°, indicating well-controlled sidewalls with slightly increased steepness relative 

to previous half-depth etches (Figure 79). The etch rate was calculated to be 3.3 µm/min 

and was consistent across the wafer. Centre and south etch selectivity values were 

calculated to be 60.9:1 and 68.1:1 (NU ± 5.6 %). 

Table 37. Measured post-etch features and calculated etch rate for shaft sample post R03 etch 
recipe at the centre and south of the sample 

Parameter Unit Shaft: R03 
Centre South Average NU (±%) 

Depth µm 310.5 299.7 305.1 1.8 
Top width µm 299.8 300.9 300.4 0.2 

Middle width µm 289.2 290.3 289.8 0.2 
Bottom width µm 273.5 275.2 274.4 0.3 

Calculated Profile ° 87.6 87.5 87.6 0.0 
Etch rate µm/min 3.3 3.2 3.3 1.8 

Etch selectivity Si:PR 60.9:1 68.1:1 64.5:1 5.6 

Figure 79. Scanning electron microscope images of shaft features following recipe Shaft R03. 
Left and right column presents images from a centre and south sample respectively 
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Shaft R06 (0.2s reduction in E1) 

With an average etch depth of 308.7 µm, Shaft R06 produced features of widths 

consistent with that previously reported by R03, generating a profile angle average of 

87.6° but with greater non-uniformity (± 0.3 %) (Table 38) (Figure 80). Feature widths 

at the top, middle, and bottom points were measured to be 300.1 µm, 288.4 µm, and 

273.9 µm respectively. Notably, this etch recipe failed at 490 out of 750 loops, at 198.0 

µm etch depth, due to a cooling failure, requiring the etch to be restarted. This caused 

in a build-up of polymer on the shaft, and resultantly, striations appear in a 19 µm band 

immediately after the point of failure, prior to the last 82.76 µm etch depth (Figure 80). 

Additionally, undesirable architecture was visible in the SEMs, which may have been 

present due to the polymer build up preventing uniform etching (Figure 80). The etch 

rate remained consistent across the wafer at 5.0 µm/min, regardless of the pause in 

etching. Etch selectivity for Shaft R06 was calculated as 77.3:1 at the centre, and 75.2:1 

at the south, with a NU of ± 1.3 %. 

Table 38. Measured post-etch features and calculated etch rate for shaft sample post R06 etch 
recipe at the centre and south of the sample 

Parameter Unit Shaft: R06 
Centre South Average NU (± %) 

Depth µm 309 308.3 308.7 0.1 
Top width µm 299.2 300.9 300.1 0.3 

Middle width µm 286.4 290.3 288.4 0.7 
Bottom width µm 270.2 277.5 273.9 1.3 

Calculated profile ° 87.3 87.8 87.6 0.3 
Etch rate µm/min 5.0 5.0 5.0 0.1 

Etch selectivity Si:PR 77.3:1 75.2:1 76.3:1 1.3 
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Figure 80. Scanning electron microscope images of shaft features following recipe Shaft R06. 
Left and right column presents images from a centre and south sample respectively 

Full-depth recipes 

The evaluation of shaft feature and etch quality following the full-depth etches at 150 

mm wafer scale are presented here. Three full-depth shaft etches were run (R02, 7, and 

8) and will be examined with respect to the impact their variations has on device critical 

dimensions, etch quality, and etch uniformity. 
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Shaft R02 (Base recipe) 

The full-depth Shaft R02 recipe produced an average etch depth of 664.7 µm with 

excellent uniformity across the wafer (NU ± 0.4 %) (Table 39). Top widths were highly 

consistent (293.5 µm, NU ± 0.3 %), whereas greater variation was observed in the 

middle (242.0 µm, NU ± 2.4 %) and bottom widths (142.3 µm, NU ± 2.8 %) (Figure 

81). The calculated profile angle averaged 86.8° (NU ± 0.5°), slightly exceeding that of 

the half-depth R01 etch (84.7°, NU ± 0.5°), indicating well-controlled, steep sidewalls. 

The etch rate was calculated to be 5.2 µm/min, and selectivity for both the centre and 

south samples was calculated to be 58.6:1 and 62.4:1 respectively (NU ± 3.2 %). 

Table 39. Measured post-etch features and calculated etch rate for shaft sample post R02 etch 
recipe at the centre and south of the sample. 

Parameter Unit Shaft: R02 
Centre South Average NU (±%) 

Depth µm 667.5 661.9 664.7 0.4 
Top width µm 294.5 292.5 293.5 0.3 

Middle width µm 236.1 247.9 242.0 2.4 
Bottom width µm 138.2 146.3 142.3 2.8 

Calculated profile ° 87.3 86.4 86.8 0.5 
Etch rate µm/min 5.2 5.2 5.2 0.4 

Etch selectivity Si:PR 58.6:1 62.4:1 60.5:1 3.2 
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Figure 81. Scanning electron microscope images of shaft features following recipe Shaft R02. 
Left and right column presents images from a centre and south sample respectively 

Shaft R07 (Base recipe, aggressive time ramp) 

Shaft R07, a full-depth etch recipe, produced an average etch depth of 657.0 µm, 

representing a slight reduction compared with the previous full-depth recipe, Shaft R02 

(664.7 µm, NU ± 0.4 %) (Table 40, Figure 82). Non-uniformity between the centre and 

south samples was greater than for R02, with NU ± 2.1 %. Feature widths measured at 

the top, middle, and bottom of the shaft showed minimal variation, with calculated 

widths averaging 294.5 µm, 254.7 µm, and 177.1 µm, respectively (NU < ± 1 %). The 

calculated sidewall profile angle averaged 84.9°, representing the most tapered profile 

among the full-depth shaft etches to date. SEMs of the etched samples showed no grass 

or debris formation, and qualitative inspection revealed a visually more tapered 

sidewall profile compared with features produced by Shaft R02 (Figure 82). The etch 

a b 
CENTRE SOUTH 



~ 233 ~ 
 

rate average was calculated to be 5.2 µm/min. The etch selectivity of Shaft R07 was 

calculated to be 61.2:1 at the centre and 69.2:1 at the south (NU ± 6.1 %). 

Table 40. Measured post-etch features and calculated etch rate for shaft sample post R07 etch 
recipe at the centre and south of the sample 

Parameter Unit Shaft: R07 
Centre South Average NU (±%) 

Depth µm 642.9 671.1 657.0 2.1 
Top width µm 294.5 294.5 294.5 0.0 

Middle width µm 254.1 255.2 254.7 0.2 
Bottom width µm 175.5 178.6 177.1 0.9 

Calculated Profile ° 84.7 85.1 84.9 0.2 
Etch rate µm/min 5.0 5.3 5.2 2.1 

Etch selectivity Si:PR 61.2:1 69.2:1 65.2:1 6.1 

Figure 82. Scanning electron microscope images of shaft features following recipe Shaft R07. 
Left and right column presents images from a centre and south sample respectively 

Shaft R08 (Base recipe, 0.2s reduction in E1) 

Shaft R08 full-depth etch recipe produced the lowest average etch depth of all full-

depth recipes (633.5 µm) with moderate non-uniformity (± 1.6 %) (Table 41, Figure 
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83). The three point measurement of feature width enabled the calculation of profile 

angle (85.2°) with a minimal non-uniformity value (± 0.1 %). This profile angle average 

indicates that, although closer to the ideal 90° than R07 (84.9°), it was still inferior to 

the profile angle average produced by R02 (86.8°). The etch rate was also reduced in 

comparison to R07, with an average of 5.0 µm/min. The etch selectivity of Shaft R08 

was 70.7:1 and 78.9:1 for the centre and south samples respectively (NU ± 5.5 %). 

Table 41. Measured post-etch features and calculated etch rate for shaft sample post R08 etch 
recipe at the centre and south of the sample 

 

 

 

 

 

Figure 83. Scanning electron microscope images of shaft features following recipe Shaft R08. 
Left and right column presents images from a centre and south sample respectively 

Parameter Unit Shaft: R08 
Centre South Average NU (± %) 

Depth µm 643.7 623.3 633.5 1.6 
Top width µm 295.6 297.7 296.7 0.4 

Middle width µm 253.1 260.5 256.8 1.4 
Bottom width µm 189.3 189.3 189.3 0.0 

Calculated profile ° 85.3 85.0 85.2 0.1 
Etch rate µm/min 5.0 4.9 5.0 1.6 

Etch selectivity Si:PR 70.7:1 78.9:1 74.8:1 5.5 
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7.4.  Discussion 

This chapter presents an initial proof of concept for the scale-up of silicon MN 

fabrication. The primary aim was to scale up the process from 100 mm to 150 mm, 

which was performed by optimising each etch step individually, establishing a robust 

foundation for integration into a continuous manufacturing process. Evaluation of the 

bevel, bore, and shaft etch recipes enabled the characterisation of baseline process 

uniformity and feature fidelity. A key constraint in this study was that the shaft 

photolithography was performed via spin coating, rather than the spray coating required 

for consecutive processing, limiting the direct transferability to a scaled-up continuous 

workflow. 

7.4.1. Bevel etch observations 

The bevel etch demonstrated that target depths and sidewall control could be achieved 

reliably, providing confidence in the reproducibility of this initial process step and its 

suitability for integration into subsequent etch stages. The reduced depth etch (Bevel 

R01, average depth 555.4 µm) presented with notable variation in bottom widths and 

pronounced left/right side asymmetry (Table 30). Upon performing the Bevel R02 

(average depth 640.1 µm), wafer uniformity improved (NU ± 1.0 %), demonstrating 

that this etch step could reliably produce deep, high-aspect-ratio bevel features, with 

only minor variations in feature widths across the wafer (Table 31). Average etch rates 

for Bevel R01 and R02 were 9.4 µm/min and 9.6 µm/min respectively, demonstrating 

that the bevel etch was well-suited for the production of these shallow features, where 

uniformity and profile control can be readily maintained (Table 30, Table 31). These 

etch rates are sufficiently high enough to enable efficient throughput yet remain 

controlled enough to ensure feature fidelity was preserved throughout the process. 
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Residual PR observed on the centre of Bevel R01 did not indicate incomplete etching, 

but rather partial detachment of the resist due to thinning at the point of attachment 

(Figure 71). In some regions, the resist had effectively detached, while in others small 

remnants remained adhered, explaining why the calculated selectivity values for R01 

wafer south, and R02 wafer centre and south appear artificially low; the post-etch resist 

thickness could not be reliably measured in these areas. Consequently, the most 

representative measure of the bevel etch selectivity was the 144.5:1 value calculated at 

the Bevel R01 centre, which confirmed that the bevel etch provides sufficient selectivity 

to maintain mask integrity. This consistency is advantageous for reproducibility, 

particularly as the bevel etch represents the first step in a more complex and sequential 

fabrication process. Despite some minor debris, attributed to cleaving during sample 

SEM preparation, the bevel features produced by both etches were observed to be clean, 

indicating a well-controlled process that requires minimal post-fabrication cleaning.  

Importantly, the production of uniform, sharp bevels at the needle tip has direct 

implications for downstream performance: it ensures the MN tip is well-defined, 

facilitating its penetration of skin with minimal insertion force and tissue strain, 

supporting both mechanical robustness and minimal tissue trauma. Consequently, these 

results suggest a low risk of device defect introduction when integrated into the full 

process flow and indicate that subsequent etches will be built upon a reliable, well-

formed foundation. 

7.4.2.  Bore etch observations 

The bore etch step was evaluated to determine the process’ ability to produce deep, 

high-aspect-ratio features with controlled sidewalls and reproducible dimensions on a 

wafer with an increased open silicon area (150 mm wafer). The half-depth etch, Bore 
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R01, produced an average feature depth of 798 µm; however, the measured feature 

widths exhibited notable variation (e.g., bottom width NU ± 10.4 %) (Table 32, Figure 

74). From the perspective of integration into a consecutive process flow, this indicated 

potential challenges in maintaining feature fidelity when etched at full-depth. 

Upon investigation of the full-depth etch, Bore R02 (average feature depth 1335.5 µm, 

NU ± 0.3 %), achieved highly consistent top and middle widths with a low non-

uniformity rate (± 0.3 %). This demonstrating an increased level of reproducibility in 

deeper, high-aspect-ratio features compared with Bore R01 (Table 33). Despite this 

improvement, bottom widths retained higher levels of variation (NU ± 22.2 %), 

reinforcing the intrinsic challenges of achieving dimensional fidelity in extremely high-

aspect-ratio structures. The profile of both etches remained consistent (average 

calculated profile 89.8° ± 0.3 and 89.0° ± 0.3° respectively), which was promising for 

integration into a full process flow, as it demonstrated that the bore sidewall control 

was maintained despite increasing etch depth (Table 32, Table 33). This is critical for 

device function, as variations in bore geometry may substantially influence downstream 

fluid delivery by altering flow resistance and compromising dosing reliability. 

Bore etches had moderately high etch rates (R01 11.3 µm/min, R02 9.9 µm/min), 

achieving a favourable balance between efficient process time and precise sidewall 

control, while maintaining minimal tapering of these high-aspect-ratio features (Table 

32, Table 33). Selectivity of the half-depth bore etches exceeded 50:1, decreasing to 

approximately 23:1 for the full-depth etches. This reduction reflects the increased 

challenge of preserving mask integrity as etch depth increases, highlighting the greater 

demand on selectivity to prevent mask erosion or feature broadening during prolonged 

etching. 
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Minimal etch artefacts, such as striations in the silicon, were visible in the bore sample 

SEMs, however no other debris was identifiable, indicating a well-controlled process 

(Figure 74, Figure 75). Overall, the bore etch at both half-depth and full-depth scales 

successfully demonstrated readiness for transfer to continuous wafer-scale processing 

through its excellent depth and uniformity. Potential issues may arise from tapering at 

the bottom width of the bore feature. However, when this step is performed following 

the bevel etch, rather than independently, the effective starting depth of the bore will 

be reduced. Resultantly, the impact of base tapering and enhancing reproducibility will 

be mitigated in the full process flow. 

7.4.3.  Shaft etch observations 

Half-depth recipes 

The optimisation of the shaft etch at 150 mm scale required substantially greater recipe 

development, due to both the modified photolithography protocol employed and to the 

large volume of silicon that requires removal. Given the significant time required for 

these etches, shaft recipes were first run at half-depth, allowing the assessment of CDs 

such as sidewall and profile control, uniformity, and etch depth, before committing 

tooling time and samples to full-depth etches. All half-depth SEMs showed clean etches 

with no grass or artefacts observed, despite the 19 µm band produced due to polymer 

build up in the failed R06 etch, which highlighted the process’ sensitivity to 

interruptions (Figure 76-Figure 80). Average etch depth measured across the half-depth 

etches varied by 59 µm, which is not insignificant. The shallowest etch depth was 

observed in the sample produced using a recipe with a reduction in E2 time (Shaft R05). 

Interestingly, this same etch produced the median profile angle (86.8°) (Figure 78). The 

profile angles closest to 90° were produced by shaft etches R03 and R06 (87.6°), 
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however these again yielded shallower etches (305 µm and 307 µm respectively) with 

lower etch rates (3.3 µm/min and 5.0 µm/min respectively) (Table 37, Table 38). 

Despite the aggressive time ramp (R03) and reduced E1 time (R06) recipes producing 

slightly improved calculated profiles (> 42 µm reduction in etch depth from R01), it 

suggests the profile may have progressively tapered as etch depth increased (Figure 80). 

Resultantly, the modifications made in R03 and R06 may not be beneficial to the 

structural integrity of the resultant MN device structure. Conversely, Shaft R01 and 

R04 produced the greatest depth features with the corresponding highest etch rates (349 

µm and 5.5 µm/min, and 337 µm and 5.3 µm/min respectively) (Table 34, Table 35). 

R04 also presented with all NU values below 1 %, in comparison with R01 producing 

feature with NU values < 2.7 % (Table 35).  

The etch rates calculated for the half-depth etches ranged from 3.3 µm/min – 5.6 

µm/min. These rates are slower than those calculated for the bevel and bore etches, 

contributing to enhanced sidewall precision and dimensional fidelity, which are critical 

for the tall, high-aspect-ratio shaft features. Reduced etch rates minimise the risk of 

structural defects, such as tapering, and ensure reproducibility of the resultant MN 

geometry. Variations in etch rate between recipes highlight the sensitivity of the shaft 

geometry to process parameters, demonstrating that even minor modifications can 

substantially affect key process parameters and resultantly, final feature quality. With 

respect to etch selectivity, half-depth shaft recipes R01 and R06 exhibited high 

selectivity exceeding 70:1, indicating robust mask preservation under these conditions, 

while R03 also maintained strong selectivity above > 60:1. In contrast, R04 and R05 

showed notably lower selectivity values, below < 50:1, illustrating the influence of 

parameters such as duty cycle and platen power on mask integrity, even at half-depth. 

These observations confirmed that mask performance was highly sensitive to recipe 
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adjustment, emphasising the importance of a delicate balance of process parameters to 

achieve high fidelity features. In subsequent full-depth trials, longer etch durations 

would further challenge mask integrity and resultantly sidewall fidelity, allowing a 

better assessment of process robustness under conditions more representative of final 

device fabrication. 

The evaluation of the half-depth shaft etches collectively reveal the balance between 

etch depth and sidewall profile angle, with Shaft R01 and R04 identified as offering the 

most favourable compromise for progression to full-depth and scale-up. These findings 

contributed towards informing the design of full-depth etch recipes; R02 as a direct 

extension of R01; R07 a full-depth version of R04 (half duty cycle and doubled platen 

power of the base recipe); and lastly R08, merging the aggressive time ramp of R03 

and half duty cycle of R04. This strategy ensured the full-depth trials were guided by 

the most favourable half-depth outcomes, whilst also evaluating additional parameter 

modifications to improve feature fidelity. 

Full-depth recipes 

Based on the half-depth etch observations, R02, R07, and R08 full-depth etch recipes 

were developed and trialled. Full-depth etches present substantial fabrication 

challenges due to the increased etch time and progressive silicon removal, which leaves 

minimal surrounding material to act as a heat sink. This can result in drift in uniformity 

and sidewall profile, most notably manifesting as tapering of the shaft feature. 

Accordingly, the evaluation of the full-depth trial etches was focused on maintaining 

the balance between depth and sidewall profile, in order to produce tall MN shafts with 

minimal tapering and sufficient structural integrity for medical device use. 
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Measured full etch depth varied by 31.2 µm between R02 and R08, with R02 achieving 

the greatest depth of 664.7 µm (Table 39). Although R07 reaches a comparable depth, 

falling short only by 7.7 µm, the measured profile angle produced via this recipe 

resulted in the most tapered of the full-depth etches, averaging 84.9° (Table 40). Despite 

sharing an etch rate (5.2 µm/min) and similar etch depth, R02 and R07 produce 

significantly different feature profiles (86.8° and 84.9° respectively), highlighting the 

sensitivity of sidewall angle to process parameters (Table 39, Table 40). The calculated 

profile is critical, as increased taper is associated with a higher risk of device damage 

during skin penetration. Shaft R08, which combined an aggressive time ramp and half 

duty cycle, produced the shallowest etch (633.5 µm) with the lowest etch rate (5.0 

µm/min), while maintaining a moderate profile angle (85.2°) (Table 41). 

Full-depth trials for shaft etches, including R02, R07, and R08, exhibited average etch 

rates of between 5.0 µm/min - 5.2 µm/min. These rates are slower than those observed 

for the bevel and bore etches, reflecting the necessity of reduced etch speed to maintain 

precise sidewall control and dimensional fidelity in high-aspect-ratio shaft structures. 

Notably, these etch rates were consistent with the half-depth shaft recipes, indicating 

that the fundamental process dynamics are preserved during scale-up and that parameter 

control was maintained even at extended etch durations. The observed consistency 

between half-depth and full-depth trials demonstrates that the shaft etch can be reliably 

scaled without compromising control over key process parameters or final feature 

geometry.  

With respect to etch selectivity, full-depth etches presented values > 50:1, with R08 

notably exceeding 70:1. These selectivity values remain sufficient to protect the PR 

mask and maintain sidewall fidelity over the extended etch period, which is critical 

given the increased aspect-ratios and associated risks of mask erosion, aperture 
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broadening, and shaft tapering. While the selectivity of full-depth etches does not 

present an immediate concern, the effect of sequential etch step integration on feature 

critical dimensions will require careful monitoring. This is to ensure that the 

reproducible production of high-quality, high-aspect-ratio shaft features is maintained, 

and that the cumulative effects of extended etch durations does not compromise device 

structural integrity or dimensional accuracy. 

Collectively, these full-depth etches have demonstrated that, whilst target depths 

exceeding 600 µm are achievable, the sidewall profile angle remains highly sensitive 

to recipe parameter modifications. In this regard, the most structurally favourable shaft 

features were produced by R02. These findings offer essential guidance for the 

integration of the shaft etch into the full, scaled up MN fabrication process in a manner 

that preserves needle integrity and process consistency.  

7.4.4. Implications for full process integration 

The findings in this chapter demonstrate that each etch step can be tuned to produce 

clean and reproducible etch features, providing a solid foundation prior to their 

sequential integration into a full process flow. The shaft etch step has been optimised 

here to the limits permitted by the employed photolithography method (spin coating, 

rather than the spray coating). Sequential execution of the optimised 150 mm scale 

bevel, bore, and shaft etch steps represents the next critical step to evaluate the 

cumulative process flow and resulting device characteristics, thereby establishing the 

overall fidelity of the complete fabrication flow. Importantly, the etch trials revealed 

notable sensitivities, indicating that consecutive processing may introduce risk, such as 

defects in PR or polymer residue accumulation from etch errors, which could 

compromise feature quality if not carefully managed. Nevertheless, the observed 
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consistency of feature profiles and minimal non-uniformity provide confidence that 

sequential integration is feasible within a scaled-up manufacturing workflow. 

7.4.5. Methodological limitations and future work recommendations 

Whilst individual etch steps have been trialled and optimised, several methodological 

limitations remain to be addressed to enable successful scale-up to 150 mm silicon 

wafers. Observed issues such as polymer build from etch failure appear largely 

unavoidable at the equipment level. However, at batch scale, the likelihood of these 

effects could be mitigated through the use of test wafers, standard process pauses, and 

routine equipment maintenance, thereby reducing the impact of hardware-related errors 

on overall device yield. Specific to the shaft etch, although spin coating proved 

sufficient for proof-of-concept etches, this coating technique is incompatible with 

sequential processing on bevelled wafers due to topography constraints. Therefore, 

further trials of the shaft etch on bevelled wafers, spray coated with PR, will be required 

to finalise an optimised etch recipe. Furthermore, the sequential execution of the bevel, 

bore, and shaft steps may introduce additional variability, the effects of which on final 

device characteristics are currently unknown. This is less a limitation, and more the 

next challenge to address as the fabrication process is progressed to full 150 mm wafer 

manufacturing scale.  
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8. Chapter 8: Discussion & Conclusions 

This final chapter consolidates the key findings of the research performed, reflecting 

on how novel insights from the data have built upon each other and provided a greater 

support for the advancement of the silicon MN platform for parenteral drug delivery. 

By drawing together the findings from each stage of research, this chapter outlines the 

progress made towards validating silicon MNs as a drug delivery platform, summarises 

limitations within the research performed, and concludes with the identification of areas 

for continued investigation to support and guide future device development. 

8.1.  General discussion 

This overarching aim of this research was to establish a foundation of evidence to 

support the progression of silicon MNs through the regulatory pathway. To achieve 

this, a systematic approach to the project was designed to encompass device 

manufacture, mechanical testing, biological assessment, assessments of device 

performance and reliability, and finally to consider manufacturing scale-up.  

To initiate the research pathway, Chapter 3 (small-scale manufacture) marked the first 

step in translating this aim into actionable progress, focusing on the production of both 

solid and hollow silicon MNs. This phase built upon previously reported 

methodologies, improving historical yields in small batch processes by incorporating 

additional fabrication steps to protect device fidelity, including oxide layers and 

subsequent wet etches. The manufacturing effort centred on hollow devices, which 

demonstrated good yield (up to 82 %) and structural quality, with minimal defects and 

high-aspect ratio features. Instances of suboptimal etch quality were recorded, 

investigated, and the root cause identified, enabling continuous learning for further 

wafer processing. The devices fabricated in this chapter provided the physical basis for 
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subsequent investigations, providing MN arrays for mechanical testing, insertion 

mechanics assessment, cytotoxicity evaluation, and delivery repeatability (Chapters 3-

6). The conclusions from these chapters informed die structure modifications, which 

influenced the later design decisions within Chapter 7 when providing a proof-of-

concept for the fabrication of devices at a more industrially relevant scale. 

Following the production of devices via a small-scale batch process, Chapter 4 focused 

on insertion mechanics by investigating the effect of HMN insertion on a skin-

mimicking membrane. This study provided novel insights into device performance in a 

repeatable and controllable fashion, utilising DIC to capture surface strain patterns 

throughout the insertion period. The results demonstrated a consistent and substantial 

fourfold reduction in the strain profile and stress concentration factor of the membrane 

following MN insertion in comparison to hypodermics. The more predicable peak 

forces and dispersed strain patterns induced by MNs validated a more repeatable 

insertion event, favourable for patient experience, with minimal strain and potentially 

reduced tissue trauma. Despite the limitations associated with the utilisation of a 

membrane in place of ex vivo skin and imaging 30 % of the hypodermic needle insertion 

depth, in-depth insights were derived from this study, including the identification of 

local strain patterns, with positions 2 and 4 resulting in less local strain. Consequently, 

this finding informed the later scale-up chapter (Chapter 7), with pitch position varied 

in multiple test arrays to later investigate the effect of this on induced strain uniformity. 

Building on the production and mechanics investigation of Chapters 3 and 4, Chapter 

5 shifted focus to assessing biocompatibility and potential cytotoxicity. This study 

aimed to assess the effect of the device starting material, and devices post-fabrication 

on human keratinocytes, which dominate the epidermal layer of the skin. By complying 

with ISO 10993-5 in experimental design, a standardised assay and exposure protocol 
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was employed to quantify and assess the impact of devices on cell viability. Results 

confirmed that the starting materials and processed devices, both hollow and solid, have 

no significant cytotoxicity on the viability of HaCaT keratinocytes, confirming their 

compatibility with their intended cellular environment. Prior to translating this work to 

an in vivo environment, this work should be repeated on other relevant cell types such 

as dermal fibroblasts to ensure a robust assessment of in vitro cytotoxicity. 

Notwithstanding this, the determination of keratinocyte compatibility provides 

essential preliminary evidence for regulatory evaluation and addresses a key knowledge 

gap identified in the literature review and research objectives for this project.  

With prior validation of insertion repeatability and biological safety, the research 

progressed to functional testing, concentrating on investigating the repeatability and 

consistency of device-facilitated ID delivery. Chapter 6 detailed the assessment of the 

reliability of delivery through hollow silicon MNs into a gel-based mimic of the dermal 

compartment. A dye-based injection system was used to visualise and assess the 

penetration depths, bulbous delivery, and lateral dispersion. Results demonstrated 

consistent delivery performance of the MN devices with respect to initial dye-load 

localisation and the following dispersion footprint. In contrast, hypodermic needles 

exhibited far greater variability in both initial delivery localisation and the resultant dye 

dispersion. It is acknowledged that the HA gel model utilised was a simplification of 

the native dermal environment, and that increasing this complexity to a multi-layer 

model could have provided a more accurate representation. Despite this limitation, 

these findings not only demonstrate the functional reliability of silicon MNs but also 

provide critical validation prior to in vivo testing, strengthening the evidence base for 

their use as a consistent and controllable parenteral drug delivery platform.  
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Having demonstrated reduced strain profiles, confirmed biocompatibility, and reliable 

ID delivery at small-scale, research progressed to optimising scaled-up manufacturing 

processes. Chapter 7 focused on optimising the photolithography and etch processes at 

a 150 mm wafer format; a size more appropriate for integration into the existing 

industrial infrastructure. This transition led to an increase in wafer surface area and 

usable device die number by 125 % and 140 % respectively. Design modifications were 

introduced based on insights established in chapters 3-6, including the removal of 

unnecessary artefacts such as the dicing lanes and the inclusion of test die with 

variations in pitch to enhance the uniformity of insertion performance. The research 

performed on the devices produced via small-scale fabrication enabled a feedback-

driven approach to scale-up optimisation. Therefore, despite the optimised etch steps 

not being performed cumulatively to produce devices, this satisfied the overarching 

aims of optimising individual processes required industrial scale fabrication, improving 

cost-effectiveness whilst maintaining device fidelity and functional reliability.  

8.2.  Conclusions 

This thesis aimed to create a body of evidence to support the progression of silicon 

MNs down the regulatory pathway. This aim was addressed through five clearly defined 

objectives encompassing manufacture, mechanical evaluation, biological safety 

assessment, delivery performance, and  scalability. The conclusions associated with 

each objective are summarised below. 

8.2.1.  Objective (i): Small-scale manufacture of silicon microneedles 

This objective was met by the production of both solid and hollow silicon MNs on 100 

mm wafers. HMNs achieved yields of up to 82 % under optimised conditions, 

surprising previous small scale fabrication benchmarks. Structural fidelity was 
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enhanced through the inclusion of key process modifications including protective oxide 

layers and wet etching, which supported the production of high aspect ratio features. 

Fabrication challengers were investigated and root causes identified, to inform later 

process decisions. The resulting devices manufactured formed the basis for all 

downstream evaluations. 

8.2.2. Objective (ii): Investigation of microneedles insertion mechanics 

This objective was fulfilled through the use of a membrane-based model and full-field 

DIC to observe and analyse strain evolution during insertion. This technique captured 

dynamic strain patterns, demonstrating that MNs induce lower and more evenly 

distributed strains than hypodermic needles. Although the model differs from native 

skin, these results demonstrate controlled and repeatable mechanical interactions on a 

reproducible platform. This supports the potential for reduced tissue trauma using MN 

devices.  

8.2.3. Objective (iii): Cytotoxicity assessment of silicon microneedles 

The achievement of this objective was demonstrated by an ISO standard compliant 

cytotoxicity assessment of silicon MNs and their constituent materials using HaCaT 

keratinocytes. No significant reduction in cell viability was observed, confirming that, 

post-sterilisation, there was no cytotoxicity induced by the starting materials or devices 

over the 24hr exposure period. These findings establish a preliminary safety profile for 

translational progression. Further testing in other dermal cell types is advisable, 

however the objective of establishing a baseline in vitro biocompatibility was satisfied.  

8.2.4. Objective (iv): Evaluation of intradermal delivery repeatability 

This objective was fulfilled through the evaluation of HMNs using a gel-based dermal 

model. Repeated injections demonstrated consistent bolus localisation, depth, and 
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dispersion patterns. Silicon HMNs exhibited superior delivery repeatability compared 

with hypodermic alternatives, which showed great variability. Despite the model’s 

simplification of native skin, these findings provide strong evidence for the 

reproducibility of the MN-mediated intradermal delivery, thereby satisfying the 

objective. 

8.2.5. Objective (v): Initiation of fabrication scale-up 

The successful attainment of this objective was achieved through the initiation and 

optimisation of silicon MN fabrication at 150 mm scale, aligning development with 

industrial standards. This scale-up increased usable wafer area and device numbers and 

enabled the incorporation of design modifications including layout alterations and pitch 

variations. Although a complete batch fabrication was not performed, the optimisation 

of individual lithography and etch steps provides proof-of-concept for scalability, 

thereby satisfying the objective. 

8.3. Future work recommendations 

When reflecting on the outcomes of this research, there are several areas that would 

benefit from further work and investigation to advance the development and 

translational readiness of silicon MNs. 

First, whilst Chapter 7 details the optimisation of individual etch steps, further work 

should focus on the integration of these into one continuous process flow to produce 

devices at 150 mm wafer size. In addition to providing a more accurate representation 

of the industrial feasibility of these devices, it would also provide test die with altered 

geometries for further characterisation and investigation. 
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Secondly, when test die are produced via the upscaled fabrication process, the DIC 

study should be repeated. This would provide valuable evidence as to whether the 

mechanical performance or device insertion efficiency and strain alters with pitch and 

bore variants. Such reassessment would enable the identification of whether the current 

design offers peak performance, or whether a mask redesign to align with the better 

performing die is more appropriate. The establishment of this is essential before 

committing to advancing to large-scale fabrication. 

Finally, as with any medical device, thorough in vivo studies should follow the in vitro 

validation performed in Chapter 5. This would involve the pursuit of an in depth 

evaluation of the biological response elicited to active pharmaceutical agents delivered 

through the silicon MNs. This would include, but not be limited to, the assessment of 

PKs, therapeutic efficacy and dose sparing potential, and local tissue response to 

contact with the device.  

This work has made meaningful progress and aided in laying a more robust foundation 

for silicon MN evaluation. Nevertheless, as with any medical device, future progress 

will rely on the convergence of co-ordinated efforts of engineering innovation, 

pharmaceutical development, and regulatory engagement, to enable these devices to 

realise their full clinical potential. 
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10. Appendix A – Scaled Up Manufacture Recipes  
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