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ABSTRACT 
 

Microneedles are promising devices for transdermal drug delivery and biofluid sampling. 

Microneedle devices provide a non-invasive and painless insertion, which has the potential for 

self-administration. Despite recent advances, microneedle technology suffers from time-

consuming manufacturing processes, inefficient penetration, and unreliable drug delivery. 

Hence, therapeutic activities are often associated with uncertainties in the reliability and 

repeatability of the results. To address these research gaps, the initial approach of this thesis is 

to reduce the fabrication time without compromising accuracy by optimising the fabrication 

techniques, such as stereolithography, micro moulding, and soft embossing. Moreover, to 

improve the skin penetration efficiency and drug diffusion of microneedles, the study 

investigates the effects of microneedle geometrical parameters and external stimulants, such as 

skin strains and vibrations. This is coupled with applications of artificial skin models, 

simulation of microneedle and microblade insertion, plus drug diffusion modelling as a 

validation tool to usher fidelity and reliability to the experimental outcome. 

Throughout the thesis, microneedle arrays and microblade masters were made with a 

photoresist using the two-photon polymerisation, followed by fabrication of 

polydimethylsiloxane moulds for soft embossing thermoplastic samples. Two approaches were 

used to reduce the fabrication and replication times of microneedle masters and replicas. 

Firstly, through modifications to stereolithography codes, multiple master microblades were 

printed on a single substrate. Hence, the approach for printing six microblades on a single 

substrate reduced the two-photon polymerisation fabrication time by ~ 63.3 % compared to the 

fabrication of a 9 × 9 microneedle array on the identical substrate. Secondly, the thermoplastic 

replicas were further considered secondary masters for simultaneous centrifugation of multiple 

polyvinyl alcohol/polyvinylpyrrolidone dissolving microneedle patches. This later approach to 

employing primary (IP-photoresist) and secondary (Zeonor 1060R) masters reduced the overall 

fabrication time by ~ 86.9 %. 

In the next stage, mechanical and insertion tests are conducted to determine the safety margin 

of the replicated microblades and microneedles. A series of mechanical compression and 

transverse tests are conducted on thermoplastic microneedles, dissolving patches, and 

microblades. For the case of microblade devices, the compression test results indicated that the 

microblade tip angle and test speed were directly related to the initial stiffness and failure point. 

In addition, increasing the microblade blade eccentricity resulted in the reduction of initial 

stiffness and failure point. The margin of safety for both microblades and microneedles is then 
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determined based on the peak insertion forces using experiments and computer simulations. 

Insertion tests were conducted experimentally by inserting single microneedles on the 

polydimethylsiloxane model (strain: 0 - 20 %, vibration: 0 - 250 Hz). These tests are coupled 

with a novel finite element analysis paradigm, which integrates a series of analyses to model 

the microneedle insertion on a multi-layered hyperelastic skin model incorporating skin surface 

strains and vibrations. The results showed an inverse relationship between increasing skin 

strains (0 - 10 %) and vibrations (0 - 250 Hz) with the peak insertion force. Thus, applying skin 

strains and vibrations improved the insertion safety of microblades and microneedles. 

According to the outcome of the skin strains and vibrations, a novel multifeatured impact 

applicator is designed, manufactured, and provisionally patented. The prototype impact 

applicator can be adjusted using the pre-set or manual regulation of impact velocities from 1.5 

to 5.5 m/s. The applicator can also enable a range of skin surface stretching utilising a pair of 

side arms controlled with compression springs for height adjustment and torsion springs for 

the actual strains of up to 22 N. The applicator can stimulate a range of rotational and linear 

vibrations with frequency ranges of 0 to 250 Hz and 0 to 200 Hz, respectively. 

During the experiments, skin insertion tests were conducted on the porcine back and abdominal 

skins using fluorescein sodium salt as the model drug coated on solid thermoplastic 

microneedle arrays and microblades and encapsulated in dissolving patches. Increasing the 

frequency for two modes of vibrations (0 - 250 Hz) on dissolving patches resulted in higher 

drug concentrations. The model drug diffusion flux and concentrations were also simulated for 

different microblades. The results indicated a direct relationship between increased blade angle 

and higher diffusion flux and concentration. However, finite element analysis results showed 

that a higher blade angle was associated with reducing microblade penetration depth.  

The current thesis introduced new techniques for time and cost-effective fabrication of solid 

and dissolving microneedles. The study also gave insight into the new methods of application 

systems for improving insertion safety, penetration efficiency, and drug diffusion. The 

reliability of the results was validated by coupling the in vitro experiments on porcine skin with 

artificial models and computer simulations. This research also investigated the potential 

application of microblades for biomedical applications, focusing on geometrical parameters, 

such as blade angle and eccentricity level. Furthermore, the effects of skin stimulants, such as 

strain and vibration, were evaluated by studying the mechanics of microneedle 

insertion/extraction phases. These techniques were introduced into a novel provisionally 

patented impact applicator capable of regulatable impact speeds, skin strains, and two modes 

of induced vibrations. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

1.1.1 Importance of microneedle devices for drug delivery and sampling  

MNs are promising micro-meter scale projections in the forms of single or MN arrays, which 

can be used for transdermal drug delivery (TDD), interstitial fluid (ISF) and capillary blood 

sampling (Figure 1). Hypodermic needles are semi-invasive, uncomfortable, produce waste, 

and need to be handled by qualified staff.  In comparison, MN devices are painless, non-

invasive, and can be self-administrative (Cheung, Han & Das 2014; Ranamukhaarachchi & 

Stoeber 2019). MN applications range from delivering large molecular weight (MW), ionic or 

hydrophilic drugs to collecting ISF and capillary blood for diagnostics. MNs are geometrically 

designed based on height, width, tip area, array size, and density. These microdevices can form 

a cylindrical, conical, prismatic, pyramidal, or blade shape (Faraji Rad et al. 2017; Faraji Rad 

et al. 2020). By possessing 50 - 900 µm projection lengths and widths of up to a few hundred 

microns, MNs are designed to bypass the stratum corneum (SC) layer of skin while avoiding 

stimulation of the nerve system (Donnelly, Ryan F. et al. 2010; Bhatnagar, Dave & Venuganti 

2017). 

For instance, due to MN’s attributes, such as their micron size, biocompatibility, 

biodegradability, and water solubility, it is predicted that the majority of these miniature 

devices possess minimal hazards and require moderate regulations for sharp handling and 

disposal procedures. Kim et al. stated that while coated MNs may be considered biohazardous 

sharps waste, dissolving MNs, which are generally made from inert water-soluble polymers or 

sugars, should be discarded as non-sharps waste (Kim, Park & Prausnitz 2012). The painless 

and minimal hazardous nature of MN devices facilitates the patient self-administrating 

practices. This particularly benefits the point-of-care (POC) diagnostic and monitoring system. 
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POC reduces the time-consuming and costly procedures associated with laboratory tests for the 

detection of disease-specific biomarkers (Dixon et al. 2021). Tehrani et al. (2022) integrated 

the POC diagnostics and monitoring system into a wearable MN device featuring wireless and 

continuous sensing technology to detect the ISF biomarkers, enabling the real-time monitoring 

of patient condition on smart phones (Tehrani et al. 2022). The remote monitoring of patient 

health conditions removes the cost associated with regular consultation while enabling the 

emergency notification of healthcare services. 

 

Figure 1: Schematic representation of MN microdevices used for different therapeutic 

applications (Madden et al. 2020). 

1.1.2 Types of microneedles 

Depending on the therapeutic applications, MNs can be solid, coated, hollow, dissolving, or 

open channel types capable of vaccination, drug delivery, and diagnostics (Faraji Rad et al. 

2017; Yang et al. 2019). Solid MNs possess good mechanical strength and sharpness compared 

to hollow MNs. They can enhance the bioavailability and kinetic transport through skin layers, 

with the potential for delivery of vaccines with higher antibody response (Jacoby et al. 2015; 

Aldawood, Andar & Desai 2021). Solid MNs coated with drugs may transfer a limited number 

of compounds, such as proteins and DNAs, through a rapid release. Hollow MNs with inner 

cores can deliver drugs with higher MW in a controlled and rapid release compared to the 

solid/dissolving MNs (Ita 2015; Cheung & Das 2016). Dissolving MNs follows a “poke-and-
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release” approach, enabling the rapid and waste-free transfer of macromolecules. However, 

dissolving MNs suffer from delays in dissolution and effective skin penetration (Waghule et 

al. 2019). 

1.1.3 Microneedle materials 

MNs are manufactured using materials such as metals, silicon, ceramics, silica glass, or 

polymers. The selection of these materials depends on their mechanical properties, 

biocompatibility, biodegradability, and potential for large-scale production. Metals such as 

stainless steel are the traditional materials widely used in biomedical applications, ranging from 

hypodermal needles to medical device applications and implant tools. Palladium, titanium, and 

nickel are also used for MN fabrication (Donnelly, Raj Singh & Woolfson 2010). Compared 

to other materials, metals and related alloys are biocompatible, with high elastic moduli 

reaching 180 GPa in SUS-316L stainless steel (Niinomi & Nakai 2011). Silicon materials are 

also widely used for MN manufacturing, which possess anisotropic behaviour in crystal lattice 

orientations in each direction. This mechanical behaviour leads to a range of elasticity modulus 

from 50 to 180 GPa (Hopcroft, Nix & Kenny 2010; Indermun et al. 2014). Although silicon is 

deemed biocompatible, it can possess granulomas in the skin subcutaneous layer or result in 

the emergence of nodules in the tooth periodontal ligament (Donnelly et al. 2018). MNs can 

also be fabricated using carbohydrates, silica glass, and ceramics. This includes simple sugar 

carbohydrates (e.g. maltose, galactose, sucrose, trehalose, xylitol, etc.) or complex compounds 

(e.g. polysaccharides), which are considerably cheap and safe for MN drug delivery (Miyano 

et al. 2005). Silica glass (e.g. borosilicate) are inert material, enabling fluid flow visualisations 

and quick production for small-scale and non-commercial research purposes (Larrañeta et al. 

2016). Ceramics are frequently used for musculoskeletal bones, dental or orthopaedic implants, 

and bone substitutes. The main ceramic material for MN fabrication is alumina (Al2O3), which 
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is highly resistant, noncorrosive, highly biocompatible, and porous and has been applied in 

coated drug delivery (Donnelly et al. 2018, p. 27). 

Polymers are considerably used both for the delivery of target drugs and ISF sampling in the 

forms of solid, dissolving, or hydrogel-forming MNs (Park, Allen & Prausnitz 2005; Faraji 

Rad et al. 2017; Cordeiro et al. 2020). Polymers applied in medical science can be classified 

into natural, synthetic, and thermoplastics. Polysaccharides and synthetic polymers such as 

polyvinylpyrrolidone (PVP), poly D L-lactic-co-glycolic acid (PLGA), polylactic acid (PLA), 

poly (glycolic acid) (PGA), and chitosan are mainly used for dissolving MNs which act as drug 

cargo for drug delivery. These polymers are biocompatible and similar to the extracellular 

matrix components. These polymers can be easily removed in the kidney based on their size 

and MW (Markovsky et al. 2012; Shelke et al. 2014). Cyclic olefin polymers (COP) were used 

by Sammoura et al. (2006) to fabricate in-plane MNs with open channels from these 

biocompatible and mechanically robust materials (Sammoura et al. 2006). In recent 

publications, COPs such as Zeonor 1060R are also used to manufacture open-channel MN 

arrays (Faraji Rad et al. 2017). Due to the polymer’s relatively low melting temperature, it has 

the potential for a cost-effective and mass-scalable manufacturing process (Lee, Han & Park 

2013). Although polymers possess less mechanical strength than other materials, their 

toughness is higher than ceramics and glass (Hong et al. 2013; Larrañeta et al. 2016).  

1.1.4 Microneedle manufacturing techniques 

MN devices are manufactured using techniques such as laser cutting/ablation, additive 

manufacturing (AM), or photolithography coupled with dry/wet etching (Jung & Jin 2021). 

Photolithography has a multistep procedure, initiating with ultraviolet (UV) exposure of 

photoresists spin-coated on silicon substrates. To create the desired patterns, photomasks are 

placed in the direction of the UV source. The samples are then post-processed through etching 

techniques to form the overall MN shapes. Dry etching, such as reactive ion etching (RIE), 
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incorporates an exposure process using masks with dots to form the desired MN diameter. 

These samples are etched inside reactive ion etching chambers. High aspect ratio spikes are 

formed through trenches created by plasma-based oxygen/fluorine chemistries. This may be 

followed by wet etching for metallic and silicon MNs to sharpen the tip by submerging the 

substrate in chemical etchant via dynamics/static etching approaches (Dharadhar et al. 2019). 

In general, photolithography is a time-consuming technique involving a multistage 

manufacturing process. Another manufacturing technique is laser ablation, which focuses the 

optical light beam to form the MNs on the substrate by material elimination. Although this 

method is fast and effective, this costly technique is associated with initiating cracks or fatigue 

in the substrate, mainly due to the thermal effects (Desai, Craps & Esho 2013). 

AM enables the 3D printing of microstructures with high throughput and lower cost using 

techniques such as stereolithography (STL), continuous liquid interface production (CLIP), and 

direct writing lithography (DWL) such as the TPP technique (Jung & Jin 2021). The AM 

methods are cost-effective, making them a promising means for scalable MN fabrications. TPP 

technique is another highly precise AM approach that involves exposing photosensitive 

materials to laser photons. It is also known as direct laser writing (DLW), including a nonlinear 

process based on the two-photon absorption (TPA) theory. During the process, polymerisation 

occurs upon focusing two photons carrying half of the excitation energy (Faraji Rad et al. 

2017). TPP at its current pace is still a time-consuming approach despite having high precision 

and accuracy (Ebrahiminejad, Vahid et al. 2022).  

Upon the initial fabrication of MN masters, they can be replicated using cost-effective methods 

such as micro moulding or injection moulding, which has a high potential for mass production 

(Griffiths 2008). Micro moulding involves casting a polymeric solution containing the active 

pharmaceutical agents into the mould. Injection moulding and soft embossing are based on 

filling the mould cavities with molten polymers using injection or applied pressure (Aldawood, 
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Andar & Desai 2021). The moulds used for the MN replications are mainly fabricated using 

PDMS. The low-cost PDMS moulds possess high thermal stability, biocompatibility, and ease 

of use (Park, Allen & Prausnitz 2005; Aldawood, Andar & Desai 2021). Figure 2 summarises 

the current designs, manufacturing processes, and materials used for the MN technology. 

Figure 2: Organisation chart representing different MN designs, manufacturing techniques and 

materials.  

1.1.5 Microneedle medical applications 

Medical practices that offer drug delivery, sampling, and diagnostics must use high-efficacy 

therapeutic methods. Drug formulations are delivered using various drug delivery systems 

(DDS). Oral administration is a common DSS method associated with the possibility of poor 

absorption, enzymatic degradation, and rare cases of long-term side effects on liver and kidney 

organs (Lin et al. 2017). DDS can also take the form of parenteral intravenous, intramuscular, 

or subcutaneous delivery accompanied by pain and discomfort to the patients (Date & 

Nagarsenker 2008; Aldawood, Andar & Desai 2021). A painless drug delivery method is 
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inhalation, mainly used to treat respiratory diseases. Upon self-administration, this DDS 

technique often poses the risk of overdosing (Rau 2005). Alternatively, TDD can be used for 

delivering target drug compounds via creams, hypodermic needles, ultrasound, electroporation, 

iontophoresis, or recently publicised MNs technology (Rau 2005; Lee, G. et al. 2018; Khan et 

al. 2021).  

Therapeutic monitoring and diagnostics require samples mainly extracted from venous blood, 

breath, stool, and sputum. Despite the variety of sampling procedures, most drug molecules 

and endogenous substances are identified in samples from whole blood. Yet, blood sample 

handling is costly and time-consuming, requiring high-performance equipment and trained 

staff for detection and analysis (Donnelly et al. 2018). Moreover, reports point out that 

sampling from underlying skin tissues can give a suitable and more predictive clinical response 

compared to the concentrations within the plasma (Leboulanger, Guy & Delgado-Charro 2004; 

Donnelly et al. 2018). Therefore, interstitial fluid (ISF) extracted from skin tissues has 

biomarkers applicable for diagnostics. ISF contains 83 % serum proteins, and only 50 % of 

these proteins are found in serums (Romanyuk et al. 2014; Samant & Prausnitz 2018). 

Recently, MN-assisted point-of-care (POC) diagnosis has shown potential for extraction of 

ISF, which can enable real-time monitoring and detection of diseases such as cancer 

diagnostics, prognosis, and skeletal or cardiac injury (Keum et al. 2015; Miller et al. 2016; Lee, 

D.-S. et al. 2018). 

1.1.6 Challenges associated with microneedle technology. 

Despite the promising potential of MN applications for TDD and biofluid sampling, hurdles 

during the concept design, manufacturing, and skin insertion remain a challenge. Literature 

reports on the plethora of manufacturing methods using costly multistage processes, with some 

requiring cleanroom conditions, which can delay the MN scale-up production. Moreover, 

during the drug encapsulation into the dissolving MNs or coating on the solid MNs, the active 
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pharmaceutical ingredient or vaccine’s antigenicity may be destroyed (Donnelly et al. 2018). 

Regulatory bodies such as the FDA (US) and the Medicine and Healthcare Products Regulatory 

Agency (MHRA) in the UK further state the need for an approved method of MN insertion and 

provision of end-user training to ensure a successful MN penetration (Vicente-Perez et al. 

2016). Therefore, effective MN-based TDD requires the development of rapid and cost-

effective production, along with an in-depth study of the MN insertion mechanism, effective 

penetration, and diffusion of the target drug. 

For a successful insertion, MNs should be mechanically stable to avoid possible failure 

scenarios due to excessive axial and lateral loads. The buckling failure occurs due to the skin 

SC barrier, while the skin’s natural elasticity and irregular topologies are responsible for 

transverse bending failure (Larrañeta et al. 2016). During the actual MN insertion on the skin, 

the load is linearly increased, then peaks at insertion force (Fins). This is followed by a sudden 

drop due to the rupture initiated on the skin SC layer (Khanna et al. 2010). Integration of MN 

mechanical strength and insertion force is defined in the concept of safety margin (SM: MN 

failure force/MN insertion force), which must be greater than unity (SM > 1). Thus, higher SM 

values can be achieved by enhancing the MN mechanical strength or reducing the Fins value 

(Park, Allen & Prausnitz 2005). 

Several studies are performed to evaluate the effects of MN geometrical factors such as 

increasing MN interspacing, reduction of tip size, and base diameter on the reduction of Fins. 

External factors, including application velocity and skin conditions such as relative humidity 

and storage conditions, are also assessed (Ebrahiminejad, Vahid et al. 2022). For instance, 

Yang & Zahn showed a ~ 70 % reduction in Fins when using a vibratory actuator with an 

undefined kHz frequency range (Yang & Zahn 2004). The study does not specify the frequency 

and modes of vibration; hence, the relationship between frequency and peak insertion and 

extraction forces cannot be determined. Recently, the effects of skin strains on the mechanics 
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of MN insertion were investigated by Shu et al. through FEA of multi-layered skin with 

hyperelastic materials. Application of various strains from 0 % to 10 % indicated a 13 % and 

15 % reduction in Fins and penetration efficiency, respectively (Shu et al. 2021). However, 

experimental evaluation of these effects may not yield reliable and repeatable outcomes. This 

is due to the inability to mimic skin in vivo state and precise controls on the amount of skin 

stretching. 

MN should reach the desired penetration depth for effective transfer of drugs or biofluids. In 

general, improper MN geometrical design, insufficient methods of skin application, and natural 

skin folding around MN projections result in partial penetration (Verbaan et al. 2008). Some 

parameters such as MN height, interspacing, and base diameter are associated with MN 

geometry; however, factors such as application force and impact velocity depend on the skin 

application method (Ebrahiminejad, Vahid et al. 2022). While MN pressing force and impact 

velocity indicated remarkable improvements in the penetration, factors such as MN height and 

SC layer removals showed no effects on the penetration efficiency (Donnelly, Ryan F. et al. 

2010). For instance, one of the common issues associated with MN parametric design includes 

improper MN interspacing, which can result in the “bed of nails” effect. This phenomenon 

which commonly occurs at interspacing of lower than 150 µm, initiates when skin is locally 

stretched by the outermost needles. Thus, the inner MNs apply the insertion forces on an 

already stretched skin. Therefore, partial penetration occurs due to insufficient MN pressure on 

the skin (Gülçür et al. 2021). Although single MN protrusion may avoid the “bed of nails” 

effects, it cannot transfer sufficient drug or biofluid samples. Thus, the patented MB devices 

with a singular microstructure may be a potential alternative to MN arrays. 

Despite the advancements in MEMS technology, cost-effective and timely mass production, 

replication reliability, reliable penetration, and enhanced drug delivery of MNs remain a 

challenge. Some potential research avenues are investigating the novel designs of microdevices 
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and applicators, optimisation of MN fabrication processes, and inclusion of external stimulants, 

such as skin strains and vibrations. The research gap can then be narrowed to design, 

manufacturing, and insertion processes. By now, no research has focused on the potential 

application of novel MB designs as an alternative means of drug delivery and sampling for MN 

arrays. Moreover, research has not addressed the time-consuming nature of MN master 

fabrications using TPP and its associated micro moulding processes for MN replications. 

Ultimately, during the actual skin insertion process, there is an absence of a versatile impact 

applicator capable of adjustable impact speed and skin external stimulants to improve the 

efficacy of drug delivery and sampling. Despite studies on the effects of vibrations on the model 

drug dissolution rate, no study has compared the impact of the linear resonant actuator (LRA) 

and eccentric rotating mass (ERM) vibration modes on the diffusion kinetics of drugs with 

larger MW (> 350 Da). LRA generates single vertical motions using magnetic mass attached 

to a spring and driven by a voice coil, while ERM enables the motions in two axes with 

unbalanced forces created by the rotation of an eccentric mass. According to the limitations 

mentioned above, section 1.2 discusses the aims and objectives of the thesis. 

1.2 Aims and Objectives 

To enhance therapeutic drug delivery and skin penetration, current research intends to design 

and fabricate MN arrays and MB devices to perform skin insertions using an innovative impact 

applicator. Current research signifies the need to replicate mechanically stable MNs for safe 

skin insertions. This can also be achieved by investigating the effects of external stimulants, 

such as skin vibrations and strains, on facilitating the insertion and extraction phases. Upon 

MN insertions, penetration efficiency should be maximised for effective drug delivery or 

sampling diagnostics by improving the geometrical parameters and skin application method. 

The subheadings below summarise the main objectives of this research, which are further 

broken down by a series of experiments and simulations to achieve these aims: 
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1.2.1 Design, manufacturing, and replication for mass scale producibility 

- Design and fabrication of different MB and MN patches using COPs, Zeneor 1060R, 

and dissolvable polymers with the composition of PVA and PVP.  

- Development of cost and time-beneficial processes for manufacturing MN/MB 

masters and replicas  

1.2.2 Improving MN and MB safety margin. 

- Mechanical testing of MB and MN patches to evaluate their points of failure. 

- Study the effects of controlled skin strains and vibration excitations on MN insertion 

and extraction force reduction. 

- Design, manufacture, and develop an integrated impact applicator capable of 

regulating impact speeds, skin strains, and LRA/ERM vibrations modes. 

1.2.3 Simulation of MN insertion and drug diffusion into multilayered skin models 

- FEA of MN insertion into the multi-layered hyperelastic skin model considering the 

effects of strains and vibrations. 

- Drug diffusion modelling of MBs with different geometrical parameters into the 

multi-layered skin model. 

1.2.4 Improving model drug diffusion and penetration using different modes of vibration 

- Experiments on the penetration of the model drug into the porcine skin using MBs 

with different geometrical parameters. 

- In vitro experiments on porcine skin to define the effects of ERM and LRA vibrations 

on the kinetics of model drug diffusion and concentrations. 

1.3 Scope and limitations 

To accomplish the aims and objectives, the project is subdivided into a sequential series 

of literature reviews, experiments, and simulations as stated below: 
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a) The initial section of the thesis studies the current literature on skin mechanics, 

MN mechanical strength, artificial skin models (AMSM), MN 

insertion/diffusion simulations, and improving MN penetration efficiency. The 

literature section also covers the recent applicator patents and their functions.  

b) The next part of the research investigates the fabrication of high-density MN 

masters, PDMS micro moulding, and replication of thermoplastic MN arrays. 

The study also aims to characterize the replication process and improve the 

reliability and repeatability of the skin insertion tests by improving the 

experiment setups and methods of MN application. 

c) In this part of the study, a series of tests are conducted to optimise the TPP 

parameters and create/modify the writing codes within the STL files to enable 

the fabrication of multiple microdevices on a single Indium Tin Oxide (ITO) 

substrate. This section aims to print a wide range of MBs with different 

geometrical parameters on a single substrate. The study also investigates the 

mechanical strength, skin insertion mechanics and drug diffusion of MBs as a 

potential alternative for MN arrays.  

d) This part of the study is conducted through in vitro experiments on porcine skin 

and FEA explicit dynamic simulation of MN insertions into the multi-layered 

hyperelastic skin model to estimate the effects of external stimulants on 

improving MN safety and penetration. The outcomes are integrated into a 

prototype impact applicator capable of regulatable skin straining, LRA/ERM 

vibration modes, impact speed, and pressing force. The novel featured impact 

applicator is then provisionally patented. 

e) In the final part of the study, larger-scale replication of DMNPs is further 

investigated. The research uses the novel applicator to evaluate the effects of 
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two modes of induced vibrations at different low frequencies on the dissolution 

of DMNPs. This study also aims to incorporate a novel FEA paradigm for the 

simulation of MN insertion on skin with vibrations and strains. 

1.4 Thesis structure 

The thesis starts with an abstract to give a concise summary of the entire research. This is 

followed by the introduction chapter explaining the research theme and background. The gaps 

that require further investigation are identified based on the current literature. Therefore, the 

aims and objectives are combined into four major studies; the first study focuses on a 

comprehensive literature review (section 1.3a)), while the other three studies cover the 

remaining objectives explained in sections 1.3b-e. The thesis ends with conclusions and 

recommendations for potential areas of research. The appendix presents the ANSYS HPC 

codes and procedures, details for the impact applicator fabrication and performance 

assessments, codes for the TPP technique stage movements, and suggested MN patch for 

sampling diagnostics. During current research, four quality journal articles were produced with 

high-impact factors, three of which are published, and one is submitted at the time of thesis 

submission. In addition to the introduction (chapter 1) and conclusion (chapter 6), these 

publications will cover different chapters as detailed below: 

 

Chapter 2: Article I from Study 1  

This section presents a comprehensive literature review and gaps in skin mechanics, MN 

technology, and skin insertion related to MN devices. The study begins by explaining the skin 

structure and its mechanical behaviours. Factors influencing mechanical behaviours, such as 

age, location, humidity, orientation, and strain rates, are explained inclusively. Moreover, MN 

strength, mechanical tests, and corresponding mathematical models were reviewed. This is 

followed by an extensive report on experimental skin artificial models and computer 
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simulations to evaluate failure behaviours, insertion mechanics, and drug diffusion modelling. 

The last sections of the literature review give an insight into the effects of different parameters 

on reducing MN insertion force and penetration efficiency (section 1.3 a)). 

Published journal article: 

Ebrahiminejad, V., Prewett, P. D., Davies, G. J., Faraji Rad, Z. 2022, ‘Microneedle Arrays for Drug 

Delivery and Diagnostics: Toward an Optimized Design, Reliable Insertion, and Penetration’, Advanced 

Materials Interfaces, vol. 9, 2101856.  (Top 10 % journal; Impact Factor: 6.147)  

DOI: hTPPs://doi.org/10.1002/admi.202101856 

 

Chapter 3: Article II and conference participation from Study 2 (section 1.3 b)): 

This study focuses on the design and fabrication of MN array masters using the TPP technique, 

followed by the replication of low-cost thermoplastic MN arrays with high precision and 

fidelity. Highly dense MN patches are replicated through the simple process of soft embossing 

cyclo-olefin polymer (COP) polymers (Zeonor 1060R) on PDMS moulds. Experiments and 

mathematical models determined the shrinkage and mechanical robustness of these replicas. 

The actual insertion tests were conducted on in vitro porcine skin fixed by a premade stretching 

mechanism using the prototype impact/pressing force applicator. In addition, FEA analysis and 

experiments determined the insertion forces of single MNs. The safety of the replicated 

thermoplastic MNs was assessed by determining the SM values from the MN compression 

failure and skin insertion tests. During this research, a comparison was made between our 

primary prototype impact applicator and a commercial counterpart by estimating the 

penetration efficiencies using cryostat sectioning, stereomicroscope, and multiphoton confocal 

imaging. 

 

 

 

https://doi.org/10.1002/admi.202101856
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Published journal article: 

Ebrahiminejad, V., Faraji Rad, Z., Prewett, P. D., Davies, G. J. 2022, ‘Fabrication and Testing of 

Thermoplastic Microneedles for Transdermal Drug Delivery’, Beilstein Journal of Nanotechnology, vol. 13, 

pp. 629-640. (Top 25 % journal; Impact Factor: 3.649) 

DOI: hTPPs://doi.org/10.3762/bjnano.13.55 

Conference presentation:  

Ebrahiminejad, V., Faraji Rad, Z., Prewett, P. D., Davies, G. J. 2021, ‘Polymer Microneedles for 

Transdermal Theranostics and Vaccination’, Micro and Nano Engineering Conference, Turin, Italy. 

hTPPs://www.mne2021.org/wp-content/uploads/2021/09/GuidaMNE2021_final2_v3_compressed.pdf 

 

Chapter 4: Article III from Study 3 (section 1.3 c)): 

A recent patent of novel microfluidic devices and fabrications introduced MB designs with a 

singular microstructure with side microchannels and reservoirs (Faraji Rad et al. 2020). Current 

innovation has initiated the need for investigations on the potential application of these 

microdevices as an alternative mean for MN drug delivery and diagnostics. The current study 

replicated MB devices with various geometrical parameters, including the blade angle and 

eccentricity, using the soft embossing process for skin insertion experiments. Theoretical and 

experimental investigations are used to evaluate the mechanical strength and stiffness of each 

MBs. Subsequently, skin insertion of MBs coated with the FSS model drug was conducted on 

porcine skin using the adjustable impact/pressing force applicator. Permeability analysis was 

conducted via confocal microscopy to detect FSS penetration within skin samples. Here, 

explicit dynamics simulation was used to calculate the insertion forces of individual MBs onto 

the multi-layered hyperelastic skin models. Similarly, diffusion of the FSS-coated MBs was 

simulated to calculate the model drug concentrations and their gradients at specific skin layers.  

 

 

https://doi.org/10.3762/bjnano.13.55
https://www.mne2021.org/wp-content/uploads/2021/09/GuidaMNE2021_final2_v3_compressed.pdf


16 
 

Published journal article: 

Ebrahiminejad, V., Faraji Rad, Z. 2022 ‘Design, Development, and Testing of Polymeric Microblades: A 

Novel Design of MNs for Biomedical Applications’, Advanced Materials Interfaces, vol. 9, 202201115.  

(Top 10 % journal; Impact Factor: 6.389)  

DOI: hTPPs://doi.org/10.1002/admi.202201115 

 

Chapter 5: Article IV from Study 4 (section 1.3 d): 

This study aimed to introduce a high-precision and fidelity replication of DMNPs using a time 

and cost-effective fabrication process. This research is formed based on the previous study to 

use replicated thermoplastic MN arrays as a secondary master for making multiple PDMS 

moulds used for larger-scale replication of DMNPs. The study also quantified the effects of 

external skin strains and vibration excitations on MN insertion and extraction mechanics. An 

FEA simulation paradigm was also designed to model the MN insertion into the skin 

hyperelastic model considering different skin strains and vibration effects. A novel 

multifeatured impact applicator (Australian Provisional Patent Application No. 2022903335) 

capable of regulatable impact velocity, skin stretching, and LRA/ERM low-frequency 

vibrations was manufactured for the skin insertion tests. The prototype applicator was used on 

the porcine abdominal skin to determine the effects of LRA and ERM vibrations on the 

diffusion profile and concentration level of the encapsulated FSS model drug inside the 

DMNPs. For the skin insertion analysis, the FSS penetration depth and concentrations, confocal 

imaging and LCMS techniques were used, respectively.  

Submitted journal article: 

Ebrahiminejad, V., Prewett, P. D., Davies, G. J., Faraji Rad, Z. (2023). Effects of Low-Frequency Vibration 

and Skin Strains on Insertion Mechanics and Drug Diffusion of PVA/PVP Dissolving MNs, Ready for 

Submission – Provisional Patent (In Progress). 

 

https://doi.org/10.1002/admi.202201115
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Chapter 6: Discussion and Conclusion 

This chapter discusses the main results and presents a conclusion for the research. In addition, 

limitations and recommendations for future research are discussed in this chapter. 
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CHAPTER 2: LITERATURE REVIEW– PAPER 1: 

Microneedle Arrays for Drug Delivery and Diagnostics: 

Toward an Optimized Design, Reliable Insertion, and 

Penetration 

 

2.1 Introduction  

 

A thorough overview of the literature is presented in this chapter published in the Journal of 

Advanced Materials Interfaces (2022). Sections 2.2 and 2.3 further provide a comprehensive 

review of recent MN patent applicators, MB technologies and their advancement. The main 

areas of coverage include (1) skin anatomy and mechanics, (2) MN materials, manufacturing, 

and associated mechanical tests, and (3) an in-depth analysis of parameters influencing the MN 

insertion mechanics and penetration efficiency. The first section introduces the skin layers and 

their material compositions. This is followed by introductions to the skin’s mechanical 

behaviours, characterisations of stiffness, and failure criteria. The effects of external factors 

such as viscoelasticity, anisotropic behaviour, skin site, age, humidity, species variation, post-

processing, ethnicity, gender, test type, and strain rate on the overall skin mechanical properties 

are discussed. The effects of geometrical features, materials, and manufacturing techniques on 

MN mechanical robustness are elaborated. In addition, this section elaborates on MN failure 

scenarios during skin insertions and main MN mechanical tests, including axial, transverse, 

and shear loading. The review paper also provides insight into the commonly used AMSM, 

finite element simulation, and drug diffusion modelling techniques. The final sections of the 

review paper focus on two main challenges for improving MN safety and effectiveness through 

reducing the force of insertion and enhancing penetration depth. This section compares the 

literature outcomes related to MN geometrical characteristics, insertion tools, test conditions, 

and time to enhance the MN insertion force and penetration efficiency.  
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Section 2.2 provides literature on different applicator patents for facilitating the MN insertion 

and delivery of target drugs. An in-depth analysis of their insertion methods, drug reservoir 

setups, release mechanisms, and skin stimulants are described. This section aims to provide 

background information for the novel multifeatured impact applicator patented as an outcome 

of the current thesis. 



This article cannot be displayed due to copyright restrictions. See the article link in the Related 

Outputs field on the item record for possible access. 
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2.2 Developments of Applicators for MN Insertion 

2.2.1 General  

Reliable skin application methods provide effective MN drug delivery and sampling, which 

are essential to any therapeutic practice. Due to skin’s inherent elasticity and irregular surfaces 

(Donnelly, R. F. et al. 2010), achieving insertion reproducibility, accuracy, and precision 

remains challenging (Donnelly et al. 2012). The MN skin insertion method can be of thumb 

pressing force or using applicators to generate a controlled pressing force or predetermined 

impact energy (Leone et al. 2018). Applicators are reliable tool for MN skin insertion in order 

to improve penetration, drug delivery, or biofluid sampling. Several companies have 

investigated the design and manufacture of these devices. The most notable companies in the 

field of applicator design are 3M, Norwood Abbey, Vaxxas, Therajet, Nanopass Technology, 

Integrated sensing system (ISSYS), Apogee Technology, Animas Corporation-Debiotech, 

Imtek, Kumetrix, Micronit, Microfluidics B.V., Silex Microsystems, Nano Device, Zeopane, 

SpectRx, Valeritas, and Elegaphy (Donnelly et al. 2012). For instance, in Australia, Vaxxas 

Ltd. has developed a spring-loaded applicator for MN patches, which is capable of delivering 

vaccines to targeted skin layers while enhancing patient’s bodily immune responses (Vaxxas 

2023).  

Depending on the therapeutic practices, MN applicators can be comprised of different features 

to facilitate drug delivery or biofluid sampling. Despite the prevalence of coated and 

encapsulated MNs for drug delivery purposes, some applicators use internal reservoirs to 

preload or mix the drug solutions. The MN patches are applied to the target site using pressing 

force, spring load or electrically driven insertion methods. MN applicators generally 

incorporate a lock and release mechanism to activate the insertion process. Upon the skin 

insertion, external skin stimulants, such as skin tautness, vacuum, and vibration, may also be 
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applied to improve the overall therapeutic result. Figure 3 shows the common components used 

in MN applicators and the associated patents. 

 

Figure 3: Representation of design features for applicators capable of MN drug delivery. 

 

2.2.2 Methods of MN Insertion 

The mechanics of MN insertion into the skin directly affect the drug delivery performance. In 

general, MN devices can be applied on the skin using manual pressing or mechanical impact 

on the skin. Comparing the impact insertion versus the manual force insertion methods, Van 

der Maaden et al. (2014) found 40 % lower MN penetration efficiency and reproducibility of 

manual insertions (van der Maaden et al. 2014). To apply impact insertion, researchers have 

implemented methods, such as electronically controlled or stepped plunger mechanisms 

(Verbaan et al. 2008; Leone et al. 2018). 
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Several patented applicators use manual skin insertion, which generally requires patient’s 

manual hand effort. For instance, the Microneedle Therapy System roller (MTS-roller TM) has 

been developed by Lee and Hong to treat skin ageing signs by stimulating collagen production 

through a series of MN projections. In this method, MNs are mounted on a plurality of disks 

joined together, forming a cylinder supported by ending covers. A shaft is passed through the 

cylinder and supported by the handle, enabling manual rolling action on the skin (Lee & Hong 

2006). Similarly, MicroCor TM is a relatively simple and single-use applicator with a 

surrounding annulus and solid disc. The applicator is designed by Corium International Ltd. 

(Menlo Park, CA, USA), claiming to deliver peptides, proteins, and vaccines. For application 

purposes, MN patch is placed on the inner part of the applicator to be finger-pressed onto the 

skin surface from a push-button placed on the outer part (Trautman & Olson 2006). Similar to 

the previous design, Cantor et al. (2008) introduce another relatively simple applicator with a 

flexible central raised sheet for holding the MN patch, with a supporting membrane near the 

sheet. This applicator has stepped movement perpendicular to the sheet. Once a specific thumb 

force is reached, a sudden motion can create skin microporous, accompanied by a clicking 

noise (Cantor et al. 2008).  

Alternatively, impact applicators are designed based on the potential energy stored in spring or 

equivalent electrical energy. Zosano pharmaTM has invented a Microflux applicator (Cormier 

et al. 2003), which consists of a body and an internal movable piston with an impact spring, 

enabling the impact insertion of a protrusion membrane. The protrusion membrane is held onto 

a breakable retainer section and can be loaded on the applicator from the skin’s distal end. A 

patent by Ringsred and Frederickson (2015) from 3M Company used different types of elastic 

bands which can be wrapped around patients’ arms. The elastic bands containing the MN patch 

is then pulled back using a gripping membrane (handle). Upon breakage from the connecting 

membrane, the MN patch is released from a suitable distance, snapping against the skin surface, 
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creating micropores (Ringsred & Frederickson 2015). An applicator using a similar concept 

has been invented by placing an innerspring between the cap and piston inside upper and lower 

housings, accompanied by a locking system that releases a locking lever from the upper 

housing shoulders. In this design, a leaf spring is deflected with the help of a rotor maintained 

on an axis through a pin connected to the outer knob. An actuator push button then releases the 

piston (Clarke et al. 2003). 

2.2.3 Applicators with Drug Reservoir 

Target drugs can be coated or encapsulated into MN devices to perform TDD. Alternatively, 

applicators with internal reservoirs are designed and patented to transfer the drug through 

hollow MN devices into the skin subject. In 1999, Valeritas first introduced an applicator for 

drug delivery which connected the MN patch substrate to a reservoir (Prausnitz, Allen & Gujral 

1999). In a similar approach, Tokumoto et al. (2007), through Hisamitsu pharmaceutical 

invention, incorporate a drug absorber medium and a vehicle container inside the patent 

applicator. Upon applying the pressure, the solution is released, mixed with the coated drug, 

and further absorbed by the skin (Tokumoto, Matsudo & Kuwahara 2007). Similarly, 

Wilkinson and Newby (2003) from Becton Dickinson have invented a device in which the drug 

can be visually seen when delivered through a reservoir with an elastic wall (Wilkinson & 

Newby 2003). The reservoir has an inlet for substances to flow into the container. A Pen type 

applicator commercially called BD Soluvia TM was also first invented by Petits et al. (2009) 

through BD & Company (Sparks, MD, USA), enabling drug transfer through a MN-based pen 

device. The applicator consists of a cartridge (drug reservoir), a plunger, and a driving 

mechanism. A hub which holds the MN firmly at the centre can be attached to the Pen device 

(Pettis, Martin & Kaestner 2009). Sausse et al. (2012) have patented a reusable applicator with 

a reservoir to contain liquid drug solutions, which couples with MN arrays capable of 

interrupting the reservoir membrane using their back needles (Sausse et al. 2012). 
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2.2.4 Locking and Release Mechanism 

Applicators with impact insertion are usually triggered by a lock-and-release mechanism. For 

instance, the Microflux applicator uses a piston which can be locked in the cocked position 

before releasing into the skin. This mechanism uses a pin that disengages a latch from a catch 

using a flexible finger (Donnelly et al. 2012). Similarly, Trautman et al. patent indicates a self-

actuating spring applicator mounted between piston and cap, enabling patients with lower 

dexterity and strength to move the piston and cap to a pre-set position. By pressing down the 

cap, the piston is triggered to puncture through the retainer with the micro protrusion 

membrane, resulting in skin impact insertion (Trautman & Olson 2006). Another innovative 

patent from 3M by Cantor (2005) includes sensors such as photo-reflective, laser triangulation, 

or ultrasonic sensors that can measure the distance from the sensor to the skin surface. The 

sensor is attached to the housing’s outer section, which causes the release of the trigger, striking 

the MN patch on the skin once a certain distance is reached (Cantor 2005). 

2.2.5 Skin Stimulants  

External stimulants, such as skin tautness and vibration, are effective on reduction of MN peak 

insertion force and improving penetration efficiency during drug delivery and sampling 

practices (Yang & Zahn 2004; Samant & Prausnitz 2018). For instance, Lastovich et al. (2002) 

from BD Company has filed several applicators, including one for sampling and drug delivery, 

using methods such as vacuum, in which the applicator can be inserted into a syringe as the 

reservoir to contain the substance (Lastovich, Evans & Pettis 2002). A similar concept by 

Palmer (2001) introduces skin tightening using side lips. These lips can stretch the skin surface 

once the applicator is pressed against the skin (Palmer 2001). Furthermore, Inou et al. (2010) 

has filed a patent describing a device capable of removing the SC layer, enabling drug delivery 

of shorter MN arrays (with the possibility of convex shapes). This device also introduces side 
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lips to enhance skin tightness during insertions (Inou et al. 2010). Prausnitz et al. (2004) 

designed a MN applicator featuring a key and shoulder to overcome skin elasticity by enabling 

skin stretching at the insertion site. The shoulder limits the stretched area while the skin surface 

is stretched inside the key. However, they propose methods such as vacuum, cold treatment, 

suction, use of curved MN arrays, and application of a pair of jaws to pinch or stretch the skin 

to overcome the skin elasticity. They introduce a flexible stretching cone with a circular outer 

rim capable of stretching the skin by manually pressing the inner MN patch on the skin surface. 

The adjustable stretching cone stretches the skin upon engaging with skin surface friction 

(Prausnitz et al. 2004). 

Effects of MN vibratory actuation on needle force reduction were first proposed for the 

hypodermic needles, indicating around ~ 70 % reduction in the peak insertion force (Yang & 

Zahn 2004). Methods of skin vibration have since been introduced for applications such as skin 

treatments and drug delivery. This includes a skin ultrasonic injector, which has been invented 

by Mi-young and Tae-gyu (2018) that oscillates ultrasonic waves protruding through a 

fastening hole. The ultrasonic skin stimulator can enhance drug absorption through skin layers 

(Mi-young & Tae-gyu 2018). Park (2008) also introduces a vibration skin stimulator consisting 

of a vibration generator, amplifier and a head portion that holds the MN patch. The device can 

induce ultrasonic vibration to stimulate the skin, which enhances drug absorption through 

pathways generated by MN arrays (Park 2008). Similarly, Seung-goo and Geun-sik (2015) 

patent incorporates ultrasonic vibration to massage the skin, which is coated with the drug to 

enhance drug delivery into the skin (Seung-goo & Geun-sik 2015). 

2.3 Microblade Technology 

Despite advancements in MN array, there are significant challenges which are solely associated 

with this technology. One of these drawbacks is the “bed of nails” effect associated with partial 

penetration of inner MN projections due to insufficient interspacing (Olatunji et al. 2013). 
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Advanced fabrication techniques such as TPP enable highly precise 3D printing of highly 

complex micron-scale structures (Faraji Rad, Prewett & Davies 2022). However, large MN 

arrays can take significantly more fabrication time than single microstructures. Thus, Faraji 

Rad et al. (2020) patented a complex singular microblade device with multiple side channels 

for the transfer of drugs or biofluids. This patent, which is part of the research focus in this 

thesis, constitutes a sharp upright blade with side channels extending downward to the front 

and rear reservoirs. The reservoirs can act as biofluid sample containers, or drug container for 

drug delivery, and sampling purposes, respectively. 

2.4 Chapter Summary   

 

The current literature review covered the growing interest in MN technology as an alternative 

to hypodermal needles which are associated with pain, waste residues, and expert 

administration. Ebrahiminejad, Vahid et al. (2022) published a comprehensive literature review 

on the advancements of MN technology in pursuit of safer, time and cost-effective MNs with 

the potential for self-administration. An insight was given into MN design and fabrication 

through applications on the skin subjects. The first section reviewed the role of skin material 

composition on the elastic, anisotropic, and hyperelastic mechanical behaviour of skin. 

Moreover, the effects of factors such as skin orientation, location, gender, skin ageing, relative 

humidity, and temperature on mechanical characterisations were discussed.  

The next section focused on the effects of geometrical, material selection, and manufacturing 

processes on MN mechanical robustness. Parameters including MN length, width, and base 

geometry were the key factors in the MN’s mechanical strength. The failure scenarios, such as 

buckling, bending, and shear failures, are evaluated using axial, bending, and shear tests. The 

following sections elaborated on the significant literature gap in the reliability and 
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reproducibility of in vivo and ex vivo experimental tests. Alternative approaches discussed were 

different AMSMs, computational simulation of the MN insertion, and drug diffusion.  

During the insertion of MNs on the skin subjects, the margin of safety is not limited to MN 

mechanical strength. Improving insertion safety also depends on reducing the peak MN 

insertion force. Thus, one section detailed the effects of various parameters on reducing the 

insertion force. Drawing comparisons indicated that tip diameter, MN array density, and MN 

application velocity were critical in decreasing MN insertion force. Following MN insertion, 

MN penetration depth and array efficiency directly influence the delivery of the target drug or 

sampling ISF. Thus, MN fractional penetration length (FPL) and MN array penetration 

efficiency (APE) concepts were introduced, and measurements from different studies were 

presented. Impact velocity, pressing force, and array density had the utmost significant effects 

on improving FPL and APE.  

The review article systematically introduced MN design, fabrication, and skin insertion for 

biomedical applications. The review concluded by pointing out the challenges for MN mass 

production, such as reproducibility, fabrication preciseness, in-line monitoring, and production 

time. Recent investigations into scale-up manufacturing of MN technology included 

advancement in leading techniques such as TPP micro moulding and injection moulding.  

Optimisations and improvements of the most promising fabrication techniques can pave the 

way for the mass production of MNs for biomedical applications. 
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CHAPTER 3: PAPER 2 - Fabrication and Testing of Polymer 

Microneedles for Transdermal Drug Delivery 

 

3.1 Introduction 

 

 

This chapter provides an extract copy of the published article in the Beilstein Journal of 

Nanotechnology. This research addresses two of the main thesis objectives: determination of 

safety margins for thermoplastic MNs (section 1.2.2) and axisymmetric simulation of MN 

insertion into the multilayered hyperelastic skin model (section 1.2.3). The study incorporated 

biocompatible thermoplastic polymers (Zeonor 1060R) to fabricate highly dense 9 × 9 MN 

arrays, compared to previous 5 × 5 thermoplastic MN arrays manufactured using similar 

techniques. Master MN arrays were fabricated using TPP with high accuracy and precision. 

PDMS moulds from the masters are then used to replicate thermoplastic MN arrays using the 

soft embossing process. The transdermal delivery used the concept of solid MN arrays coated 

with an FSS model drug. Porcine skin insertion of MN arrays was conducted using a 

predesigned skin stretching device and prototype impact applicators capable of adjusting 

impact speed and pressing force. FSS model drug penetration and diffusion were then 

determined using a stereomicroscope, cryostat sectioning, and multiphoton confocal imaging 

techniques. 

Moreover, the study investigated the application of a prototype skin stretching mechanism for 

mimicking the skin in vivo conditions and provided a comparison between commercial and 

prototype applicators. The computer simulation of MN insertion into the multi-layered 

hyperelastic skin was also used to gain further insight into MN insertion mechanics. The ratio 

of compression failure result to MN peak insertion force was then used to evaluate the SM 

value. 
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3.2 Chapter Summary 

 

In this work, Ebrahiminejad, V. et al. (2022) replicated thermoplastic MN arrays through a combination 

of TPP, PDMS micro moulding, and soft embossing of Zeonor 1060R polymers. SEM imaging of the 

replicated samples showed high accuracy with 4.99 ± 0.35 % longitudinal shrinkage and 2.15 ± 0.96 % 

lateral enlargement. MN Mechanical failures such as bending, buckling, and tip blunting were 

experimentally and theoretically discussed. Based on Equations 1 and 3 from the publication, considering 

five cases of lateral and longitudinal shrinkage, the average reduction in safety margin is 2.35 %. However, 

the worst-case scenario yields an 18.67 % reduction in SM value, which occurs for the lowest lateral 

shrinkage for Fins and the highest lateral and lowest longitudinal shrinkages for the case of failure force. 

The stretching mechanism enabled a controlled mimicking of in vivo skin conditions, which can improve 

the reliability and repeatability of test results. Experimental results showed a significant improvement in 

MN array penetration using the prototype impact applicator. Increasing the impact velocity from 1.5, 3, 

to 4.5 m/s increased the APE from 22.63 ± 10.78 %, 79.42 ± 11.47 %, to 92.52 ± 4.45 % (mean ± standard 

deviation, n = 3 for each test) which produced array penetration efficiencies as high as > 92 % on the 4.5 

m/s impact velocity settings. APE of  > 92 % indicating that about 75 out of 81 projections have passed 

the SC layer of the skin and are hence suitable for drug delivery, relatively low FPL values (7 - 11 %) can 

still delay the diffusion time. The research results also concluded the importance of the need for specific 

applicator settings tailored for individual MN designs. Hence, this research provided the basis for 

developing a more advanced impact applicator (see Chapter 5), which can integrate features such as 

regulatable skin strains, low-frequency vibrations, and impact speed.  
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CHAPTER 4: PAPER 3 - Design, Development, and Testing 

of Polymeric Microblades: A Novel Design of MNs for 

Biomedical Applications 

 

4.1 Introduction 

Although MN arrays are a promising transdermal method for painless drug delivery or 

sampling of biofluids, the technology suffers from a costly and time-consuming process. 

Moreover, highly dense MN arrays may result in partial penetration caused by “bed of nails” 

effects. The current chapter aims to address three of the main thesis objectives, including 

improvements to mass scale producibility (section 1.2.1), safety margin (section 1.2.2), and 

mechanical insertion and drug diffusion simulation for MBs with various geometrical 

parameters (section 1.2.3). To address current issues associated with MN arrays, this research 

article introduced a possible alternative design for MNs called MB, possessing a singular 

microstructure rather than an array of projections. These MBs microdevices incorporate 

concentric or eccentric blade shapes and multiple side channels with reservoirs for drug or 

sample containment. TPP technique with modified program codes (see Appendix C) was used 

to fabricate five types of MB designs on a single substrate. Microfabricated PDMS moulds 

were then made to replicate five MB devices through a soft embossing process. The replicated 

MBs underwent axial compression tests at different speeds and were compared with 

mathematical models. MBs were further plasma treated using oxygen plasma to improve 

hydrophilicity, then coated with FSS solution as the model drug. A version of the impact 

applicator used in Chapter 3 was designed and manufactured, then theoretically and 

experimentally tested using a high-speed camera to quantify the skin impact velocities. 

Subsequently, skin insertions were conducted on the porcine abdominal skin using the 

prototype applicator at three different impact speeds of 1.5, 3, and 4.5 m/s. The penetration 



69 
 

depths of the MBs were evaluated using the Z-Stack technique of confocal microscopy. Current 

research also simulated MB penetration and force of insertion on multi-layered hyperelastic 

skin models. Furthermore, diffusion mechanisms for various MBs were also simulated to 

estimate the concentrations and gradients of the model drug at different skin layers based on 

time.
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4.2 Chapter Summary 
 

This chapter introduced the novel integrated MB devices with open channels and reservoirs 

with potential drug delivery and diagnostics applications. Due to the singular integrated design, 

these microdevices can be an alternative to MN arrays, which are costly, time-consuming, and 

have limited penetration capability due to highly dense projections. Five different MBs were 

replicated on a single substrate using modified printing codes of the TPP process. The master 

MBs were used to make the PDMS moulds and further used for soft embossing Zeonor 1060R 

thermoplastic replicas. SEM imaging from the replicated samples indicated ~ 5.63 % overall 

shrinkage. Mechanical compression tests and theoretical investigation showed a direct 

relationship between increasing initial stiffness and failure points with the geometrical aspects 

such as increasing MB blade angle and reducing eccentricity. A computer simulation was used 

to study the mechanics of MB insertion and penetration and the diffusion kinetics and 

concentrations of drug-coated MBs with different geometries. The FEA results from the 3D 

planner symmetrical analysis of MB insertions into the multilayered hyperelastic skin model 

were coupled with the results from the mechanical compression test. The ratios of failure forces 

to MB peak insertion forces were then determined to evaluate the SM values for different MB 

types. 

The FEA results and confocal imaging from the skin insertion tests confirmed that reducing 

blade angle was critical in reducing the insertion force and improving the penetration. 

Similarly, increasing eccentricity resulted in a non-uniform drug distribution. This indicated 

the need for an optimisation method to specify the range of MB angles, ensuring low insertion 

force and maximum penetration while maintaining sufficient mechanical integrity. The 

outcome indicated that low cost and time-effective MB replication combined with the sufficient 
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mechanical strength of thermoplastic MBs (SM > 1) make MB designs a potential mass 

scalable alternative for conventional MN arrays.  
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CHAPTER 5: PAPER 4 - Effects of Low-Frequency 

Vibration and Skin Strains on Insertion Mechanics and Drug 

Diffusion of PVA/PVP Dissolving MNs 

 

5.1 Introduction 

 

Despite the promising applications of MNs for drug delivery and diagnostics, maintaining 

insertion safety, controlled drug release, and effective penetration remain a challenge. This 

study evaluated the effects of external stimulants, such as skin straining and vibrations, on MN 

insertion and extraction. A multifeatured impact applicator capable of adjustable impact speed, 

MN vibrations, and skin strain was designed and manufactured for the skin insertion 

experiments. The PVA/PVP DMNP replicas were fabricated using PDMS moulds from two 

consecutive masters manufactured through TPP and soft embossing techniques. The replicated 

DMNPs were mechanically tested using compression and lateral bending tests to evaluate the 

SM value. The final skin insertion tests were conducted on porcine abdominal skin using the 

PVA/PVP DMNPs encapsulated with FSS as the model drug. The study aimed to investigate 

the kinetics of drug diffusion and concentration of FSS using two modes of vibrations, 

including ERM and LRA, at low-frequency ranges. The study also developed a novel FEA 

procedure to model the MN insertion mechanics into the multi-layered hyperelastic skin model 

under external effects of vibrations and skin strains.  
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Abstract  

Microneedles (MNs) offer a promising solution for increasing the effectiveness of transdermal 

drug delivery (TDD) and diagnostics. However, challenges such as large-scale manufacturing, 

partial MN penetration, and uncontrolled drug delivery limit the effectiveness of the technology. 

To overcome these challenges, the current research examines the effects of skin strain and 

vibration on MN insertion and drug delivery. A novel multifeatured impact applicator has been 

developed for improving skin insertion that features a combination of skin stretching, eccentric 

rotating mass (ERM), and linear resonant actuator (LRA) micro-vibration capabilities. In 

addition, a scalable replication method for dissolving microneedle patches (DMNPs) has been 

developed using two-photon polymerisation (TPP) and soft embossing processes. The DMNPs 

are used to evaluate the diffusion and concentration of a model drug, fluorescein sodium salt 

(FSS), when applied using ERM and LRA micro-vibration at different frequencies. A new 

computer simulation method is also presented to model the MN insertion into the multi-layered 

mailto:zahra.farajirad@usq.edu.au
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hyperelastic skin model, incorporating skin strain and vibrational effects. The results from the 

experiments and simulations indicate that applying skin strain and vibration decreases the force 

required for MN insertion and extraction from the skin. Similarly, increasing the ERM and 

LRA vibrational frequency enhances the dissolution and diffusion depth of the model drug in 

the skin. This suggests that applying vibration and stretching to the skin are effective and 

promising methods of TDD via DMNPs, which can enhance the drug permeability and 

effectiveness of MN devices.  

1. Introduction 

TDD through skin layers is among the safest routes of drug administration. Compared to the 

oral route of administration, TDDs eliminate the first-pass metabolism and harsh environment 

of the gastrointestinal tract. It can protect the vital body organs, especially the liver, against 

drug side effects and conserves drug dosage forms from the acidic environment of the 

stomach.[1] Despite these advantages, drug administration through the skin is challenging due 

to the skin stratum corneum (SC) barrier.[2] Researchers have tried to overcome this barrier by 

improving pharmaceutical formulations. Among the third generation of TDDs, MN 

development is being progressed by clinical trials for the administration of small and 

macromolecule drug agents with great efficiency.[3] TDD via non-invasive MN devices is a 

promising technique that offers several advantages, such as simplicity, reducing sharp and bio-

hazardous wastes, and the potential for self-administration.[4] Micro-pores created by MNs in 

the skin facilitate drug and vaccine delivery.[5] In response to pandemics such as Covid 19, MN 

patches can enable vaccination through the sustainable release of highly concentrated vaccines 

to a localized skin area.[6-8] MNs also have applications in point-of-care diagnostics, such as 

sampling ISF for biomarker detection.  
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MNs are manufactured using various techniques, including laser cutting, laser ablation, 

lithography, dry/wet etching, reactive ion etching, deep reactive ion etching, micro moulding, 

injection moulding, hot and soft embossing, additive manufacturing via 3D printing, and 

TPP.[9] Each technique is suitable for fabricating specific materials and has different fabrication 

times, production costs, accuracy, precision, robustness, and limitations.[10] Laser cutting and 

ablation methods are generally used to manufacture solid metallic MNs. These methods are 

time-effective; however, they are associated with high manufacturing costs, the risk of forming 

cracks, and fatigue due to the thermal effects, and thus are unsuitable for mass production. [10,11] 

Lithography requires subsequent dry/wet etching processes to form the final MN shape. 

Despite the high popularity of the method, it is a multi-step process, which results in an 

extended manufacturing time.[12] Additive manufacturing (AM) by conventional 3D printing 

of MN prototypes is a cost-effective method with high throughput.[2] Conventional 3D printing 

offers low accuracy and resolution of the printed parts.[10] AM via the TPP technique is an 

alternative method for manufacturing complex 3D geometries with high precision and sub-

micron resolution; however, TPP is still a slow process, thus mainly used for prototyping.[13] 

Micromoulding is used to replicate MNs from a master and a polydimethylsiloxane (PDMS) 

negative mould. Micromoulding is a cost-effective approach for replicating polymer MNs such 

as poly (vinyl alcohol) (PVA), poly(vinylpyrrolidone) (PVP),[14] or thermoplastics.[13,15] 

Techniques such as injection moulding and hot and soft embossing are also promising low-cost 

methods for MN mass-scale productions.[10] 

MNs are categorized into solid, coated, hollow, hydrogels, and dissolving types designed to 

serve specific therapeutic purposes. These microdevices are fabricated using various materials, 

including metal, silicon, polymers, silica glass, and ceramics.[16] Solid MN patches are 

generally manufactured with metals, silicon, and recently thermoplastic cyclic olefin polymer 

(COP) polymers,[17] which possess high mechanical strength. Uncoated solid MNs create micro 
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pathways to enhance skin permeability before the topical application of a drug.[18,19] Drug-

coated solid MNs can deliver a small amount of the target drug with a rapid decay in drug 

concentration over time.[20] The amount of drug dissolution using coated MN patches depends 

on coating thickness and MN size.[21] Solid and coated MNs are frequently studied for drug 

delivery; however, they have limited drug transport through the skin due to their structure and 

the amount of drug that can be loaded.[22] Hollow MNs are made from silicon, metal, glass, and 

polymers, which allow for the transfer of a more significant amount of fluid formulation by 

diffusion using pressure, capillary, or electrical-driven forces.[19,23] The MN bore size and 

release pressure define the kinetics of drug transport through hollow MNs.[18,24] Hollow MNs 

are capable of enhanced and precise drug delivery but still require costly and complicated 

manufacturing setups.[25]  

Hydrogel-forming MNs are used for both drug delivery and biofluid sampling. The MNs will 

swell upon insertion into the skin due to the hydrophilic nature of the hydrogels.[13] Hydrogel-

forming MNs are used for TDD of drugs by loading drugs into their polymeric structure during 

manufacturing or into a separate reservoir that is connected to the MNs for delivery.[26,27] 

Polymers such as polysaccharides are biocompatible due to similarities with extracellular 

matrix components and can be easily removed in the kidney based on its size and molecular 

weight. Derivatives of cellulose, chitosan, and hyaluronic acids are both biocompatible and 

biodegradable, making them a good candidate (Markovsky et al. 2012; Shelke et al. 2014). 

Dissolving MNs are made from biodegradable polymer matrix or sugar-containing active 

substances, which enable sustained dissolution of drug cargo over time without leaving 

residues.[2] This delivery method encapsulates drugs inside the polymetric matrix of DMNPs 

to facilitate sustained delivery of a higher dose of pharmaceuticals.[28] The kinetic and 

dissolution rates of therapeutic payloads depend on the polymeric composition and fabrication 

process. Drug release can be through water-soluble polymers such as PVP, PVA, 
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carboxymethyl cellulose (CMC), dextran, or via biodegradable compositions including 

poly(lactide-co-glycolide) (PLGA), poly (lactic acid), chitosan, or poly (glycolic acid).[19] 

However, partial penetration of MNs due to skin elasticity results in low efficacy of drug 

delivery.[29]  

To achieve efficient TDD, MNs must penetrate through the SC barrier, the outermost layer of 

skin.[30] SC consists of elongated dead corneocytes joint by interstitial lipid matrix.[31] SC is the 

most compact skin layer in dry conditions.[32] MN partial penetration is mainly associated with 

skin nonlinear viscoelastic properties, irregular surfaces, and the tendency to fold around MN 

projections.[33-35] These conditions may cause early failures, such as MN buckling and 

bending.[16] To overcome these challenges, several studies evaluated the parameters that 

enhance the penetration efficiency and safety margin (SM) of MNs. SM is defined as the ratio 

of MN failure force to MN insertion force (Fins) (the maximum force reached before SC 

rupture).[17] To reduce the Fins and improve the SM,[36,37] the geometrical parameters of the 

MNs are important. By optimizing the geometrical parameters, the Fins can be reduced, which 

in turn increases the SM. For example, increasing MN interspacing,[38] reducing tip 

diameter,[37,39] optimizing MN width and tip angle affects the Fins.
[39] In addition, using 

auxiliary tools such as applicators, applying vibration, and increasing insertion velocity with 

an applicator have been shown to reduce the insertion force and facilitate penetration.[37,38] 

Yang and Zahn studied MN insertion on excised animal skin to evaluate the effects of vibration 

on the MNs insertion using an unspecified frequency. The results demonstrated a > 70 % 

reduction in Fins from ~ 0.28 to 0.08 N.[40] The study did not indicate the value of frequencies 

applied nor the amount in which the vibration influenced various stages of MN insertion, such 

as the moment of insertion and the extraction phase.  

In another study, Al Qallaf et al. indicated that specific MN shapes, such as 

cylindrical/rectangular cuboids, along with the number of projections within a patch, can 
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influence the insulin concentration within the blood samples (ng mL-1). This study showed that 

MN interspacing, MN thickness, and penetration depth had less significance on insulin 

delivery.[41] To improve drug transport through the skin, external factors such as iontophoresis 

can be used, which involves generating an electric potential gradient across the skin.[18] 

Niamlang and Sirivat reported that using electric fields from 0 to 0.1 V improved the drug 

diffusion coefficient (cm2 s-1), which peaked at 0.1 V, demonstrating an increase of 357.8 %.[42] 

However, iontophoresis alone cannot transport the macromolecules through the SC barrier, 

indicating the need for combining the technique with MN devices to improve the 

permeability.[25] Enhancing permeability can be achieved via sonophoresis, which involves 

ultrasonic vibration (> 20 kHz). This method induces thermal effects on the skin subjects and 

requires sophisticated instrumentation.[43] Vibration and agitation speeds are also reported to 

enhance drug dissolution and delivery.[44-46] Seeger et al. analysed and tested the early studies 

conducted by Beyer and Smith on the dissolution rate of tolbutamide (used for the treatment of 

non-insulin-dependent diabetes mellitus) [47] and the Embil and Torosian studies on enteric-

coated aspirin[48] and confirmed the strong effects of increasing vibration on the drug 

dissolution time at a low agitation speed of 50 rpm.[46] The release profiles indicated a strong 

relationship between an agitation speed of 50 rpm and dissolution, which enhanced the drug 

dissolution rate upon increasing vibration levels.[46] Liu et al. studied the effect of vibration at 

3200, 4800, and 6400 rpm on drug dissolution. They concluded that an increase of low-

frequency vibrations from 3200 to 6400 rpm indicated a ~ fivefold increase in 

tetramethylpyrazine hydrochloride (TMPH) permeation over time, a drug used for the 

treatment of cardiovascular and cerebrovascular diseases.[45] Drug dissolution strongly depends 

on drug properties, formulation, dissolution method,[46], and application technique. Thus, to 

better understand drug dissolution mechanics, studies need to investigate the drugs with 

different MWs and various methods of excitations, such as low-frequency LRA and ERM.  
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The current study investigates the effects of external factors, such as variable skin strain and 

vibration excitations, on MN insertion mechanics using skin models. The experiments on the 

skin model provide insight into the effects of strain and vibrations on MN insertion and 

extraction mechanics. Moreover, the dissolution kinetics and concentration levels of the model 

drug are determined and compared for low-frequency vibrations using both ERM and LRA 

modes. The study also presents a cost-effective, fast, and mass-scalable method for 

manufacturing highly accurate DMNPs replicated using a PVA/PVP polymeric formulation. 

The proposed replication process involves using TPP to print primary masters, followed by 

using a soft embossing technique to create the secondary masters. The new approach 

overcomes the challenge associated with the slow TPP process and enables simultaneous 

replication of highly accurate DMNP replicas in a rapid and cleanroom-free process. In 

addition, a finite element analysis (FEA) for studying MN insertion mechanics into the multi-

layered hyperelastic skin model is introduced under the external effects of vibrations and skin 

strain. Despite recent developments in the computer simulation of MN insertion into multi-

layered hyperelastic skin models, the impact of external simulants, such as vibration and skin 

strains during the MN insertion, are not investigated.  

2. Experimental Section 

2.1. Master MN Array Design and Fabrication 

Consistent with our previous studies, 3D laser lithography using the Nanoscribe Photonic 

Professional GT 3D printer (Nanoscribe GmbH, Karlsruhe, Germany) was employed to 

fabricate the master mould.[15,20,49] In summary, the 3D designs of a 9×9 master MN array and 

a single master MN (single MNs were fabricated to be used for mechanical compression and 

bending tests only) were created using SolidWorks (Dassault Systems SolidWorks 

Corporation, Concord, NH, USA) with an overall height of 1100 µm, 75 µm base fillets, and 

500 µm interspacing for the MN array. The STL codes from SolidWorks were imported into 
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the DeScribe (Nanoscribe GmbH, Karlsruhe, Germany) software to specify print settings 

tailored to the design. The models were printed separately with 100 mW laser power, a 

scanning speed of 100 mm s-1, and shell and triangular scaffolds with 20 µm wall spacing. 

Parameters such as 2 µm slicing distance, 4 base slice counts, null shear angle (0º), and 0.6 

interface position were used to reduce print time and sample delamination from the substrate. 

The output GWL file, which stored the printing specifications, was further imported into 

NanoWrite software (NanoScribe GmbH, Karlsruhe, Germany) linked to the NanoScribe 

system for printing. 

The TPP system incorporates a pulsed erbium-doped femtosecond fibre laser source with a 

Centre wavelength of 780 nm for exposing the photoresist. Based on the two-photon absorption 

theory, when the combined energy of two photons surpasses the absorption energy threshold 

of the photoresist, the nonlinear response occurs at the focused point, which enables the 

polymerisation of high-resolution structures.[50] Initially, a drop of negative-tone IP-S 

photoresist (Nanoscribe GmbH, Karlsruhe, Germany) drop cast onto the indium tin oxide (ITO) 

conductive side of a glass substrate and inserted into the NanoScribe system. The objective 

lens with × 25 magnification and NA of 0.8 focused the laser beam into the photoresist. MN 

structures were then written in galvo scan mode in X and Y directions and piezo offsetting mode 

in the Z direction. Following the print, the samples were further developed for 10 minutes in 

propylene glycol monomethyl ether acetate (PGMEA) solution, then rinsed for 2 minutes in 

isopropyl alcohol (IPA), and finally air-dried. 

2.2. Casting Negative PDMS Mould for Replication of Thermoplastic MN Arrays 

Polydimethylsiloxane (PDMS) (SYLGARD 184 Silicone Elastomer Kit, Dow Corning, 

Midland, MI, USA) was used for creating a negative mould of the master MN array. A 1:10 

solution of curing agent/base was initially mixed and then degassed in a planetary mixer for air 

bubble removal. PDMS solution was then poured on the MN array printed via TPP in a petri 
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dish and cured for 2 hr inside the oven at 80 °C. Finally, the soft negative PDMS mould was 

peeled off from the MN master for replication. A similar process was conducted to create a 

negative PDMD mould of the single MN.  

2.3. Fabrication of Secondary Master MN Arrays using Thermoplastics 

The PDMS negative mould of the master MN array was placed between 40 mm diameter 

rheometer plates (TA Instruments, New Castle, USA). A total of four pellets (cyclo-olefin 

polymer, Zeonor 1060R) were placed on the PDMS cavities, and the chamber temperature was 

increased to 163 °C, which is 63 °C above the thermoplastic glass transition temperature 

(Tg=100 °C). Keeping the lower plate fixed, the upper plate was lowered as a function of time 

to press the melted thermoplastic pellets into the PDMS cavities while limiting the axial force 

to 21 ± 3 N. To control the axial force and prevent damage to the PDMS moulds, upper plate 

downward displacement was reduced over time based on a nonlinear model from 100 µm per 

interval to 25 µm for 1 hr until the upper plate reached 200 µm above the PDMS surface.[49] 

The chamber temperature was then reduced to 10 °C for 15 minutes to allow for thermoplastic 

solidification. Upon solidification, replicas were peeled off the soft PDMS mould (Figure 1a). 

The process was repeated eight times to create eight thermoplastic MN arrays to be used as the 

secondary master MN arrays.  

2.4. Replication of PVA/PVP DMNPs 

The eight thermoplastic MN masters were used as secondary masters for fabricating eight 

negative PDMS moulds for PVA/PVP DMNPs replication. Thus, the thermoplastic MNs 

underwent a similar process described in section 2.2 to make the PDMS negative moulds. A 

PDMS ring was attached to each mould using PDMS-to-PDMS bonding by oxygen plasma 

(Pie Scientific, California, USA). The PDMS moulds were then cured at 80 °C for 15 minutes 

before cutting them to fit into the 50 mL centrifuge tube (Figure 1b). The rings surrounding the 

PDMS cavities acted as liquid solution containers for the centrifugation process.  
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The PVA, PVP, and FSS were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, 

MO, USA) to prepare the model drug solution. PVA 30 kDa (15 % w/v) was slowly added to 

20 mL of D.I water, stirred at 750 rpm for 1 hr at 60 °C, and placed inside an ultrasonic bath 

for 2 hr for further dissolution. PVP 40 kDa (50 % w/v) was then gently added to the solution 

and stirred until dissolved. A separate solution of FSS (0.4 % w/v) in 2 mL ethanol 70 % was 

then added to the PVA/PVP solution and stirred for 30 minutes at 60 °C until dissolved.  

To create DMNPs, 50 µL of PVA/PVP/FSS solution was placed on each PDMS mould. The 

moulds were then carefully placed inside 50 mL centrifuge tubes. During each replication 

process, eight sample tubes were centrifuged simultaneously using Allegra X-30 swinging 

bucket centrifuge (Beckman Coulter, Brea, USA) at 4000 rpm for 30 minutes. The moulds 

containing the solutions were then kept inside a laboratory oven for 2 hr to initiate solidification. 

In the next step, 100 µL of PVA/PVP solution without the model drug was poured on each 

partially dried mould and centrifuged at 4000 rpm for 20 minutes. The excess solutions were 

then removed, and the PDMS moulds were kept inside an incubator at 37 °C for another 72 hr. 

Once MN patches were peeled off from the moulds, they were refrigerated until further use 

(Figure 1c). Similar procedures were performed to replicate the single PVA/PVP MNs for 

compression and bending tests. 



99 
 

 

Figure 1: Replication process of PVA/PVP DMNPs (a) multiple replications of thermoplastic 

MN patches using the soft embossing technique, (b) creating multiple PDMS negative moulds 

from the replicated thermoplastic MNs, (c) replication of PVA/PVP DMNPs via PDMS 

negative moulds and centrifugation. 
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2.5. Mechanical Strength Testing of MNs 

The mechanical strength of PVA/PVP DMNPs was investigated on single PVA/PVP MNs 

using axial compression and lateral bending tests. Both tests were conducted using the TRIOS 

package linked with the TA hybrid rheometer previously used for soft embossing (section 2.3). 

During the axial compression test, the PVA/PVP MN was attached to the lower disk with 

double-sided tape while the upper disk of the rheometer was lowered to measure the force of 

fracture. The bending test was performed by attaching the PVA/PVP MN to a 90º custom-made 

metal stub using double-sided tape. A premade metallic block was attached to the upper disk 

of the rheometer and lowered during the test. The metal block provided uniform contact with 

the PVA/PVP MN tip to apply the lateral force. During the two tests, force and displacement 

data were recorded to determine the mechanical behaviour and failure points. Data were then 

plotted by MATLAB (Natick, MA, USA) software to be compared against the theoretical 

models.  

2.6. Scanning Electron Microscopy 

The morphology and dimensions of PVA/PVP DMNPs and mechanically tested MNs were 

measured using a scanning electron microscope (SEM, JOEL JSM-7001F). Samples were 

coated with a 10 nm layer of platinum using JOEL Desktop Sputterer. To measure the length 

and base diameter of DMNPs, a 90° angled metal stub was used to hold the samples. The 

secondary electron detector with an accelerating voltage of 2 kV in high vacuum mode was 

used for mechanically tested MNs. However, the accelerating voltage was increased to 10 kV 

to enhance the field depth for imaging the PVA/PVP DMNPs. 

2.7. Manufacturing Featured Impact Applicator 

The novel spring-loaded applicator was designed in SolidWorks software (Dassault Systems 

SolidWorks Corporation, Concord, NH, USA). The model was then printed using a Teirtime 

X5 3D printer (Teirtime Corporation, Milpitas, CA, USA) from polylactic acid (PLA) filament. 
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This applicator is the advanced version of the impact applicator used in our previous 

studies.[20,49] The new design can adjust impact velocity, enabling two regulatable ERM/LRA 

modes of vibration, and is equipped with a skin stretching mechanism.  

The impact velocity control mechanism has a grooved plunger and a top screw for velocity 

regulations, enabling velocities of 1.5, 3, and 4.5 m s-1. The plunger is fixed by the locking 

mechanism and released by pressing the push button (Figure 2a). While the grooved plunger 

enables exact impact velocities of 1.5, 3, and 4.5 m s-1, minute adjustments using the top screw 

can give a broader range of impact velocities ranging from 1.5 to 5.5 m s-1. A high-speed 

camera and theoretical models were used to measure the impact velocity of the current 

prototype, as described in our previous study.[20]  

The applicator’s skin stretching mechanism is incorporated with stretching arms equipped with 

torsion springs for direct skin extension and compression springs for the applicator settlement 

on the skin surface through height adjustments (Figure 2b). To apply two modes of vibration, 

LRA and ERM micro-vibration devices with ~ 50 - 250 Hz frequency range were purchased 

from Precision Microdrives (London, UK) and inserted into the slots in the plunger plate where 

the DMNPs attach. A custom-made electronic circuit was built to switch and regulate the micro 

driver frequencies. The circuit contained a 5 kΩ potentiometer, a 510 Ω resistor, and an NPN 

2N2222a transistor with an ON/OFF switch to regulate the LRA/ERM vibrations. This circuit 

is powered by a 3.7 V polymer lithium-ion battery (Ecocell, Castle Hill, New South Wales, 

Australia) equipped with MicroUSB Lilon/LiPoly charger jack (Adafruit Industries, New York 

City, New York, USA). The range of LRA and ERM frequencies was measured and recorded 

using digital multimeters in a series of current and voltage tests against the manufacturer 

performance graphs (Figure 2c).  
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Figure 2: The impact applicator for insertion of MNs into the skin. The 3D printed prototype 

features regulatable impact velocity, stretching arm mechanism, and ERM/LRA vibration 

systems. (a) The spring-loaded impact velocity can be regulated via pre-set velocities (1.5, 3, 

4.5 m s-1) on the grooved plunger or minute adjustments to the floating plate using the top 

screw. The skin insertion is triggered using the locking mechanism by pressing the push button. 

Skin stretching can be performed using the extendable side arms. Two pairs of compression 

springs enable the applicator settlement on the skin surface through height adjustment before 

the torsion springs can directly initiate the skin extension. (b) A cross-sectional view of the 

applicator showing compression and torsion springs and floating plate. (c) To regulate the 

ERM/LRA vibrations, an electronic circuit containing a 3.7 V polymer lithium-ion battery, 5 

kΩ potentiometer, 510 Ω resistor, 2N2222a NPN transistor, and MicroUSB charger port with 

ON/OFF switch was built to control the vibration frequency.  
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2.8. Evaluation of Strain and Vibration on Mechanics of MN Insertion and Extraction 

MN insertion and extraction mechanics were studied to determine the effects of strain and 

vibration on the SM. As a skin model, a PDMS sample with 4 ± 0.1 mm thickness was placed 

on the 3D printed PLA platform and then fixed by the skin stretching mechanism. To prevent 

the early contact of the PVA/PVP DMNP base with the skin model, an alternative 4 mm BD 

Ultra-Fine™ PEN Needles (Franklin Lakes, New Jersey, USA) for insulin injection was used. 

In the previous study by Park et al., the interface area of polymeric MNs inserted into the human 

cadaver skin showed the most influence on the insertion mechanics compared to other 

geometrical features.[51] Thus, PEN needles with a similar base diameter (230 µm) and tip size 

(1.6 µm) were assumed to be the suitable replacement for this particular study for the PVA/PVP 

DMNPs.[49] The PEN needles were attached to the rheometer upper plate using double-sided 

tapes. While force-displacement data were recorded, the needle was inserted and extracted by 

4 mm into the skin model. As shown in Figure 3a, insertion tests were conducted with various 

strains of 0 to 0.2 and vibration ranges of 0, 50, 150, and 250 Hz.  

2.9. Skin Insertion and Diffusion Study of DMNPs 

The penetration efficiency, drug diffusion, and concentration of the model drug encapsulated 

in DMNPs were studied using porcine abdominal skin. These studies were performed with 

experimental procedures approval obtained from the University of Southern Queensland 

(USQ) and the University of Queensland (UQ) animal ethics (Ethics Number: 20EXE005) and 

biosafety committees (Biosafety Number: 21BIOS003). Porcine cadaver skin was shaved and 

sliced into 3 ± 0.1 mm sizes using scalpel blades, and the fat layer was removed from 

underneath the skin. The skin tissue was kept at - 20 ºC and naturally thawed before insertion 

tests. During the tests, a previously reported stretching mechanism capable of accurately 

adjusting skin strain was used.[20,49] The porcine skins were stretched by ~ 5 % from the 

undeformed state to mimic the skin in vivo condition.[52] A total of 32 DMNPs were tested on 
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the porcine skin. For each test, a DMNP was attached to the applicator’s plunger using double-

sided tape and then inserted into the skin at 3 m s-1 using 0, 50, 100, 150, and 200 Hz (n = 4) 

for LRA and 0, 50, 150, and 250 Hz (n = 4) for ERM-induced vibrations for four minutes 

(Figure 3b). The current frequency range aligns with a previous study conducted by Liu et al. 

at 3200, 4800, and 6400 rpm (~53.3 to ~106.7 Hz).[45] Through a series of potentiometer 

orientations, the input voltage and current electronic circuit were measured using high-

precision multi-meters to estimate the frequency based on the micromotor’s performance 

curves. Due to various achievable speeds on Precision Microdrives performance curves and 

limitations in settings for lower frequencies, not all frequencies were aligned. Duration of 

insertion is based on observation of the time taken for the FSS model drug to thoroughly 

dissolve inside the skin when 9 × 9 DMNPs are applied at 250 Hz frequency and 3 m s-1 impact 

speed. Penetration and diffusion of the FSS drug model were then examined after 20 minutes 

with a confocal microscope (CLSM, Zeiss LSM710, Germany) using Z-stack and tile scan 

techniques with run times of ~ 20 minutes. 
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Figure 3: The experimental setup for (a) insertion tests on porcine skin using the applicator 

incorporating vibration for quantification of model drug diffusion and (b) PEN needle insertion 

tests using a rheometer, including the effects of skin strain and vibration on insertion and 

extraction mechanisms. 

2.10. Liquid Chromatography Mass Spectrometry (LC-MS) Analysis 

To determine the concentration of the model drug, LC-MS analysis was conducted using a 

Thermo U3000 HPLC liquid chromatography (LC) system coupled to a Bruker Micro TOF Q 

II mass spectrometer (MS) (Bruker Corporation, Massachusetts, USA). LC-MS is a technique 
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for separating compounds from the sample using mobile and stationary phases. This is followed 

by dissolving the compound into a gas phase and ionisation inside a column before conducting 

the mass analysis. Current analysis was performed using a C18 HPLC column (Phenomenex 

Kinetex 100 A, 50 × 2.1 mm× 2.6 μm) at 200 μL min-1. Buffer A was 18.2 Mohm purified 

water with 0.2 % formic acid, and buffer B was 80 % Acetonitrile (aq) with 0.2 % formic acid. 

A gradient was established at 40 ºC starting at 10 % buffer B for 2 minutes, followed by a linear 

ramping to 65 % B over 7 minutes. This was followed by a linear ramping to 100 % B over 12 

seconds and held at 100 % for 1 minute. It was then returned to 10 % B over 12 seconds and 

held at 10 % for 2.6 minutes. The first 2 minutes of each analysis were diverted to waste. The 

microTOF Q II was operated in positive mode with nebulizer gas at 0.4 bar, dry gas at 4 L min-

1, the dry temperature at 200 ºC, the transfer time of 70 μs, pre-pulse storage of 5 μs m z-1 50-

1000, and spectra time of 2 seconds. During the test, the collisional sweeping varied from 150 

to 600 Vpp. The acquisition was controlled using Hystar3.2 SR2, MicroTOF Control 1.3, and 

Chromeleon 6.8. The data was visualised using Data Analysis 4.0 and Quant Analysis 2.0. The 

MicroTOf Q was calibrated before testing each sample batch using ESI-L tuning mix – p/n 

1969-85000. During the LC-MS analysis, the FSS calibration curve was created using different 

FSS/Milli-Q water solutions standards (1:1000, 2:1000, 1:10000, 2:10000 v/v), which yielded 

an accuracy of R2 = 0.99.  

2.11. FEA of MN Insertion into Skin with Strain and Vibration Effects 

A specific simulation paradigm using ANSYS (2020 R1, ANSYS, Canonsburg, Pennsylvania, 

USA) was created to evaluate the mechanics of MN insertion into the skin when applying strain 

and vibration. For skin strain models, the stretching of the skin was modelled in the Static 

Structural module, which is linked to the Explicit Dynamics module used for modelling the 

MN insertions. The vibration simulation was initiated by introducing the results from the 

Modal and Harmonic Response modules into the Static Structural module, which is further 
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linked to the Explicit Dynamics for the MN insertion model. Based on Equation 1, a sinusoidal 

forced vibration was assumed for the insertion of MN into the skin model incorporating 

vibration, 

𝑀�̈� + 𝑐�̇� + 𝑘𝑥 = 𝑚𝑒𝜔2sin(𝜔𝑡)          (1) 

Where m is the weight of the rotating mass, e is the eccentricity, and ω is the vibration 

frequency. The XYZ displacements from the vibration excitation were imported to the Static 

Structural module using the External Data module. The MN insertion model is then performed 

using the Explicit Dynamics module. The skin model was assumed to comprise three layers 

(1) SC, (2) dermis, and (3) hypodermis, with thicknesses of 26 µm, 2 mm, and 1.1 mm, 

respectively. Ogden model (first order) material properties were specified for the dermis 

layer.[53] However, the SC and hypodermis layers were assumed to possess linear elastic 

responses. Quadrilateral meshing with a bias factor of 10 was used to generate smaller elements 

in the vicinity of MN-skin interfaces. The friction coefficient of 0.42 was applied between the 

contact surfaces.[54] MNs were inserted into the skin layers with a velocity of 3 m s-1 while 

recoding the force-displacement data. The erosion algorithm setup enabled the piercing of MNs 

into the skin by eliminating elements reaching the failure stress while maintaining their inertia 

effect. Moreover, automatic mass scaling with minimum Courant-Friedrichs–Lewy (CFL) time 

step of 1 picosecond was used to reduce the simulation run time.[55] The mass scale algorithm 

was used to artificially increase the elemental density by increasing the time required for a 

sound wave to traverse the smallest elements. Table 1 shows the material properties that were 

allocated to MN and individual skin layers.  
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Table 1: Material properties applied for MN and multi-layered human skin model in ANSYS 

explicit dynamics. 

Parameter MN SC Dermis Hypodermis 

Mathematical model Linear elastic Linear elastic Hyperelastic: 

Ogden 1st 

order 

Linear elastic 

Thickness [mm] - 0.026 2 1.1 

Young Modulus [MPa] 1400 139 - 0.1 

Poisson ratio 0.48 0.49 0.49 0.48 

Density [kg mm -3] 1.3 E-6 1.3 E-6 1.2 E-6 9.71 E-7 

Hyperelastic 

Coefficients MU1, A1 

[MPa] 

- - 0.0977, 

16.09 

 

- 

Incompressibility factor 

[MPa-1] 

- - 0.0745 

 

- 

Failure criteria [MPa] - 20 7 - 

Refs. [56] [54,57] [54,58] [54] 

 

2.12. Governing Equations for Drug Diffusion and Vibrations in Fluid-Structure 

Interaction Systems  

Mass transport of the model drug can be presented in the general form of the convection-

diffusion formula. However, as the velocity of fluid around the dissolving MNs is negligible, 

for a cylindrical shape, mass transport is dominated by diffusion, which can be expressed in 

Equation (1) as follows:  

∂C

∂t
=

𝐷𝑑

𝑟

∂

∂r
(𝑟

∂C

∂r
)             (1) 

Where r is the cylinder radius, Dd is the drug coefficient, and C is the drug concentration. 

During the delivery process for cylindrical dissolving MNs, the dissolution of the model drug 

can be assumed to be uniform from the surfaces. Therefore, the base angle (θ), which is the 
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ratio of the dissolving MN diameter (D) to height (h) remains constant. The time rate of volume 

reduction can be calculated using Equation (2) as follows: 

𝑑𝑉𝑐

𝑑𝑡
=

3π

4
tan2 𝜃 ℎ2

𝑑ℎ

𝑑𝑡
              (2) 

According to free convective mass transfer explained in Equation (3), the polymeric matrix is 

dissolved based on the concentration difference between dissolving MNs and surrounding:[65] 

𝐽 = 𝐾𝐷 (𝐶𝑆 − (
1−β

β
)𝐶)            (3) 

Where CS is the solubility of matrix material in water (kg m-3), C is drug concentration in the 

skin layer (kg m-3), and β is the drug mass fraction in dissolving MN. KD is the mass transfer 

coefficient (m s-1) which depends on dissolving MN design, fluid properties, and diffusivity.[66] 

Thus, the volume change of cylindrical dissolving MN can be represented in Equation (4) as: 

 
𝑑𝑉𝑐

𝑑𝑡
=

3π

4𝜌
tan2 𝜃 ℎ2𝐾𝐷 (𝐶𝑆 − (

1−β

β
)𝐶)          (4) 

Effects of dissolving MN vibration can be mathematically explained using fluid-structure 

interaction systems by modelling the acceleration of a cylindrical body immersed in a fluid. 

This is due to the dissolution and shrinkage of dissolving MN projections after the insertion 

inside the microchannels filled with bodily fluids. By neglecting the cross-coupling effects of 

fluid inertia, the one-directional equation of motion can be represented in Equation (5) as 

shown below:[67] 

(𝑚𝑠 +𝑚𝑎)�̈� + (𝐶𝑠 +
4

3𝜋
ρ𝑑𝐶𝐷𝑥0ω) �̇� + 𝑘𝑆𝑥 = 𝐹0sin(𝜔𝑡)        (5) 

Where mS is the dissolving MN weight, CS is the dissolving MN damping coefficient, KS is the 

dissolving MN stiffness, ρ is the bodily fluid density, d is the dissolving MN diameter, CD is 

the drag coefficient, x0 is the small amplitude, ω is the angular frequency F0 is the forced 

vibration for different frequencies that was explained in section 2.1. During the vibration, the 



110 
 

effects of fluid on the dissolving MNs can be represented as an additional reactive force on the 

body, which is expressed using added/virtual mass (ma). For the case of a cylinder confined in 

a concentric tubular space filled with compressible and viscous fluid, the added mass (ma) can 

be found using:[68] 

𝑚𝑎 = ρπ𝑎2 (
𝑏2+𝑎2

𝑏2−𝑎2
+

2

𝑎
√
2𝜈

𝜔
)            (6)  

Where a is the dissolving MN radius, b is the microchannel radius, ρ is the bodily fluid density, 

ν is the fluid viscosity, and ω is the angular frequency (Figure 4). During the dissolution 

process, as the dissolving MN continues to shrink, the diameter ratio (b/a) increases, reducing 

the added mass value. This shows that the vibrational effect during the dissolution is strongly 

related to the dissolving MN diameter at any point in time, thus exponentially reducing over 

time. In Equation (5), CD depends on cross-section shape, fluid viscosity (ν), vibration 

frequency (f), and amplitude (x0). This is approximated by Wang in Equation (7) for circular 

cylindrical shapes as follows:[69] 

𝐶𝐷 =
3𝑑π2

4𝑥0
[(

𝜋𝑓𝑑2

𝜈
)
−
1

2
+ (

𝜋𝑓𝑑2

𝜈
)
−1

+ (
𝜋𝑓𝑑2

𝜈
)
−
3

2
+⋯]      (7) 
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Figure 4: Schematic representation of the vibration-induced dissolving MN dissolution inside 

a microchannel after insertion into a skin subject. 

2.13. Statistical Analysis 

Morphological measurements, mechanical failure points, diffusion, and model drug 

concentrations were presented as the mean ± standard deviation (n = 4). Standard deviations 

from the mean were expressed by error bars. Statistical analysis was also performed using one-

way ANOVA for the comparisons between model drug diffusion and concentrations. For this 

study, the p-value was set at p < 0.05 for the statistical significance. Microsoft Excel and Office 

365 (Microsoft Corporation, Redmond, WA, USA) were used for statistical calculations. 

3. Results 

3.1. Fabrication of DMNPs 

The 9×9 master MN array was printed from IP-S photoresist using the TPP technique in ~ 20 

hr with submicron resolution. The master MN array was used to create a PDMS negative mould 

for the replication of thermoplastic MNs. Thermoplastic (Zeonor 1060R) MN arrays were 

replicated using a hybrid rheometer in ~ 1 hr using the PDMS negative mould and soft 

embossing process. Due to the long printing time of the TPP process, the manufacturing 

process is only suitable for prototyping; therefore, the replicated thermoplastic MNs were used 

to produce multiple secondary negative moulds of the master. Eight negative PDMS moulds 
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were created from the thermoplastic MN masters in a relatively short process. Subsequently, a 

total of 35 PVA/PVP DMNPs were made using micro moulding with swinging centrifugation 

and heat treatment in a standard laboratory incubator. While three samples were used to observe 

the geometrical shrinkages, the remaining 32 samples were used to perform skin insertion tests 

using LRA (n=4) and ERM (n=4) modes for four different vibrations. SEM measurements of 

the replicated DMNPs showed an average of 951.95 ± 3.38 µm (n=3) overall height, 218.81 ± 

5.18 µm (n=3) base diameter, and 6.45 ± 0.42 µm (n=3) tip diameter. These data indicated 8.91 

± 0.32 % longitudinal (height) and 14.32 ± 2.03 % lateral (base diameter) shrinkages compared 

to the thermoplastic secondary masters. This also shows a longitudinal shrinkage of 13.46 ± 

0.31 % and lateral shrinkages of 12.48 ± 2.07 % from the original geometrical parameters (250 

µm base diameter, 1100 µm height). During the soft embossing and micro moulding processes, 

no defects were observed on the PDMS moulds. Figure 5 shows the SEM images of the arrays 

made from the TPP process using IP-S photoresist, Zeonor 1060R thermoplastic MNs, and 

PVA/PVP DMNPs.  

 

Figure 5: SEM images of (a) 9×9 MN array fabricated using TPP as the primary master, (b) 

secondary master replicated via soft embossing of thermoplastics (Zeonor 1060R), (c) 

PVA/PVP DMNPs replicated from the secondary masters using PDMS melds and 

micromoulding technique with ~ 6 µm tip diameter. 
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3.2. MN Mechanical Strength  

To evaluate the mechanical behaviour and failure points, quasi-static compression and bending 

tests were conducted using rheometer parallel plates on single PVA/PVP MNs. The force-

displacement graphs of the data indicated a rise that peaked at the failure point before a sharp 

drop in the data. The compression test results show that the buckling failure force is 0.65 ± 

0.04 N (Figure 6a), and the bending failure is 0.33 ± 0.02 N (Figure 6b). Based on theoretical 

models, critical buckling load can also be estimated using the following formula: 

𝐹𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 =
𝜋3𝑎4𝐸

16𝐿2
                 (8) 

Where a is the MN radius (0.125 mm), L is the MN effective length (1 mm), and E is the elastic 

modulus (1400 MPa).[56] For the case of bending, the maximum bending load can also be found 

using:[59] 

𝐹𝑏𝑒𝑛𝑑𝑖𝑛𝑔 =
𝐾𝑡𝜎𝑦𝜋𝑎

3

4𝐿
              (9) 

Where Kt is the stress correction factor for shafts with base fillets (1.75), σy is yield stress (77.4 

MPa), a is the MN radius (0.125 mm), and L is the MN effective length (0.675 mm).[60] Based 

on theoretical analysis, Equations (8) and (9) predicted that the buckling and bending failures 

occur at 0.63 N and 0.31 N, respectively, which are in accordance with the experimental results. 

SEM images of the DMNPs following the mechanical tests are shown in Figure 6c. The 

compression test indicated a near-tip failure due to direct contact with the metal plate and 

buckling failure at a distance (x) from the MN base. However, bending failure occurred directly 

at the MN base, coinciding with the base fillet.  
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Figure 6: The mechanical testing results, including (a) axial compression and (b) bending tests 

on an MN, compared against theoretical models. (c) SEM images of a single MN after 

compression test indicate near tip and buckling failures at a distance (x) from the base, followed 

by SEM image of bending failure which occurred at the MN base. 

3.3. Effects of Vibration and Strain on Insertion Force of MNs 

3.3.1. Experimental Results using PEN Needle 

The effects of vibration excitation and strain were evaluated using a rheometer to measure the 

insertion and extraction mechanics of PEN needles. The force-displacement data were recorded 

during the PEN needle insertions and extractions phases. A PDMS sample, as a skin model, 

was subjected to strain using a custom-made stretching tool at 0 %, 5 %, 10 %, 15 %, and 20 

% relative to its unstretched condition.[49] In each case, the PEN needle was inserted into the 

sample until it reached a depth of 4 mm and then withdrawn back to the original position. 

Throughout the experiments, force increased gradually and peaked at Fins before a sudden drop. 
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The extraction phase lay in the negative region with a peak at Fext, steadily moving back to the 

starting point. During the PEN needle insertion phase, an evident reduction in Fins was observed 

from 0.311, 0.279, 0.24, 0.214, to 0.204 N for strain rates of 0 %, 5 %, 10 %, 15 %, and 20 %, 

respectively. A similar trend occurred during the extraction phase, indicating a reduction in the 

magnitude of extraction force. The results showed that Fext reduced from 0.192, 0.164, 0.109, 

0.095, to 0.081 N for strains of 0 %, 5 %, 10 %, 15 %, and 20 % (no vibrations), respectively 

(Figure 7a). A similar insertion procedure was applied to test vibration excitations. At 0, 50, 

150, and 250 Hz vibrations (constant 5 % strain), Fins were recorded as 0.286, 0.262, 0.258, and 

0.251 N, respectively. Similarly, the extraction phase showed reductions in the Fext from 0.093, 

0.088, and 0.082 to 0.057 N for vibrations applied at 0, 50, 150, and 250 Hz, respectively 

(Figure 7b). 
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Figure 7: Force-displacement diagrams during PEN needle insertion and extraction phases for 

varying (a) strain rates of 0 - 20 %, and (b) vibrations excitation ranges of 0 - 250 Hz.  
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3.3.2. FEA Results 

FEA analysis of the MN insertion mechanism was conducted using the interconnection of 

different modules in ANSYS software. Modal, Harmonic Response, External Data, Static 

Structural, and Explicit Dynamics modules were used to model skin insertion incorporating 

strain and vibration excitation. The multi-layered skin was modelled by planar symmetry, and 

boundary conditions shown in Figure 8a were activated at the level of Explicit Dynamics to 

maintain the results from the Static Structural module. During the analysis, the insertion force 

was plotted against the MN displacement penetrating the skin model. The results indicated a 

rise in the recorded force that peaked at the Fins before a sudden drop at the skin puncture point. 

Figure 8b shows the effects of increasing vibration excitations from 0 to 50, 150, and 250 Hz 

on the Fins, showing the Fins have reduced to 0.098, 0.097, 0.096, and 0.078 N, respectively. 

The drop in Fins became profound upon a further increase in the applied frequency from 150 

Hz to 250 Hz. The application of skin strains at 0 %, 2.5 %, 5 %, 7.5 %, and 10 % also resulted 

in a reduction of Fins which were 0.13, 0.123, 0.114, 0.101, and 0.088 N, respectively. Figure 

8c shows these force-displacement diagrams for MN-skin insertions with different skin strain 

rates ranging from 0 - 10 %. 
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Figure 8: (a) Simulation setup paradigm of MN insertion into the multi-layered skin model 

incorporating vibration excitation. The FEA force-displacement results for (b) vibrations 

between 0 - 250 Hz and (c) strain rates between 0 -10 %.  
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3.4. Effects of Low-Frequency Vibration on Penetration and Diffusion of Model Drug 

3.4.1. Diffusion of FSS Model Drug 

Confocal imaging was performed to evaluate the penetration depth and diffusion pattern of the 

DMNPs inside the cadaver porcine skin tissues. Thirty-two tests were conducted to assess the 

effects of LRA and ERM vibrations on DMNPs when applied to the tissues at 3 m s-1 for four 

minutes. Figure 9a shows the depth-coded and confocal image of FSS diffusion after ~ 30 

minutes post-experiment, which is captured using the Z-stacking technique. The confocal 

image was used to examine the model drug diffusion of DMNPs influenced by LRA and ERM 

vibrations at various frequencies (n=4) ranging from 0 Hz to 250 Hz. During the non-vibrated 

(0 Hz) insertion test, the mean diffusion after ~ 30 minutes (n=4) was to a depth of 246.85 ± 

40.96 µm under the skin surface. However, when the ERM vibration excitation of 50, 150, and 

250 Hz was introduced, the maximum diffusion of the FSS drug model improved to 273.05 ± 

34.98 µm, 324.51 ± 42.40 µm, and 387.68 ± 49.63 µm under the skin surface, respectively. A 

similar set of experiments were performed using LRA vibrations at 50, 100, 150, and 200 Hz, 

which resulted in the diffusion of the model drug to a depth of 379.01 ± 25.44 µm, 428.87 ± 

14.25 µm, 491.14 ± 21.45 µm, and 532.63 ± 23.69 µm, respectively. All the data were recorded 

30 minutes after insertion. The results showed that increasing the vibration enhanced the 

PVA/PVP dissolution over a constant holding time of four minutes. Figure 8a shows the optical 

images of a DMNP after applications on the porcine skin at different vibration frequencies. In 

all tests, the DMNPs were dissolved during the skin insertion tests, and the drug was delivered 

into the underlying skin layers. 

Another method of evaluating the diffusion of DMNPs was to plot the average FSS intensity 

for the entire patch versus the base length of the MN patch containing a row of nine projections. 

Therefore, Figure 9b represents the improvements in FSS intensity through nine consecutive 

peaks when the frequency was increased from 0 to 250 Hz. In the case of MNs positioned at 
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the Centre of the DMNPs, the average FSS intensity was lower than MNs located around the 

edge of the patch. This indicates the “bed of nails” effects where central MNs have only 

partially penetrated the skin. Based on the “bed of nails” definition, as the outer MNs have 

stretched the skin first, the inner MNs require higher pressure to reach a similar penetration 

depth.[61,62] The outcomes from the diffusion analysis using the confocal images were then 

compared to the FEA simulation of 3 m s-1 MN impact insertion at 0, 50, 150, and 250 Hz skin 

vibration. The data from the impact simulation showed a linear increase in the penetration depth 

from 161.12 µm, 164.34 µm, and 176.52 µm to 200.76 µm. Comparing the experimental and 

simulation results validated the effects of increasing vibration on the overall penetration depth. 

The higher penetration observed in experimental data is due to the additional diffusion of FSS 

into the deeper skin layers during the ~ 30 minutes post-insertion confocal imaging (Figure 9c).  
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Figure 9: (a) Confocal microscope image of DMNPs applied into the porcine cadaver skin at 

250 Hz frequency, and the optical images of a typical DMNP dissolution pattern for different 

ERM vibration frequencies (0 - 250 Hz) four minutes after application into the porcine skin. 
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(b) Average FSS diffusion intensity across the entire DMNPs (81 samples) versus MN patch 

length (~ 4500 µm across all nine MN projections). The graph shows the bed of nail effects at 

the central part of the MN patches. (c) Penetration depth (µm) of the FSS model drug versus 

vibration frequency (Hz). The graph compares the data obtained from confocal microscopy for 

the diffusion depth of the FSS model drug after ~ 30 minutes with the FEA data of MN 

penetration applied at different vibration frequencies. Data are represented as mean ± SD (*) p 

< 0.0001, (**) p < 0.05 (One-way ANOVA). 

3.4.2. Concentrations of FSS Model Drug 

LC-MS analysis was used to determine the FSS concentration for different vibrational 

frequencies after each insertion test using the dissolution of DMNPs/Milli-Q water solutions. 

Calibration curves were developed for FSS solutions based on predetermined concentrations. 

The ERM-based frequency that ranged between 0, 50, 150, and 250 Hz resulted in 

concentrations of 2.64 ± 0.14, 2.78 ± 0.1, 2.94 ± 0.21, and 2.93 ± 0.05 µg L-1, respectively. 

Similarly, vibration based on the LRA excitations of 50, 100, 150, and 200 Hz resulted in 

concentrations of 2.8 ± 0.05, 2.89 ± 0.07, 2.96 ± 0.02, 2.98 ± 0.03 µg L-1, respectively. The 

results showed that inducing 250 Hz ERM frequency and 200 Hz LRA frequency vibrations 

resulted in a 10.98 % and 12.88 % increase in the FSS concentration compared to the control 

case (0 Hz). Figure 10 shows the bar chart with mean and standard deviation error bars (n=4) 

of FSS concentrations for ERM and LRA-induced vibration experiments. 
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Figure 10: The FSS drug model concentration for ERM and LRA-induced tests at different 

vibration frequencies. Data are represented as mean + SD, (*) p < 0.05, (**) p < 0.0001 (One-

way ANOVA). 

4. Discussion 

4.1 Fabrication of DMNPs 

The current study reported on a new multi-stage replication of PVA/PVP DMNPs to reduce 

the overall replication time. TPP technique was used to fabricate primary master MN arrays. 

The PDMS negative mould of the primary master MN array was produced for replications of 

multiple thermoplastic MN arrays through a well-established soft embossing process 

developed in our group.[15,20,49] The replicated thermoplastics (Zeonor 1060R) previously 

fabricated by our group had high fidelity, and the PDMS negative moulds were intact after > 

30 replication cycles.[49] This study used the replicated thermoplastic MN arrays, for the first 

time, as the secondary masters to make several PDMS moulds for the replication of PVA/PVP 

DMNPs in a short time. This approach reduced the overall fabrication time from 746 hr to 98 

hr per set of ten DMNPs, demonstrating a ~ 86.9 % decrease in the total fabrication time. To 

estimate the total time, combination of the times required for TPP, post TPP curing, PDMS 

micro moulding, soft embossing, centrifugation, and incubation curing for single and double 
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master methods are 11 hr, 1 hr, 3 hr, 1 hr, 10 hr, and 720 hr compared to 11 hr, 1 hr, 3 hr, 10 

hr, 1 hr, and 72 hr, respectively. The PVA/PVP DMNPs exhibited 13.46 ± 0.31 % longitudinal 

shrinkage compared to the original design parameters and 8.9 ± 0.32 % shrinkage compared to 

the thermoplastic secondary master MN arrays.[49] The shrinkage in the size of the final MN 

replicas from the master MN array signifies the need for design adjustments or slowing the 

replication process to achieve the required sizing; however, this could significantly increase 

the production time.  

4.2 MN Mechanical Strength 

To perform the mechanical tests, DMNPs were fabricated in the form of single PVA/PVP MNs 

through a similar process as MN patches. The experimental and theoretical studies on 

compression and bending experiments showed that DMNPs possess sufficient structural 

integrity for skin insertion and penetration. Due to the skin’s irregular structure and the 

presence of wrinkles, the evaluation of the bending strength of the MNs was equally important 

to the compression.[17] The compression results for our PVA/PVP MNs showed a buckling 

failure of 0.65 ± 0.04 N at the quasi-static condition. However, a bending failure of 0.33 ± 0.02 

N was recorded, which is in accordance with Demir et al. bending experiments on 

(Polyglycolide) PGA MNs with similar geometry and a bending failure of 0.24 ± 0.05 N.[63] 

Considering the effects of shrinkages in height and base diameter using Equations 2 and 3, the 

predicted drop in the bending and buckling failures compared to actual design parameters is 

29.57 % and 35.25 %, respectively. Despite the lower mechanical strength of the PVA/PVP 

MNs compared to our previously studied thermoplastics MNs,[49] the SM for PVA/PVP 

DMNPs, which is the ratio of buckling failure to Fins, was estimated to be ~ 2.5, which is well 

greater than unity (SM > 1) that is required for insertion of MNs into the skin without failure. 

Figure 11 indicates the effects of different strains and vibration frequencies on the estimated 

SM values of DMNP replicas. 



125 
 

 

Figure 11: Effects of strains and vibration frequencies on the safety margin of DMNPs. 

4.3. MN Insertion Mechanism using Skin Strain and Vibration  

In this study, we used a skin stretching tool[49] to investigate the mechanism of MN insertion 

and extraction on the PDMS skin model with different strains (0 %, 5 %, 10 %, 15 %, and 20 

%). The results showed 34.4 % and 57.8 % reductions in the maximum insertion (Fins) and 

extraction (Fext) forces when the strain value increased from 0 % to 20 %. Additionally, FEA 

simulations of MN insertions were conducted on a multi-layered hyperelastic skin model with 

strains of 0 %, 2.5 %, 5 %, 7.5 %, and 10 %. The data showed that increasing the skin strain 

from 0 % to 10 % resulted in a 32.31 % reduction in Fins. In a similar study, Shu et al. conducted 

a 3D hyperelastic, anisotropic pre-stressed MN insertion simulation model. The results 

demonstrated that by increasing skin pretension from 0 % to 10 %, the penetration force was 

reduced by 13 %. The disparity between the results is due to different material characterisations 

and thicknesses for skin models. During FEA simulations, Shu et al. used the Neo-Hookean, 

Gasser-Ogden-Holzapfel, and linear elastic mechanical models with the thicknesses of 0.02, 

2.5, and 1 mm for SC, dermis, and hypodermis skin layers.[54] The current simulation was 

limited to Ogden 1st order for 2 mm dermis layer, and linear elastic models for a 0.026 mm SC 

and 1.1 mm hypodermic layers.  
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Yang and Zahn previously reported the effect of the vibratory actuator in reducing the Fins from 

~ 0.28 to 0.08 N at an unspecified kHz range.[40] Here, we applied a low-frequency spectrum 

ranging from 0 Hz to 250 Hz to measure the insertion and extraction forces of PEN needles on 

the PDMS artificial skin model. By increasing the frequency to 250 Hz, the Fins reduced by 

12.24 % from 0.286 N to 0.251 N, while Fext remarkably reduced by 43.01 % from 0.093 N to 

0.057 N. When experimental results were compared to FEA results, the magnitude of recorded 

data was different for various excitations. For instance, when the frequency was increased from 

0 to 250 Hz, Fins was reduced from 0.098 to 0.078 N, which indicated a 20.4 % reduction in 

Fins. Despite the direct effects of vibratory microdevices on the reduction of insertion and 

extraction loads, the degree to which force can be reduced depends on different factors, such 

as the nature of the skin model, relative humidity, skin location, and orientation.[64] For 

instance, in this study, the experiments incorporated the PDMS substrates, while the FEA 

simulation used a multilayered hyperelastic model for different skin layers. 

The strain and vibration in both experiments and simulations initiated a sharp increase in the 

force data when the needle and skin were in direct contact prior to the rapture. This is followed 

by a moderate rise in the force during which the needle tip partially penetrates the top layer of 

the skin. The final exponential rise in the force records indicated the final tip-SC interaction 

phase before a sudden drop when the entire tip has passed through the SC layer of skin. Despite 

the efforts to maintain identical test conditions for the actual experiment and FEA analysis, the 

differences in the Fins results are mainly due to variations in the thickness of skin layers, relative 

humidity of actual porcine skin compared to the associated hyperelastic model, and difference 

in the strain rates. 
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4.4. Effects of Low-Frequency Vibration on Model Drug Diffusion and Concentration 

The diffusion of the FSS model drug was evaluated for a series of LRA and ERM vibrations 

using maximum FSS diffusion depth and concentration. The results showed increasing the 

ERM frequency from 50 Hz to 250 Hz improved the diffusion depth by 41.98 %, from 273.05 

± 34.98 µm to 387.68 ± 49.63 µm in 30 minutes. Application of LRA frequency from 50 Hz 

to 200 Hz showed a 40.54 % increase in FSS diffusion depth from 379.01 ± 25.44 µm to 532.63 

± 23.69 µm. Due to the nature of excitations, at a constant frequency of 150 Hz, vibration using 

LRA indicated a 51.35 % higher diffusion rate than that of the ERM. To validate the diffusion 

depth, the results were compared to the FEA analysis of MN penetration depth at 3 m s-1. For 

instance, for 50 Hz and 150 Hz, the penetration was 161.12 µm and 176.52 µm, respectively. 

Despite similar trends for diffusion depth using both experimental and FEA results upon 

increasing frequencies, the magnitudes of penetration depth are deemed incomparable. Since 

FEA results indicated the maximum penetration reached by the MN model, higher penetration 

depth from confocal experiments represents the average depth of diffused FSS at a certain 

detection setting. When compared to FSS diffusion depth after ~ 30 minutes, LRA and ERM 

diffusions reached 273.05 ± 34.98 µm and 324.51 ± 42.40 µm in 50 Hz and 379.01 ± 25.44 µm 

and 491.14 ± 21.45 µm in 150 Hz, indicating a two-fold average increase in the FSS diffusion 

depth. In general, the central DMNPs indicated lower diffusion depth due to the “bed of nails” 

effect, which mainly depends on MN interspacing. The “bed of nails” in a dense MN array is 

defined as when the skin is locally stretched by the outermost MNs, resulting in the central 

MNs exerting the applied force on the stretched skin.[61] Therefore, a higher applied force is 

required as the pressure exerted by the individual MN tips is insufficient to penetrate the 

skin.[62] 

Measurements for the concentration of the FSS model drug showed a direct relationship 

between the vibrational frequency and dissolution rate. For the case of ERM vibration, 
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increasing vibration from 0 Hz to 250 Hz increased the FSS concentration by 10.98 % from 

2.64 ± 0.14 µg L-1 to 2.93 ± 0.05 µg L-1. The LRA showed a greater improvement of 12.88 %, 

with 2.98 ± 0.03 µg L-1 at 200 Hz. Based on Equation (10), increasing the vibration frequency 

reduces the coefficient of drag (CD), which, as a result, improves the PVA/PVP dissolution rate 

(Equation (8)). In addition, higher penetration achieved upon increasing vibrational frequencies 

can expose more MN volume in the confined biofluidic space, which, according to Equation 

(7), reduces the total time required to dissolve the entire MN projection. According to the 

previous results from MB drug simulation of coated MBs,[20] during the insertion time, the FSS 

drug concentration (C) in the skin increases, which, based on Equation (4), reduces the 

DMNP’s dissolution rate. This signifies the importance of external stimulants, such as 

vibrations, to further enhance the dissolution rate. The findings also indicated that parts of the 

DMNP bases which were in contact with porcine skin were dissolved both on the skin surface 

and into the microchannels created after penetration. Similarly, Liu et al. measured 

tetramethylpyrazine (TMPH) delivery using vertical vibration ranges of 3200, 4800, and 6400 

rpm on solid MNs. The results indicated that increasing vibration from 3200 rpm to 6400 rpm 

resulted in a five-fold increase in TMPH permeation.[45]  

Our study tested a relatively higher molecular weight (MW) model drug of 376.27 g mol-1, 

which is more challenging than the study by Liu et al. FSS drug model can also represent FDA-

approved drugs for transdermal delivery, such as Fentanyl (MW ≈ 336.5 g mol-1) for acute 

postoperative pain, Oxybutynin (MW ≈ 357.49 g mol-1) for overactive bladder, and 

Norelgestromin (MW ≈ 327.47 g mol-1) for hormonal contraceptives.[70] (Singh et al. 2010). 

Seeger et al. also previously reported on the effects of vibration on the dissolution of oral drug 

formulation. The dissolution degree generally depends on the dissolution method, drug 

properties, and formulation.[46]  
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5. Conclusion 

The application of MN technology is becoming a promising method for TDD. This study 

introduced a procedure for replicating PVA/PVP DMNPs using TPP, soft embossing, and 

PDMS micromoulding techniques. The proposed manufacturing method used MNs made of 

IP-S and Zeonor 1060R thermoplastic as primary and secondary master structures to create 

PVA/PVP DMNPs. The overall replication time was reduced by ~ 86.9 % for each set of ten 

PVA/PVP DMNPs while maintaining high accuracy and fidelity. The replicated PVA/PVP 

DMNPs successfully penetrated the skin models without buckling or bending failure.  

MN insertion and extraction mechanisms were tested for varying vibration frequencies and 

strains using a rheometer. Effects of vibration and strains were verified by reducing peak 

insertion and extraction force during the skin insertions. A simulation paradigm was also 

introduced for MN penetration into the multi-layered skin model with hyperelastic mechanical 

behaviour incorporating skin vibrations and strains. FEA and experimental results confirmed 

32.31 % and 22.83 % reductions in insertion force at 10 % skin model strains, respectively. For 

the case of vibrations, these reductions were 2.1 % and 9.8 % for insertion force at 150 Hz.  

Skin insertion tests were conducted on porcine skin using a novel prototype impact applicator 

capable of ERM/LRA micro-vibration. To mimic the skin in vivo condition, a skin stretching 

mechanism was used to regulate the skin stretch.[49] The study evaluated the penetration depth, 

diffusion pattern, and concentrations of a model drug. The results showed LRA and ERM 

vibrations facilitated the penetration and diffusion of the model drug and enhanced the FSS 

concentrations. The FSS concentration increased by 11.36 % ERM and 12.12 % LRA at 150 

Hz vibration; an average twofold increase in diffusion depth was recorded for ERM/LRA-

induced vibration.  
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This paper provided the potential solutions for two of the main MN challenges with regard to 

mass producibility, improvements in MN penetration and drug diffusion. The MN insertion 

was based on a novel impact applicator capable of adjustment for impact velocity, skin 

tautness, and vibrations, which can be tailored to different skin ages and locations. The results 

also showed a ten-fold reduction in DMNP production time when two master MN arrays were 

used. This proposed manufacturing method can be adopted for applications where maintaining 

precision and timely replication is essential. Moreover, applying low-frequency vibration and 

skin strain considerably improved the insertion safety and drug diffusion of PVA/PVP DMNPs. 

Hence, implementing multifeatured impact applicators with external stimulants can improve 

the overall MN penetration and drug diffusion.  
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5.2 Chapter Summary 
 

In this study, a potential mass-scalable process for replication of PVA/PVP DMNPs using both 

primary TPP and secondary soft embossed master MN arrays was introduced. The new method 

showed an 86 % reduction in fabrication time for each set of ten DMNPs while maintaining 

high accuracy and fidelity. A series of compression and bending tests on the PVA/PVP replicas 

measured the failure points of 0.65 ± 0.04 N and 0.33 ± 0.02 N, respectively. Compared to 

insertion outcomes from the BD Ultra-Fine™ 4 mm PEN needles as the model representative, 

the SM value of ~ 2.5 was predicted for the current geometry (SM > 1). The second section of 

the study investigated experiments and FEA simulations on the effects of skin strains and 

vibrations on the mechanics of MN insertion. For instance, the FEA and experimental results 

indicated 32.31 % and 22.83 % reductions in the insertion force applied at 10 % skin model 

strains, respectively. For the vibration study, these reductions were 2.1 % and 9.8 % for 

insertion force for the case of 150 Hz induced vibration.   

The final part of the research investigated the effects of LRA/ERM modes of low-frequency 

vibrations on the dissolution kinetics and concentrations of the FSS model drug. The results 

from confocal imaging and LC-MS analysis showed that both LRA and ERM vibrations 

facilitated the dissolution of the model drug and enhanced the FSS concentrations. For instance, 

the model drug concentration increased by 11.36 % for ERM and 12.12 % for LRA-induced 

vibrations when conducted at 150 Hz. The results also indicated an average twofold increase 

in the diffusion depth for LRA compared to the ERM-induced vibrations. 
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CHAPTER 6: DISCUSSION AND CONCLUSION 

 

6.1 General 

MNs have been extensively researched for TDD and diagnostics. These microdevices can 

facilitate a non-invasive and painless insertion with the potential for self-administration. 

Despite the advances in MN technology, this technique is associated with concerns such as 

cost-effective manufacturing, mechanical strength, and effective insertion. The partial 

penetration of MNs results in ineffective drug delivery or sampling. Moreover, the research 

outcomes may lack reliability and repeatability due to the skin’s inherent elasticity, folds, and 

wrinkles.  

To address the abovementioned issues, the literature has focused on improving the MN design, 

fabrication, replication, and skin insertion methods. For instance, several studies investigated 

geometrical features such as MN interspacing, length, base diameter, tip area, and projection 

density. Parts of the research also evaluated the effects of material selection, fabrication 

techniques, and insertion methods, such as pressing force and impact velocity for application. 

Therefore, current research started with a comprehensive review of the status quo to broaden 

the knowledge. This includes the all-inclusive skin mechanical behaviour, the effects of 

geometry, materials, insertion methods, and external stimulants on the MN mechanical 

strength, skin insertion, penetration depth, and drug diffusion. A part of the literature search 

was then dedicated to recent applications of AMSMs and computer simulation approaches to 

model MN insertion and drug diffusion. According to the promising outcomes from the 

literature, existing gaps were found and investigated in this research.  

The thesis is divided into three main sections: MN and MB microdevices, impact applicators, 

and external skin stimulants. To address the aims and objectives of the study defined in sections 

1.2.1 to 1.2.4, four phases of this research were conducted as follows: 
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1. Evaluation of the effects of different skin strains and vibrations on MN insertion and 

extraction mechanics, along with the investigation of model drug diffusion and 

concentration for vibration-induced skin subjects (sections 1.2.2 and 1.2.4).  

2. Development and manufacturing of multifeatured impact applicator capable of 

regulatable impact speed, adjustable skin stretching, and two ERM/LRA vibration 

modes (sections 1.2.2 and 1.2.4). 

3. Investigation of the potential biomedical application of integrated MB devices with five 

different geometries as an alternative for MN arrays. The study focused on the 

mechanical strength, insertion safety, penetration depth, and concentration gradient of 

a model drug (sections 1.2.1, 1.2.2 and 1.2.3). 

4. Development of a novel FEA simulation paradigm using HPC to model the mechanics 

of MN and MB insertions into the multi-layered hyperelastic skin model incorporating 

skin strains and vibrations. The computer simulation also included modelling the drug 

diffusion and concentration gradients of different MB designs inside a multi-layered 

skin model (section 1.2.3). 

6.2 Effects of skin strain, modes of low-frequency vibration, and impact speed on MN 

penetration and model drug diffusion mechanism. 

The first part of this study conducted experiments to evaluate the effects of different skin strains 

and vibrations on the MN insertion and extraction mechanism. Thus, the force-displacement 

data were recorded for insertion and extraction of BD Ultra-Fine PEN needle used for insulin 

delivery into the PDMS artificial skin model with PLA substrate. The other part of the research 

investigated the effects of ERM/LRA-induced vibrations on the kinetics of FSS diffusion and 

concentration. This is followed by comparing the penetration efficiency of MN insertions using 

regulatable impact speeds and a commercial applicator. The key findings from these studies 

were as follows: 
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• The application of a custom-made skin stretching mechanism enabled skin stretching 

in a controlled manner, which can help mimic skin in vivo conditions. 

• Skin strain directly correlates with the reduction of MN insertion and extraction force. 

34.4 % and 57.8 % reductions were recorded for the peak insertion (Fins) and extraction 

(Fext) forces when the strain value increased from 0 % to 20 %. 

• Vibration excitations on the skin facilitated the insertion and extraction process by 

reducing the insertion and extraction force. By increasing the frequency from 0 Hz to 

250 Hz, the Fins reduced by 12.24 %, while Fext remarkably reduced by 43.01 %. 

• DMNPs can provide a controlled release of the model drug in a certain insertion time. 

Hence, the application of PVA/PVP DMNPs facilitated the study of the effects of 

vibrations on the model drug diffusion depth and concentration. By increasing the 

ERM-induced vibration from 0 Hz to 250 Hz, the diffusion depth and concentration of 

the FSS model drug increased by 41.98 ± 18.35 % and 10.98 ± 3.6 %, respectively. 

• LRA-induced vibrations of DMNPs also enhanced the diffusion depth and 

concentration of the model drug inside the skin. Increasing the LRA-induced vibration 

from 0 Hz to 200 Hz improved the diffusion depth and concentration of the FSS drug 

model by 40.54 ± 13.1 % and 12.88 ± 3.22 %, respectively. 

• Impact speed significantly increased APE and FPL by increasing the impact velocity 

from 1.5 m/s to 4.5 m/s, an average increase of 69.89 ± 7.62 % observed for APE values. 

• Commercial applicators with fixed impact speed and without the capability for 

controlled skin stretching can only be used for specific MN patch designs. However, 

our prototype impact applicator indicated the potential to be used for various MN patch 

and MB designs (see section 6.3).  
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6.3 Design, fabrication, and assembly of multifeatured impact applicator prototypes for 

drug delivery and diagnostics applications. 

Considerable parts of the research required the application of solid and dissolving MNs on the 

skin subjects while incorporating different impact speeds, ERM/LRA modes of vibrations, and 

skin surface stretching. Thus, a novel multifeatured impact applicator that could combine MN 

impact velocity, vibration excitation, and skin strain was prototyped and provisionally patented 

(Provisional Patent Application No. 2022903335). Different experimental tests, such as high-

speed camera, circuit electric charge flow, voltage, and spring mechanism, were conducted to 

measure and specify the impact velocity, vibration frequency, and strain ranges based on 

different configurations. The current design introduced three novel arrangements, which are as 

follows: 

• Regulatable impact velocity via two mechanisms of the grooved plunger and floating 

plate. This arrangement enables both pre-set and miniature speed-adjusting capabilities 

tailorable to different MN patch attributes. High-speed camera tests showed that the 

impact speeds varied between ~ 1.5 m/s and ~ 5.5 m/s at different positions, with the 

potential for broader velocity ranges based on the spring stiffness. 

• A combined ERM/LRA vibration excitations were induced on the MN patches using a 

simple electronic circuit designed for frequency adjustments and powered by a 

rechargeable lithium polymer battery. In this study, based on the current/voltage 

measurements in the circuit, the estimated range of frequencies was between 50 Hz to 

250 Hz for ERM and 50 Hz to 200 Hz for LRA modes. Broader ranges of optimum 

frequency can also be achieved based on the selection of micro-vibration devices and 

circuit components. 

• Simple arm mechanism design for skin stretching before insertion of MN patch. The 

mechanism holds pairs of torsion and compression springs for stretching and height 
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alignments. The stretching mechanism enables mimicking of the skin in vivo condition 

and applies to different age brackets and skin locations. The experiments measured up 

to ~22 N skin strains for different arm orientations. Similarly, the stretch intensity can 

be changed based on the selection of torsion and compression springs. 

6.4 Evaluating the potential application of MB devices for biomedical applications. 

MN array fabrication remains a costly, inefficient, and time-consuming method of delivering 

target drugs or sampling. The MN arrays with ten to thousands of projections result in partial 

penetration and can lead to a “bed of nails” effect. Therefore, single integrated MB devices 

with side channels were proposed as a potential alternative for MN arrays. Different blade 

angles and eccentricity levels were included in five nominated geometrical designs. To estimate 

the SM value, the thermoplastic Zeonor 1060R MBs replicas were experimentally tested and 

combined with FEA simulation of MB insertion into the multi-layered hyperelastic skin model. 

This study also aimed to evaluate the diffusion kinetics for various MB geometrical designs 

using a combination of experimental tests on porcine abdominal skin and simulation of model 

drug diffusion inside a multi-layered skin model. The key findings of this study are as follows: 

• Due to the integrated and compact nature of the proposed MB microdevices, through 

modification to Data File codes, five different MBs with various geometrical 

parameters were fabricated simultaneously on a 25 × 25 mm ITO slide. The overall 

TPP print time was reduced by ~ 63.3 % compared to a 9 × 9 MN array on a similar 

substrate, making MBs microdevices remarkably time-effective for mass-scale 

manufacturing.  

• FSS-coated MBs enabled the platform for comparison between the effects of geometry 

on the diffusion depth and concentration of model drug using both in vitro experiments 

and simulations (section 6.5). 
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• Increasing MB blade angles from 60º, 90º, 120º to 180º increased the initial modulus 

and failure points from 2.71 to 17.03 N/mm while it reduced the FPL values and 

penetration depth from 28.58 ± 7.28 % to 16.25 ± 4.3 %. Moreover, including the 

eccentricity factor enhanced the FPL values and reduced the initial stiffness. 

Eccentricity also introduced uneven distribution of the model drug. During the tests, 

the square type (180º) MB possessed the highest mechanical strength. However, the 

outcomes from drug diffusion and penetration depth showed significantly different 

results to other MBs and hence concluded to be the least effective design. 

• Despite relatively low FPL results on the full-thickness porcine abdominal skin, all 

replicated MBs successfully penetrated the SC layer and indicated SMs greater than 

unity (SM > 1). 

• MBs with 900 µm overall height yielded ~ 849.29 µm, which indicates ~ 5.64 % 

shrinkage over all geometries. Compared to the case of the 9 × 9 MN array, which 

possesses an average height of ~1.05 mm and is based on a 1.1 mm design with ~ 4.55 

%, MBs have a similar shrinkage rate. However, during the skin insertion tests at 4.5 

m/s impact speed, FSS diffusion depth for MBs was almost three times more than MN 

arrays (Figure 4). 
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Figure 4: Side-by-side comparison of a sample thermoplastic MB with corresponding MN 

array, with respective diffusion depths at 4.5 m/s impact insertion. 

6.5 Investigations on simulation of drug diffusion and novel FEA paradigm for MN and 

MB skin insertions incorporating skin strains and vibration.  

Despite the significance of experimental investigations, the reliability and reproducibility of 

research outcomes remain challenging. To address this issue, AMSM and computer 

simulations can enable significantly less different test results. During this research, computer 

simulations of MN skin insertion and drug diffusion into the multi-layered skin model were 

performed using ANSYS (2020 R1, ANSYS, Canonsburg, Pennsylvania, USA) and COMSOL 

(COMSOL Multiphysics, COMSOL AB, Sweden) software packages, respectively. The main 

considerations for these simulations were as follows: 

• Axisymmetric and planer symmetrical analysis for MN and MB insertion into the 

multi-layered skin hyperelastic model, with interconnected modules to incorporate the 

effects of skin strain and vibration.  
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• Drug-coated MB delivery using mathematical decay function to estimate the drug 

concentration and diffusion flux for different MB designs over time. 

• The simulation results on MBs (Types 1-5) showed a 27.3 % higher drug concentration 

near the MB Type 3 tip, which was the highest concentration among concentric MBs. 

At the subcutaneous junction, this increase in the concentration was less noticeable 

(17.7 %). 

• FEA simulations of MN insertions on a multi-layered hyperelastic skin model 

indicated that increasing the skin strain from 0 % to 10 % resulted in a 32.31 % 

reduction in Fins. 

• A similar FEA setup to evaluate the effects of 0 to 250 Hz vibration frequencies 

indicated a 20.41 % reduction in Fins. 

6.6 Outcome and significance of the Study 

This research investigated the MN technology for coated and dissolving TDD using MN 

patches and various patented MB microdevices. While Zeonor 1060R thermoplastics were used 

for coated drug delivery of MN arrays and MBs, process optimisations were carried out to 

optimise the PVP: PVA ratio based on the composition and MW for dissolving MNs. An in-

depth investigation was also conducted on reducing TPP print time through parameter 

optimisation and modifying the general writing language (GWL) writing codes (see Appendix 

C).  

To address the MN application method, a novel impact applicator with multiple features was 

designed, manufactured, and provisionally patented (Application No. 2022903335). The 

prototype applicator can regulate impact velocity and skin surface stretching and induce two 

ERM/LRA vibrations modes during the MN insertions. This is followed by an insight into the 

effects of external stimulants, such as different skin strains and vibration, on the mechanics of 

MN insertion and extraction (see Appendix B).  
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During the research, skin insertion tests incorporated a new proposed skin stretching 

mechanism to control stretching intensity, mimic the skin in vivo condition, and achieve 

reproducible and reliable results. The concentration of the model drug was determined in the 

presence of two modes of ERM and LRA vibrations during the skin insertion of encapsulated 

DMNPs and compared with no-vibration scenarios. The experimental outcome was then 

coupled with theoretical analysis and finite element method to validate the results. The current 

research also proposed a new FEA paradigm to simulate the penetration of MN models into 

the multi-layered skin model considering the effects of different skin strains and vibration 

excitations, which are solved by the HPC (see Appendix A).   

6.7 Recommendations for future research 

6.7.1 General 

Undertaking safe, time-effective, cost-beneficial design and manufacturing techniques can 

pave the way for applying TDD and diagnostics using MN technology. To achieve these goals, 

the following sections focus on three avenues for future research. The initial recommendation 

discusses the need for mechanical strength and solubility of PVA/PVP MN patches with 

different compositions (Section 6.7.2). The following section explains a particular design and 

its related replication method (Section 6.7.3) for potential application in sampling biofluids for 

monitoring and diagnostics. Further advancement to impact applicator is also explained 

(Section 6.7.4) to enable for transfer and collection of the biofluids.  

6.7.2 Material composition optimisation for PVA/PVP MN patches for Sampling 

The water solubility of PVA/PVP MN patches depends mainly on the composition ratio and 

MW. One study can investigate the effects of different PVA/PVP ratios and varying MWs to 

evaluate the mechanical strength, drug dissolution kinetics, and potential for sampling 

biofluids. During the current study, a range of 5 % to 20 % (w/v) PVA (30 kDa) with constant 

50 % (w/v) PVP (40 kDa) in D.I water was prepared and optimised for replication of DMNPs 
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for drug delivery purposes. Increasing the PVA proportion and MW can improve the 

mechanical strength and reduce the dissolution rate, which can be suitable for sampling 

biofluids such as ISF.  

6.7.3 MNs for monitoring and diagnostics 

Adjustments to the MN patch material selection and geometrical parameters can facilitate 

sampling biofluids such as ISF. Here, a proposal for future research is made to investigate the 

MN patches replicated using PVA (87 kDa) 15 % (w/v) / PVP (40 kDa) 50 % (w/v) in Milli-Q 

water as a potential candidate for sampling ISF. The proposed design includes MN projections 

with side channels, a parabolic concave base, and a central channel for transferring these 

biofluids. PVA/PVP is a decent candidate as the natural dehydration process creates an inward 

curve on the opposite side of the patch which is suitable for the accumulation of biofluids.  

A solution of PVA (87 kDa) 15 % (w/v) and PVP (40 kDa) 50 % (w/v) was made in 20 mL 

Milli-Q water according to the process explained in journal article 4 (Chapter 5). 100 µL of the 

PVA/PVP solution is poured on the PDMS mould cavity, placed inside the PDMS-based 

centrifuge tube and centrifuged using the swinging bucket (90º angle) at 4000 rpm for 30 

minutes (Figure 5A). Another 50 µL (or similar) of PVA/PVP solution was gently poured on 

the rest of the solution to ensure that the circular opening was almost filled.  

The sample is then placed inside a custom-made 3D-printed holder. A 1 mm thick steel 

microrod is inserted into the centre of the mould to displace the PVA/PVP solution. The entire 

setup is placed inside the laboratory incubator at 37º for 72 hr. Subsequently, the PVA/PVP 

MN patch replica is peeled off from the PDMS mould; and the microrod is carefully removed 

from the centre. This approach resulted in a central microchannel for transferring the biofluids 

from the MN patch side to the opposite natural microwell. This natural microwell is created 
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through capillary effects at the interface between PVA/PVP solution with outer circular edges 

and Centred microrod during dehydration (Figure 5B).  

Figure 5C shows the SEM images from the final PVA/PVP MN patch replica. A total of 90 

MN projections with side channels faced the main central channel. The projections are located 

on a parabolic concave base with a vertex-focal point distance of 5 mm, possessing 400 µm 

and 100 µm outer and inner base thicknesses, respectively. The integration of open channel 

projections and the non-linear base is linked to a 1 mm microchannel connecting both sides of 

the replicated MN patch.  

 

Figure 5: The PVA/PVP MN patch replication for the sampling process. The procedure 

involves (A) swinging bucket centrifugation, followed by (B) microrod insertion and curing 
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inside the incubator. (C) The SEM images show the geometrical features, such as the parabolic 

concave base, projection side channel, and central microchannel for biofluid transfer. 

6.7.4 Advancement for impact applicator 

The provisionally patented impact applicator can be further advanced to contain features such 

as micropumps for sampling biofluids. When combined with the stretching part, the volume of 

ISF sampling is expected to improve remarkably. The following section details a proposal to 

test the PVA/PVP MN patch design explained above for sampling purposes. The general aim 

is to create negative pressure at the insertion area to facilitate the transfer and collection of the 

biofluid. 

Replicated MN patches can be integrated into the multifeatured impact applicators to enhance 

the penetration and extraction volume. This can influence the reliability and accuracy of POC 

monitoring and diagnostics. The future recommendation focuses on the geometrical and 

administrative development of MN patches with a side/central channel to generate negative 

pressure at the insertion area when integrated with a micropump system. As suggested in Figure 

6A, the MN patch’s geometrical parameters, such as MN side channels, central microchannel, 

and natural inward curves, can play an important role in transferring and collecting samples. 

As part of the applicator’s development, a micropump system capable of adjusting the negative 

pressure can also be connected to the MN patches through the internal pathway inside the 

applicator plunger (see Figure 6A). To avoid vacuum leakage, the MN can be attached to the 

plunger using a soft rubber/foam layer with double-sided tape. This proposed assembly can 

create negative pressure at the skin insertion area, facilitating biofluid extraction. Moreover, as 

shown in Figure 6B, the recommended impact applicator can be integrated with sampling test 

kits or POC diagnostics and monitoring systems to maximise the sampling volume and improve 

the accuracy and reliability of the test results.    
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Figure 6: Proposed impact applicator advancements and possible integration with existing 

technology. A) MNs for sampling attached to the rubber-sealed plunger. The centre of the 

plunger is connected to the regulated micropump placed inside the applicator. The 

interconnected channels enable the negative pressure to reach the insertion area. B) The 

applicator with the capability for regulating impact skin, skin surface stretching, micro pump 

negative pressure, and ERM/LRA modes of vibration can be integrated with existing diagnostic 

test kits (Figure reproduced with permission, Nature 2020) or POC monitoring systems (Figure 

reproduced with permission, Nature 2022) to maximise the sampling and improves the 

reliability and accuracy of the results. 
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APPENDIX A: High-Performance Computing 

 

MN-skin insertion mechanics in Chapters 4 and 5 were simulated using ANSYS workbench 

(2021 R2 version). The simulation was initiated with MN insertion into the multi-layered 

hyperelastic skin model. This was followed by the MN insertion incorporating external effects 

such as skin strain and vibration excitation. During the simulation, ANSYS modules of Modal, 

Harmonic Response, External Data, Static Structural, and Explicit Dynamics were 

interconnected to perform the analyses. For vibration excitation, the results from Modal, 

Harmonic Response, and External Data were imported into the solution level of the Static 

Structural module to load the vibration displacements. These results further became the initial 

conditions, where the actual penetration was modelled using Explicit Dynamics. This module 

incorporates an erosion algorithm that removes the elements that reach the point of material 

failure. The run time for Explicit Dynamics analysis depends on the smallest element in the 

overall mesh. Large deformations reduce the minimum distance between these elements, which 

results in the reduction of time steps. Penetration and impact modelling using explicit methods 

are associated with crushing the contact elements, which run the risk of increasing the overall 

run time. Equation A.1 shows the effects of minimum elemental size (h) and speed of sound 

propagating through certain materials (c) on the overall time step (Δt). 

𝛥𝑡 ≤ 𝑓 ∗ (
ℎ

𝑐
)𝑚𝑖𝑛                  (A.1) 

Methods such as mass scaling with Courant-Friedrichs–Lewy (CFL) time step of 1 picosecond 

and meshing techniques such as hexahedron significantly prevented extensive run time. 

Moreover, HPC systems were used to distribute the simulation jobs between multiple CPU 

cores. Following the completion of HPC tutorials, the UniSQ HPC facility was made accessible 

to run large simulations with several nodes simultaneously. 
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A.1 High-performance computing paradigm   

Figure A.1 indicates the link between the user’s database, the HPC directory, and the 

mechanism for transferring job files across the systems. Initially, a journal file was generated 

to record the execution process of the ANSYS model. The ANSYS Journal file includes 

opening, unblocking, and updating the existing model. Then, the journal file, ANSYS.wbpj, 

and project files were transferred via Fila Zilla software to the HPC directory. A Shell Code 

(section A.2) was further created containing the information for loading ANSYS software and 

allocating nodes, CPUs, and memory, then transferred to the HPC directory for execution. 

Upon calling this shell file the Windows command line, the ANSYS is launched and updated 

in the background, and the results are saved in the HPC directory. Strudel software was also 

used for the visualisation of the ANSYS workbench environment. Strudel launches a remote 

desktop instance through a visualisation node on the server by creating an SSH tunnel and 

launching TurboVNC. ANSYS results files are then transferred to the user’s database via File 

Zilla for post-processing analysis. 
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Figure A.1: The schematic paradigm representation of the HPC process indicates the link 

between the user's database, HPC directory, and ANSYS workbench.  

A.2 PBS Code and ANSYS journal file 
 

As described in section A.1, two sets of program codes were prepared for the HPC process, 

including the Shell file and the ANSYS journal file. The ANSYS journal file is designed to 

open the project file from the directory, update the project modules, initiate the solving process, 

and save the result files into the HPC directory. In addition, a PBS code was prepared for 

individual project files to allocate the number of nodes, CPUs, wall time, and memory. The 

ANSYS Workbench is launched following the configuration settings, and journal code is called 

for the project execution. Table A.1 shows the typical sample journal and PBS codes with their 

brief applications for this project. 
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Table A.1: PBS and journal codes developed for the HPC process. 

 

Sample Code Application 

# encoding: utf-8 
# 2020 R1 
SetScriptVersion(Version="20.1.164") 
Open(FilePath="/home/u1102079/AxisymmetricalStretch.wbpj") 
Extensions.UnloadExtension( 
    Id="5e7e01a6-8601-11e8-9f8c-28f10e13ffe6", 
    Version="2020.1", 
    Format="Binary") 
Update() 
Save(Overwrite=True) 
 

- Open the ANSYS 

Workbench project file. 

- Update all the modules 

within the project.  

- Save the result files into the 

HPC directory. 

#!/bin/bash 

#### Set shell 

#PBS -S /bin/bash 

#### Job Name 

#PBS -N Explicit 

#### Set default resources requirements for the job 

#### - these can be overridden on the qsub command line 

#PBS -l select=2:ncpus=20:mem=252Gb 

#PBS -l walltime=72:00:00 

#### Request that regular output (stdout) and   

#### terminal output (stderr) goes to the same file 

#PBS -j oe 

#### Mail Options 

#PBS -m abe 

#PBS -M vahid.ebrahiminejad@usq.edu.au 

#PBS -P u1102079-FoR 0913 

#### Set the queue to run the job on 

#PBS -q default 

module load ansys/20.1 

#### Goto the directory from which you submitted the job 

cd $PBS_O_WORKDIR 

#### Set the number of processors to run on 

nprocs=`cat $PBS_NODEFILE | wc -l` 

#### Start calculation 

runwb2 -B -R ExplicitNewSkin.wbjn 

 

 

 

 

- Allocations for the number 

of nodes, CPUs, wall time, 

and memory. 

 

 

 

- Launching the ANSYS 

Workbench Software in the 

background. 

 

 

- Call the ANSYS journal file 

to initiate the calculation. 
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APPENDIX B: Impact applicator test results 

 

To perform MN and MB insertion tests into the skin subjects, prototype impact applicators 

were designed, manufactured, and assembled. The applicator with an overall size of 45 mm × 

95 mm was modelled in SolidWorks. Using PLA filaments, the STL design files were printed 

by the 3D printer (Teirtime Corporation, Milpitas, CA, USA). The prototype applicator can 

adjust impact speed, skin strain, and vibration excitations. The following sections explain 

different components of the applicator and test results for the mechanisms. Figure B.1 shows 

the final prototype assembly and the explanations of various components.  

  

Figure B.1: Impact applicator assembly featuring regulatable impact speed, skin strain, and 

vibration.  

B.1 Impact speed and locking mechanism  
 

The impact speed system comprises fixed and floating speed adjusters, which can be triggered 

using a locking mechanism. The fixed speed mechanism uses a 1.1 N/mm C-766 compression 

spring (Century Spring, California, USA) attached to a grooved plunger with three release 

positions. A locking mechanism is designed to push a spring-loaded button to release the 
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plunger. To further adjust the impact speed, the compression spring is attached to the floating 

plate, which can be moved by the top screw. These minute displacements can regulate the 

impact velocity beyond the pre-set values. 

To determine the actual impact speeds, high-speed camera experiments were performed. Figure 

B.2 shows the arrangement to conduct the test using a high-speed camera (Photron Fastcam 

SA3) equipped with Nikon Nikkor 50 mm f 1.4 lenses. The applicator is fixed to a 3D-printed 

base using double-sided tape and then placed at a fixed distance from the camera. The 

measurements were initially performed on the three fixed positions during the experiment, 

followed by three further small adjustments using the top screw. Then, the locking mechanism 

was triggered by pressing the push button while the camera captured the moving images at 

4000 fps. Images were then imported into ImageJ (U. S. National Institutes of Health, Bethesda, 

MD, USA) to stack at equally time-spaced frames to estimate the impact speed. 

 

Figure B.2: High-speed camera setup for measurements of the prototype impact velocity at 

different positions. 

The results from the impact applicator speeds are shown in Figure B.3. These data from high-

speed camera tests comprise impact velocities from three main slots where the top screw is 
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positioned at zero, along with three additional data with the top screw adjusted at different 

positions. According to the overall results, impact speeds varied between ~ 1.5 and ~ 5.5 m/s 

for the plunger positions. Linear polynomial curve fit applied to these data showed the accuracy 

of R2 = 0.95. The experimental outcomes were also validated by energy theory and plotted 

against the piston positions. Equation B.1 estimates the impact velocity at different positions 

(x), where M is the combined masses of the plunger and MN, x0 is the initial position, and k is 

the spring constant. Although the experimental and theoretical energy models showed similar 

patterns, factors such as sliding friction and air resistance resulted in lower experimental 

records.  

𝑉𝑖𝑚𝑝𝑎𝑐𝑡 = √2(𝑀𝑔(𝑥−𝑥0)+0.5𝑘(𝑥2−𝑥0
2))

𝑀
           (B.1) 

 

Figure B.3: Graph representation of high-speed camera experimental results for applicator 

impact velocity compared with energy method. 
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B.2 Stretching arm mechanism  
 

The skin stretching mechanism consists of arms at both sides of the impact applicator. Each 

arm is attached to three springs, including two compression springs (kc = 0.19 N/mm) for height 

adjustments and one torsion spring (kt = 0.29 N.mm/deg) to enable the skin surface tension. 

The intensity of tensions is directly proportional to the arm orientations; therefore, various arm 

orientations were marked on each arm to reference different tensions. To measure the overall 

tension at various arm orientations, a mechanism with sliding plates supported by compression 

springs was custom-built and assembled (Figure B.4). The mechanism was then connected and 

locked to the applicator arms at different orientations of 15° to 40° to estimate the compression 

in the springs (n = 3). These spring compressions were converted to tension forces and plotted 

against the arm orientation. The tensions found from the experiments were then compared 

against the analytical model consisting of arm orientation (θ), compression spring stiffness (kc), 

torsion spring stiffness (kt) and spring compression (y) parameters (Equation B.2). Test results 

indicated that reducing arm angle (θ) was associated with a higher applicable tension (T) on 

the skin. Although the mathematical model was in close alignment with experimental findings, 

the theoretical model formed a nonlinear behaviour (Figure B.5).  

𝑇 =
2𝑘𝑐𝑦𝑐𝑜𝑠(𝜃)+𝑘𝑡𝜃

𝐿𝑠𝑖𝑛(𝜃)
         (B.2) 
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Figure B.4: Test setup for estimating actual tension at different arm orientations, with overall 

tension plotted in Box and Whisker format for different arm orientations (15° - 40°). 

 

 

Figure B.5: Graph representation of potentially applicable tension of applicator prototype at 

different arm orientations. Experimental results were compared with a theoretical model. 
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B.3 ERM/LRA vibration excitation system 

 

The impact applicator featured two vibration excitations modes, ERM and LRA. LRA and 

ERM micro-vibration devices were purchased from Precision Microdrives (London, UK) with 

a ~ 50 - 250 Hz low-frequency range capability. These micro-vibration devices were inserted 

and fixed into the predesigned slots on the internal plunger plate. An electronic circuit was also 

designed to regulate the frequencies. This simple circuit consisted of a 3.7 V USB chargeable 

polymer lithium-ion battery (Ecocell, NSW, Australia), 5 kΩ potentiometer, 510 Ω resistor, 

and NPN 2N2222A transistor with an ON/OFF switch (Figure B.6). The circuit was then tested 

using technical multimeters against the manufacturer performance graphs.  

 

Figure B.6: Schematic representation of impact applicator vibration system and circuit board. 

A) The extended version of the circuit board was used for more straightforward control during 

skin insertion tests. B) The current circuit was then compacted and inserted inside the 

applicator.  
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The circuit was passed through a technical multimeter device to measure the voltage and 

current at different potentiometer orientations, and then the voltage and current readings were 

recorded. Figure B.7 shows that for the 5 kΩ potentiometer, the device activated at 90° - 300°, 

increasing the angle of the current and voltage increased from 40 to 170 mA, and 0.5 to 3.5 V, 

respectively. The activation for the ERM type was initiated at 90° orientation while the position 

for the LRA type was delayed to the position of 165°. These Voltage (V) and current 

measurements (mA) were also plotted and compared against the performance graphs provided 

by the vendor. The maximum frequencies recorded for ERM and LRA microdevices were 

approximately 300 and 200 Hz, respectively. Figure B.8 shows the potentiometer knob position 

versus the average generated frequencies for ERM and LRA microdevices. 

 

Figure B.7: Graph representation of average voltage and current records for ERM and LRA 

micro-vibration devices for 5 kΩ potentiometer at different orientations. These readings were 

compared against the performance graphs to estimate the actual frequency. 
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Figure B.8: Potentiometer knob position versus frequency for LRA and ERM micro-vibration 

devices. While ERM type activation range was recorded from ~ 90° to 300°, the LRA type 

indicated delayed activation from ~ 165° to 300°.  
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APPENDIX C: Development of GWL codes for printing 

multiple samples on a single substrate 

 

Part of this research was to investigate methods of reducing MN fabrication time. The TPP 

method is a highly accurate and cost-effective technique with timely print time. This section 

modifies the GWL data files to print six different MB geometries on a 25 × 25 mm ITO 

substrate. The method used a GWL data file as the basis, and the remaining codes were then 

written and copied to the same code. Thus, once an MB sample is printed on the substrate, 

using a series of GWL manual codes, the stage is moved to the following location to print the 

new MB sample (Figure C.1). 

Using the series of GWL codes shown in Figure C.1, the stage is initially moved in 2D (XY) 

space to the location of the subsequent MB sample. As the vertical position of the stage is on 

the MB tip, the piezo level is then pulled back to zero. Finally, before initiating the 

polymerisation process, the lens-substrate interface was set to 0.5 µm into the interface position. 

The following outlines briefly describe the codes applied during the MB prints using the TPP 

technique: 

• FindInterfaceAt $interfacePos (Find the interface between lens-substrate) 

• MoveStageY # (Moves the stage by # µm relative to latest Y position) 

• MoveStageX # (Moves the stage by # µm relative to latest X position) 

• PiezoGotoZ 0 (Bring the stage to zero vertical position) 

• var $interfacePos = # (Sets the initial print position relative to the interface) 
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Figure C.1: TPP prints of different MB samples on a single ITO substrate. The codes for stage 

movements are written between subsequent MB data files. Numbers and arrows on the photo 

indicate the stage repositioning before running each sample data file. 
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