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A B S T R A C T

Microneedles are an innovative alternative to hypodermic needles for delivering vaccines and therapeutic agents 
and sampling biofluids for point-of-care diagnostics. Two key advantages of microneedle patches over hypo
dermic needles are their painless application and ease of use without requiring skilled personnel. Polymers stand 
out as an ideal material for the mass production of microneedles, offering a combination of low cost, good 
mechanical properties, biocompatibility, biodegradability, and high chemical stability. Among different polymer 
fabrication techniques, microinjection moulding is a well-established industrial process with high potential to 
address the challenge of mass-producing microneedle devices cost-effectively and efficiently. Despite the sig
nificant potential of the technique, research in this area is limited. This article comprehensively reviews the 
recent advancement in the fabrication of polymeric microneedles via microinjection moulding. It covers injection 
moulding steps, mould fabrication, and quality assessment of the final product, with a focus on the challenges 
associated with the mass manufacturing of microneedles. The article investigates the laser micromachining 
process and its challenges in fabricating negative metal moulds for microneedles, elaborating on the critical role 
of mould manufacturing in precisely shaping mould-injected microneedles. The physical and rheological prop
erties of thermoplastic polymers that affect the quality of mould-injected microneedles are also reviewed. Finally, 
opportunities and future directions for advancing research in this field are discussed.

1. Introduction

For decades, various techniques have been utilised to administer 
medicines into the human body for medical treatment, including oral, 
parenteral, inhalation, and transdermal routes. The oral pathway is the 
most convenient method for patients; however, long-term use can pose 
limitations due to potential organ toxicity. Additionally, delivering some 
drugs via the oral route is not feasible due to poor absorption and drug 
degradation in some body organs such as the liver, kidney, and gastro
intestinal tract [1,2]. Conventional injection methods, such as hypo
dermic needle injections, offer rapid and direct drug delivery. However, 
it is usually associated with needle anxiety and pain [3].

Transdermal drug delivery (TDD) involves administering therapeutic 
agents through the skin. This method addresses many limitations of oral 
drug delivery and allows for more controlled medication release over 
time [4]. The large surface area of the skin makes it an accessible 
pathway for drug delivery [5]. Structurally, the skin consists of three 
layers: the epidermis, dermis, and hypodermis. The outermost part of 
the epidermis, known as the stratum corneum (SC), serves as the skin’s 
primary protective layer [6].

Microneedles, as TDD systems, offer a promising alternative to 
improve patient compliance and safety by minimising pain and anxiety 
associated with hypodermic injections [7,8]. These micron-sized nee
dles present advantages such as sustained release, low logistic expenses, 

* Corresponding author. School of Science, Technology and Engineering, University of the Sunshine Coast, Petrie, Queensland, Australia.
E-mail address: zfarajirad@usc.edu.au (Z. Faraji Rad). 

Contents lists available at ScienceDirect

Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

https://doi.org/10.1016/j.jddst.2025.107435
Received 19 January 2025; Received in revised form 19 August 2025; Accepted 20 August 2025  

Journal of Drug Delivery Science and Technology 114 (2025) 107435 

Available online 20 August 2025 
1773-2247/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-2985-7361
https://orcid.org/0000-0002-2985-7361
https://orcid.org/0000-0001-8207-0675
https://orcid.org/0000-0001-8207-0675
https://orcid.org/0000-0001-6528-5965
https://orcid.org/0000-0001-6528-5965
mailto:zfarajirad@usc.edu.au
www.sciencedirect.com/science/journal/17732247
https://www.elsevier.com/locate/jddst
https://doi.org/10.1016/j.jddst.2025.107435
https://doi.org/10.1016/j.jddst.2025.107435
http://creativecommons.org/licenses/by/4.0/


ease of use, feasibility of self-administration, easy disposal, and the 
potential for vaccination in rural and remote areas [1,9,10]. In addition 
to substance delivery, diagnostic microneedles have the potential to be 
applied minimally invasive to the skin for the collection of interstitial 
fluid (ISF), which contains distinct biomarkers useful for disease di
agnostics [11–14]. Fig. 1 compares the penetration depth of TDD sys
tems, such as microneedle and topical patches, and topical cream with 
conventional hypodermic needles.

Microneedles are classified into solid, coated, dissolving, hydrogel- 
forming (HF), and hollow types, as shown in Fig. 2. Solid and hollow 
polymeric microneedles can be fabricated using the microinjection 
moulding [16,17]. The “poke and patch” strategy is related to solid 
microneedles and involves two steps: skin puncture followed by the 
application of a drug solution to the skin (Fig. 2a) [18]. A key advantage 
of solid microneedles is the wide range of materials, such as thermo
plastic polymers, that can be used in various fabrication techniques, 
including microinjection moulding [19,20]. Hollow microneedles use a 
“poke and flow” strategy, in which fluid is injected via internal bores of 
the needles (Fig. 2e). Microinjection moulding of polymeric hollow 
microneedles is challenging due to difficulties in negative mould fabri
cation, the need for post-processing to create fluidic channels, or the 
requirement for alternative techniques such as investment casting [17,
21,22]. This type of microneedle must be manufactured with robust 
materials to resist breakage due to internal fluid pressure [23].

Polymeric microneedles fabricated using injection moulding have 
been explored for TDD applications, either through surface drug coating 
using solid microneedles or by delivering drug through the micro-holes 
of hollow microneedles [24,25]. Park et al. [26] demonstrated the po
tential of mould-injected microneedles for delivering a wide range of 
drugs. Zhang et al. [27] studied coated microneedles with an aqueous 
lidocaine solution for rapid administration within 1 min. The study was 
further developed by incorporating clonidine as an adjuvant in the 
lidocaine formulation, which significantly influenced the coating quality 
and dissolution behaviour of the drug-loaded layers [28]. Additionally, 
plasma treatment was applied to enhance drug adsorption and improve 
the release profile from mould-injected microneedles, thereby 
improving TDD [29].

Polymeric materials are emerging as an ideal candidate for the mass 
production of microneedles. Their advantages, including low cost, 
acceptable mechanical properties, biocompatibility, biodegradability, 
and high chemical stability, make them a favourable candidate for the 

mass production of microneedles. Accordingly, polymeric micro-scale 
needle fabrication has increased widely in recent studies [30].

Factors such as manufacturing time, cost, application, and, conse
quently, the possibility of mass production define the type of fabrication 
methods. The most significant challenge of microneedle fabrication is 
finding an inexpensive and time-efficient technique with the minimum 
possible complexity to produce microneedles. Among all manufacturing 
techniques, there is a great potential for mass production of polymeric 
microneedles by microinjection moulding compared to all other 
methods [31]. However, despite its great potential, the technique has 
received limited interest. Fig. 3 shows the number of research papers 
published since 2005 on the microinjection moulding technique versus 
all other methods used to fabricate polymeric microneedles, along with 
the percentage of publications on microinjection moulding compared to 
all fabrication techniques for each year. The analysis shows that 411 
articles, excluding review papers, are related to all manufacturing 
techniques. In contrast, only 32 research papers were identified with 
keywords including injection moulding, microneedle, and fabrication or 
manufacturing. Although microinjection moulding has received less 
attention than other methods in recent years, its potential for mass 
production of polymeric microneedles is evident.

This technology-oriented review paper investigates micro-scale in
jection moulding techniques and negative mould fabrication methods 
for the manufacturing of polymeric microneedles. To the authors’ 
knowledge, this is the first comprehensive review paper on microin
jection moulding for manufacturing microneedles. The study aims to fill 
the knowledge gap by investigating and reviewing recent developments 
in the field, mainly analysing the process steps, equipment re
quirements, injection moulding characteristics, mould manufacturing, 
quality assessment in mass production, and associated challenges that 
have not been thoroughly explored previously. In addition, the feasi
bility of mass production of microneedles using injection moulding is 
discussed.

2. Polymeric materials for fabrication of microneedles

Polymeric microneedles have been widely used in recent years to 
overcome obstacles related to the fabrication of microneedles with other 
materials [33]. Various kinds of biodegradable polymers, including 
polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), polycarbonate 
(PC), polypropylene (PP), poly methyl methacrylate (PMMA), polylactic 

Fig. 1. Comparison of penetration depth of TDD systems, including microneedle patch, topical patch, and topical cream with hypodermic needles. Reproduced with 
permission from Ref. [15], Copyright 2024, Elsevier.
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acid (PLA), poly lactic-co-glycolic acid (PLGA), and Gelatin meth
acryloyl (GelMA), have been utilised to manufacture microneedles 
[34–40]. Polymers are less expensive and simpler to fabricate than other 
materials [41]. As most polymers are viscoelastic, the possibility of 
shear-induced breakage of microneedles inside the skin decreases 
compared to brittle materials like silicon [42]. Additionally, there is a 
great advantage that all types of microneedles, including solid, hollow, 
coated, dissolvable, and swellable, can be fabricated with polymeric 
materials [43].

Polymeric microneedles have shown adequate mechanical properties 
for skin penetration when designed and applied with optimum insertion 
parameters (e.g., velocity, force), and geometries (e.g., tip area) 
[44–47]. The low toxicity and biocompatibility of biodegradable poly
mers enable different drugs to be delivered into the body [48]. Thus, 
compared with other materials, polymers have numerous benefits, 
making them an ideal candidate for the fabrication of microneedles, 
particularly through microinjection moulding. Table 1 compares the 
advantages, disadvantages, and microneedle types for various 

Fig. 2. A schematic representation of various types of microneedles. a) Solid microneedles. b) Coated microneedles. c) Dissolving microneedles. d) Hydrogel-forming 
microneedles. e) Hollow microneedles.

Fig. 3. Comparison of the number of research papers published from 2005 to 2025 on the fabrication of polymeric microneedles using microinjection moulding 
versus all fabrication methods. The percentage of publications using microinjection moulding relative to all fabrication techniques is indicated for each year. Data 
derived from Google Scholar and Clarivate Web of Science on August 7, 2025 [32].
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microneedle materials.

3. Geometry of microneedles

Geometrical dimensions such as height, tip diameter or width, tip 
angle, interspace between the needles and number of needles in an array 
play significant roles in the mechanical strength and insertion efficiency 
of the polymeric microneedles [55]. Studies showed that reducing the 
tip radius or tip angle increases insertion efficiency and decreases the 
force required to penetrate the SC [56,57].

Various microneedles with different geometrical features and shapes 
are illustrated in Fig. 4. Pyramidal microneedles with a low aspect ratio 
offer greater mechanical strength, which benefits mechanically weak 
materials. However, an overly low aspect ratio can make it difficult to 
form a sharp tip during fabrication, leading to reduced insertion effi
ciency (Fig. 4a) [58]. A low-density microneedle array is more effective 
than a dense one, as closely packed microneedles can lead to the 
‘bed-of-nails’ effect, reducing individual penetration efficiency (Fig. 4b 
and c) [19,59]. Arrowhead polymeric microneedles can enhance the 
reliability of skin penetration by counteracting the skin’s elasticity, 
enabling it to stay embedded at its deepest point of insertion (Fig. 4d) 
[60]. Tiered microneedle designs featuring needles of varying heights 
within a single array can help lower the insertion force by focusing the 
applied force on fewer microneedles at the specific duration of pene
tration (Fig. 4e) [61]. Turret polymeric microneedles, which feature 
sharp tips and broad bases, can effectively puncture the skin while of
fering enhanced mechanical strength (Fig. 4f) [61].

4. Manufacturing methods of polymeric microneedles

Microneedle fabrication techniques vary depending on their material 
composition and applications. Different methods have been used to 
manufacture polymer microneedles [62–64], such as microinjection 
moulding [65], hot embossing [66], casting [67], 3D printing [68], 
fused deposition modelling (FDM) [69], inkjet printing [70], 
two-photon polymerisation (TPP) [71], drawing lithography [72] and 
laser micromachining [16]. Janphuang et al. [65] developed 

Table 1 
A summary of advantages, disadvantages, and microneedle types for various 
microneedle materials [8,41,43,48–54].

Material Advantages Disadvantages Microneedle 
types

Silicon • Flexibility for 
fabricating in 
various shapes and 
sizes

• Complicated, 
expensive, and 
time-consuming 
manufacturing.

• Brittle, potential to 
break during 
insertion.

Solid
Hollow
Coated

Metal • Biocompatibility
• Low cost
• Robust mechanical 

properties

• Non-degradable
• Post-processing 

requirement
• High initial costs

Solid
Hollow
Coated

Ceramic • Resistant to 
chemical corrosion 
and compression 
loads.

• High hardness
• Biocompatibility
• Low friction

• Brittle, under 
tensile loads

• Time-consuming 
manufacturing

Solid
Hollow

Silica glass • Suitable for research 
aims

• Easy visualisation of 
fluid flow

• Brittle
• Time-consuming 

fabrication

Hollow

Carbohydrate • Biocompatibility
• Biodegradability
• Low toxicity
• Low cost

• Requirement for 
thermal treatment 
in fabrication

Dissolvable

Polymer • Adequate 
mechanical 
properties

• Low cost
• Biocompatibility
• Low toxicity
• Biodegradability
• Chemical stability

• Lower mechanical 
strength than metal, 
silicon, and ceramic

Solid
Hollow
Coated
Dissolvable
Swellable

Fig. 4. Various geometries and shapes of microneedles. a) Microneedles with aspect ratios of 2, 3, and 4 (left to right). Microneedles with a height of 1000 μm and 
interspacing of b) 0.5 times base width and c) 1.5 times base width. d) Arrowhead microneedles. e) Tiered microneedles. f) Turret microneedles. Reproduced under 
the Creative Commons Attribution License (CC BY 4.0) [61], Copyright 2016, Plos One.

P. Azarikhah et al.                                                                                                                                                                                                                             Journal of Drug Delivery Science and Technology 114 (2025) 107435 

4 



polymer-based microneedles using plastic injection moulding. The study 
investigated optimisation of injection moulding parameters such as 
clamping force, injection pressure and velocity to achieve the optimum 
reproducibility of solid microneedles from PMMA with round tip radius 
of 50 μm and height of 500 μm.

Both injection moulding and hot embossing manufacturing tech
niques have the potential for high production efficiency. In the hot 
embossing method, only the mould insert is required for replication; 
therefore, the initial expense is lower than that of injection moulding. 
However, due to the longer cycle time and subsequent operating steps, 
mass production by the hot embossing method could be more costly than 
injection moulding. On the other hand, in injection moulding, the initial 
tooling investment is more expensive than in hot embossing. Never
theless, more significant product quantities with a lower price per 
product are obtained by injection moulding due to the quicker cycle 
time and fewer assembly steps of the micro-moulding machine than hot 
embossing.

Additive manufacturing methods like 3D printing provide affordable 
options for printing products in lower quantities. However, they have 
been unable to replace the injection moulding cost-effectiveness for 
mass production.

A comparison of cost per product versus the number of products for 
injection moulding, hot embossing, and additive methods is illustrated 
in Fig. 5. Overall, the hot embossing method is highly recommended for 
lower quantities with the aim of prototyping and testing, especially in 
academia. In contrast, the microinjection moulding method is more 
applicable to industrial environments and in solving supply chain issues 
related to medical devices [73]. Microinjection moulding offers great 
replication potential in micro-scale technologies, indicating that this 
method may be an economically optimal candidate for the mass pro
duction of microneedles [16,29,74].

5. Injection moulding fabrication process

Injection moulding has been considered a cost-effective 
manufacturing method that uses thermoplastic materials to produce 
products in large quantities [77]. In order to improve the performance of 
the fabrication procedure and the quality of products, several 

parameters should be considered and optimised. These parameters 
include pressure and speed of injection, mould temperature, injection 
and holding duration, and cooling procedure. Optimising the process 
parameters impacts the products’ mechanical properties and geomet
rical features [78]. The injection moulding method has already been 
well recognised and utilised in various industrial sectors like automo
tive, aerospace, telecommunication, and biomedical due to its high ac
curacy, short cycle time, and low complexity of the production process 
[79].

5.1. Injection moulding steps

Injection moulding technique consists of four significant steps: a) 
plasticisation (melting), b) injection and clamping, c) moulding and 
cooling, and d) product ejection, as shown in Fig. 6. In the first step of 
the process, the plastic pellets are melted by a heating system to feed the 
material to the injection unit (Fig. 6a). Subsequently, as the required 
amount of molten material is provided, the thermoplastic material is 
pressurised and injected into the mould cavity which is securely closed 
by the clamping unit (Fig. 6b). In the next step, the material filling the 
mould area is cooled down to finalise the solidification of the desired 3D 
shape (Fig. 6c). Finally, the product is ejected and demoulded by 
opening the clamping unit (Fig. 6d) [78]. The machine continuously 
repeats the cycle to create more products. In mass production, a shorter 
cycle time will lead to lower costs and higher product output [80]. With 
the feasibility of automation, low operational costs, and the flexibility of 
3D mould geometry, this fabrication process is well-suited for 
large-scale production [81].

5.2. Mechanism of a typical injection moulding machine

Typically, an injection moulding machine consists of an injection 
unit, a clamping unit, and a mould of the desired product geometry 
(Fig. 7). The injection unit includes a pellet reservoir, a reciprocating 
screw, and an injection nozzle. As the plastic pellets enter the heated 
barrel, they are homogenously melted. Subsequently, the molten ma
terial is injected under high pressure through the nozzle into the mould 
cavity using a rotating screw, which runs with an electrical or hydraulic 

Fig. 5. Comparison of cost per product versus the number of products produced from injection moulding, hot embossing and additive fabrication methods, redrawn 
based on [73,75,76].
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driver. The two halves of the moulds are connected to movable and 
stationary plates and contain the cavity with the shape of the desired 
product geometry [82]. There are also cooling channels around the 
mould cavity containing the stream of coolant, which cools down the 
liquid thermoplastic material to form the solid shape of the ultimate 
manufactured product [83]. On the other side of the machine, the 
clamping unit’s primary duty is to apply force and press the mould 
halves tightly while injecting pressurised molten material. Furthermore, 
at the final stage, the clamping unit is opened to eject the final product 
when the moulded material is completely cooled and solidified [84]. 
Accordingly, the clamping unit’s performance significantly influences 
product quality. The toggle type is the most common clamping mecha
nism in injection moulding devices [85].

6. Insights from microinjection moulding of polymeric 
microdevices for microneedle fabrication

The fundamental principles of microinjection moulding, including 
process parameters, optimisation approaches, and machine consider
ations, are similar across a wide range of thin-walled polymeric micro
devices, such as microneedles, micro-rings, microfluidic chips, micro- 
patterns, and micro-pillars. Despite differences in mould geometries, 
the underlying manufacturing process is similar, and insights gained 
from these applications can be directly applied to microneedle produc
tion. This broader perspective provides a more comprehensive under
standing of the capabilities and limitations of injection moulding at the 
micro-scale.

Downsizing of products to combine all technical features in micro/ 

Fig. 6. The schematic of the injection moulding process. a) Melting of thermoplastic pellets into the injection unit. b) Injection of pressurised molten material into the 
mould cavity while applying clamping force. c) Moulding and cooling the molten material for solidification. d) Demoulding the final product.

Fig. 7. The schematic of a typical injection moulding machine, including the injection unit, clamping unit, and mould.
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nano sizes is a remarkable improvement in modern technologies. Due to 
the enormous demand for microelectromechanical systems (MEMS) and 
microsystems (MST) in the market, there is a fundamental need to find a 
reliable replication technique to mass-produce micron-sized compo
nents. The fabrication technique of microinjection moulding has been 
successfully applied to manufacture micro-scale polymeric systems with 
complicated geometries for different applications like drug delivery, 
medical implants, microlens arrays, microfluidic devices, micro- 
structured surfaces, and micro-optics, all with the aim of mass produc
tion [86,87].

Micro-moulding refers to fabricating parts with milligrams and 
micrometres’ weight and dimension ranges [88]. Various types of 
thermoplastic polymers or nanocomposites, such as PMMA, cyclic olefin 
copolymers (COC), polystyrene (PS), PP, and PC, PLA, Polyethylene 
(PE), and linear low-density polyethylene (LLDPE) have been widely 
used for the fabrication of microdevices using microinjection moulding 
due to the low cost, manufacturing flexibility, and excellent replication 
capabilities [89–93]. Polymers with low viscosities and high flow rates 
are suitable for microinjection moulding. One of the challenges related 
to producing micro-scale products using the injection moulding method 
is the requirement for a highly accurate machine to adjust and optimise 
the injection parameters precisely [94].

6.1. Technology development of microinjection moulding machines

The development of the microinjection moulding process 
commenced in the last few decades by modifying industrial hydrauli
cally driven machines. Further evolution in micro-machines was 
accomplished in the middle of the 90s to ensure process consistency of 
micropart fabrication [95]. The downscaled, single-stage injection 
moulding system follows the same technology as the large-scale injec
tion moulding machines. The two tasks of reciprocating screws in 
micro-machines are to plasticise pellets and inject the melt into the 
mould as well as the macro-machine. In micro-scale machines, in order 
to improve the accuracy of melt injected and prevent polymer degra
dation, the dimensions of the injection unit components, including 
screw and barrel diameters, are diminished. Nevertheless, the least 
effective diameter of the screw should be 14 mm to prevent shear failure. 
In addition, the channel depth of the screw should be proportional to the 
standard size of thermoplastic grains and the plasticisation re
quirements. Measuring the amount of molten material required for in
jection is challenging in a single-stage micro-machine. For instance, in 
order to provide a shot size of 1 mg, only the movement of 0.0056 mm of 
a reciprocating screw with a diameter of 14 mm is required, which is a 
challenging degree of adjustability [87,88,96].

In double-step microinjection moulding machines, the conventional 
reciprocating screw is replaced with the combination of a screw for 
polymer plasticisation and a separate small plunger for metered melt 
injection to overcome the obstacles of single-step machines. It alterna
tively works with a two-stage plunger consisting of a plasticiser and 
shooting plungers. Therefore, in two-step micro-machines, by utilising 
an injection piston with a few millimetres diameter, the small amount of 
injected melt is more controllable and accurate and higher injection 
velocity will be achieved in similar displacements [96]. Moreover, other 
types of micro-machines defined as “three-step” systems, separated 
components consisting of a plasticisation screw, an injection plunger, 
and a metering piston, are embedded in order to improve the metering 
accuracy and to minimise the melt cushion and cold material slug [87].

6.2. The potential of using conventional injection moulding machines for 
micro-fabrication

Some polymeric microdevices can be fabricated by either microin
jection or conventional injection moulding machines [97]. However, 
micro-machines have higher efficiency and can resolve the major 
drawbacks related to the manufacturing of microparts utilising 

large-scale injection moulding machines. There is a limitation for 
dimensional tolerances of microparts (up to a few micrometres) with 
conventional injection moulding machines, so it is difficult to achieve 
precise process replication and the required properties [98]. In addition, 
the process of micropart demoulding is sensitive and may not be prac
tical using the ejection system of macro-machines. Furthermore, the 
diameter of injection screws of conventional machines is not small 
enough to inject the required small shot size of polymer with greater 
speeds per cycle which reduces the metering accuracy and increases the 
waste of material. Accordingly, the total expenses of the procedure will 
rise, particularly in the case of using costly materials for medical ap
plications. Meanwhile, the duration of the fabrication cycle will also 
increase, and polymer degradation may occur due to the remaining 
material in the barrel. On the other hand, it is possible to observe the 
backflow of molten material, especially at higher pressures [88,99].

Baruffi et al. [100] analysed the replication precision using micro
injection moulding and conventional moulding machines with a ther
moplastic elastomer. The study used two different moulds with similar 
micro-cavities: a normal-sized mould equipped with microcavities for 
conventional machines and a micro-sized mould for the micro-machine. 
The results demonstrated a reduction in wasted material in the 
micro-machine. In addition, the more accurate amount of injected 
polymer, mass balance, and homogeneous density in various parts of the 
mould cavity was observed. Furthermore, results showed that greater 
replication accuracy is achieved by a microinjection moulding machine 
[97]. Nevertheless, conventional injection moulding machines can be 
used in the laboratory fabrication of low-quantity microparts, notwith
standing time and cost factors.

7. Microinjection moulding strategies for fabrication of 
polymeric microneedles

Microinjection moulding for the fabrication of microneedles as a 
drug delivery tool has been studied to address mass-scale production 
challenges. Various studies have investigated mould manufacturing and 
thermoplastic micro-moulding to achieve a reasonable replication fi
delity of microneedle arrays. The process chain for microneedle 
manufacturing, including design, mould fabrication, microinjection 
moulding, and quality assessment, is illustrated in Fig. 8.

Different thermoplastic materials such as acrylonitrile butadiene 
styrene (ABS) [16], PP [101], COC [21], cyclic olefin polymer (COP) 
such as Zeonor 1020R [24], PC [102], polyethylene terephthalate (PET) 
[103], PMMA [104], polyglycolic acid (PGA) [105], PLA [106], PLGA 
[31], and polyether ether ketone (PEEK) [29] have been used for the 
fabrication of microneedles using injection moulding. However, some 
pure materials like PLA require modification to improve microneedles’ 
mechanical strength. For example, Zhang et al. [107] fabricated 
microneedles using a mixture of 90 % PLA and 10 % poly(p-dioxanone) 
(PPDO) to enhance the mechanical properties of microneedles. Table 2
contains the properties of several thermoplastics used for the fabrication 
of microneedles.

7.1. Technology development of microneedle microinjection moulding

Solid and hollow microneedles are the most common types fabri
cated using microinjection moulding. Nevertheless, other novel-shaped 
microneedles, such as semi-hollow and bird-bill arrays, have also been 
manufactured through this methodology [25]. Techniques like piezo
electric inkjet coating and dip-coating have been employed to deposit 
drugs on mould-injected solid microneedles [24,27,105]. The microin
jection moulding technologies used to fabricate microneedles can be 
divided into two main categories: conventional and ultrasonic, based on 
the plasticisation mechanism, as shown in Fig. 9.

7.1.1. Conventional microinjection moulding of microneedles
In conventional micro-moulding, the polymeric material is 
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plasticised by a plasticisation screw, as described in section 7.1. Several 
studies were conducted on standard machines to achieve a reliable 
pathway for high-quality microneedle replication. For example, Sam
moura et al. [110] designed and fabricated in-plane and open-channel 
polymeric microneedles to optimise the process’s temperature, injec
tion speed and pressure, and clamping force. The researchers used 
Moldflow software to analyse the relation between filling duration and 
ultimate injection pressure. A comparison showed a discrepancy in the 
filling time parameter between experimental and numerical data. The 
main reason was the inability to control the mould temperature during 
the actual test. Also, the roughness of the mould surface was not 
included in the model. The results highlight that developing a simula
tion algorithm and tracking the mould temperature during the experi
ment can improve the numerical results [110].

Gülçür et al. [16] investigated the replication of 6 × 6 solid micro
needle arrays with commercial ABS resin as a biocompatible material 
using a Wittmann-Battenfeld Micropower 15 micro-moulding machine. 
The machine consists of a 14 mm plasticisation screw which is suitable 
for standard pellet sizes and a 5 mm injection piston that makes the dose 
of injected melt more precise. The fabrication was performed at two 
different packing pressures of 750 and 1100 bar, with identical mould 
and melt temperatures, injection speeds, and packing durations. The 
ideal height of products without any flashing impact was observed to be 
obtained at the maximum possible pressure, as illustrated in Fig. 10a. 
The results showed that by increasing the pressure, the efficiency of 
microneedles’ replication improves, and there is a reduction in the 
quality of microneedles’ dispersion. A smaller tip radius was also ac
quired at higher pressure, as shown in Fig. 10b. Furthermore, the 
extracted information, such as injection pressure, piston location, and 
mould cavity pressure during production, was used to analyse the pro
cess parameters that impact the final product. Various sensor technol
ogies, including high-speed thermal cameras, cavity pressure 
transducers, and controllers, were used to monitor the in-line processing 
data. Baruffi et al. [111] also used the same strategy for monitoring the 
microinjection moulding procedure to study the relation between the 
injection pressure and dimensional accuracy of the micropart.

In another study, Evens et al. [20] produced cone-shaped micro
needles from PP grade 515A using a hydraulic injection moulding 

Fig. 8. Manufacturing process chain of polymeric microneedles through injection moulding method, 1) microneedle array and part design, 2) laser micromachining 
of negative metal mould, 3) fabrication of microneedles using microinjection moulding machine, 4) quality assessment of micro-injected microneedles. Adapted with 
permission from Ref. [16], Copyright 2021, Elsevier.

Table 2 
Thermoplastic materials and their properties for the fabrication of microneedles 
via the microinjection moulding method.

Thermoplastic 
material

Melt Flow 
Rate 
(MFR)

Density (g/ 
cm3)

Other properties Ref.

Acrylonitrile 
Butadiene 
Styrene (ABS) 
resin grade 
HMG94MD

11.7 g/10 
min @ 
220 ◦C/ 
5.0 kg

1.06 • Tensile strength 
at yield: 46 MPa

• Shrinkage: 
0.5–0.8 %

• Glass transition 
temperature: 
106.7 ◦C

[16]

Polypropylene (PP, 
GA12)

12 g/10 
min @ 
230 ◦C/ 
2.16 kg

0.895–0.92 • Tensile strength 
at yield: 34 MPa

• Shrinkage: 1–2.5 
%

• Heat deflection 
temperature at 
0.45 MPa: 90 ◦C

[101,
108]

Polypropylene (PP, 
578 N)

24.5 g/10 
min @ 
230 ◦C/ 
2.16 kg

0.928 • Tensile strength 
at yield: 42 MPa

• Tensile modulus: 
2100 MPa

• No-flow 
Temperature: 
109 ◦C

[102]

Polycarbonate (PC, 
HPX8REU)

35 g/10 
min @ 
300 ◦C/ 
1.2 kg

1.188 • Tensile strength 
at yield: 59 MPa

• Tensile modulus: 
2360 MPa

• No-flow 
Temperature: 
147 ◦C

• Glass transition 
temperature: 
141 ◦C

[102,
109]

Polymethyl 
methacrylate 
(PMMA, Plexiglas 
8N)

3 cm3/10 
min

1.19 • Tensile modulus: 
3300 MPa

• Glass transition 
temperature: 
117 ◦C

[17]
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machine, creating solid microneedles with tip radius smaller than 20 μm 
for drug delivery applications. In another study by Evens et al. [102], the 
PP and PC microneedles were replicated using the same machine, 
showing that the PP microneedles’ replication fidelity was greater than 
the PC. It also showed a linear relationship between the microneedles’ 
height and depth of cavities.; the higher the aspect ratio, the lower the 
replication of the microneedles. The main reasons are the hesitation 
effect and early melt solidification due to the increment of heat transfer 
in narrower parts of the cavity. The hesitation effect occurs when the 
polymeric material stagnates at narrow sections and does not incline to 
fill the slender parts of the mould completely, which may also intensify 
rapid freezing [112,113]. Strategies like air vacuuming from the cavity 
during the filling step and using supercritical carbon dioxide fluid to 
reduce the melt viscosity can improve the filling efficiency [114].

Creating microneedles with sharp tips and high aspect ratios is still 
challenging in microinjection moulding. A more homogeneous melt 
distribution inside the mould cavities can be achieved by introducing a 
compression stage. Hence, replacing the injection compression 
moulding method can overcome the problems related to conventional 
microinjection moulding [115]. In this technique, when the melt is 
injected into the cavity, the two halves of the mould are not entirely 
closed. Then, after filling 90 %–98 % of the thermoplastic material, the 
mould is fully closed and compresses the cavity melts, leading to 

homogeneous distribution. However, using this strategy is more 
complicated than conventional injection moulding and the parameter of 
“compression stroke” as the extra gap between the moulds should be 
optimised. Evens et al. [109] equipped the conventional microinjection 
machine with an injection compression module to utilise the same ma
chine for both methods. They concluded that the replication fidelity of 
the same type of microneedle arrays by compression and conventional 
strategies is 79 % and 70 %, respectively, as shown in Fig. 11.

Manufacturing hollow polymeric microneedles using standard 
moulding techniques is also challenging. Some post-processing methods, 
such as laser ablating and X-ray exposure, may be used to create fluidic 
channels inside the microneedles [22,104,116–118]. In order to elimi
nate complicated post-fabrication procedures, Lippmann et al. [21] 
developed a technique for producing in-plane hollow microneedles, a 
combination of conventional injection moulding and investment cast
ing. In this three-stage approach, the investment components were first 
aligned with the mould insert to define the hollow channels of micro
needles. Secondly, the thermoplastic material was mould-injected into 
the micro-structures around the investment. In the last step, the fabri
cated part is demoulded, and the interior investment part is dissolved to 
finalise the fabrication of hollow microneedles. In other studies, the 
hollow microneedle cavities were laser ablated precisely on moulds to 
replicate polymeric hollow microneedles directly through conventional 

Fig. 9. Classification of microinjection moulding machines used to fabricate polymeric microneedles [87,108,110].

Fig. 10. Comparison of average geometrical features measured for each 6 × 6 microneedle array considering packing pressures of 750 bar (set 1) and 1100 bar (set 
2). a) The average microneedle’s height. b) The average tip radius. Reproduced with permission from Ref. [16], Copyright 2021, Elsevier.
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injection moulding methods without any post-processing or investment 
techniques. In some studies, micro-hole drilling on polymeric base plates 
was still required to connect the needles’ internal bore to a flat surface. It 
was concluded that the replication fidelity improves with simultaneous 
higher mould temperature, volumetric injection rate, holding pressure, 
and melt temperature [17,119].

Several heating methods, including flame heating [120], electric 
heating [121], steam heating [122], and infrared heating [123], were 
considered to increase the mould temperature in the microinjection 
moulding rapidly. As a form of radiation, the infrared heating technique 
attracts more attention due to its safety and energy-saving. Furthermore, 
it is not required to modify the mould system significantly in the case of 
infrared heating. Gao et al. [124] developed an infrared heating system 
using various reflector types to improve the heating efficiency of the 
microneedle mould. The results indicated that the surface temperature 
of the mould insert increased from 19.96 ◦C to 174.14 ◦C in 25 s, while 
there was not much temperature gradient in different parts of the cavity. 
The fabrication assessment demonstrated that the average height of 
uniform mould-injected microneedles rose by 35.78 %. Moreover, the 
shrinkage of microneedles was also decreased using the infrared heating 
system.

7.1.2. Ultrasonic microinjection moulding of microneedles
Ultrasonic microinjection moulding technology is a recent develop

ment in the field in which plasticised materials are processed using ul
trasonic energy instead of a conventional mechanical screw. Compared 
with standard systems, ultrasonic micro-moulding machines are more 
efficient in terms of energy consumption and material saving. Moreover, 
by this mechanism, an extremely short residence time is achievable as 
the thermoplastic material is exposed to high-value temperatures for a 
short duration, avoiding polymer degradation. Compared to the con
ventional method, higher cavity temperatures and pressures are 
observed after the filling step, demonstrating that the technology can be 
a viable alternative due to its superior replication fidelity [108,125].

Gülçür et al. [101] studied the effect of three different design factors, 
including sonication time, injection force, and mould temperature, on 
the replication efficiency of 5 × 5 polypropylene microneedles replica
tion using an ultrasonic microinjection moulding machine which was 
equipped with an ultrasonic power generator. The injection axis was 
placed vertically in this mechanism. The polymer feedstock was located 
among the 8 mm injection piston and a sonotrode, generating ultrasonic 
vibrations while applying the pressure needed to push the material into 
the mould cavities through the feeding channels. Therefore, as the 
plunger moved up, the material was compressed, plasticised by soni
cation, and injected into the mould cavities. The measurement of 

microneedle height was performed using a telecentric optical imaging 
technique. It was concluded that increasing the mould temperature is 
the most influential parameter to improve the filling efficiency; how
ever, regarding the heat deflection problem of PP material in the ejec
tion step, the maximum possible amount of this variable is 90 ◦C. The 
mould insert was designed within the circular mould, which contains a 
5 × 5 array of cone-shaped microneedle cavities with a depth of 550 μm, 
as illustrated in Fig. 12a. The average depth of the fabricated micro
needle cavities was 535 μm. Fig. 12b displays the telecentric image of 
the PP microneedles fabricated using the ultrasonic microinjection 
moulding method, illustrating an example of height measurement 
[101].

In another study, an ultrasonic vibration system was tested by Gao 
et al. [126] to improve the quality of mould-injected microneedle arrays. 
This mechanism included a controllable ultrasonic generator, ultrasonic 
horns, and transducers placed on the movable part of the mould. Sus
tainable ultrasonic vibration was applied to the mould during injection, 
packing, and cooling. The results showed that the melt filling time was 
reduced by 31.25 % without notable changes in filling order over the 
cavity regions. Furthermore, the ultrasonic vibration could reduce the 
melt viscosity, particularly in regions away from the edges. Regarding 
mechanical properties, it was found that, in optimum excitation voltage, 
the hardness and Young’s modulus of PP microneedles rose by 20.4 % 
and 7.7 %, respectively.

A detailed summary of reported microinjection moulding data for 
fabricating polymeric microneedles, including machine model, ther
moplastic material, mould material and fabrication technique, melt and 
mould temperature, injection parameters, packing pressure, and out
comes, are presented in Table 3.

7.2. Development of microneedles negative mould for microinjection 
moulding

Mould manufacturing for microneedles is a critical step in achieving 
precise geometry and high replication accuracy in the microinjection 
moulding process. Identifying a fabrication method to produce the 
negative metal mould for microneedles with precision, low cost, and 
reasonable time is complicated. The accuracy of the mould 
manufacturing technique plays a prominent role in achieving smooth 
surface finishing and precise geometry of cavities, which further affect 
the microneedle dimensions, particularly its aspect ratio and tip area. 
Micromachining techniques such as laser ablation [129], 
micro-electrical discharge machining (μ-EDM) [65,128], milling [130], 
numerical control (NC) machining [110], and drilling [124] have been 
used to fabricate negative metal moulds. In addition, lithography, 

Fig. 11. Comparison of replication fidelity of solid microneedles fabricated by compression and conventional injection moulding. Reproduced under the Creative 
Commons Attribution License (CC BY 4.0) [109], Copyright 2022, MDPI.
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electroplating, and moulding (LIGA) utilising deep X-ray exposure have 
also been investigated for fabricating micro-cavities with high aspect 
ratios [65]. The mould inserts can be manufactured via poly 2-Hydrox
yethylmethacrylate (pHEMA)/epoxy transfer casting or resin 3D print
ing. Compared with metal mould inserts, these methods and materials 
reduce the complexity and expenses of prototyping, allowing easy 
modification of the mould inserts’ geometry. However, due to their low 
durability, these materials are well-suited for research studies [131]. 
Also, as Polydimethylsiloxane (PDMS) moulds can be deformed easily, 
they are not suitable for common injection moulding. However, by 
modification of the technique and applying a vacuum system instead of 
high pressure, PDMS moulds can be applied. In this case, air is removed 
from the mould, and the melted polymer fills the cavities [26].

7.2.1. Laser micromachining
According to the literature, the laser ablation technique is mostly 

used to produce metal mould cavities of microneedles. An optical laser 
beam removes materials from a substrate to fabricate the desired shape 
in the laser machining process. As the process is non-contact, the wear 
effect of the tool does not appear, and the product has low heat depo
sition [132,133].

7.2.1.1. Mould fabrication for solid microneedles replication. Gülçür et al. 
[16] utilised a laser micromachining method to fabricate the 
conical-shaped mould for a microneedle array at 1 mm pitch with a 
depth and base diameter of 900 μm and 630 μm, respectively. The mould 
cavity plate was manufactured from P20 tool steel equipped with 
heaters and thermocouples to control the mould temperature. Stavax® 
ESR steel was used as the mould material which is suitable for micro
injection moulding due to its good polishing, machining, and wear 
resistance properties. The layer-by-layer laser micromachining mecha
nism was employed to make mould cavities using a femtosecond laser, 
which was merged into a multi-axis machining system. The average 
depth of needle cavities and tip radius were 912 μm and 5.2 μm, 
respectively. The duration of micromachining of 36 microneedle cavities 
was 40 min, which was significantly lower than other techniques.

In another work with a low-corrosion tool steel (grade 1.2083–AISI 
420) mould material, the laser machining of 3 × 3 micro-holes was 

conducted in layers of 150, 300, 450, and 600. It was specified that 
increasing the number of layers increases the hole depth and base 
diameter. The replication of microneedles using microinjection 
moulding showed that the microcavities were not entirely filled by 
polymers, which caused a larger tip diameter. The results showed that as 
the number of layers in the laser ablating of mould metal increases, a 
lower volume of polymeric material fills the cavity, which leads to a 
larger tip radius. For instance, in cases of 150 and 600 layers, the 
average tip radius of microneedles was 10.3 μm and 19.6 μm, respec
tively [20]. Besides variation of laser ablation layers, cavities with 
various base diameters were also laser machined using a cross-hatching 
strategy by Evens et al. [102] on three different metal moulds, including 
tool steel, copper alloy, and aluminium alloy, to investigate the impacts 
of mould variables on the geometry of the microneedles mould. The base 
diameter of designed 3 × 3 micro-cavities varied from 100 μm to 400 μm 
with steps of 100 μm. The cross-sectional images of microneedles using a 
micro-computed tomography (μ-CT) system are shown in Fig. 13a. The 
mould inserts were ultrasonicated in an ethanol bath to remove residual 
material after laser machining. In order to form cavities with extremely 
low tip areas and prevent plasma shielding effect and laser reflectance, 
the cone-shaped geometry was designed for micro-cavities. As identical 
strategies were considered for machining all studied materials, it was 
observed that material properties like heat capacity, thermal conduc
tivity, electron-phonon coupling constant, and absorptivity influenced 
the geometry of cavities. For instance, the aspect ratio of an aluminium 
alloy mould was noticeably smaller than that of tool steel and copper 
alloy due to the lower electron-phonon coupling constant and thermal 
conductivity of aluminium, which led to poor replication fidelity in 
microinjection moulding. Although it is easier to form aluminium on a 
micro-scale, this material is not frequently used for injection moulding. 
Femtosecond laser ablation of metal moulds is more appropriate for 
metal materials with high electron-phonon coupling constant and high 
thermal conductivity. A comparison of the hole diameter on the surface 
of each mould material with the machining layer is shown in Fig. 13b. 
The higher the number of layers, the larger the hole diameter. The 
analysis of the maximum relative standard deviation between the 
designed and obtained hole diameters showed acceptable repeatability 
of the process; however, these deviations are not desired in some 

Fig. 12. The mould insert design and image of microinjected microneedles. a) A 5 × 5 configuration design of cone-shaped microneedle cavities and a cross-sectional 
view of the geometrical features. b) The telecentric image of polypropylene (PP– GA12) microneedles fabricated using an ultrasonic microinjection moulding method. 
Adapted under the Creative Commons Attribution License (CC BY 4.0) [101], Copyright 2023, Elsevier.
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Table 3 
A summary of reported input parameters and outcomes of experimental microinjection moulding polymeric microneedles using commercial machines.

Machine Model Polymer Mould Material Mould 
Fabrication 
Technique

Melt 
Temp. 
(◦C)

Mould 
Temp. 
(◦C)

Injection 
Parameters

Packing/ 
Holding 
Pressure

Fabrication Outcomes, 
Comparison, or Purpose

Ref.

Wittmann- 
Battenfeld 
Micropower 
15

Acrylonitrile 
Butadiene Styrene 
(ABS) resin grade 
HMG94MD

Stainless steel 
(Stavax ESR)

Laser micro- 
machining

235 60 Injection 
velocity: 400 
mm/s

1100 bar Average microneedle 
height and tip radius: 
887.3 and 11.5 μm

[16]

Sonorus 1G polypropylene (PP– 
GA12)

Stainless steel 
(Stavax ESR)

Electrical 
discharge 
machining 
(EDM)

N/A 90 Injection force: 
900 N

N/A Average microneedle 
height: 530 μm

[101]
(Ultrasonic)
Sonication 

amplitude: 
96 μm

Engel ES 200/ 
35 HL

Polypropylene (PP, 
578 N)

Tool steel 
1.2083, Copper 
AMPCOLY 940, 
Aluminium 
3.4365

Laser micro- 
machining

240 80 Volumetric 
injection rate: 
149 cm3/s

575 bar Replication fidelity of PP 
was higher than PC, 
considering all three 
mould materials

[102]

Polycarbonate (PC, 
HPX8REU)

315 115 749 bar

Engel ES 200/ 
35 HL

Polymethyl 
methacrylate (PMMA, 
Plexiglas 8N)

Aluminium zinc 
alloy (grade 
3.4365)

Laser micro- 
machining

260 110 Volumetric 
injection rate: 
150 cm3/s

800 bar Efficiency of filling inside 
the cavity: 79 %

[17]

Engel ES 200/ 
35 HL

polypropylene (PP 
grade 515A)

Tool steel (grade 
1.2083)

Laser ablating 240 80 Volumetric 
injection rate: 
128 cm3/s

475 bar Microneedle height and 
tip radius: 1307 and 19.6 
μm, considering 600 
layers of laser ablating

[20]

Microneedle height and 
tip radius: 912 and 10.3 
μm, considering 150 
layers of laser ablating

Sonorus 1G polypropylene (PP– 
GA12)

Stainless steel 
(Stavax ESR)

Laser 
machining

290 90 Injection force: 
750 N, 
injection 
pressure: 
149.3 bar

N/A Average microneedle 
height: 856 μm

[108]
(Ultrasonic)
Sonication 

amplitude: 
96 μm

FANUC 
Roboshot α 
series 30iA

Topas (COC) Aluminium NC machining 230 55 Injection 
pressure: 
17000 Psi

First step: 
2000 Psi,

Discrepancy between 
experimental and 
numerical results due to 
the inability to control 
the mould insert 
temperature during 
experiments

[110]

second 
step: 3000 
Psi

Battenfeld 
Micro-Power 
5

Polylactic acid (PLA)/ 
Poly p-dioxanone 
(PPDO) (90/10)

N/A N/A 180 40 Injection 
velocity: 100 
mm/s,

N/A Fabrication of PLA-based 
blend microneedles to 
improve mechanical 
properties compared to 
pure PLA

[107]

injection 
pressure: 1500 
bar

Sesame 
moulding 
machine

Polyglycolic acid 
(PGA)

Steel N/A 238 Fixed 
mould: 
41

Injection 
velocity: 160 
mm/s,

First step: 
5.17 MPa,

Prepare microneedles for 
inkjet-deposited 
antifungal coatings

[105]

Moving 
mould: 
29

injection 
pressure: 
13.79 MPa

second 
step: 2.69 
MPa

SP-5 Polyoxymethylene 
(POM)

SS 420 heat- 
treated stainless 
steel

Laser 
machining

180 110 Maximum 
injection 
velocity: 120 
mm/s

First step: 
900 bar,

Hollow microneedle 
height: 500 μm

[127]

second 
step: 150 
bar

MircroPower-5t PMMA High- 
temperature 
alloy steel

Electrical 
discharge 
machining 
(EDM)

230 50 Volumetric 
injection rate: 
9 cm3/s,

60 MPa Microneedle height and 
tip radius: 500 and 50 μm

[65]

(SKD11) injection 
pressure: 120 
MPa

FANUC 
ROBOSHOT 
S-2000i 50B

PP N/A N/A 230 50 Injection 
velocity: 30 
mm/s

30 MPa Improvement of mould 
filling efficiency and 
enhancement of 
mechanical properties 
using ultrasonic 
vibration on mould

[126]
PMMA 250 60 50 MPa

Battenfeld 
Micro-Power 
15

Polyether ether ketone 
(PEEK, LT-3)

Stainless steel 
(Stavax ESR)

Electrical 
discharge 
machining 
(EDM)

400 210 Maximum 
injection 
velocity: 750 
mm/s

600 bar Microneedle shaft length 
and tip radius: 556 and 
32 μm

[128]
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conditions, especially in the case of 150 machining layers caused by the 
negative dynamic effects of the optical beam deflector system. 
Furthermore, it is concluded that by increasing the number of layers, the 
growth rate of hole depth for cases with programmed base diameters of 

100 and 200 μm is lower than for cases of 300 and 400 μm, as indicated 
in Fig. 13c. Overall, as base diameter and layer quantities increase, a 
higher depth of holes is achieved.

In laser micromachining, the thermal impacts on the ablated 

Fig. 13. The geometrical comparison of laser ablated micro-holes per variables, including base diameters (100, 200, 300, and 400 μm), number of laser machining 
layers (150, 300, 450, and 600) and different mould materials (tool steel, copper alloy, and aluminium alloy). a) Cross-sectional images of micro-cavities in various 
base diameters and layer numbers. b) A comparison of hole diameter versus the number of layers. c) A comparison of hole depth versus the number of layers. Adapted 
with permission from Ref. [102], Copyright 2021, Elsevier.
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substrate cause alteration of microstructure and mechanical properties, 
which results in unwanted influences like surface cracking [133,134].

7.2.1.2. Mould fabrication for hollow microneedles replication. Fabrica
tion of mould inserts for manufacturing injected moulded hollow 
microneedles has been conducted despite its challenges. Yung et al. 
[127] replaced the two conventional mould inserts with a 
three-mould-insert system to eliminate the need for the vacuum system. 
Using a picosecond laser machine, researchers fabricated all mould parts 
from heat-treated stainless steel with a helical drilling method. In a 
two-mould insert system, air could be trapped near the tip of the cavity, 
making the filling and ejection steps difficult, especially for high aspect 
ratio microneedles. However, the new system allowed the air around the 
tip area to be vented due to the small gap in the added mould insert. In 
another study, Evens et al. [17] and Vanwersch et al. [119] used an 
ultrashort pulse laser ablation method to manufacture cone-shaped 
hollow microneedle cavities on aluminium zinc alloy and low corro
sion tool steel materials, respectively, and evaluated them by μ-CT. The 
study adopted a cross-hatching laser approach and defined a particular 
location as the scan-free area (SFA) to specify the internal area of the 
hollow microneedle. In the SFA position, laser pulses are not trans
mitted, which ensures that the mould-injected microneedle arrays are 
hollow. In this layer-by-layer laser ablating strategy, the hatch and layer 
pitch are characterised as the distance between the parallel lines and 
layers. The eccentricity parameter is the distance between the centres of 
SFA and the laser-machined area. This work investigated the influences 
of laser strategy factors such as base geometry, SFA diameter and 
location, scanning diameter and number of layers on micro-cavities 
shape through μ-CT measurements. It was concluded that the effect of 
SFA diameter on the depth of the cavity is negligible, but a greater SFA 
area leads to a higher depth of lumen-forming pillar. Also, the results 
showed that increasing the number of layers increases the depth of the 
cavity and ridge-forming trench. Nevertheless, the depth-increasing rate 
was lower for a higher number of layers due to the lower ablation in the 
deeper parts of the cavity. Evens et al. [102] also concluded a similar 
outcome about fabricating a negative mould for solid microneedles.

7.2.2. Electroplating and etching
In another method, electroplating and etching techniques are used to 

fabricate negative metal mould cavities of microneedles with improved 
surface quality. In the first step, the fabricated microneedles master is 
polished through electrochemical etching, making it smoother and 
sharper. Then, the metal negative mould is formed by electroplating on 
the microneedles master. Izumi et al. [135] manufactured nickel moulds 
using sharpened silicon microneedles. In their work, after electroplating 
nickel using a Watts bath solution, the silicon needle master and nickel 
cavity were etched away.

7.3. Effects of thermoplastic properties on replication process

The physical properties of the thermoplastic polymeric materials 
influence the replication of microneedles in microinjection moulding. 
Therefore, studying thermoplastic properties like melt rheology and 
solidification process is crucial for selecting the optimised polymer. The 
main parameters, including shrinkage, wettability, viscosity, and creep 
deformation, are discussed below:

The specific volume of thermoplastic melt during the moulding/ 
cooling step decreases, which causes polymer shrinkage, affecting the 
final product. Regarding the compressibility of polymers, the specific 
volume is specified by Evens et al. [102] as a function of the temperature 
and pressure of the melt, as shown in Equation (1) [102]. 

v(T,P)= v0 ×

[

1 − 0.0894× ln
(

1+
P
β

)]

+ vT (1) 

where v0 is the reference-specific volume, vT is the extra specific volume 

related to semi-crystalline polymers, β is the parameter of compress
ibility, and P is the pressure. Then, the ratio of specific volume at the end 
of the packing step to the fully cooled product is described in Equation 
(2). 

rv = v
(
Tno− flow,Ppack

)/
v
(
Tfinal, Pfinal

) (2) 

Hence, the linear shrinkage can be estimated through Equation (3). 
For instance, it is shown that the linear shrinkage of PC microneedles is a 
few micrometres, while this factor is in the orders of a few tens of 
micrometres for PP material [102]. 

s=1 −
̅̅̅̅
rv

3
√

(3) 

The pressure–specific volume–temperature (PvT) diagram is widely 
recognised and commonly used in the plastics injection moulding in
dustry. Parameters such as injection temperature, holding pressure, 
holding time, and cooling time all influence the specific volume and 
shrinkage behaviour of polymers [136]. In a case study, Wang et al. 
[136] used a PvT testing device to directly measure the specific volume 
of semi-crystalline PP and amorphous ABS. Their findings showed that 
the starting temperature, which corresponds to the injection tempera
ture, significantly affects the specific volume during the injection 
moulding process. Higher starting temperatures result in greater specific 
volumes. However, the starting temperature has a relatively minor effect 
on shrinkage, although an increase in this temperature can lead to a 
slight reduction in shrinkage. Among all the process parameters, holding 
pressure significantly impacts specific volume and phase transition 
temperature. Higher holding pressures reduce the specific volume, raise 
the phase transition temperature, and result in lower shrinkage. The 
temperature at the end of the holding stage is closely related to the 
holding time. Lower holding-end temperatures extend the holding time 
and lead to reduced specific volumes. A longer holding time also allows 
more free volume within the polymer to diffuse, minimising shrinkage. 
Furthermore, the specific volume of polymers decreases as the cooling 
rate is reduced during the shrinkage stage [136].

Another significant factor affecting micro-cavity filling is wettability, 
defined as the tendency of liquid (molten polymer) to spread on the solid 
surface (metal mould). This parameter is determined through contact 
angle and adhesion measurements, which are also influenced by mould 
surface roughness and the mould and melt temperature. The higher the 
adhesion, the better the melt fills the mould [137]. For instance, in a 
study by Vera et al. [138], PP material showed superior replication on a 
steel mould compared to PC due to the higher adhesion.

Furthermore, the viscosity of molten polymer plays a significant role 
in filling efficiency. Relative molecular mass, melt pressure, and tem
perature impact the viscosity of thermoplastics. As the molecular weight 
decreases, the polymer viscosity drops. The melt viscosity decreases as 
the shear rate increases, a phenomenon known as shear thinning in non- 
Newtonian fluids. This occurs because the polymer chains disentangle 
and align in the flow direction. As a result, higher shear rates reduce 
melt viscosity, making filling small structures, such as microneedle 
cavities, easier. Two distinct shear rate conditions can be identified 
during the micro-cavity filling process. A very high shear rate during the 
injection phase partially fills the microneedle cavities, and a much lower 
shear rate during the packing phase helps to further complete the filling 
[102,139]. The melt viscosity can be extracted from the Cross-WLF 
model [102,139,140].

Furthermore, thixotropy refers to the rheological characteristic of a 
material where its viscosity gradually decreases while being subjected to 
shear over time and then gradually recovers once the shear is removed. 
This gradual recovery in thixotropic materials allows the melt to 
continue flowing and complete the filling during the packing phase 
[141,142]. Increasing injection velocity and pressure raises the shear 
rate, which enhances shear thinning and improves the melt flow rate 
(MFR) to fill the small micro-cavities with high aspect ratios. However, 
excessive injection pressures and speeds can lead to polymer 
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degradation and early solidification. Holding pressure and time must be 
precisely managed to ensure complete cavity filling after the initial in
jection, especially considering viscosity changes caused by thixotropic 
behaviour. Increasing the mould temperature can also help by slowing 
the cooling process and maintaining the melt’s flowability, although it 
may also lead to longer cycle times [111,119,143–145].

The other variable which distinguishes different thermoplastics is 
creep deformation behaviour. When the mould is packed, the polymer 
boundary layer near the mould surface is under deformation, which 
helps better filling than the initial step. This deformation can only occur 
if the temperature of the surface layer remains higher than the no-flow 
temperature, which is defined as the temperature at which the polymer 
stops flowing [146,147]. The required time for the polymer to reach the 
no-flow temperature is calculated by Equation (4) [148]. By using this 
equation, it is possible to compare the time required for different ther
moplastics to reach their no-flow temperature. This comparison can also 
be applied across various cavity geometries, injection temperatures, and 
mould temperatures for further optimisations. A shorter time results in 
faster solidification of the polymer boundary layer near the mould sur
face, thereby limiting deformation at the start of the packing phase 
[102]. For instance, Evens et al. [102] demonstrated that this time for 
the PP material is approximately twice that of the PC material. This 
indicates that, at the start of packing, the PC near the mould surface may 
have solidified and lost its ability to deform, while the PP is still un
dergoing deformation. 

t=
a2

π2 × α × Ln
[

8
π2 ×

(
Ti − Tm

Tnf − Tm

)]

(4) 

Where a is the thickness of the micropart, α is thermal diffusivity, Ti is 
the injection temperature, Tm is the mould temperature and Tnf is the no- 
flow temperature.

7.4. Assessment of microneedles quality in mass production approach

In all manufacturing techniques, assessing fabricated microneedles 
quality is highly significant in inspecting the accuracy of dimensional 
features and mechanical properties. Image processing, as a popular 
optical method, has been used for the geometrical evaluation of 
microneedles using high-resolution microscopes like Scanning Electron 
Microscope (SEM) [149,150], 3D Laser Scanning Confocal Microscopy 
(LSCM), and Atomic Force Microscopy (AFM) [128]. Additionally, 
several in vivo or in vitro mechanical experiments, including 
force-displacement and compression tests, are applied to demonstrate 
the physical parameters such as penetration force, failure force, and 
insertion depth of microneedles [45,46]. However, assessing large 
quantities of microneedles fabricated using the injection moulding 
technique is challenging, as conventional optical methods are 
time-consuming. Therefore, an accurate and quick strategy is needed to 
assess the quality of products manufactured in large numbers [151]. 
Gülçür et al. [16] developed an inspection setup based on telecentric 
imaging and machine vision in micro-scales, which allowed the evalu
ation of 36 individual mould-injected microneedles in only 2 min. In 
their study, a machine vision camera was employed to capture shadow 
images of microneedles positioned midway along the optical path be
tween the camera and a telecentric backlight illuminator. A 5x tele
centric objective lens focused the image onto the camera’s sensor, which 
has a resolution of 5.3 megapixels and operates at a frame rate of 75 Hz. 
To focus on each of the 36 individual microneedles on the replicas, two 
translational stages enabled precise movement along the x and y axes. 
The microneedles were aligned at a 5◦ angle relative to the axis 
perpendicular to the main optical axis to calculate the dx and dy values 
used for the translational stages. This alignment facilitated the accurate 
positioning of each microneedle along the optical axis for proper im
aging and focusing. Edge detection was applied to the 2D images to 
identify each microneedle’s boundary, with the tip defined as the edge 

point closest to the top border of the image. The microneedle tip co
ordinates and the substrate baseline were used to calculate the micro
needle’s height. This imaging technique, which is based on telecentric 
imaging and machine vision, is well-suited for the quality assessment of 
mould-injected microneedles, where dimensional tolerances at the 
micro-scale are critical. Accurate, repeatable, and rapid characterisation 
of microneedle geometries enables real-time feedback for quality control 
and process optimisation [16]. This novel quality assessment technique 
can also be implemented into an in-line monitoring system to evaluate 
the quality of fabricated microneedles based on the process parameters. 
Subsequently, the real-time monitoring system will avoid fabricating 
damaged products in a mass production approach.

8. Challenges of the microinjection moulding process

In injection moulding process as the dimension and volume of the 
ultimate product decrease to micron size, the fabrication process will be 
more complicated due to the small size of the mould cavity and desired 
filling efficiency. Miniaturising the large-scale injection moulding ma
chine is ineffective in acquiring the desired products. Scaling down the 
procedure affects the final product’s properties, replication accuracy, 
geometry, structure, and mechanical strength. Therefore, it is essential 
to understand and optimise the micro features and factors of different 
components and steps of the microinjection moulding process to secure 
the quality of final products. The quality of the surface, edge definition, 
and material rheology are affected by main design factors, including the 
molten polymer and mould temperature, injection velocity and pressure, 
injection time, cooling time, and clamping force [145,152].

In the microinjection moulding method, accurately adjusting a small 
amount of molten polymeric material and the injection speed is chal
lenging [153]. The volumetric injection rate impacts the efficiency of 
filling the micro-cavities. As the volume of melt injection increases, the 
injection time decreases, which postpones the solidification of prior 
polymeric layers [94,154]. However, there is a limitation to the 
maximum injection flow rate due to the possibility of polymer degra
dation caused by shear stress. Subsequently, the size and the movement 
of the screw or plunger should be in scales of millimetres and micro
metres, respectively [87].

Moreover, designing a demoulding system that applies an optimised 
ejection force on micro-scale products at the end of each cycle without 
any imperfections is highly significant. An adequate force is required for 
demoulding to control the shear stresses caused by friction between the 
surface of the mould and the finished product [155]. Precision electro
polishing has been employed as a shaping and polishing method to 
optimise the fillet radius of features, facilitating smoother demoulding 
[156]. The holding pressure plays a significant role in filling the cavities 
by force to overcome the polymer shrinkage problem, which leads to a 
favourable shape formation [154]. Also, the switch-over pressure plays a 
crucial role in the filling efficiency of mould cavities, which governs the 
transition from the injection step to the packing process. As the 
switch-over pressure increases, the injection piston decelerates slightly 
later, and more molten material is injected, resulting in greater packing 
and fabrication performance [16].

Furthermore, due to the high ratio of surface to volume, when the 
melted material reaches the low-temperature surface of the mould, the 
solidification process will take place earlier. This will avoid filling the 
entire cavity, particularly in cases with greater aspect ratios. Another 
challenge is the hesitation effect that the molten material tends to flow 
through parts of the mould cavity with a higher thickness and lower 
resistance. Accordingly, compared with large-scale injection moulding, 
the pressure, velocity and temperature of melt and mould should be 
raised to the highest possible value to provide quick filling and over
come premature cooling [143,155]. However, there are some re
strictions in increasing these parameters; for instance, polymer 
degradation is caused by higher melt temperatures and injection pres
sures [111]. It happens due to the friction between layers of 
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thermoplastic flowing within the mould cavity. Excessive shear stress 
can lead to plastic degradation and failure through stress cracking. In 
addition, as mould temperature increases, the time and cost of the 
cooling process rise, leading to longer cycle times [145]. Overall, to 
prevent some undesirable features such as product defects caused by the 
incomplete injection, existence of flash, material waste, long cycle time, 
residual polymer (from the prior cycle) in the injection unit, and thermal 
degradation of the polymer, all of the design factors should be optimised 
simultaneously to ensure a reliable replication procedure and to over
come technological restrictions.

Various studies were conducted to assess the effects of microinjection 
moulding variables on fabrication precision. Packianather et al. [157] 
investigated the influences of microinjection moulding parameters, 
including barrel temperature, mould temperature, holding pressure, and 
injection speed, on the replication process experimentally. The work 
aimed to optimise the injection factors to determine the specific amount 
of ejection force. The comparison of parameters interaction showed that 
mould temperature and holding pressure are the most effective factors. 
Mani et al. [144] studied the effects of injection speed, injection pres
sure, and the temperature of molten material on the accuracy of 
microchannel dimensions. The experiments used two materials, poly
oxymethylene (POM) and liquid crystal polymer (LCP), indicating that 
higher pressure and temperature of injected melt make a more precise 
product. However, these increments will cause greater flash on the 
finished part. Flash is a defect when the melt leaks from the mould 
during injection and solidification. The cooling rate also significantly 
influences the product’s internal structure and mechanical properties. 
Babenko et al. [158] conducted experiments to determine the influence 
of heat flux and cooling curves. Moreover, they conducted numerical 
simulations using Moldflow software to determine the heat transfer 
coefficient that fitted the cooling curves. It was observed that the most 
appropriate heat transfer coefficient of the mould/melt interface is 7700 
W/m2 ◦C to model the experimental results. Bellantone et al. [159] 
investigated the influence of microinjection parameters on the quality 
and mass of a bone-shaped sample made with POM and LCP. The results 
illustrated that for POM, holding pressure and holding time have the 
most impact on the mass of the product. On the other hand, in the case of 
LCP, the two factors of holding pressure and injection velocity are the 
most influential parameters for obtaining higher part mass. Further
more, melt compressibility significantly influences the weight of the 
microparts. The results showed how much a material can be compacted 
under pressure, directly affecting the fabricated micropart’s final den
sity and mass [160]. Trotta et al. [139] analysed the rheology of the 
molten polymer in a cavity with various thicknesses using a microin
jection machine consisting of pressure and temperature sensors. Ac
cording to the results, by increasing injection velocity and pressure, the 
lower viscosity of the melt dominates filling obstacles and improves 
fabrication efficiency. The trapped air pressure inside the mould cavity 
also caused polymer gasification and resistance in front of the melt 
during the injection step, leading to incomplete polymer filling. It may 
further affect the mass of the microparts by forming voids within the 
material, which leads to variations in density and mass, as well as po
tential structural weaknesses. Therefore, air removal utilising a vacuum 
system is a highly effective solution to ensure a uniform mass and 
improve the dimensional micro-features, particularly on edges. Mean
while, by air evacuation, the temperature of the mould decreases. Sor
gato et al. [161] concluded that the temperature gradient of mould and 
molten material is influenced by vacuum venting. Yu et al. [106] man
ufactured in-plane PLA microneedles through the microinjection 
moulding method and numerically studied the effects of the combina
tion of process parameters on “filling fraction”, defined as the ratio of 
the filled material to the total volume of mould cavities. It was observed 
that as the injection time increased, the filling efficiency decreased. For 
instance, the worst case was related to an injection time of 6 s with a 
filling fraction of 66.21 %. Moreover, the mould was thoroughly filled 

when the melt temperature was 220 ◦C or 230 ◦C. It was also concluded 
that an increase in packing pressure leads to higher filling fractions, and 
the parameter of packing time is irrelevant.

9. Conclusion and future outlook

Developing a cost-effective and rapid method for producing micro
needles in large quantities is essential due to the rapid development of 
microneedle technologies and their advantages for clinical applications 
[162,163]. When comparing microneedle materials, biocompatible 
polymers are increasingly favoured for mass production due to their 
affordability, satisfactory mechanical properties, biodegradability, and 
excellent chemical stability. Among all manufacturing techniques used 
to fabricate polymeric microneedles, microinjection moulding offers 
substantial potential for mass production of micron-sized needles. The 
injection moulding technique yields higher product quantities in a 
shorter duration due to the faster cycle time and reduced microinjection 
moulding machine assembly steps.

The injection moulding fabrication process, machine operations, 
technological advancements, and the fabrication challenges of micro
needles, were discussed in detail. Solid and hollow microneedles have 
primarily been manufactured using the microinjection moulding tech
nique. In addition, some post-processing techniques, such as piezoelec
tric inkjet coating and dip-coating, have been utilised for drug 
deposition on microinjected solid microneedles to make coated micro
needles. Microinjection moulding machines used for fabricating micro
needles are categorised into conventional and ultrasonic types, 
distinguished by their plasticisation mechanisms. It is specified that 
ultrasonic microinjection machines demonstrate greater efficiency in 
energy consumption and material savings.

In addition to scaling down and modifying the machine, it is crucial 
to optimise design parameters such as mould and melt temperatures, 
injection speed and pressure, packing pressure, and volumetric injection 
rate. These factors significantly impact the quality of the final desired 
shape. As the most significant factor, higher mould temperatures allow 
molten materials to fill the micro-cavities more effectively; however, 
this variable has an upper limit due to heat deflection issues during 
demoulding and increased cycle time. It is also concluded that 
increasing the injection pressure enhances filling efficiency and results 
in sharper microneedles’ tips. Nonetheless, the maximum value of this 
parameter is restricted to avoid polymer degradation that occurs in high 
shear stresses.

As the desired product volume decreases to micron size, the 
manufacturing process becomes challenging due to potential issues such 
as premature solidification and hesitation effects in micro-cavities. It is 
determined that in double-step micro-machines, an injection plunger 
with a few millimetres in diameter enables a more accurate dose of 
injected melt at higher injection speeds, which improves the filling ef
ficiency for the fabrication of microneedles.

Given the significant role of mould manufacturing in accurately 
shaping microneedles during the microinjection moulding process, this 
review also discussed the metal mould fabrication process and its 
challenges. Laser micromachining, as a subtractive technique, is pre
dominantly utilised to fabricate negative metal moulds of microneedles. 
This manufacturing method makes it highly challenging to form micro- 
cavities with complicated geometries, particularly with extremely low 
tip radius due to the plasma shielding effect and laser reflectance 
problems. Furthermore, the mould fabrication process for hollow 
microneedles is complicated and time-consuming, and mould inserts 
must be modified. Also, layer-by-layer laser ablation is primarily suit
able for metals with higher electron-phonon coupling constants and 
thermal conductivity. Laser thermal effects may cause some undesirable 
influences on the mechanical properties of the metal mould, such as 
surface cracking. According to the limitations and challenges of laser 
micromachining on a micro-scale, replacing this subtractive method 
with a more efficient technique like additive manufacturing is 
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beneficial. It provides the opportunity to fabricate more complicated 
geometries and overcome current drawbacks.

The physical and rheological properties of thermoplastic polymers 
affect the quality of microneedles in microinjection moulding. 
Biocompatible polymers with low shrinkage, high wettability and 
flowability, superior mechanical properties, and low melt viscosity are 
highly desirable. Despite the current developments, further de
velopments in the microinjection moulding of microneedles with 
biocompatible thermoplastic polymers are required.
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