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ABSTRACT 

Microneedle arrays are minimally invasive devices which offer a pain free, straightforward and 

efficient method for transdermal drug delivery. Manufacturing these micro-systems represents a 

real challenge, and a mass production process with high volume outputs at low cost is lacking. In this 

study, we present a novel method to produce polymer microneedles using laser ablated moulds in 

an injection moulding process. We successfully created cone-shaped micro holes with low tip radii in 

a tool steel mould, using a femtosecond laser with a cross-hatching strategy. Finally, the attained 

mould was used in an injection moulding process to replicate polypropylene microneedles. 
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1. INTRODUCTION  

Microneedles are microscale invasive devices, usually arranged in an array, designed to by-pass the 

human stratum corneum skin barrier [1]–[3]. The length of the needles can range from 50 µm – 2000 

µm and when penetrated in the skin, microscopic aqueous pores are created, through which drugs 

can diffuse to the dermal microcirculation [4]. The advantages of these devices have already 

extensively been studied in medical research [5]–[8]. At this stage, a production process to 

manufacture these microneedles in large volumes at a low cost is required [2], [9]. A promising 

manufacturing process which fits these criteria is polymer injection moulding. By applying the 

negative geometry of the microneedles on a mould cavity, millions of polymer microneedle systems 

can be produced at a low cost [10]. However, within the current state of the art, methods for 

applying the negative of the microneedles on the injection mould are limited to expensive and time 

consuming precision techniques such as micro-electrical discharge machining (µ-EDM) [11]–[14], 

milling [15], drilling [16], forging [17] or indirect mould making [18]. Besides, manufacturing 

microneedle cavities with a sharp tip has proven to be very difficult with these techniques, while 

small tip-radii are essential for microneedles to effectively penetrate the skin [9], [11]. 

In this study, a novel manufacturing process to produce sharp-tipped solid polymer microneedle 

arrays using laser ablated moulds in an injection moulding process is presented.   



2. MATERIALS AND METHODS 

2.1 Materials 

The thermoplastic material is a high melt flow polypropylene (PP) grade 515A from SABIC, with a 

melt flow rate of 24 g/10 min (230° C/2,16 kg). A low-corrosion tool steel (grade 1.2083 - AISI 420), 

was selected for the mould insert material. 

2.2 Representation of the process chain  

A micromachining system with a laser source is employed to laser ablate a mould insert with 

dimensions 70 mm x 60 mm x 4.4 mm (Figure 1a). The insert is then placed in the mould (Figure 1b). 

Afterwards, the mould is used in an injection moulding process (Figure 1c) to replicate polymer 

microneedles (Figure 1d). 

 

FIGURE 1  Illustration of the process chain to produce solid polymer microneedles. 

2.3 Laser machining 

A micromachining system (Lasea LS5) with a femtosecond laser (Satsuma HP, Amplitude Systemes) is 

employed to ablate the mould insert. The laser source emits a beam with a wavelength of 1030 nm, 

a pulse repetition rate of 500 kHz and a pulse length of 250 fs. The maximum average power of the 

laser is 7.85 W, giving a deliverable pulse energy of 15.7 µJ. Within the focal plane, the laser beam is 

steered at a scanning speed of 100 mm/s with a spot size of 15.0 µm and a pulse fluence of 2.22 

J/cm².  

A cross-hatching strategy was implemented as illustrated in Figure 2. The laser spot is scanned in 

parallel lines within a circular shape, in perpendicular directions. The distance between two 

consecutive lines is defined as the hatch pitch. Once the laser has scanned one circular grid, the focal 

point is lowered (with a vertical distance defined as the layer pitch) and the laser scans the same 

grid. This process is repeated multiple times and defines the number of layers The selected laser 

parameters in this work are based on a previous exploratory research [19]. A hatch pitch of 2 µm, a 

layer pitch of 15 µm, a base diameter of 300 µm and a number of layers varying between 150, 300, 



450 and 600 were selected. For each set of parameters, holes were created in an array of 3 x 3 with 

a distance of 300 µm between the centre points. 

 

FIGURE 2  Illustration of the cross-hatching laser strategy. 

2.4 Replication of microneedles through injection moulding 

Injection moulding was done on an Engel ES 200/35 HL hydraulic injection moulding machine. The 

mould temperature is controlled by a Wittmann Tempro-controller. The injection moulded specimen 

is a 50 mm x 60 x 1.5 mm flat plate. Injection moulding parameters were defined to achieve a high 

replication fidelity. The injection temperature was set to 240°C. The mould temperature was set to 

80°C, the maximum recommended ejection temperature of polypropylene [20]. The volumetric 

injection rate was set to a high value of 128 cm³/s to reduce the viscosity during injection. The 

holding pressure was set to a value just below the occurrence of flash, corresponding to 475 bar. 

2.5 Topography characterization 

µ-CT was used to characterize the geometry of the ablated needle cavities. The µ-CT system 

(Phoenix Nanotom) is equipped with a nanofocus X-ray tube. A molybdenum target was chosen for 

the high X-ray absorbing steel samples. The mould insert was cut down in cubic samples with an 

edge length of 3 mm. For each scan, 2400 X-ray 2D projection images were obtained. Acquisition 

parameters were fixed for all samples as follows: voltage = 100 kV, current = 158 A, voxel size = 3.75 

µm, and a 0.1 mm copper and 0.1 mm aluminium filter were used during scanning. Reconstruction 

of the acquired 2D projections into 3D volumes was performed using GE Phoenix datos|x REC 

software. Reconstructed XY datasetswere exported for further analysis and visualization within Fiji 

ImageJ.  

The geometries of the replicated thermoplastic microneedles were assessed using a digital 

microscope (Keyence VH-S30) with a maximum magnification of X200.   



3 RESULTS AND DISCUSSION 

The analysis of the reconstructed µCT XY datasets of the laser ablated tool steel with different layers 

(Fig. 3) clearly shows cone-shaped micro holes with very sharp tip radii. It can be observed that the 

hole depth is increased when a higher number of layers is used, due to the increase in accumulated 

fluence. The dimension of the acquired tip radii is close to the voxel size of the CT measurement of 

3.75 µm. This dimension is much lower than micro holes with tip radii of 32 µm up to 80 µm, 

obtained respectively by [14] and [13]. The obtained cone-shape is expected to be a result of the 

plasma shielding effect [21]. During the ablation process, vapour material is partially ejected from 

the micro cavity, but a part of it remains near the surface, held by surface tension forces, and forms 

a recast layer after each pulse [22]. Additionally, the vaporised material forms plasma during the 

duration of each pulse. This plasma absorbs and defocuses the laser beam, creating a protective 

shield called “plasma shielding effect”. The deeper the ablated micro hole, the more difficult the 

vaporised material can escape the hole, resulting in an expanding plasma which in turn increases the 

protective shield [23]. Therefore, using the proposed laser strategy, it is possible to create cone-

shaped micro holes with variable hole depths.  

The laser ablated mould insert was used in an injection moulding process to replicate the micro 

holes. The replicated polymer microneedles (Fig. 4) show a similar cone-shape as the corresponding 

micro holes. However, by comparing the depth of the micro holes to the length of the polymer 

microneedles, it is observed that the micro holes were not completely replicated in the injection 

moulding process. As a result of the incomplete filling, the tip radii of the microneedles (< 20 µm) are 

larger than the very small tip radii of the micro holes. To give an estimation of volumetric filling, 2D 

profiles of both the micro holes and microneedles were imported in a CAD programme. By assuming 

that the profiles are axisymmetric, corresponding volumes could be compared. The percentages of 

volumetric filling for the micro holes created with laser parameters for 150, 300, 450 and 600 layers 

are respectively 97 %, 94 %, 88 % and 85 %. Besides, a higher percentage of volumetric filling 

corresponds to a smaller tip radius. This radius is, as already indicated, the most important feature 

of the microneedle. The smaller the tip radius, the lower the force required to penetrate the human 

skin. Thus, improving the replication process to further decrease the tip radius of the polymer 

microneedles is beneficial. Implementing a variothermal heating strategy is a possible way to 

achieve this [24]. The temperature of the mould is then no longer kept constant, but is varied 

between a high value during the filling stage and a lower value during the cooling stage. Therefore, 

the formation of a frozen layer can be delayed, which in turn leads to a better and more uniform 

filling of micro features [10].  



(a) 150 layers: 

hole length = 1004 ± 26 µm 

(b) 300 layers: 

hole length = 1376 ± 28 µm 

  
 

(c) 450 layers: 

hole length = 1653 ± 21 µm 

 

(d) 600 layers: 

hole length = 1803 ± 21 µm 

  
 

FIGURE 3  Reconstructed µCT XY datasets for the four different laser parameter settings: (a) 150 

layers; (b) 300 layers; (c) 450 layers and (d) 600 layers.  

 



(a) 150 layers: 

needle length = 912 ± 19 µm 

tip radii = 10.3 ± 3.4 µm 

(b) 300 layers: 

needle length = 1136 ± 14 µm 

tip radii = 14.2 ± 2.5 µm 

  
 

(c) 450 layers: 

needle length = 1259 ± 14 µm 

tip radii = 17.3 ± 3.4 µm 

 

(d) 600 layers: 

needle length = 1307 ± 14 µm 

tip radii = 19.6 ± 3.6 µm 

  

FIGURE 4  Microscopic images of the polymer microneedles, achieved by replicating the laser 

ablated micro holes with four different laser settings: (a) 150 layers; (b) 300 layers; (c) 450 layers and 

(d) 600 layers.  

  



4 CONCLUSIONS 

In this study, a method to produce solid polymer microneedles using laser ablated moulds in an 

injection moulding process was successfully demonstrated. Cone-shaped micro holes with very small 

tip radii were ablated in a tool steel insert. By changing laser process parameters, the height of the 

micro holes could be varied. After replicating the micro-holes, thermoplastic solid microneedles 

were achieved with tip radii < 20 µm. The replication fidelity was volumetrically assessed and the 

deeper the micro holes, the lower the replication (ranging from 97% - 85%). 

The major advantages of the proposed laser ablation technique to create cone-shaped micro holes 

are the very sharp tip radii, the fast and flexible manufacturing and the low cost. Thus, the 

investigated process chain is proven to be a suitable mass manufacturing method to produce solid 

polymer microneedles with small tip-radii. 
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