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ABSTRACT

Microneedle arrays are minimally invasive devices which enable self-administration of drugs in a
straightforward and efficient way. Recently, a low-cost mass production method to produce solid
polymer microneedles using laser ablated moulds in an injection moulding process has been developed.
In this context, it is key to understand how the geometry of the microneedle cavities can be changed
and what parameters affect the replication fidelity during injection moulding. In this study, two laser
scanning parameters, being the programmed base diameter and the number of layers were varied in
four levels and their effects on the geometry of the microneedle cavities were evaluated in tool steel,
copper alloy, and aluminium alloy inserts. Afterwards, the microneedle cavities were replicated in
polypropylene and polycarbonate using injection moulding. The study showed how the depth and base
diameter of the microneedle cavity can be changed by varying laser scanning parameters. Moreover, the
moulds in the three materials exhibited different microneedle cavity shapes and dimensions, due to
differences in material properties. As to the injection moulding process, strong linear relationships were
found between the aspect ratio of the microneedle cavities and the replicated thermoplastic
microneedles, where a higher aspect ratio resulted in a lower replication. The replication fidelity for the
polypropylene microneedles was in all cases higher compared to the polycarbonate needles. Between
the three mould materials, a comparable replication fidelity was found for tool steel and copper alloy

and a lower replication for the aluminium alloy, due to differences in thermal and wetting properties.
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1. INTRODUCTION

Traditional needles, known as hypodermic needles, are used in clinical practice to sample blood or to
deliver vaccines or medication across the skin into the blood stream [1]. Although such needles are very
frequently used, they are known to induce discomfort to the patient, like pain or bruising and carry the
risk of infections. Besides, the use of these systems requires trained medical staff. A possible alternative
to the hypodermic needles are microneedles. These are microscale invasive devices, usually arranged in
an array and designed to by-pass the human stratum corneum skin barrier [2,3]. The length of the
needles ranges from 25 um — 2500 um and when penetrated in the skin, they can deliver vaccines,
antibodies or other drugs to the human body through the transdermal route [4]. These systems offer
various advantages such as (i) a pain free drug delivery, (ii) self-administration, (iii) lower storage,
distribution and disposal cost due to the small volume, and (iv) direct administration of vaccines to key

immune cells [5-7].

The first concept using microneedles for vaccine delivery was conceived by Alza corporation, as
described in a 1976 patent [5]. Making these devices was not possible until the 1990s, when the
technology needed to fabricate micrometre sized structures became available. Since then, many
researches both from academia and industry have demonstrated the applicability of microneedle
devices, from the development phase up to clinical experiments. The investigated methods for
manufacturing these microscale devices covers a wide range of techniques such as, chemical etching [8],
polymer replication techniques [9-11], additive manufacturing [12], surface micromachining [13], and
photolithography [14]. According to World Health Organization guidelines, cost-effective, portable,
disposable medical devices are needed in order to enhance the health-related quality of life worldwide
[16]. Yet, for most of the current manufacturing methods the low cost and high volumes still pose a
great challenge [15]. Polymer injection moulding has a huge potential, as this manufacturing process has
already proven to be very suitable to manufacture polymer medical devices, due to its high accuracy,
potential for full-automation, short cycle times, and low cost. Moreover, polymers can offer excellent
biocompatibility, biodegradability, low toxicity, and good mechanical properties at a low material cost

[17].



In a recent work [18], we demonstrated a novel methodology to mass produce solid polymer
microneedles using laser ablated moulds in an injection moulding process. We were able to create solid
cone-shaped microneedles with low tip radii < 20 um. These needles can be used for drug delivery using
two techniques. With the first technique, called ‘poke with patch’ approach (Figure 1a), the solid
microneedles are used to pierce the skin, creating transient aqueous micro-pores through which a
medical solution can passively diffuse. In the second approach, the solid needles are coated with a drug
formulation (Figure 1b). After insertion, the coated drug formulation will be dissolved and deposited in

the skin.

a)

Puncture

Medical solution

Figure 1 A schematic representation of the different types of microneedles. (a) Solid microneedles (b)

Coated microneedles. After [15].

The size of the needles depends on the specific medical application, while the design should allow for the
needles to penetrate into the skin or any other biological tissue without breaking or bending. It is
therefore important to know how to fine-tune the parameters in the manufacturing process to optimize
the geometry of the microneedles. The manufacturing method combines laser ablation and injection

moulding and these two processes will both affect the geometry of the needle.

In this study, we investigate the influence of two laser scanning parameters, being the programmed base
diameter and the number of layers, on the geometry of microneedle cavities within a femtosecond laser
ablation process. This evaluation is done for the three most common mould materials used in injection
moulding, being tool steel, copper alloy, and aluminium alloy [19]. In addition, the replication fidelity of

the laser induced cavities are evaluated using polymer injection moulding.



2. Materials and methods

2.1 Thermoplastic and mould materials

Two thermoplastic materials were used in this study: polypropylene (PP, 578N, manufactured by SABIC)
and polycarbonate (PC, Lexan™ HPX8REU, manufactured by SABIC). The polypropylene material is a
general purpose semi-crystalline homopolymer, which is easy to process and has a low cost. The
polycarbonate material is a biocompatible amorphous grade, suitable for medical devices and
pharmaceutical applications. Both materials have a high flowability as indicated by their very high melt
volume rate (MVR) and are thus appropriate for filling small micro features. Table 1 reports the main

characteristics for both thermoplastics.

Table 1 Main properties of the thermoplastics based on material datasheets and Autodesk Moldflow®

2019 material database.

PP PC
Density (kg/m?) 928.9 1188.9
. 245 35

Melt flow rate (g/10 min) [230 °C/2.16 k] [300 °C/1.2 kg]
Tensile Modulus (MPa) 2100 2360
Thermal conductivity (W/m °C) 0.171 0.267
Specific heat (J/g °C) 2.94 1.86
No-flow temperature (°C) 109 147

Three materials were selected as mould inserts: a low corrosion tool steel “Stavax” (grade 1.2083 - AlSI
420), a high-strength aluminium zinc alloy (grade 3.4365), and a copper nickel alloy (grade AMPCOLOY®
940). Tool steel is most often used because of its high wear resistance, leading to a long lifetime. The
aluminium material is regularly used for low production series and prototype moulds, due to its low cost
and good machinability. The copper alloy exhibits a very high thermal conductivity which improves the
cooling and can in turn, decrease the injection moulding cycle time [20]. Besides, this material currently
acts as an excellent alternative for Beryllium copper alloys, as it avoids health risks [21]. The main

properties of these three materials are listed in Table 2.

Table 2 Main properties of the different mould materials based on material datasheets and GRANTA

EduPack.



Tool steel Copper Aluminium

1.2083 AMPCOLOY 940 3.4365
Density (kg/m?) 7700 8710 2800
Thermal conductivity at 100°C (W/m °C) 235 226 145
Specific heat capacity at 100°C (J/g °C) 0.48 0.38 0.95
Thermal diffusivity (mm?/s) 6.51 68.36 60.40

2.2 Laser machining experiments

A micromachining system (Lasea LS5) with a femtosecond laser source (Satsuma HP, Amplitude
Systemes) is employed to laser ablate the mould inserts with dimensions 70 mm x 60 mm x 4.4 mm. The
laser source emits a beam with a pulse length of 250 fs, a wavelength of 1030 nm and a pulse repetition
rate of 500 kHz. The laser has a power of 10W with a loss factor of 0.785, giving a deliverable pulse
energy of 15.7 . A galvanometer steers the laser beam within the focal plane, with a spot size
diameter of 15.0 um and a pulse fluence of 8.88 J/cm?2. The energy distribution of the beam is Gaussian
shaped with a laser beam quality value of M? < 1.2. Small dust particles which are formed from ablating
the metal surface are extracted by a vacuum collect unit. After the laser texturing operation, the inserts
are ultra-sonicated in an ethanol bath for 15 min to remove debris from the micro-holes.

A cross-hatching strategy was used as presented in a previous study [18]. The laser spot scans a circular
region and follows parallel lines in two 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 again the same area. This
process is repeated multiple times for a prescribed number of layers. A design of experiments was used,
in which the number of layers and the base diameter was varied as illustrated in Figure 2. The base
diameter was varied from 100 um to 400 um in steps of 100 um and the number of layers was varied
from 150 to 600 in steps of 150. The hatch pitch and layer pitch were fixed at 15 um and 2 um,
respectively. For each set of parameters, micro cavities were created in an array of 3 x 3 with a distance

between the centre points equal to two times its base diameter.
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Figure 2 lllustration of the design of laser experiments, in which the number of layers and the base

diameter was varied.

2.3 Replication through injection moulding

The injection moulded part selected for this study is a 50 mm x 60 mm x 1.5 mm flat plate, as shown in
Figure 3. The polymer is injected through a hot runner which is located 3 mm from the edge of the
product, indicated by a white dot. The array of micro needles is 12 mm x 12 mm in size, located 10 mm

from the edge of the plate.
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Figure 3 Illustration of the flat plate with all dimensions in mm, the thickness is 1.5 mm.

The injection moulding machine used for this study is an Engel ES 200/35 HL hydraulic injection
moulding machine with a maximum clamping force of 350 kN and a 25 mm horizontal screw with an L/D
ratio of 24.8. The temperature of the mould is controlled by a Wittmann Tempro D controller. Injection
moulding parameters are given in Table 3 and were defined to achieve a high replication fidelity. The
injection temperature was set to the recommended upper limit of the material supplier. The mould

temperature was set to a high value to delay the formation of the frozen layer during injection. The



volumetric injection rate was set to a high value, to increase shear stresses and thus reduce the melt
viscosity during injection. The implemented holding pressure was set to a value just below the

occurrence of flash.

Table 3 Injection moulding process parameters for the two thermoplastic materials.

PC PP
Injection temperature (°C) 315 240
Volumetric injection rate (cm?/s) 149 149
Holding pressure (bar) 749 575
Mould temperature (°C) 115 80

The stationary side of the injection mould was equipped with a temperature sensor (Priamus, 4008B)
and a piezoelectric pressure sensor (Priamus, 6001B), which allows for precise process control and
online measurement of the apparent viscosity. This viscosity measurement is a build-in module in the

Priamus FILLCONTROL and is, as described by [22], based on the following Equation:

AP - At - H? (1)
T="12-5
where 77 is the apparent viscosity, AP the pressure increase when the polymer reaches the temperature
sensor, At the time required for the polymer melt to flow from the pressure sensor to the temperature
sensor, H the height of the mould cavity, and S the distance between the pressure and temperature
sensor. The height of the mould cavity is 1.5 mm and the distance between the sensors is 100 mm. The
online apparent viscosity is measured for 10 different volumetric injection rates, ranging from 15 cm?3/s

to 147 cm3/s.

2.4 Topography characterization

The geometries of the ablated microneedle cavities were characterized using a Phoenix Nanotom micro-
computed tomography (u-CT) system. The device is equipped with a high-power nanofocus X-ray tube
and a diamond-tungsten target was chosen for the high X-ray absorbing metal samples. A high-power
mode was used to allow focal spot and voxel sizes in the micrometre range. A set of mould inserts,
identical to those used in the injection moulding process, were cut down in cubic samples with an edge

length of approximately 3 mm, using a metallographic precision saw. The samples were mounted on a



sample holder and fixed on a high-accuracy computer controlled rotation stage. For each scan, 2400 X-
ray 2D projection images were obtained from incremental rotation of the scanned samples over 360°.
Acquisition parameters were fixed for all samples as follows: voltage = 100 kV, current = 158 uA, voxel
size =3.75 um, 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 datasets (slices) were exported from the software in 16-bit tiff format
for further analysis and visualization within Fiji Imagel. Before conducting measurements, the Nanotom
instrument was calibrated using a calibration rod (Goekeler Messtechnik, VTX18CE000-022) with an
uncertainty of 1.0 um. For each set of laser parameters, one cubic sample containing nine micro holes
was measured. The average length and diameter of these nine holes along with a 95 % confidence

interval, using the Student's t distribution was reported in the plotted results.

The geometries of the replicated thermoplastic microneedles were assessed using a digital microscope
(Keyence VH-S30) with a maximum magnification of X200. The system is connected to a VHX-500F
monitor with built-in measuring software. The microscope was calibrated using a stage micrometre
(Olympus Tokyo, OBMM 1/100) which has an uncertainty of 0.5 um. Nine samples were injection
moulded and on each sample one microneedle was measured for each set of micro holes. The average
of these nine measurements along with a 95 % confidence interval, using the Student's t distribution

was reported in the plotted results.

2.5 Contact angle measurements of polymer melts

A Dataphysics OCA 15 plus, equipped with a Dataphysics TEC 350 temperature control unit was used to
measure contact angles of molten thermoplastic materials on the different mould surfaces. The
equipment utilizes electric heating elements which make it possible to heat up the measurement
chamber from 40 °C to 350 °C. The temperature within the chamber is measured and controlled through
a thermocouple close to the polymer melt. Square samples of 15 mm x 15 mm were cut out of the
different mould materials and were all grinded and polished to a roughness of Ra< 0.1 um. The
measurement starts by placing a polished mould substrate in the chamber for 8 min in order to heat it
up evenly. A thermoplastic granule cut in half is then placed on the mould substrate. In order to
minimize the initial surface contact, the granule is placed on the substrate with the spherical side facing
down, as described by Bex et al. [23]. The measurement was started when the contact angle of the

thermoplastic reached a value of 135 °C, as at this angle the granulates formed a drop-like shape for



each thermoplastic. Thereafter, the contact angles are registered every 30 s for a total of 20 min. The
measurements were carried out under a nitrogen environment to prevent the oxidative degradation of
the polymer melt and the oxidation of the metal substrates. The testing temperature of the chamber
was set to the processing temperature of the corresponding thermoplastic. For each thermoplastic
material, this procedure is repeated three times. The average of these three measurements, along with

the 95 % confidence interval Student's t distribution are plotted versus time.



3 Results and discussion

3.1 Diameter of the micro cavities

The effects of the number of layers in regards to the obtained cavity diameters at the surface of the
mould inserts were evaluated for the three mould materials as depicted in Figure 4. First of all, we can
observe small error-bars, indicating a good repeatability. In fact, the highest relative standard deviation
for tool steel, copper alloy, and aluminium corresponds to 3.8 %, 3.7 % and 3.4 %, respectively. This
indicates a high repeatability of the laser process, in relation to the ablated base diameter. Secondly, the
cavity diameter at the mould surface created with 150 layers are in all cases lower than the
programmed diameters. This interesting result can be allocated to negative dynamic effects of the
optical beam deflector system. This optical beam deflector system is a key component in laser micro
machining platforms that consists of reflective mirrors mounted on highly precise galvanometer motors
[24]. The system realises the computer controlled movements of the laser beam along a predefined
machining path. Within these machining paths, there will be regions of acceleration and deceleration at
the start and end of each machining vector, which will induce a discrepancy between the programmed
and the actual beam movements [25]. State-of-the-art beam deflection systems try to compensate
these negative dynamic effects by introducing scanner and laser delays which give more time to the
mirror galvanometers to complete their programmed movements and adjust the triggering of the laser-
on and laser-off delays, respectively [26]. These delays should be optimised for different processing
speeds and different machining geometry paths [27]. It can be assumed that this optimisation was not
seamless, which resulted in smaller hole diameters at the surface of the mould, compared to the
programmed circles. Thirdly, it can be observed that the cavity diameter at the mould surface increases
with higher numbers of layers, for all of the investigated mould materials. As the amount of layers
increases, the vertical position the focal spot moves deeper inside the material. Therefore, the Gaussian
shaped laser beam will start to intersect with the edge of the already created micro-hole. If the power
density in this intersecting region of the Gaussian beam is higher than the ablation threshold, additional
material will be removed. Thus, as a result of a higher numbers of layers, the diameter of the micro-hole
at the surface of the mould insert will increase. At last, it can be observed that there is a difference in
the hole dimensions between the investigated materials. This discrepancy will be further discussed in

section 3.2.

10



a) Tool steel b) Cu alloy c) Al alloy

408 T 5 450 450 —
4z .2 T 3
400 - 400 + = " ¥ 400 - . . &
350 T = _ 350 + — 350 +
E -4 E E E
=300 1 P= - 2300 + — e =300 + = o
= = S = 2o
3 + ® g 1 g il
5 250 . £ 250 5 250 .
& 200+ - = § 200 + e E & 200 e e
- Fom" e 5 e - E o
L 150 + @ 150 + @ 150 4
(=] o Ic
T 100 R - mamrs Ememars % * 100 4 S P e ¥ 100 - g SR menmnes =
4 ---=---@100 ---=-- @200 B, meton $100 ---=---@200 50 - ---e--- @100 ---+-- §200
>0 e300 .- 3400 ---+-- {300 v @400 ------ @ 300 +-- @400
0 : : ! } 0 f t f } 0 t f f }
0 150 300 450 600 0 150 300 450 600 0 150 300 450 600
Layers Layers Layers

Figure 4 Micro cavity diameter at the surface of the mould insert in function of varying number of layers
for different programmed diameters for following materials: (a) tool steel, (b) copper alloy, and (c)

aluminium alloy. The error bars represent the 95 % confidence interval.

3.2 Formation of the cone-shaped micro cavities

The effects of the laser parameters in regards to the micro cavities were investigated for the three
different mould materials. Here, the number of layers and the programmed base diameter were both
varied in four different levels and the micro cavities produced with each of these settings were analysed
by the cross sectional views obtained from the p-CT measurements, as shown in Figure 5. Cone-shaped
micro-holes with very low tip radii are observed for all sets of laser parameters and mould materials.
The formation of the cone-shape is expected to be a result of two phenomena: (i) a plasma shielding
effect and (ii) laser reflectance on a micro-hole with a steep sidewall. This first phenomenon occurs
during laser ablation processes with high repetition rates (> 5 kHz) [28]. During such processes, solid
material is ablated into vaporised material. This vapour is partially ejected from the micro cavity, yet the
other part remains near the surface, held by surface energies. When the laser repetition rate is low (< 5
kHz), the time interval between each pulse is large enough for the vapour to escape the micro cavity or
to ensure the formation of a recast layer [29]. At higher repetition rates > 5 kHz, the time interval
between pulses is reduced to < 200 us, which causes an interaction between the vaporised material and
the incoming pulse, forming a plasma. This plasma absorbs and defocuses the laser beam, creating a
protective shield called “plasma shielding effect” [30]. The deeper the ablated micro-hole, the more
difficult the vaporised material can escape the hole, which in turn increases the protective shield [31].

The second phenomenon is laser reflectance on a micro-hole with a steep sidewall. When ablating such
11



micro-holes, the steep sidewalls will reflect most of the laser light rather than absorb it. Therefore the
ablation efficiency near the edge of the cavity is reduced, causing the diameter to become smaller as the
micro-hole is created [32]. In addition, the reflected laser light will partially be redirected to the bottom
of the hole, possibly contributing to a deeper and sharper cavity. Thus, due to both phenomena, cone-

shaped micro-holes are created using the presented laser strategy.

Although cone-shaped micro-holes are observed for all of the investigated mould materials, the cavity
shape and dimensions differ between the materials, yet the same machining strategy and laser
parameters were used. This is due to differences in material properties, such as absorptivity, heat
capacity, thermal conductivity, and electron—phonon coupling constant [33]. The thermal conductivity
has an influence on the re-solidification of the material melt. A low thermal conductivity leads to a high
re-solidification time [34]. Hence, the laser pulses will irradiate on a melt surface which reacts like a
liquid dielectric [35,36]. This fluid state requires much higher pulse energy to be ablated, thus the lower
thermal conductivity results in a decrease in ablation efficiency. This theory was also confirmed by
Cheng et al. [28] who found that the solidification of the melt layer for Al and Cu, both metals with a
high thermal conductivity, was very fast, which improved the ablation efficiency. The electron-phonon
interaction is another material parameter that influences the ablation rate. This interaction occurs when
a laser pulse strikes a metal surface causing electrons in the material to excite through photon
absorption. The excited electrons will equilibrate with the surrounding lattice though electron-phonon
coupling. The time required for electron-phonon equilibration is proportional to the electron-phonon
coupling constant [12]. A high electron-phonon coupling constant results in rapid energy transfer
between the electrons and the solid lattice, which in turn leads to a lower electron diffusion depth [13].
Consequently, a high electron-phonon coupling constant causes a large fraction of the laser energy to be
retained close to the incident surface, leading to a rapid rise in surface temperature which enhances the
ablation efficiency. Researchers determined the electron-phonon coupling constants for 316L stainless
steel [37], pure aluminium [38], and pure copper [39-41] through pump-probe experiments and the
corresponding values are presented in Table 4. Although these materials are not identical to the tool
steel, aluminium alloy, and copper alloy used in this study, we assume the coupling constants to be
within the same order of magnitude as the corresponding material. Thus, using these values, we have an
indication of the thermal conductivity (Table 2) and the electron-phonon coupling constants (Table 4)

for our materials, which we will link to the obtained micro-holes through femtosecond laser ablation.

12



The depth of the micro-holes produced in the aluminium alloy are significantly lower compared to the
micro-holes made in tool steel and copper. This is due to its low electron-phonon coupling constant
relative to the high coupling constant of the tool steel. Besides, the thermal conductivity is lower
compared to the copper alloy. The micro-holes for the tool steel and copper alloy are quite similar,
which can be allocated to the high electron-phonon coupling constant and high thermal conductivity
respectively. These findings confirm that surface ablation via femtosecond laser irradiation is more

favourable on metals with a high electron—phonon coupling constant and a high thermal conductivity.

13
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Table 4 Electron-phonon coupling constants for stainless steel 316L, aluminium and copper.

Electron-phonon coupling
constant (10" W m= K)

Stainless steel 316L 54 [37]
Aluminium 2.45[38]
Copper 1[39]; 0.45[40,41]

3.3 Depth of the micro cavities

The produced micro cavities were analysed by measuring the hole depth in the cross sectional views
obtained from the u-CT measurements. The hole depth for the different programmed hole diameters in
function of the number of layers is shown in Figure 6. First of all, all of the error bars are similar. The
average confidence interval is approximately 27 um, indicating a very high repeatability of the ablation
process. Consequently, the smaller micro cavities have a higher relative error compared to the large
cavities. This could be due to measurement errors, as in the needle tip area, the size approaches the

measured voxel size of 3.75 um.

Secondly, for the holes produced with a programmed diameter of $400 mm and 3300 mm it can be
seen that with an increase in the number of layers, the depth of the micro holes increases. This can
easily be explained by an increase of accumulated fluence, as the number of layers is increased.
However, for the holes produced with a programmed diameter of $200 mm and @100 mm, the increase
in depth decreases as the number of layers is increased. In other words, there is a saturation in the
depth after a certain number of layers. The smaller the programmed hole diameter, the faster the
saturation point is reached. For the holes with a larger diameter, it can be assumed that there will also
be a saturation point. However, this saturation was not yet reached within the investigated number of
layers. The occurrence of saturation is already known for laser percussion drilling (repeatedly pulsing
focused laser energy on one spot) [32,42]. Within our laser strategy the saturation could be explained as
follows: as an ablated hole gets deeper, the diameter of the hole decreases and the walls become
steeper, therefore, the reflection and surface area of the wall increase, causing a drop in the absorbed
energy density [43]. Consequently, less energy will be absorbed by the bottom of the cavity, creating a

saturation depth after a certain number of layers.
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Thirdly, when looking at Figure 6, a relation can be observed between the depth of the cavities and the

programmed base diameters. As the programmed base diameter increases for a constant number of

layers, the micro cavities become deeper. As already explained in section 3.2, the diameters of the micro

holes increase with a higher number of layers. Moreover, we known that the micro holes have conical

shapes in which the diameter keeps decreasing throughout the depth of the hole until the diameter

becomes very small and forms the tip radius of the hole. When starting with a large base diameter, the

amount of layers required to reach this very small tip radius will be larger, compared to a hole with a

small base diameter. Thus, deeper holes can be created when starting with a larger base diameter.

Moreover, when starting with a small base diameter, the fraction of laser energy that will be reflected

near the edge of the hole will be relatively high compared to the total emitted laser energy. Thus, only a

part of the laser energy will be utilised for the ablation process, resulting in holes with a lower depth.

Holes with a large base diameter will be able to utilise a larger fraction of the emitted laser energy for

the ablation process, resulting in a higher accumulated fluence and thus deeper micro cavities.
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Figure 6 Hole depth in function of the programmed hole diameter for varying number of layers for

following materials: (a) tool steel, (b) copper alloy, and (c) aluminium alloy. The error bars represent the

95 % confidence interval.
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3.4 Replication through polymer injection moulding

The mould inserts with laser ablated microneedl|e cavities are used in the injection moulding process to
create polymer microneedles, both in PP and PC. A microscopic image of a PP plate replicated with an
aluminium insert is shown in Figure 7 (a), which illustrates the 16 microneedle arrays with different
dimensions. Figure 7 (b) shows a representation of a polypropylene microneedle fitted into the
corresponding aluminium microneedle cavity created with a diameter of 400 um and 300 layers. The tip

radius of the microneedle corresponds to the hole radius at the depth of the microneedle.
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Figure 7 (a) Microscopic image of a polypropylene plate replicated with an aluminium mould insert.
(b) Representation of a polypropylene microneedle fitted in the corresponding aluminium microneedle
cavity created with a diameter of 400 um and 300 layers.

During the injection moulding, the polymer melt fills the cavity and is then packed and cooled inside the

microneedle mould cavities. This results in a change in specific volume of the polymer melt during a
moulding cycle. At the end of the cooling stage, the specific volume has decreased, which corresponds
to a volumetric shrinkage of the polymer. The volumetric shrinkage can be determined using the
compressibility (or PVT) behaviour of the polymer. This can be modelled by the double domain Tait
equations, which specify the specific volume as a function of melt pressure and temperature [19]. The
PVT plots and corresponding double domain Tait coefficients of the selected polymers are shown in
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Figure 8. A reasonably accurate estimate of the volumetric shrinkage can be calculated if the polymer,
pressure and temperature at the end of the packing stage are known. We assume the pressure at the
end of the packing stage to be equal to the holding pressure and the temperature to be equal to the no-
flow temperature. First, the specific volume (v) is modelled as a function of pressure and temperature

as:

P (2)
v(T,P) =vy-|1—0.0894-1n (1 + —)] + vy

B

where vy is the reference specific volume, P the pressure, 8 the compressibility and v, represents the
additional specific volume associated with the transition of semi-crystalline polymers. The ratio of the
specific volumes 7;, is calculated as a function of the specific volume of the plastic at the end of the

packing stage v(Tyo_friow Ppack) and the specific volume of the plastic during end use of the moulded

part V(Teng_user Pend_use)-

r = V(Tno_flow:Ppack) (3)
v U(Tend_uset P end_use)

Eventually, by assuming the polymer to be isotropic, the linear shrinkage s can be calculated as:

s=1—3\/r_v (4)

Using the no-flow temperatures corresponding to Table 1, a room temperature of 20 °C, and holding
pressures listed in Table 3, a linear shrinkage of 0.43 % and 2.22 % are found for PC and PP, respectively.
These values correspond to typical values found in literature for amorphous and semi-crystalline
polymers. Thus, both microneedles will undergo a shrinkage, which is approximately 5 times higher for

PP compared to PC.
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Figure 8 PVT plots of PC and PP, based on the Autodesk Moldflow® 2019 material database.

The replication of the needles is assessed by comparing the height of each needle to the depth of the
corresponding micro cavity. Thus, the replication of the needles is represented as a filling percentage in
height, which also includes shrinkage. The replication of the PC and PP microneedles in height, relative
to the aspect ratio of the holes in each of the mould materials is presented in Figure 9. The standard
deviation for the replication in height is on average 15 um for all of the replications. This shows that the
injection moulding process has a very high repeatability, in terms of replication. Within each graph, a
linear function (Ysteer, Ycu, Vai) together with its correlation coefficient (R) is expressed between the
replication in height and the aspect ratio of the holes for each of the mould materials. For both
thermoplastics, a clear linear relationship between the replication in height and the aspect ratio of the
holes can be observed. The higher the aspect ratio of the hole, the lower the replication of the
microneedle. This relationship is caused by two phenomena. First, during the initial filling stage the
polymer will follow the path of least resistance. Therefore, most of the material will flow in the main
flow direction through the macro-scale cavity, leaving the micro features only partially filled, also known
as the hesitation effect [44]. These micro features will then only be filled after the rest of the cavity is
filled and the pressure rises. Second, with an increase in aspect ratio, the surface area to volume ratio
increases, which results in higher heat transfer between the molten polymer and the mould surface
[45]. This results in a faster solidification of the polymer. Thus due to the hesitation effect the micro
cavity is only partially filled during the initial filling stage. In addition, when the macro cavity is filled and
the pressure is built up, the polymer is already solidified due to the higher heat transfer. Therefore,
microneedle cavities with a high aspect ratio result in a lower replication.
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Figure 9 Replication of the PP and PC microneedles in height, relative to the aspect ratio of the holes in
(a) tool steel, (b) copper alloy and (c) aluminium alloy. The vertical error bars represent the combined
95 % confidence interval of the hole depth and the replicated microneedle; the horizontal error bars

represent the combined 95 % confidence interval of the hole depth and the hole diameter.
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3.5 Difference in replication between the mould materials

In Figure 9 we can distinguish differences in replication between the three mould materials. The

replication in height is, as already discussed, related to the aspect ratio of the corresponding micro hole.

The replication of the PP microneedles at a low aspect ratio is similar for the three mould materials.
Nonetheless, there is a significant difference in the slope of the linear functions. The slope is the lowest
for tool steel, closely followed by the copper alloy, and the highest for the aluminium alloy. For the PC
microneedles, it can be observed that the slopes are much steeper compared to PP, meaning the
replication decreases faster for an increase in aspect ratio. In addition, the PC microneedles moulded in
the aluminium alloy insert have a lower replication at low aspect ratios, compared to tool steel and
copper alloy. Similar to PP, the slopes of the linear functions are lower for the tool steel and the copper
alloy, and higher for the aluminium alloy. This indicates that the replication of the microneedles with

tool steel and copper alloy are comparable, while being much higher compared to the aluminium alloy.

The discrepancy in filling between the three materials is expected to be a result of differences in thermal
and wetting properties. Lucchetta et al. [46] investigated the influence of the thermal diffusivity of the
mould material on the replication fidelity within injection moulding. It was found that a mould material
with low thermal diffusivity could improve the replication of features with high aspect ratios. This effect
is related to the ability of the mould material being able to delay the formation of the skin layer during
the filling. As a consequence, during the holding phase, the polymer can still be deformed to enhance
the filling inside the micro cavity. However, as mentioned in section 2.3, a mould material with a lower
thermal conductivity exhibits a lower ablation efficiency. In our case, the thermal diffusivity of the tool
steel is a factor 10 times higher compared to the copper and aluminium alloy, as displayed in Table 2.
Based on this fact alone, the tool steel would be expected to result in a better replication fidelity
compared to the other two mould materials. However, the difference in thermal properties is not the
only factor affecting the replication quality as wetting properties between the molten polymer and the
mould surface will also play an important role [47] [48]. A better wettability between the molten
thermoplastic and mould material is already known to improve the filling behaviour of micro features
and this property can be characterised by contact angle measurements [49]. The results for the contact
angle measurements for both polymer melts on the three different mould materials are given in Figure

10. Itis clear that the wetting of PP and PC is best in combination with copper alloy, followed by
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aluminium alloy and is worst for tool steel. For PP, the difference in wetting Is limited around 10° and
equilibrium has not yet been reached. Also, for PC, regardless of the mould material, wetting is worse
compared to PP. In terms of wetting, this indicates that the replication fidelity of the micro features
should be the highest for copper alloy and the lowest for tool steel. However, as already indicated, the
difference in replication between the mould materials is expected to depend on both thermal and
wetting properties, in which a high thermal diffusivity and a high wetting is desirable. Tool steel has a
very low thermal diffusivity, which compensates the lower wettability, while the copper alloy exhibits
the highest wettability combined with a higher thermal diffusivity. The aluminium alloy however, also
has a high thermal diffusivity, similar to copper combined with a weaker wettability compared to
copper. This explains why the replication fidelity of tool steel and copper alloy are similar and why that

of aluminium alloy is the lowest.

a) b)
140,0
\ —8— Tool steel 120.0 —8—Tool steel
—®— Aluminium alloy —&— Aluminium alloy
120,0 +° Copper alloy 120,0 + Copper alloy
< 100,0 + 2 100,0 +
[e11] oo
c c
4] ©
5 k9]
2 800 + 2 go0 4+ T
5 L i .
Q (.o) J'_:"'Ti'r_'_-r.,._'__ _____
B N
60,0 T 60,0 T+
40,0 t } } i 40,0 } } t i
0 5 10 15 20 0 5 10 15 20
Time [min] Time [min]

Figure 10 Contact angle of (a) PP and (b) PC, during the spreading on the different mould materials. The

error bars represent the 95 % confidence interval.
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3.6 Difference in replication between the thermoplastics

The difference in replication between the two thermoplastics is possibly caused by four factors.

First of all, as already discussed, there is a difference in linear shrinkage for both polymers,
corresponding to 0.43 % and 2.22 % for PC and PP, respectively. Thus, the PC microneedles will only
exhibit a very low linear shrinkage in the orders of a few micrometres, while the PP will have a linear

shrinkage in the orders of a few tens of micrometres.

Secondly, the large surface area to volume ratio of the microneedle cavities, makes interfacial
phenomena such as wettability critical. In fact, during the very early contact between the polymer melt
and the mould, before the skin formation, the wetting at the interface between the polymer melt and
the mould plays an important role in the filling of the micro features. Rytka et al. [47] and Vera et al. [48]
observed that a higher work of adhesion (or spreading coefficient) between the polymer melt and the
mould results in a better filling of the micro features. Vera et al. [48] determined a work of adhesion on
a steel substrate of 42.8 mJ/m? for PP and 30.0 mJ/m? for PC, which corresponded to a better micro
replication of PP compared to PC. Although the PP and PC grades and the steel used in the work of Rytka

et al. [47] are not identical to our grades, we expect the interfacial wetting behaviour to be comparable.

The third factor inducing a discrepancy in replication is the different creep deformation behaviour of the
two materials. Creep deformation has been reported in literature as an important variable with respect
to the replication of small features [50,51]. During the packing phase, the polymer skin layer has to
undergo a deformation in order to further enhance the replication of the features beyond the level
reached during the initial filling. This deformation is only possible if the temperature of the skin layer is
still higher than the no-flow temperature, which is the temperature when a polymer ceases to flow. The
time, t, required for the average temperature of the polymer to reach the no-flow temperature, Ty, ,can

be estimated using Eq. (5), as presented in [52].

a? 8 (T;—Tp, (5)
t= cn|—=- | —2
- a % \Tpr —Tpn

with a the thickness of the polymer part, a the thermal diffusivity ,T; the injection temperature, and T,,

the mould temperature. Using this equation and the data from Table 1, on average the times required

for PP and PC to reach the no-flow temperature are 8.9 s and 4.8 s, respectively. These values will be
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much higher than the time required for the skin layer to reach the no-flow temperature. However, we
can clearly observe a large difference between both polymers, as the time required for the PP sample to
reach the no-flow temperature is nearly two times higher than for the PC sample. This will result in a
much faster solidification of the PC skin layer compared to PP. In fact, it is possible that at the start of
the packing phase, the skin layer of the PC sample is already frozen and is unable to be deformed

whereas the PP skin layer is still able to deform.

The fourth parameter inducing the difference in filling between both thermoplastics is the melt
viscosity. This viscosity decreases with an increasing shear rate, also known as shear thinning. This effect
is caused by the disentanglement of the polymer chains, which align along the direction of shear. Higher
shear rates decrease the melt viscosity, which improves the filling of small micro cavities. When filling
the microneedle cavities, two different orders of shear rates can be distinguished: (i) very high shear
rate during the injection phase, which partially fills the microneedle cavities, and (ii) a very low shear
rate during the packing phase, which further enhances the filling. The melt viscosity during the injection
phase can be determined from Cross-WLF (Cross—Williams—Landel-Ferry) rheology curves extracted
from Autodesk Moldflow® and from the actual online apparent viscosity measurements. A comparison

between Cross-WLF model viscosities and online apparent viscosity measurements is shown in Figure

11.
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Figure 11 Comparison between Cross-WLF model viscosities and online apparent viscosity

measurements for PP and PC.

The online apparent viscosity measurements reveal higher viscosities at low shear rates and lower

viscosities at high shear rates compared to the Cross-WLF model, which was also found by [53]. From
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both the apparent viscosity as the Cross-WLF model viscosity, it can be seen that at very high shear
rates, the viscosity of PC is higher than PP. This indicates that the micro features are more easily filled in

PP during the initial filling stage at a volumetric injection rate of 149 cm?3/s.
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3.7 Surface topography of the replicated microneedles

When analysing the surface topography of the replicated microneedles, micro-grooves were observed
along the entire length of the polymer needles for all of the investigated mould materials, as shown in
Figure 12 (a). These grooves, being a few micrometres in width and height, are created inside the micro-
holes during the laser processing and are replicated during the injection moulding process. The cause of
these grooves can be allocated to the applied cross-hatching laser strategy. Because the programmed
circular shape is approximated by a grid of parallel lines, the outer contour is not a homogeneous circle.
In fact, the contour consists out of micro-ridges along the depth of the needle cavity. Although it is
currently unknown whether the micro-grooves have a negative effect on the microneedle functionality,
an adapted laser strategy is presented to avoid the formation of the grooves. In this strategy, the linear
cross-hatching strategy is changed to a circular-hatching strategy as presented in Figure 12 (b). Here, the
laser spot scans a circular region in concentric circles. The process conditions were identical to the cross-
hatching strategy, being a steel mould insert, a hatch pitch = 15 um, a layer pitch = 2 um a programmed
base diameter of 400 um and the number of layers = 600. It can be observed that the needle has a
similar shape and dimension compared to the needle formed with the cross-hatching strategy. However,
no micro-grooves along the length of the needle were observed in the circular-hatching strategy. This is
due to the fact that the outer contour is now formed by a homogeneous circle, in contrary to the cross-

hatching strategy.

Hatch pitch [
f I
x B

Hatch pitch

N "
Diameter el Layer pitch Diameter Layer pitch

Figure 12 Representation of a replicated PC microneedle (a) with micro grooves along the length of the
needle, created with a linear cross-hatching laser strategy; (b) without micro-grooves, created with a
circular-hatching strategy.
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4 CONCLUSION

The present paper investigated the influence of two laser scanning parameters, being the programmed
base diameter and the number of layers, on the geometry of microneedle cavities in tool steel, copper
alloy and aluminium alloy. It was found that the depth of the micro-holes increased with a higher
number of layers, due to an increase of accumulated fluence. However, there is a saturation in the
increase in depth after a certain number of layers, which is reached faster for cavities with a small hole
diameter. Furthermore, the replication fidelity of the laser induced cavities in these materials were
evaluated for PP and PC using polymer injection moulding. A significant difference was found between
the filling of PC and PP, as the replication fidelity for the PP microneedles was in all cases higher
compared to the PC needles. Moreover, a linear relationship between the replication in height and the
aspect ratio of the holes was found for both thermoplastics. The higher the aspect ratio of the hole, the
lower the replication of the microneedle. Furthermore, a difference was identified in filling between the
three different mould materials, and this could be explained by differences in thermal and wetting

properties.

Thanks to this work, we better understand the effect of the investigated laser scanning parameters on
the geometry of the microneedle cavities in tool steel, copper alloy, and aluminium alloy. Furthermore,
a deeper insight on the effect of the aspect ratio of microneedle cavities on the replication fidelity is
provided, as well as properties of polymer and mould material which affect the replication fidelity

during injection moulding.
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