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Abstract

Injection moulding of micropillar arrays offers a fast and inexpensive method for manufacturing sensors, optics, lab-on-a-
chip devices, and medical devices. Material choice is important for both the function of the device and manufacturing
optimisation. Here, a comparative study of poly(methyl methacrylate) (PMMA) and cyclic olefin copolymer (COC)
injection moulding of micropillar arrays is presented. These two polymers are chosen for their convenient physical,
chemical, and optical properties, which are favoured for microfluidic devices. COC is shown to replicate the mould’s nano/
microstructures more precisely than PMMA. COC successfully forms a micropillar array (250 mm diameter; 496 mm
high) and closely replicates surfaces with nano-scale roughness (30-120 nm). In the same moulds, PMMA forms lens
arrays (not true pillars) and smoother surfaces due to the incomplete filling for all parameters studied. Thus, COC offers
finer structural detail for devices that require micro and nano-structured features, and may be more suited to injection

moulding microfluidic devices.

1 Introduction

Micropillar arrays as a value-adding component in
microfluidic chips have enabled a wide range of advanced
applications, including sensing (Chen et al. 2020), diag-
nosis (Li et al. 2010), separation (Dalili et al. 2019), 3D cell
culture (Liu et al. 2017; Kim et al. 2008) and genome
amplification (Tian et al. 2018; Panaro et al. 2005). With
larger surface area, micropillar arrays as 3D working
electrodes have been shown to enhance sensing perfor-
mance in microchip-based electrochemical detection sys-
tems (Chen et al. 2020; Prehn et al. 2011; Liu et al. 2020).
Owing to the capillary effect, a well-defined liquid film can
be formed between pillars with carefully engineered
spacing and aspect ratio in an array (Semprebon et al.
2014), enabling further applications. It has been reported
that micropillar arrays, maintaining electrolytes within the
pillar zone, can potentially replace microchannels or gels
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for electrokinetic separation of proteins to achieve on-chip
immunodiagnosis (Li et al. 2010). In previous studies,
micropillar arrays with the same wicking effect were used
as an ultrashort-pathlength (10-20 pm) cuvette for UV-Vis
spectroscopic measurement of high-absorptivity chemicals
(Holzner et al. 2015), and as a platform to control the
growth of orthorhombic crystals (Holzner et al. 2017). Our
recent work has further demonstrated the micropillar arrays
as a useful analytical tool to generate spontaneous sample
flow and achieve analyte concentration for high-sensitivity
measurements (Orlowska et al. 2020). Moreover,
micropillar arrays are essential for sorting and separating
cells and microparticles in microfluidic systems via the
principle of deterministic lateral displacement (Inglis 2009;
Chandna and Gundabala 2021). There have also been
numerous studies demonstrating that micropillars in a
microfluidic chip can help sustain a stable microenviron-
ment for 3D cell culture (Liu et al. 2017; Tomecka et al.
2018). In most cases, the accurate fabrication of the
structures is essential for their function. While the fabri-
cation of the aforementioned micropillar arrays was mostly
carried out by soft lithography or photolithographic tech-
nique with reactive ion etching, the future mass-market
need for these microfeature-embedded microfluidic chips
has been pressing on manufacturing methods with high
production rates. Of these, injection moulding using low-
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cost polymer materials is promising for its ability to mass-
produce microdevices (Attia et al. 2009; Maghsoudi et al.

2017).
There have been studies of injection moulding
micropillars using thermoplastic polymers such as

polypropylene (Weng et al. 2018, 2021; Lu and Zhang
2009), polylactic acid (Yu et al. 2019), polyether-ether-
ketone (PEEK) (Zhang et al. 2016), polyethylene (Zhang
et al. 2017), polycarbonate (Zhou et al. 2018a) and other
block copolymers (Song et al. 2017; Birkar et al. 2016; Sha
et al. 2007). The effects of the process parameters on the
moulding process were often the focus of these studies. For
example, Li and coworkers have designed and fabricated a
disposable blood smart diagnostic chip with an array of
micropillars in the flowing channel by injection moulding.
They used a styrene acrylic copolymer and investigated the
effect of process parameters on the replication quality
(Song et al. 2017). A similar structure to micropillars,
microneedles were heavily studied for their mass produc-
tion via injection moulding with polymers such as poly-
carbonate, PEEK, polystyrene, liquid crystal polymer and
so on for the applications in transdermal drug delivery
(Juster et al. 2019). These studies particularly highlight the
challenge of polymer-filling of microscale features. Suc-
cessful replication of micro/nano-scale features will con-
tinue to be a critical manufacturing requirement as
increasingly complex chip designs emerge, and addressing
chip material choice will remain an important area of
research (Lucchetta et al. 2014; Zhang et al. 2018).
Poly(methyl methacrylate) (PMMA) is a polymer with
good mechanical strength and optical properties and is
suitable for manufacturing microfluidic devices by injec-
tion moulding (Ma et al. 2020). The effect of moulding
conditions on the replication of microfeatures on PMMA,
including mould temperature, injection velocity (speed),
injection pressure/time and packing pressure, have been
investigated (Liou and Chen 2006; Chien 2006; Kirchberg
et al. 2012). Guided by numerical simulation, there also
have been attempts to fabricate nanopillars with PMMA by
injection moulding (Jiang et al. 2016; Zhou et al. 2018b).
Despite being inadequate in producing nanopillars, these
studies have demonstrated the potential of PMMA in
moulding micropillars. Cyclic olefin copolymer (COC) is
an emerging polymer for injection moulding microstruc-
tured polymer parts (Nunes et al. 2010). As a material with
low moisture absorption, high optical transparency, resis-
tance to chemical solvents, and biocompatibility, COC has
been used to prepare microfluidic devices for DNA
stretching (Utko et al. 2011), DNA detection (Geissler et al.
2020), biomolecular separation (Kourmpetis et al. 2019)
and sensing (Prada et al. 2019). A study back in 2011
reported the micro-injection moulding of a lab-on-a-chip
device with micropillar features in COC, and yet those
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pillars were shallow with an aspect ratio of 1 or much
lower (Oh et al. 2011). COC micropillars with an aspect
ratio higher than 1 have been prepared using hot embossing
(Geissler et al. 2020; Kourmpetis et al. 2019), and there
have been studies on the viscosity of COC at high tem-
peratures to help understand the filling of COC during
injection moulding (Lu et al. 2020). However, no com-
parative studies of micropillar array fabrication in PMMA
and COC using injection moulding have been reported.

In this paper, we present a systematic study of injection
moulding of micropillar arrays using PMMA and COC.
The results obtained under different moulding conditions
are compared and analysed in conjugation with the physi-
cal properties of polymers. COC proves to be more suit-
able for creating micropillar arrays, compared with
PMMA. Furthermore, we show that the nanoroughness of
the mould surface is also replicated more completely in
COC. With complex microstructures and interfaces criti-
cally important in the operation of many microfluidic
devices, including those that contain micropillar arrays, the
present findings will prove helpful in guiding further
development in the mass manufacture of microscale devi-
ces via injection moulding.

2 Materials and methods
2.1 Materials

The thermoplastic materials used in this study are PMMA
(Altuglas V040) and COC (TOPAS 5013L-10). The
PMMA and COC pellets were dried in an oven of 80 °C
and 100 °C, respectively, for at least 6 h prior to injection
moulding.

2.2 Fabrication of the mould insert

An insert of 6 x 6 microhole arrays (Fig. 1a) was prepared
on aluminium 7075-T6 with a Kira SuperMill 2 M com-
puter numerical controlled (CNC) micromilling machine.
The tapered holes of 0.25 mm diameter were machined
with a 0.2 mm HPMT 2 flute end mill (code A02 0020
050 0300 015) at 45,000 rpm in a pecking cycle of
0.05 mm increments to the depth of 0.6 mm and then fin-
ished with a HSS (high speed surfacing) CAM operation
using the same 0.2 mm tool. The cutting parameters were
45,000 rpm spindle speed, 100 mm/min feed rate with a
0.001 mm stepover. The external faces of the insert were
machined with a @5 mm Kyocera 3 fluted carbide end mill
(code 44892), following by standard metallurgical grinding
and polishing steps to achieve a better surface finish
(40 nm surface roughness) compared to the milled one
with a surface roughness of around 120 nm. The extra
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Fig. 1 (a) The mould insert of the microhole array (the inverse form
of the micropillar array). The CAD design of the microhole array: top
(b) and side (c) schematic views. (d) The 3D profile of one of the

grinding and polishing steps also render a final depth of
0.496 £ 0.006 mm for the holes (Fig. le).

The milling parameters of the insert for roughness study
and its surface characterisation were described elsewhere
(Guan et al. 2019). Briefly, 14 square bosses (5 mm x 5
mm X 0.1 mm) were milled on the same aluminium
7075-T6 material with Kyocera 4-flute ball nose end mills
(code 1835-0315.047 and 1835-0157.024) and Perfor-
mance Micro Tool 2-flute flat end mills (part number TS-2-
0060-S and TS-2-0100-S). The spindle speed was fixed at
49,000 rpm. Other machined parameters including feed
rate and depth of cut varied among the bosses to achieve a
range of surface roughness from 45 nm up to 174 nm.

2.3 Injection moulding

The injection moulding experiments were performed on a
Juken IMW-027S-20t hybrid driven vertical-type moulding
machine. The injection moulding conditions for PMMA
and COC micropillar parts are listed in Tables 1 and 2,
respectively. The injection pressure, holding pressure,
injection speed and mould temperature were varied for the
mould replication and roughness studies. The moulded
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microholes from the insert, measured by an Olympus OLS 5000
confocal microscope. (e) The height profile showing the actual
dimension of the microhole

parts were only collected when the moulding parameters
were stable after each change of the moulding condition.

2.4 Characterisation

The height of the PMMA and COC micropillars and the
surface roughness of COC parts reported as the arithmetic
mean height over an area were measured using an Olympus
OLS5000 confocal microscope system with a 20 x ob-
jective (field of view = 041 mm?. The height of
micropillars was averaged from at least three different
moulded parts selected at random. The surface roughness
was averaged from a total of 6 randomly chosen areas of
644 pm x 644 um on two separate COC parts. A close
examination of the micropillar structure was conducted on
the Zeiss Merlin field-emission gun scanning electron
microscope with an accelerating voltage of 2-3 kV or the
Aspex PSEM eXpress benchtop scanning electron micro-
scope with an accelerating voltage of 20 kV. A 10-nm gold
coating (HHV TF500 sputter coater) was applied on the
polymer parts to ensure conductivity for imaging.
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Table 1 The moulding
conditions for PMMA

micropillars

Table 2 The moulding
conditions for COC

Manufacturing parameters 1 2 3 4
Nozzle temperature (°C) 238 238 238 238
Cylinder pre-heat temperature (°C) 235 235 235 235
Cylinder melting temperature (°C) 230 230 230 230
Mould temperature (°C) 95 95 95 105
Injection pressure (MPa) 8-13 12 10 10
Holding pressure (MPa) 8 4-12 10 10
Switching pressure (MPa) 8 (9) 8 8 8
Injection speed (mm/s) 15.6 15.6 40, 50, 60 60-137.5
Injection time (s) 8 8 8 8
Pressure switching time (s) 0.3 0.3 0.3 0.3
Cooling time (s) 9 9 9 9
Eject advance/return time (s) 1/1 1/1 1/1 1/1
Back pressure (MPa) 1 1 1 1
Manufacturing parameters 1 2 3 4 5
Nozzle temperature (°C) 300 300 300 300 300
Cylinder pre-heat temperature (°C) 295 295 295 295 295
Cylinder melting temperature (°C) 280 280 280 280 280
Mould temperature (°C) 105 105 105 115 105/115
Injection pressure (MPa) 8 9/10 8 8 6
Holding pressure (MPa) 5,6,6.5 7 6 6 4.5/5
Switching pressure (MPa) 6 8 6 6 6
Injection speed (mm/s) 27.3 27.3 27.3-120 81.9-120 80, 120
Injection time (s) 8 8 8 8 8
Pressure switching time (s) 0.3 0.3 0.3 0.3 0.3
Cooling time (s) 13 13 13 13 13
Eject advance/return time (s) 1/1 171 1/1 171 1/1

Back pressure (MPa)

1 1 1 1 1

3 Results and discussion
3.1 PMMA microlenses

Based on the literature (Zhou et al. 2017, 2018b) and
preliminary tests, injection pressure and holding pressure
(or packing pressure) were identified as two critical
parameters in PMMA pillar formation. Two sets of
parameters (Columns 1 and 2, Table 1) varying injection
pressure and holding pressure, respectively, were tested.
Scanning electron microscopy (SEM) images in Fig. 2
revealed PMMA micro-lenses, rather than micropillars,
were formed for all parameters studied. Figure 2a shows
the average central lens height at different injection pres-
sure and holding pressure measured by the Olympus con-
focal laser microscope. The lens height is more sensitive to
the injection pressure than holding pressure, as one might
expect; however, increasing injection pressure also leads to
incomplete filling at the root of the micro-lenses (Fig. 2d
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and e). The tallest lens was achieved with 12 MPa injection
pressure and 9 MPa holding pressure. Nonetheless, the
PMMA only fills around 30% of the hole in the mould
insert (i.e. the PMMA fills 145 um into the 496 um deep
hole), which is unsuitable for typical applications of
micropillars.

The mould temperature has also been shown to be an
effective measure to achieve better micro/nano-feature
filling (Jiang et al. 2016). To be comparable to the study of
COC moulding, along with the mould temperature, the
effect of injection speed on the PMMA filling was also
investigated according to the conditions in columns 3 and 4
of Table 1. The filling of the holes was improved with the
increase of injection speed, evidenced by the increase of
pillar height and the smooth sidewall in Fig. 3. A higher
mould temperature of 105 °C saw the further enhancement
of the filling behaviour, as it slowed down the solidification
of the polymer melt. The best outcome was 50% filling
achieved at 100 mm/s injection speed and mould
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Fig. 2 a The PMMA lens heights under different injection pressure
and holding pressure that are specified in the columns 1 and 2 of
Table 1. SEM images of moulded PMMA microstructure: micro-
lenses with the maximum height of 80 pm (b) moulded under 7 MPa
injection pressure and 5.8 MPa holding pressure and its close-up (c);
microlenses (d, max height 145 pm) formed under 12 MPa injection
pressure and 9 MPa holding pressure and its close-up (e). The tilt
angle is 45°

temperature of 105 °C. It confirms again the limitation of
using PMMA for micropillar applications, due to its rhe-
ological properties, which will be discussed later in the
text.

3.2 COC micropillars

As COC has a lower melt viscosity than PMMA, it is
expected to have a better filling property than PMMA.
Figure 4 shows the moulding results of COC pillars when
varying the injection pressure and holding pressure
according to parameters in columns 1 and 2 in Table 2. It is
found that the injection pressure and holding pressure have
only negligible effects on the pillar height. Furthermore,
the COC pillar height is significantly larger than observed
for similar injection moulding conditions using PMMA.
Yu et al. have noted the effect of injection velocity on the
filling behaviours of moulded polylactic acid micropillar
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Fig. 3 a The pillar height verses injection speed at different mould
temperatures while both injection pressure and holding pressure are
10 MPa. The black diamond indicates the maximum height achieved
with the injection speed of 17 mm/s in this study. Note that at 95 °C
of mould temperature, the injection speed cannot surpass 60 mm/s
due to material overpacking. b—e SEM images of the PMMA
micropillars obtained at the injection speed of 17 mm/s, 50 mm/s,
60 mm/s and 100 mm/s, respectively
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Fig. 4 The effect of injection pressure and holding pressure on the
height of COC pillars
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array (Yuetal. 2019). Eladl et al. have also reported the most
effective parameters in moulding high aspect ratio polymeric
micro features being injection speed and holding pressure
(Eladl et al. 2018). Hence, diverse injection speeds as shown
in column 3 of Table 2 were examined for COC moulding.
Figure 5a shows that higher injection speed leads to higher
pillars over the range studied. When the injection speed
reaches 120 mm/s, full replication of the insert could be
achieved. The relationship between injection speed and
pillar height suggests that the COC polymer is solidifying too
soon at small injection speeds to completely fill the mould.
To further improve the filling quality, the mould temperature
was increased from 105 to 115 °C (Table 2 Column 4), as the
elevation of mould temperature was reported to aid the flow
of the melt into microcavities by lowering the viscosity of the
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Fig. 5 a The effect of injection speed on the height of COC pillars at
two different mould temperatures, 105 °C and 115 °C, while the
injection pressure and holding pressure remain at 8 MPa and 6 MPa,
respectively. b—-d SEM images of COC pillars formed with 105 °C of
mould temperature at 27.3 mm/s, 100 mm/s, and 120 mm/s injection
speeds, respectively. e The COC pillar moulded with mould
temperature at 115 °C and injection speed at 120 mm/s

Average central pillar height / pm
>
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polymer melt (Lin et al. 2013). This higher temperature
moulding condition can slightly improve the filling evi-
denced by the marginally increased pillar height shown in
Fig. 5a and can also achieve complete filling of the micro-
holes at high injection speed.

SEM examination of the COC parts (Fig. 5b—d) con-
firms the pillar formation at increasing injection speed.
Upon complete filling, the pillar tops are flattened rather
than dome-shaped and show the circular feature corre-
sponding to the milling mark from the bottom of the
microholes (Fig. 5d and e). The SEM images confirm that
the pillars are successfully replicated at high injection
speed and there is very little surface roughness or debris
present. The overall shape is consistent with typical
micropillars applied in microfluidic chips.

As indicated in Fig. 4, the injection pressure and holding
pressure have little impact on the pillar height. To further
confirm the important role of injection speed in COC pillar
moulding, a set of COC parts was shot with the injection
pressure of 6 MPa and the holding pressure of 4.5 and
5 MPa (Table 2 Column 5). The laser confocal measure-
ment indicated that with 120 mm/s injection speed, even
lower pressure can achieve full pillar replication. The SEM
images of these pillars are shown in Fig. 6. Among the
COC parts that have achieved full pillar replication, we
also investigate the variation in pillar height in the 6 by 6
array. The height of a total of nine pillars distributed evenly
at the first, middle and last rows of the array for each COC
part was measured. The standard deviation of the pillar
height is less than 5 pm, showing a consistent filling across
the microhole array.

In summary, COC is able to completely fill the micro-
cavities in the insert, while PMMA only achieves partial
filling. Generally, the filling of cavities on a mould insert
during injection moulding can be affected by several fac-
tors. They are the solidification of hot polymer melt when
meeting the relatively cold micro-features of the insert, the
pressure drop from the gate to the end of the insert, and the
polymer friction on the metallic surface when the size of

100 pm

Fig. 6 SEM images of COC pillars formed at the same high injection
speed (120 mm/s) and mould temperature (115 °C), but lower
injection pressure (6 MPa) and holding pressure (5 MPa)
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the feature reduces (Lucchetta et al. 2014; MéIé and Giboz
2018). Some of the effects may be mitigated by changing
the moulding conditions or applying anti-stiction coating
on the insert to facilitate the polymer flow. However,
intrinsically they are associated with polymer properties
(Kalima et al. 2007; Theilade and Hansen 2007), that is,
how the polymer melt flows and fills under high tempera-
ture and pressure. Table 3 lists some of the rheological data
of the two polymers studied here. COC has a higher melt
flow index and much lower viscosity than PMMA at the set
melt temperatures. Thus, a better pillar formation in COC
is expected compared to PMMA. It also agrees with our
observation that even high injection/holding pressure did
not improve the moulding result of PMMA significantly.
When the injection speed is high, it alleviates the solidifi-
cation effect and in turn advances the polymer flow leading
to higher pillar formation, which agrees with the results in
Fig. 5 for COC. Moreover, COC with the olefin backbone
has a contact angle of about 85° and relatively low surface
energy to bond with surrounding materials (Choi et al.
2016). In contrast, PMMA is hydrophilic with a contact
angle of ~ 70° and high surface energy, due to the pres-
ence of carboxylate and methyl ester groups. Therefore, the
adhesion force between the polymer and the metallic insert
is less for COC than for PMMA, which also promotes the
filling of COC to the microholes and avoids the fracture of
the moulded pillar (typically in Fig. 2e) during the
demolding process.

3.3 Surface roughness of COC parts

The replication of surface roughness is now considered.
Referring to our previous report, the replication of insert
roughness was limited by the intrinsic roughness of PMMA
material (Guan et al. 2019). As the rheological properties
of the polymer are crucial for the replication of the mould
surface (Quadrini et al. 2020), COC with low viscosity
could possibly provide a better surface replication than
PMMA. Figure 7 shows the roughness results of COC parts
moulded under different injection speeds. The ratio
between insert roughness and COC part roughness is
approx. 1.5:1 for insert roughness less than 100 nm. This is
close to, but not quite, perfect replication (1:1). In our

Table 3 The properties of PMMA and COC used in this study
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Fig. 7 The surface roughness comparison between the mould insert
and the COC part moulded at varied injection speeds

previous study using PMMA, this ratio was closer to 2:1,
which is consistent with the pillar moulding results (COC
fills micro/nanostructures more effectively). When the
effect of injection speed on surface roughness of COC is
considered, no significant differences were observed. This
is attributed to the small (nanoscale) distances that the
polymer melt travels to fill the roughness features, com-
pared with the microholes in which cooling effects are
significant.

4 Conclusions

In this paper, we report the injection moulding of
micropillars using two thermoplastic polymers of distinct
physical and chemical properties, namely PMMA and
COC. COC’s lower viscosity leads to more complete fill-
ing, compared to PMMA. For low injection speeds
(< 100 mm/s) and mould temperature (95 °C for PMMA
and 105 °C for COC), we observe lenses or lens-capped
pillars, which may be useful in some applications but was
not the objective of this work. Increasing injection speed
(120 mm/s) and mould temperature (105 °C for PMMA

PMMA (Altuglas V040)

COC (TOPAS 5013L-10)

Glass transition temperature (Tg/°C) 95
Melt flow index 3.5 g/10 min (230 °C-3.8 kg)

Viscosity, # (Pa s, at the shear rate of 100 s7h > 300 at 230 °C (Xu et al. 2011)

130
47 g/10 min (260 °C-2.16 kg) (Sahli et al. 2004)
~ 100 at 280 °C (Lu et al. 2020)
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and 115 °C for COC) slightly improved the filling for
PMMA and achieved complete filling (flat-topped pillars)
for COC. The latter resembles pillars that are used in a
variety of microfluidic devices. Moreover, full replication
of the microholes with COC can be achieved at much lower
injection pressure and holding pressure (6 MPa and
4.5 MPa). Finally, replication of nanoscale surface rough-
ness was improved for COC compared with PMMA, sug-
gesting that COC may offer advantages for injection
moulding complex nano/microfluidic devices and
interfaces.
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