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Flexible Inserts for Injection Molding of Complex
Micro-Structured Polymer Components
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excellent platform for ﬂuid control and
manipulation. The commonly heralded
mantra associated with microﬂuidics is that
it has the potential to be a “Lab-on-a-chip”,
since micron-scale designs enable a vast array of analysis to be achieved within one
device.[1] The fabrication of microﬂuidic devices using polymers is particularly appealing to many researchers as the materials
are cheap, versatile manufacturing methods are available, and polymers can easily be
optically transparent for analysis. One of the
main techniques utilized for the prototyping of microﬂuidic devices is polydimethylsiloxane (PDMS) casting from an anisotropically etched silicon master; this approach
has been well-documented.[2,3] A variant of
this approach involves the use of the negative photoresist SU-8 serving as the structures to be molded. The usage of SU-8 reduces the complexity of the fabrication process, removing the need for dry etching
processes as well as enabling high aspect
ratio (AR) replication.[4] The PDMS casting process is inexpensive and very simple, although the process suﬀers from a low
throughput due to the manual processing
aspect.
Hot embossing is another promising fabrication route used
to develop microﬂuidic devices using thermoplastic polymers.
An advantage of hot embossing is the smaller distance for polymer ﬂow relative to injection molding leading to reduced thermal stresses in parts.[5] The main drawback of this approach is
the limitation to successfully replicate complex 3D structures. 3D
printing is another viable approach which enables simple, economical production of microﬂuidic devices. This approach oﬀers
substantial promise, however, 3D printing technologies are signiﬁcantly hampered by both throughput and obtainable resolution with stereolithography based printing.[6]
A promising method that allows for microﬂuidic components
to be produced in various polymer materials and vast quantities is
microinjection molding.[7–15] Injection molding has been used in
the manufacturing industry for decades due to its high throughput, eﬃciency, autonomy, and low fabrication costs. It has been
employed by the optics industry to create specialist lenses and
wave guides for optical research and industry applications.[16]
Many micromechanical systems rely on the process—watch components such as gears and latches are commonly produced
through microinjection molding. The process also frequently

Mass production of microﬂuidic devices commonly relies on injection
molding. Injection molding requires a master surface made using micro or
nanofabrication. Conventionally, electroplating from a silicon master is used
for mold insert production, but this is expensive and cannot be used with
masters produced via the Bosch process as interlocking of the scalloping
between polymer and metal insert hinders part ejection. Here, an alternative
to the electroplating process is developed by adapting a nanoimprint route to
produce ﬂexible micro-structured polymer inserts capable of molding using a
Bosch process-produced master. An optimized fabrication approach using
silicon masters with smooth sidewalls (produced using the mixed process) is
used to characterize the limits of the process. Aspect ratios of 1 and below are
successfully replicated. Feature spacings down to 20 μm are successfully
produced with minimal variation between repeated parts. Masters produced
using two diﬀerent Bosch etches exhibiting both coarse and ﬁne nanometer
scalloping are also studied. Parts are successfully ejected with retained
nanometer scalloping in all samples although inlay damage occurred after
>10 replicas. A proof-of-concept microﬂuidic device is successfully produced
vindicating the use of this approach as an eﬃcient and cost-eﬀective
approach for the rapid prototyping of complex micro-structured designs.

1. Introduction
The ﬁeld of microﬂuidics refers to the study of ﬂuids within
devices where at least one of the critical dimensions of the
channel is sub-millimeter. Microﬂuidics oﬀers the tangible
advantage of requiring substantially lower volumes of reagents
relative to conventional laboratory experiments. Furthermore, on
account of the micro-meter channel dimensions, a key advantage
of microﬂuidics is the presence of laminar ﬂow, providing an
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stretches to the electronics industry as well, with SIM card connectors for mobile phones being produced using the method.[17]
The process allows for the use of multiple polymer materials
to create mass produced components and products with a speciﬁc predeﬁned design. Recently the process of injection molding
has been implemented in the surface engineering ﬁeld, specifically surfaces with topographies consisting of features on the
micro/nanoscale.[18] However, the complexity of the machinery
and process means there are a large number of variables that can
inﬂuence the success and quality of the components produced.
Important parameters include mold temperature, melt temperature, injection speed, holding pressure, mold inlay material, and
material being processed. It is crucial to be able to optimize the
process for the speciﬁc component required to experience the full
beneﬁts of injection molding.
A vast array of polymers can be used to fabricate microtopographies using microinjection molding.[7,19–22] Thermoplastics are
more commonly used in the ﬁeld of microinjection molding.
Some typical examples include polystyrene,[23] polypropylene,[24]
polycarbonate (PC),[9,25] cyclic oleﬁn copolymer,[26,27] poly
methyl methacrylate,[23,26] polyoxymethylene,[28] polyethylene,[23]
polyether ether ketone,[29,30] acrylonitrile butadiene styrene.[23]
These are a small number of examples in a vast family of
polymers available to the microinjection process.
The process of achieving an adequate mold insert for microinjection molding is crucial, but can be expensive and time
consuming. Many researchers have focused on using silicon
mold inserts, but these exhibit brittle behavior and break easily when subjected to the pressures associated with injection molding.[9,31,32] Metals are the preferred option: these are
stronger but also increase the cooling rate during the processing
of the polymer, thus reducing the cycle time for the process. A
potential drawback from rapid cooling, is poor ﬁlling of the micro/nano features which is a result of the frozen polymer layer
that develops before the injected polymer can completely ﬁll the
mold cavity.[33] Typically, metal inserts can be manufactured using methods such as micro electrical discharge machining, micro mechanical milling and electrochemical machining.[34–36] A
drawback of these methods is the high surface roughness associated with the mold inserts, cost of equipment, and low production resolution compared with silicon microfabrication.
Another common insert manufacturing method is LIGA (German for: Lithography, Electroplating, and Molding). This method
generates a replica of the original substrate by electroplating of
the master with a material that can then be separated from the
substrate and used as a molding insert. Typical materials include
nickel and nickel-based alloys.[37] An alternative to electroplated
inserts are hybrid inserts. An example would consist of both polymer and metallic material.[15,38] The polymer allows for lower
heat conductivity, which enables the injected polymer to remain
above the melt temperature for long enough to completely ﬁll the
required topography. Yet the metal backing allows for improved
cooling and heat transfer of the molded polymer after complete
ﬁlling, hence achieving the best of both worlds.
In this paper, a novel cost-eﬀective microfabrication process
is developed that enables the use of ﬂexible polymer inlays for
micro-injection molding. The idea is that a ﬂexible polymer insert would be more cost eﬀective and faster, but might also allow
use of Bosch process produced masters as ejection of a part from
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a ﬂexible mold inlay would be easier. The process aims to enable the production of complex polymer microstructures such as
for microﬂuidic devices. The use of micro-injection molding will
enable high numbers of devices to be manufactured using the
novel inlays. High quality micro-features and throughput were
achieved in multiple microstructure designs using the new inlays. The designs were produced to explore the capabilities and
limitations of the developed process. The paper details the fabrication process, proof of concept for production of a microﬂuidic
design, a study of critical dimensions of microﬂuidic design, and
a durability test of the inlay.

2. Experimental Section
2.1. Master Fabrication and Imprinting Process
Photolithography and reactive ion etching of silicon wafers were
used to fabricate masters for the micro-imprinting process. To
facilitate deep etching for the mixed etch process, the positive
tone resist Megaposit SPR 220 7 was spun at 1500 rpm to obtain
a suﬃciently thick resist layer of 9.6 μm. The two dry etching
approaches utilized in this work are the Bosch process and mixed
process.
2.1.1. Bosch Process Etching
The Bosch process has widespread usage within the microelectro mechanical systems industry. This well-established process involves the rapid alternation between an etching phase,
where ion bombardment and chemical reactions lead to silicon
etching and a chemical passivation phase to protect the sidewalls
from etching, resulting in a highly directional process.[39]
The key advantage is the ability to facilitate near vertical sidewalls. In this work an inductively coupled plasma tool is used for
the dry etch process, with octoﬂurocyclobutane (C4 F8 ) used during the passivation phase, where a protective layer is deposited
onto the sample to protect against lateral etching. The etching
phase utilizes sulfur hexaﬂuoride (SF6 ) and initiates with the removal of the bottom passivation layer via directional ion bombardment. This is followed by ﬂuorine free radicals reacting with
the exposed silicon resulting in the chemical etching of silicon:
the alternation between passivation and etching phases leads to
a serrated proﬁle.
The Bosch process boasts very high etch rates as well as high
selectivity between the photoresist and the silicon. A schematic
summarizing the alternating phases of the Bosch process is given
in Figure 1.
The signiﬁcant drawback of the Bosch process, in the context
of replication, is the alternating phases that lead to a scalloped
proﬁle as opposed to a smooth surface. This scalloping typically
results in an etch proﬁle that cannot be successfully separated
during the ejection phase of the mold cycle due to mechanical
interlocking. It has been hypothesized that the ﬂexible nature of
a nanoimprinted mold inlay may enable successful ejection of
samples possessing nanometer scalloped sidewalls. This would
be highly advantageous as it would provide an opportunity to
fabricate ultra-high AR micro-structures possessing a fully vertical sidewall. The fully vertical sidewall would facilitate higher
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Figure 1. Schematic summarizing the key phases associated with the Bosch process etch cycle. The passivation phase involves the deposition of a
protective layer (violet layer) using C4 F8 plasma (Step 1); the ﬁlm etching phase involves directional ion bombardment (red circles) attracted via voltage
bias to remove the passivation layer (Step 2) with ﬂuorine free radicals (green circles) used to etch the exposed silicon whilst the sidewalls are protected
(Step 3), leading to a serrated sidewall proﬁle as the phases alternate.
Table 1. Key process metrics for the diﬀerent dry etch recipes used for
micro-fabrication. Scallop depth and scallop period are presented as the
mean +/− SD. Maximum etch depths were based on the results for the
SPR 220 7 photoresist used.
Scallop
depth
[nm]

Scallop
period
[nm]

Sidewall
angle

Maximum etch
depths [μm]

Fine scallop Bosch

284 ± 9

875 ± 32

90°

Deep (>300)

Coarse scallop Bosch

372 ± 18

1238 ± 70

90°

Deep (> 300)

n/a

n/a

80°

Moderate (≈100)

Mixed etch process

achievable lateral resolution providing greater design potential
for prospective microfabrication strategies. Two diﬀerent scallop
sizes (ﬁne and coarse—see Table 1) were developed through varying the relative etching and deposition phases of the etch cycle.
These were used to fabricate mold inserts and were subsequently
used for injection molding. The purpose of this approach is to
ascertain whether varying the scallop size has an eﬀect on the
quality of the molded parts.
2.1.2. Mixed Process Etching
To enable successful separation of the mold inlay and molded
part, a smooth draft angle of ≈10° is achieved through modifying the etch process to continuously have passivation and etching occur at the same time. The mixed etch process was used
as the control experiment relative to the Bosch process etches as
well as for the chosen approach for characterizing the imprinting fabrication process. The key metrics of the three etch recipes
used in this work are given in Table 1. It should be noted that
the maximum etch depths obtained via the mixed etch process
were limited due to a lower etch rate compared to the Bosch etch
as well as reduced photoresist selectivity. Figure 2 compares the
sidewalls produced with each process.
After master fabrication, the insert for injection molding was
fabricated. This was done using an EVG6200 nanoimprint lithography (NIL) tool. As the process is designed for nanoscale dimensions, it was necessary to modify the process by reducing spin-
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Figure 2. a) Cross sectional SEMs highlighting the nanometer scale scalloping associated with Bosch process etching and b) the smooth positively
sloped sidewalls obtained from mixed process etching.

ning speeds to create a suitably thick layer for imprinting. Figure 3 conveys the key stages in the micro-imprinting process.
The silicon master with micro-structuring is produced via dry
etching (Figure 3a). This is subsequently covered in an anti-stick
(EVG AS1) layer with EVG working stamp material (EVGNIL
UV) spun on top of the wafer (Figure 3b). As the NIL process
was originally developed for nanoscale dimensions, it is necessary to adjust spin parameters for a thicker layer. The wafer is
then placed in the NIL tool where the working stamp layer is
backed by a transparent layer of polyethylene terephthalate (PET).
The sandwich is then UV-cured for 10 min (Figure 3c), resulting
in the inverse pattern from the silicon wafer being formed on the
new working stamp-PET sheet (Figure 3d). The newly imprinted
micro-structures can then form the injection molding inlay (Figure 3e) enabling the production of molded parts retaining the
micro-structure deﬁned in the initial silicon master (Figure 3f).

2.2. Injection Molding
As discussed earlier, the key parameters that characterize the
molding process are mold temperature, polymer melt temperature, injection velocity, holding pressure, and the cooling time for
each part. Optimizing the molding conditions ensures suﬃcient
ﬁlling of the micro-cavities to replicate the geometric ﬁdelity from
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Figure 3. Mold inlay fabrication overview: a) Silicon master produced via dry etching, b) Spinning of a working stamp material on top of the structured
silicon master; an anti-stick layer (red) is spun prior to enable separation, c) imprinting of the micro-features from the silicon to the working stamp
material, followed by UV curing to solidify the mold insert, d) separation of silicon and cured working stamp leaving an inverse pattern used as the mold
inlay, e) injection molding using the mold insert, and f) the ﬁnal micro-structured polymer specimen.

Table 2. Key Injection molding parameters used to produce the microstructured PC.
Injection molding parameter
Melt temperature (°C)
Tool temperature (°C)

Figure 4. Photographs of molded parts for the slide tool (top) and small
tool (bottom).

silicon master to polymer part. In this work, samples are molded
in polycarbonate (PC). PC (Makrolon OD2015) was selected as
the material of choice due to suﬃciently high melt-ﬂow rates as
well as excellent replication properties in the context of injection
molding. The PC was dried for a minimum of 2 h at 110 °C in a
vacuum oven prior to molding. Injection molding was performed
using an Engel Victory 28 fully hydraulic injection molding machine (max injection pressure = 2200 bar, max clamping force
= 280 kN, max shot volume = 20 cm3 , max injection speed =
52 cm3 s−1 ). The PET insert was laser cut to ﬁt the injection molding tool. In the current study, two diﬀerent inlay dimensions of
25 mm × 25 mm (“small tool”) and 75 mm × 25 mm (“slide tool”)
were used producing parts of 2 and 1 mm thickness, respectively.
Photographs showing the diﬀerent molded parts are provided in
Figure 4.

Macromol. Mater. Eng. 2021, 306, 2100223

2100223 (4 of 10)

Value
270
60

Injection speed (cm3 s−1 )

18.3

Holding pressure (bar)

1412

Holding time (s)

8

Cooling time (s)

15

Shot volume (cm3 )

4.5

To ensure high quality parts were produced, the holding pressure was increased until the part did not exhibit shrinkage. Furthermore, the holding time and cooling were progressively increased to improve the replication quality. On account of using a
hybrid inlay, tooling temperature was lowered from the standard
value of 80 to 60 °C due to the lower heat transfer associated with
the hybrid inlays compared to conventional nickel inlays. It has
been shown that this alteration leads to more accurate replication
of insert geometry.[15] The optimized parameters are indicated in
Table 2.

2.3. Metrology and Characterization
The samples were characterized to allow analysis and comparison of the silicon masters, inlays, and molded replicas. All critical
dimensions of the silicon masters, mold inlays, and molded components (Parts 1, 10, and 20, i.e., ﬁrst, tenth, and twentieth parts
molded) were measured using optical proﬁlometry (Contour GT,
Bruker, US). Feature heights, feature widths, and channel widths
were all examined from each sample. Scans were taken at ﬁve
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Figure 5. Schematic summarizing the design dimensions for the AR study. Feature height was kept constant at H = 80 μm with diﬀerent feature widths,
W1 = 160 μm, W2 = 80 μm, W3 = 40 μm, and W4 = 20 μm. Through varying feature width alongside constant feature height, AR of 0.5, 1, 2, and 4 could
be designed and fabricated.

locations on each sample. Each scan allows multiple measurements of the critical dimensions to be gathered. Metrology results were collated to compare all the component dimensions
across each stage of the fabrication process, enabling the capabilities of the fabrication process to be assessed. Quantiﬁcation
for the molded parts was conducted using Parts 1, 10, and 20 for
the process characterization (mixed process produced master) as
well as the Bosch process study (Sections 3.1 & 3.2). Quantiﬁcation for the durability study was performed using molded Parts
10, 100, and 200 (Section 3.3)

3. Results and Discussion
3.1. Process Characterization (Mixed Etch Master)
Mold inlays produced from a mixed process produced master
with smooth side walls were used to initially characterize the results.

3.1.1. Importance of Aspect Ratio
A study was performed to determine the maximum achievable
AR for the micro-imprinting process. The ability to fabricate devices at higher AR provides the microﬂuidic community with
greater possibilities during the design phase. An example of high
AR microﬂuidics can be found in the work of Hung et al.,[40]
where a device was developed for culturing cells within microchambers with continuous perfusion of medium. To study the
range of AR that could be molded, a custom acetate photomask
was designed with linewidths of 160, 80, 40, and 20 μm. Based on
these widths, as well as an intended etch depth of 80 μm for the
silicon master, AR of 0.5, 1, and 2 were produced. The designed
dimensions used for the AR study are summarized in Figure 5. A
summary of the measured heights achieved for each category is
given in Figure 6. Five scans were taken for the silicon and working stamp entries and ﬁve scans were taken for molded Parts 1,
10, and 20.
The replication of the lower AR of 0.5 and 1.0 were achieved
successfully with minimal variation from the initial silicon
master. The slight elongation of the PC microfeatures for these
AR’s can be explained by the slight gripping action imparted on
the polymer by the mold cavity and the anisotropic cooling of the
injected polymer. The injected polymer experiences increased
friction at the feature top in comparison to the sloped side
walls, leading to a sticking point at the feature top. This is in
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Figure 6. Plot representing the average measured feature heights obtained at each stage of the micro-imprinting process ±SD. Entries are
grouped into the respective designed AR that applied to the silicon master.
Five scans were taken for the silicon master, working stamp, and molded
Parts 1, 10, and 20.

combination with an anisotropic cooling eﬀect, leading to the
polymer at the feature top cooling more rapidly than the bulk
of the feature material. This allows the bulk of the feature to
stretch while keeping the feature top “frozen” to the mold cavity.
Causing the microfeatures to stretch as they are ejected from the
mold. This eﬀect has the potential to be lessened through the use
of mold release agents. A similar phenomenon was experienced
in the work demonstrated by Stormonth-Darling.[33]
As the AR was increased to 2.0, the ability for the molding to
replicate the working stamp height ceased, with a reduction in
feature height of 55% relative to the silicon master. There was
no evident variation in measured heights as a function of part
number, this is conveyed in Table 3 illustrating that there was
no observable deterioration as the mold cycle progressed. These
results suggest that fabrication on the micron scale should not
exceed AR = 1.0 to ensure complete replication using the current micro-imprinting protocol. Reﬂecting on these results, the
micro-imprinting/injection molding process outlined is highly
applicable for microﬂuidic device design, provided higher AR
replication is not required.
3.1.2. Importance of Feature Spacing
Feature spacing was studied to ascertain the capability to
position channels close together. The ability to successfully produce devices with micro-structures positioned closely is a vital
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Table 3. Mean values (with standard deviations) for the measured feature height in the AR study and measured FS for molded Parts 1, 10, and 20.
Measured height [μm]
Measurement

Feature spacing [μm]
AR = 0.5

AR = 1

AR = 2

FS = 80

FS = 60

FS = 40

FS = 20

Part 1

75.5 ± 0.11

74.4 ± 0.25

32.4 ± 1.31

Part 10

76.6 ± 0.47

74.7 ± 0.26

32.6 ± 1.16

76.8 ± 0.88

57.0 ± 1.2

36.6 ± 0.98

17.8 ± 0.65

76.7 ± 1.17

57.8 ± 0.70

36.8 ± 0.70

Part 20

75.5 ± 0.23

74.7 ± 0.32

17.8 ± 0.73

30.7 ± 0.55

76.2 ± 0.96

57.8 ± 1.21

36.6 ± 0.82

Mean

75.9 ± 0.27

74.6 ± 0.28

17.6 ± 0.39

31.9 ± 1.00

76.6 ± 1.0

57.5 ± 1.04

36.7 ± 0.83

17.7 ± 0.59

Results illustrate that narrow FS can be consistently replicated
with spacings as low as 17.8 μm between features successfully
replicated. Since lateral resolution was limited due to the use of
acetate photomasks, it is hypothesized that signiﬁcantly smaller
FS can be successfully imprinted and molded using a glass photomask. These ﬁndings indicate that the micro-imprinting process is optimal for the fabrication of narrowly spaced microstructures. Most microﬂuidic devices do not require large AR
whereas the capability to produce narrowly spaced features is
paramount for microﬂuidic device fabrication.

3.2. Bosch Process Injection Molding
3.2.1. Process Durability
Figure 7. Plot representing the average measured feature spacing (FS)
obtained at each stage of the micro-imprinting process ±SD. Entries are
grouped into the respective designed FS that applied to the silicon master.
Five scans were taken for the silicon master, working stamp, and molded
Parts 1, 10, and 20.

requirement within the microﬂuidic community as it provides
a greater number of analysis features per unit space as well as
enabling more complex microﬂuidic designs.
To determine the minimum feature spacing (FS) that could
be successfully molded, photomasks were designed with 20 μm
wide lines spaced at values of 20, 40, 60, and 80 μm. An etch
depth of 25 μm was selected to prevent issues associated with
excessive feature depth impacting on the study of FS. Optical
proﬁlometry was used to measure the distance between adjacent
ridges relative to the designed size. Figure 7 shows the deviation
in molded part size relative to the silicon master and working
stamp inlay. Five scans were taken for the silicon and working
stamp entries and ﬁve scans were taken for molded Parts 1, 10,
and 20.
From Figure 7, it is apparent that the replicated parts have a
shorter channel width relative to the initial silicon master. It is
hypothesized that the reduced channel spacing is due to the elastomeric inlay master ﬂexing under the high molding pressures
leading to broadening of the molded features. The same trend of
decreased channel width was present for all feature widths. Minimal variation was observed as a function of part number, this is
shown in Table 3 where the FS measurements remained consistent from Part 1 to Part 20.
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Conventionally, injection molding involving samples fabricated
via a dry etch methodology require the mixed etch proﬁle due
to the nanometer scalloping leading to an inability to retract the
molded part from the master (due to interlocking). Molding successfully from silicon etched via the Bosch process would be
highly advantageous for the microﬂuidic community as it would
reduce the dependence on dry etch expertise due to the easier development of Bosch etch recipes relative to mixed process etch
recipes.
It is hypothesized that, in the present study, it is possible for
the molded part to separate smoothly during the ejection phase
owing to the low stiﬀness of the PET-supported inlay. Through
having a higher ﬂexibility than most conventional mold inserts,
it was speculated that during the ejection phase, the part would
have a greater likelihood of separation.
Samples were molded with an initial silicon master depth of
35 μm with mold Parts 1, 10, and 20 measured using scanning
electron microscopy (SEM) and optical proﬁlometry to determine
the quality of the parts as the process progressed. Cross-sectional
SEMs were taken for Parts 1, 10 and 20 to elucidate the durability of the process as well as determining the eﬃciency of the
mold ejection phase of the process. Figure 8 conveys the deterioration of the molded parts from Part 1 to Part 20 for the two
Bosch etches (coarse and ﬁne scalloping) as well as the mixed
etch process serving as a control.
From the images in Figure 8a–d, it is evident that there
is progressive deterioration for the Bosch process produced
parts. Comparing the images in Figure 8b,d, the ﬁner scalloping
(Figure 8d) resulted in less deterioration of the molded parts compared to the coarser scalloped part. For both Bosch etches, it was
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Figure 8. Inlay deterioration study. Low magniﬁcation SEMs to investigate inlay damage as molding progresses. Arrows denote the progression of the
mold cycle from Part 1 (P1) to part 20 (P20): a,b) show top-down images of Parts 1 and 20 molded from the Bosch process produced master with coarse
scalloping, respectively. c,d) show Parts 1 and 20 molded from the Bosch process produced master with ﬁner scalloping, respectively and e,f) serve
as control experiments, showing top-down images for Parts 1 and 20 molded from inserts produced using the mixed process—these exhibit minimal
damage.

observed that, as the molding progressed, the overall part quality
deteriorated, speciﬁcally at the interface between the bottom portion of the sidewall and the inlay substrate. This was attributed
to the progressive damage occurring within the mold inlays with
scalloped sidewalls due to greater local stresses involved in the
ejection of the interlocked polymer/insert interface. This deterioration did not seem to have a major implication for the measured
depths of the features, with the damage leading to additional
polymer becoming present within the channels of the parts.
These results signify a partial success in molding using the Bosch
process since parts could successfully be separated from the
mold inlay, although the interlocking of molded part and inlay expedites deterioration—hampering the production of high-quality
parts.
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3.2.2. Successful Part Ejection
All parts molded using the Bosch process produced inserts were
successfully ejected without diﬃculty. In addition to observing
general part quality, retention of the nano-scale scalloping in the
molded parts was considered a useful metric for successful Bosch
process injection molding as the presence of the nanometer scalloping in the molded parts indicate successful ejection of the part
from the mold insert without any appreciable damage. Images
in Figure 9a,b conﬁrm that scalloping is indeed present in the
tenth molded part for both the ﬁner and coarse scalloping cases,
respectively.
Referring to Figure 9a,b, the presence of scalloping indicates
that successful mold/inlay separation using the Bosch is feasible.
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Figure 9. Cross sectional SEMs (in tenth molded part) to conﬁrm scallop retention: a) ﬁne scalloping and b) coarser scalloping.

Figure 10. Top-down SEMs for the inlay durability test (molded from a mixed etch master): a) Image for Part 10, b) Part 100, and c) for Part 200.

Although it has been proven that molding can be achieved utilizing the Bosch process as the master, it remains substantially less
optimal relative to the mixed process results shown earlier due
to the more progressive damage indicated in Figure 8. Thus, it is
recognized that a substantial amount of optimization would be
required before this approach could be considered as a prospective option for microﬂuidic design.
3.3. Inlay Durability from Mixed Etch Master
Results indicate that molding inlays fabricated via the Bosch process suﬀer from poor durability. In contrast, as the molding cycle progressed for the inlay produced with the mixed etch, there
was no observable deterioration for small-scale mold runs (less
than 20 parts). Using the optimized mixed etch process, a durability test was performed to analyze the performance of the fabrication technique presented in this research for larger-scale production. A simple design consisting of a series of microchannels
was fabricated as an inlay and the inlay was subjected to a typical injection molding cycle with the same parameters as outlined
in Table 2. Multiple parts were taken from the batch for further
analysis with Parts 10, 100, and 200 inspected using SEM to elucidate part quality—these are given in Figure 10. Parts 10 and
100 exhibited minimal feature defects indicating the viability for
production using the inlay within this production scale (see Figure 10a,b). As the mold cycle progresses, the inlay deteriorates
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and the quality of components is reduced; this was observed most
clearly for Part 200. Through inspection of molded Part 200, it is
evident that damage of the inlay had initiated regions of defects
(see Figure 10c). While the raised features maintain overall ﬁdelity, the channels are visibly the sites of inlay wear resulting in
residual polymer present on the surface.
The residual polymer and degradation of the channels between
the microfeatures at higher part numbers would make the samples unusable for microﬂuidic applications. It is recommended
that the process be limited to 100 shots to preserve adequate sample quality during manufacture of prototypes. However, the process has the potential to be optimized for speciﬁc designs, especially through modiﬁcation of the molding parameters in the
latter stage of manufacture. Ultimately, the results indicate the
process has promising potential within the sphere of rapid prototyping applications.

3.4. Microﬂuidic Device Fabrication: Proof of Concept
To illustrate the applicability of the process for the microﬂuidic community, a microﬂuidic device was designed and fabricated with acetate masks using the mixed etch process. An image of the photomask design is shown in Figure 11a and the image in Figure 11b represents a SEM of the mounded serpentine
channel. Table 4 provides a summary of the measured channel
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Figure 11. a) Schematic of microﬂuidic device design alongside b) a top-down SEM image taken of the molded serpentine channels. The circled region
in (a) signiﬁes the region of interest shown in (b).

Table 4. Comparison between the designed and measured dimensions for
the serpentine channel width and inner radius size alongside the standard
deviations.
Design

Measured

SD

Narrow width (μm)

100

90.5

0.7

Inner radius (μm)

50

43.7

0.78

dimensions compared to the designed lengths (channel measurements were taken at ﬁve locations across the device).
The sample had a mean channel width of 90.5 μm and a mean
inner channel radius size of 43.7 μm. The average height was
measured as 9.44 μm, although height was not of primary concern in this case of low AR fabrication. The SEM image in Figure 11b demonstrates that the imprinting process was particularly successful at replicating the network of serpentine channels.

4. Conclusions
A novel fabrication method has been developed in which a NIL
process has been adapted to enable the production of ﬂexible injection molding inlays from a silicon master, where the patterns
were deﬁned through dry etching. The initial research involved
fully optimizing the process to enable the molding of complex
micro-structures, originally produced in silicon masters using a
mixed etching process. The process was successful in the production of intricate micro-features of various polymer devices and
speciﬁcally for microﬂuidics.
The imprinting and injection molding process were characterized to allow assessment of the capabilities of the process. The
maximum achievable AR of features and minimum FS were analyzed. All features with an AR of 1 and below replicate well
with good feature ﬁdelity. It was determined that AR exceeding 1 were not successfully replicated. However, if higher AR
are required, there is scope for tailoring and optimizing the
fabrication process for these needs. In contrast, FS did not appear to be a limiting factor. Fabrication of features with spacing
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down to 20 μm was demonstrated (provided the AR is kept suitably low). These studies highlight the strength of the fabrication
process.
A capability study was conducted to determine whether the
process can enable successful injection molding of microfeatures
generated in a silicon master etched via a Bosch process. This
is particularly diﬃcult using conventional molding inlay production methods due to the scalloping presented on Bosch produced
feature sidewalls (as mechanical interlocking hinders part ejection). In this work, all parts using the ﬂexible Bosch process produced inserts were successfully ejected from the mold. Scalloping was successfully transferred to the molded parts indicating
successful ejection, although the presence of the scalloping leads
to accelerated inlay damage. It was shown that damage can be
lessened through modifying the etch parameters to yield a ﬁner
scalloping. This work provides an initial demonstration of the viability of the method indicating promising prospects for applications in a host of microfabrication scenarios. Optimizing the
Bosch process regarding etch proﬁle, as well as secondary measures such as the use of mold release agents, may further improve the separation mechanism leading to reduced wear and
increased mold durability. Finally, a durability study indicated
that the mixed etch process enables ≈100 devices to be successfully molded without any signiﬁcant feature deterioration, indicating the viability of the process for rapid prototyping as well as
the production of a reasonably large number of micro-structured
devices. A proof-of-concept microﬂuidic device component was
successfully fabricated further conﬁrming the viability of the approach.
In summary, the work outlines a fabrication process for
producing ﬂexible polymer inlays that facilitate the injection
molding of high quality micro-structured devices. The work
indicates scope for tailoring the process to suit novel production types, such as Bosch etch molded samples where ease of
part ejection due to insert ﬂexibility is a major advantage. The
process can theoretically be executed in one day, from silicon
master production to molded part. This opens the possibility
for the process being used as a rapid prototyping method in
the production and testing of complex micro-structured devices,
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such as microﬂuidic devices. As well as versatility, the process
is cost eﬀective when compared to industrial mold production
methods such as LIGA. After the initial platform expense, this
process could be implemented well in an industrial environment
to assess viability and capabilities of micro-structured designs.
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