Design and fabrication of a mould with multiple inserts for a polymeric
microfluidic device
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Abstract

The present paper reports the design and fabrication of a mould for mass production of a microfluidic device, “optical
stretcher lab-on-chip, a dual-beam optical trap that is used for trapping and deforming micrometer-sized particles.
In particular, the mould is designed considering multiple and interchangeable inserts for realizing different micro-
features adopting different processes. Microchannel, reservoirs and V-grooves have been machined via
femtosecond laser process due its capability to process large surface areas with relatively small depth features and
high removal rate. On the contrary, complex 3D micro features with high aspect ratio for inverse capillary tube
housing have been manufactured via p-electro-discharge-machining technology, since fine pulse discharges can
be used to ensure high precision and good surface roughness. Three-dimensional filling numerical analysis has
been also performed to improve the device design for the p-injection moulding process and to set the optimized
process parameters. Several prototypes of the Lab-on-chip have been fabricated and experimental tests have been
performed, showing the feasibility of this technological approach.
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1. Introduction

The increasing interest in microfluidic devices for
healthcare and diagnostics applications, such as Lab
on Chips (LoCs), pushed the research to evaluate
alternative manufacturing technologies capable of
reducing the production costs and guaranteeing a
mass production of ready-to-use micro structured
devices [1]. In particular, Lab-on-chip are microfluidic
devices that integrate one or several laboratory
functions on a single chip to achieve automation and
high-throughput screening. The present study wants to
address the fabrication of a mould composed by
multiple inserts for the mass production of an “optical
stretcher”, a dual-beam optical trap that is used for
trapping and deforming ("stretching") micrometer-
sized soft matter particles, such as biological cells in
suspension.

In the last ten years, micro injection moulding
(uIM) has become one of the most promising
technologies for the production of such devices, thus
attracting great interest from researchers, as
witnessed by numerous works [2, 3, 4].

Depending on the requirements to be fulfilled, by
the design of the microfluidic structural details and on
the total base area to be processed, several
manufacturing approaches can be evaluated to realize
the mould. [3,5]. Sometimes, also the opportunity of
combining different micro manufacturing technologies
can be considered [6]. In this paper, the combination
of femtosecond laser (fs Laser) milling and micro
Electro Discharge machining (u-EDM) has been
exploited to manufacture a mould for a particular
optical stretcher Lab on Chips (LoCs).

The mould is composed by inserts on which
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inverse microfluidic features are reproduced using
femtosecond laser (fs Lasers) machining. In particular,
microchannel, reservoirs and V-grooves have been
machined via femtosecond laser (fs Laser). This
process has been chosen because of its capability to
process large surface areas with relatively small depth
features with high removal rate. Nonetheless, this
approach provides geometrical precision and surface
roughness values which meet the requirements of the
microfluidic application [7].

Additional two inserts comprises a complex 3D
micro feature with high aspect ratio for inverse
capillary tube housing. Hence, yEDM technology has
been selected as leading technology for the
manufacturing of such geometries, since fine pulse
discharges can be used to ensure high precision and
good surface roughness also on the walls [8].

The paper is organized as follows: Section 2
discusses the mould fabrication strategy. A brief
description of the LoC design is followed by the
explanation of the mould design. Then, the
manufacturing approaches used to realize both the
mould and the removable inserts are presented. In
particular the updates to the initial project set to
improve the final device functionality and
manufacturability are evaluated via pIM filling
simulation (Section 3). The final LoC produced by pyIM
is presented in Section 4 while in Section 5 the
functional validation of the final device is described.

2. Methodology

The targeted device is an optical stretcher and its
initial concept is reported in [9] and [10]. The
component, shown in Fig.1, is made by two shells
(19.5 mm length, 7.5 mm large and 0,7 mm thick)
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assembled together by laser bonding technique [11].
On the lower shell, a microchannel of 100 pym depth
and 90 pm width with reservoirs of 1 mm diameter is
reproduced. V-grooves, with depth and width of 180
pym and 235 pm, respectively, for the laser fiber
housing has been realized. A direct fabrication of the
connectors on the upper shell has been conceived to
reduce the number of external components involved in
the assembly. Finally, a smooth area with an Ra ~ 0,3
pm in the centre was added to the final design, so that
an external lens can be used for cells observations.
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Fig. 1 — Final Design of the LoC

2.1. Mould design

The mould consist mainly of two cavities related
to the two shells, which have been designed
symmetrically on two identical and interchangeable
inserts (Fig. 2b-c). Within the same inserts, other
smaller ones have been placed to realize the housing
for the capillary tubes (Fig. 2c, left bottom picture).

Fig. 2 —Design of the Mould plate with runners and gates (a),
an overview of the interchangeable pins used to switch
between cavities ((a)- circle) and of the cavities inserts (b)(c).

This design methodology provides considerable
versatility to the mould because each micro feature
can be easily replaced independently of the others
simply replacing the related insert with a new one.
Furthermore, the strategy to realize a double
symmetric gate together with a single sprue on the
same plate facing the inserts with cavities (Fig. 2a) is
adopted. In this way, the cavities are independent from
the feeding system and therefore easily replaceable.

Since the volume of polymer required for each
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cavity (about 125 mmd) is close to the limit of micro
injection moulding machine capacity (150 mm3), a
couple of interchangeable pins having different height
are used alternatively to close a runner while the other
one is open (Fig.2a — circle picture) so that one cavity
at a time is filled.

Furthermore, four pins on the lower shell and
corresponding four holes on the upper shell (Fig. 1)
have been added in order to facilitate the centering of
the two shells for the laser bonding phase.

2.2. Mould tool and inserts manufacturing

Different technological approaches have been
adopted. The inserts featuring microchannel,
reservoirs and V-grooves have been machined by
femtosecond laser machining. Milling has been used
to machine the tool with its plates and ejection
systems, while the bulk cavity has been realized by
die-sinking EDM. The capillary tube housing inserts,
instead, are manufactured by yEDM technology. In the
following, the processing of the most critical micro-
features are described.

2.2.1 Femtosecond laser machining

The fs-laser milling process has been carried out
by removing the material layer by layer, by alternating
overlapped vertical and horizontal hatch patterns of
the laser beam onto the target surface.

A number of tests has been performed varying the
laser parameters used in Volpe et al. [11] (laser power,
repetition rate, scan speed, focal length, scan
path/hatch, number of loops) with the aim of
evaluating the effect of each parameter on depth and
surface quality.

Fig.3 — Overview of the insert machined with fs laser

After laser miling machining (Fig. 3), the
specimens were ultrasonically cleaned with
isopropanol for 5 min to remove the recast debris.
Then, the depth and the roughness measurement (Fig.
4) were realized with a confocal microscopy. The
calculation of the roughness is based on the DIN EN
ISO 4287 standard. The best surface roughness (Ra)
value is 0,59 ym and it was obtained considering the
following process parameters: frequency equal to 50
kHz, power of 400 mW, scan speed of 600 mm/s
considering 2 pm between adjacent scan lines.
Furthermore, the ablation depth of the micro-milled
area was finely controlled with micrometer precision by
adjusting the number of scanning loops without
affecting the surface quality. At this stage the design
of the reservoirs was modified from circular to squared
section to maintain a linear path during the scanning
loops (Fig. 3). The main dimensions of the features are
reported in Fig. 4 and they match the expected values
reported in Section 2.
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Fig. 4 — Machined ‘inverse’ microchannel and V-grooves
main dimensions (Zeiss Axio CSM 700).

2.2.2 Micro EDM machining

In order to reduce the number of assembly
operations and parts, the connectors for the capillary
tubes were created directly on the moulded part. To
guarantee a higher flexibility, features were fabricated
on easily removable inserts. Their main dimensions
are illustrated in Fig. 5. The components show
features, namely the slender and conical shapes, that
are difficult to fabricate due to their micro sizes.
Thanks to low energy discharge and high accuracy, p-
EDM process has been adopted for inserts fabrication.

Fig. 5 — Design of the capillary tube housing insert and
overview of the yEDM inserts and central circle machined.

Starting from a cylindrical workpiece, assembled
and referred to the main mould, the central conical pin
is obtained by eroding the cavities following two steps.
An electrode tool made of WC and having a diameter
of 0.4 mm is adopted for reducing the cylindrical
diameter and obtaining the first 0.7mm part of the
conical pin. A layer-by-layer strategy considering a
layer thickness of 0.004 mm has been chosen to
obtain a smooth surface and avoid step-like effects.
Then, a smaller WC electrode tool, having a diameter
of 0.15 mm, has been used to machine the narrow
cavity floor at the pin root. Due to the small tool size,
the spark energy level used during this machining step
corresponds to the finishing regime. The layer
thickness has been decreased to 0.0012mm. These
choices are also done to prevent tool breakage. This
operation starts by eroding the cavity from a depth of
0.7 mm and proceeding until the final conical pin profile
is completed at a depth of 1.3 mm.

The same process has been adopted for realizing
a smooth circle area of 3 mm diameter in the center of
the insert (Fig. 5) in order to locate the lens required
for the observation of the channel via a digital
holographic system. The surface roughness,
measured as reported in section 2.2.1, is 0.37 ym.
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3. IM simulation and production of the two
shells of the LoC

Three-dimensional  filling  simulations  with
Autodesk Moldflow Insight 2016® have been
performed to improve the device design for the pIM
process and to set the optimized process parameters.
The main boundary conditions are: maximum injection
pressure of 300 MPa, maximum injection rate of 3.5
cm®/s and average mesh size of 100 ym with a merge
tolerance of 10 um, for a total of about 900,000
tetrahedral elements.
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Fig. 7 — Polymer filling distribution (time contour plot)
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Fig. 8 — Volumetric shrinkage (section Probe Plot).

A filling and packing phase simulation has been
previously used to verify the device geometry and, in
particular, to define the gate conceived to avoid
incomplete filling weld lines and voids (Fig. 7). The
numerical results show a uniform filling distribution
without hesitation effects (Fig. 7) from the gate, across
the micro features, until the last part of the thin plate.

The evaluation of the volumetric shrinkage is an
essential step to validate the set of the identified
parameters. As we can see in Fig. 8, while the
shrinkage distribution is fairly uniform along the whole
component, an increase at the centering pins can be
noticed. This can be identified as a critical area during
demoulding because of warpage constraints (Fig. 7-8).

The process parameters used for the simulation
are reported in Tab. 1 where Tmelt is the melt
temperature, Tmould is the mould temperature, Vinj is
the injection speed, Phold is packing pressure, thold is
packing time, tcool is cooling time and Run is the
plunger injection run.

The pIM machine used for the device production
is a DESMA Tec Formica Plast 1K.
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The polymer Acyrex CM211 PMMA has been
selected as material for the device fabrication.

Table 1 — Set of simulation process parameters for PMMA
estimated in [9]

Material Tmelt Tmould Vinj Phold thold tcool Run
(°C) (°C) (mm/s) (bar) (s) (s) (mm)

PMMA 250 80 100 1000 5 5 10

The pIM production of the two plates is based on
the approach proposed in Trotta et al. [9], based on
the use of application-tailored inserts in a standardized
mould as an easy and low cost method of testing
prototypes. In Fig. 9, the two parts produced are
visible: the microchannel and V-grooves on the lower
shell and the capillary tube connectors and smooth
circle surface on the upper shell.

A preliminary production test with four centering
pins on the lower shell was performed and it showed a
difficulty to eject the part, confirming the simulation
results discussed previously. Therefore these features
have been removed from the mould at this stage.

o~
Lower shell

Upper shell
Fig. 9 — PMMA upper and lower shells of the LoC prototype.
4. Validation of the polymeric LoC with cells

Atfter the fs laser bonding of the two shells carried
out according to specifications reported in [11], the
device was connected to the microfluidic circuit and
the two optical fibers were inserted in the dedicated V-
grooves. No alignment of the fibers is required due to
the V grooves which force the fiber position.

Figure 10. Overview of the optical stretcher and validation
tests.

During the validation phase, red blood samples were
inserted in the device, which is fully connected to
optical and microfluidic circuits. The cells were trapped
by optical forces and an increase of the optical power
in the two fibers produced the stretching of the cell
(Fig.10).

The final produced LoC meets the requirements:
the capillary tube can be easily inserted in the
connector reproduced on the upper shell providing a
good housing adhesion when the fluid flows; the
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roughness and shape of the microchannel match
microfluidic requests and finally the V-grooves are
realized sufficiently orthogonal and coaxial one to each
other so that they allow the trapping and stretching of
the cells

5. Conclusions

In this work, the design and manufacturing
improvements of a Lab on Chip for optical
manipulation of single red blood cells produced by uIlM
technology have been presented.

Numerical simulation has been used,at first
approach, to assess the feasibility of improvements
introduced in the original design, such as capillary tube
connectors directly integrated in the upper shell and
the identifications of criticalities, such as the four
centering pins that showed a difficulty to eject the part.
Secondly numerical simulation helped to define the
appropriate geometry of the cavity, runners and gate.

The mould design is modular and conceived to
exploit the flexibility achievable by the use of easily
replaceable mould inserts, on which microfeatures are
fabricated by fs-laser milling and yEDM machining.

This choice improves the versatility of the mould,
paving the way towards a real mass production of a
ready-to-use micro device.
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