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Abstract: Micro-manufacturing is a fast developing area due to the increasing demand

for components and systems of high-precision and small dimensions. A number of

challenges are yet to be overcome before the full potential of such techniques is

realised. Examples of such challenges include limitations in component geometry,

materials selection and suitability for mass production. Some micro-manufacturing

techniques are still at early development stages, whilst other technique are at higher

stage of manufacturing readiness level but require adaptation in part design or

manufacturing procedure to overcome such limitations. This paper presents a case
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study, where the design of a micro-scale, biomedical device is adapted for functionality

and manufacturability by a high-volume micro-fabrication technique. Investigations are

described towards a disposable three-dimensional, polymer-based device for the

separation of blood-cells and plasma. The importance of attempting a 3-D device

design and fabrication route was to take advantage of the high-throughput per unit

volume that such systems can in principle allow. The importance of a micro-moulding

fabrication route was to allow such blood containing devices to be cheaply

manufactured for disposability. Initial device tests showed separation efficiency up to

approximately 80% with diluted blood samples. The produced prototype indicated that

the process flow was suitable for high-volume fabrication of 3-D microfluidics.

Keywords: microfluidics design, micro-manufacturing, three-dimensional, blood

separation, lamination, micro-injection moulding

1. Introduction

This paper presents investigations towards a disposable three-dimensional polymer-

based device for the separation of blood-cells and plasma. The paper is structured into

three main sections. The first is about the design of the blood separator in terms of

functionality and manufacturability, showing how to adapt a micro-scale, complex
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(b) Flow focusing: The movement of RBCs in the blood flow is dependent on the

magnitude of shear forces exerted on the cells. This relation has led to the

assumption that the existence of a constriction in the blood flow will create a

zone of high shear stress, which pushes the cells to the middle of the flow,

creating a flow-focusing effect as shown in Fig. 1.

Fig. 1 An illustration of the flow-focusing effect of microfluidic constriction

(c) Bifurcations: RBCs exhibit a specific behaviour in bifurcations. As shown in Fig.

2, at bifurcations, RBCs have the tendency to travel to the high-flow-rate

channels, with the largest cross section, whilst plasma tends to move in low-flow-

rate channels. One condition for this effect is that the flow rate ratio is at least

2.5:1.



5

Fig. 2 An illustration of the plasma-separation effect caused by bifurcations

More details about the hemodynamic effects involved in the above three principles

can be found in the literature [1-3]

1.2 Three Dimensional Microfluidic Devices

A major design limitation in microfluidics is the geometrical constraint, which limits

the majority of designed microfluidic devices to “flat”, so-called 2½-D, structures.

These are usually defined as 2-D structures with a finite depth [4]. Due to the increasing

demand for more complex microfluidic devices, there is a need for high-volume

techniques to manufacture relatively complex, truly three-dimensional microfluidic

systems. Such true 3-D structures, also sometimes known as “out-of-plane” or “vertical”

architectures [5], offer the advantages of optimising the use of space to integrate more

functionality or increase throughput.

Such advantages are evident in, for example, microfluidics, where transforming

conventional 2½-D designs into truly 3-D devices could render higher throughput
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within a constrained volume [6]. In addition, 3-D structures have potentially more

flexibility in terms of interconnection between the micro-component and the

surrounding environment. In a true 3-D microfluidic device, for example,

interconnection positioning would not be limited to the plane of the microfluidic

structure, as the case with conventional 2½-D devices.

Realising these advantages of 3D structures, the blood separator presented in the

previous section would be more efficient in blood-plasma separation if it was designed

as an out-of-plane 3D structure rather than a flat chip. Section 2 will give more details

about how separation efficiency and throughput is improved by such a design-change.

1.3 Laminated Microfluidics

Turning the blood separator design into a truly 3D structure would make it difficult

to directly fabricate with a state-of-the-art mass-manufacturing method. One method for

overcoming this would be to manufacture sub-components of the device with relatively

simple geometries and assemble them in post-processing.

An approach to assembling microfluidic components to produce 3-D structures is

that of lamination. In the literature, a number of attempts have been reported in which 3-

D microfluidic devices have been fabricated by laminating, for example, paper and tape

[7], laser-cut thin-film plastics [8], soft-lithographed elastomers [9] and as multi-

material layered microfluidics [10,11]. Common limitations of these approaches include

[5]:









10

designed to be micro-mouldable without compromising the functionality of the device

(step [b]).

In µIM as a net-shape micro-fabrication method, part design must involve assessing

the three major steps of the process: mould-machining, feature replication and

demouldability (denoted in Fig. 3 as steps [b1], [b2] and [b3], respectively). Each of the

three steps had its design limitations in the micro-scale manufacturing.

The third major design consideration was joining the layers to produce a leak-proof

system (step [c]). This involved not only designing for a specific joining technique but

also considerations of part separation and handling, alignment techniques and testing.

The design stages are considered in more detail below.

2.1 Design for Functionality Requirements

The main functional requirements of the device were summarized into the following

main groups:

2.1.1 Dimension-Related Requirements. (1) Laminar flow: plasma flow is laminar in

microfluidic channels with hydraulic diameter ranging from 10-500 µm [1]. In addition,

after the constriction zone, the blood flow should go into a bifurcation zone, where the

plasma separates from the main flow path and is then extracted from a separate output.

The flow ratio between the main channel and the side paths should be at least 2.5:1. (2)

Flow focusing: a constriction zone is required in the blood flow path to induce a high-
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shear zone for flow focusing. From the literature, there are no specific guidelines on the

dimensions of the constriction relative to the main flow path.

2.1.2 Geometry-Related Requirements. (3) High throughput: A 3-D structure of the

microfluidic device would allow for potentially higher throughput of the device, more

flexibility in interconnection design and the possibility of future integration into a total

analysis cell. Concerning separation efficiency, increasing the number of sequential

bifurcation points will increase the separation yield. However, as the number of

bifurcation points increases, the flow rate of plasma in the side channels deceases to the

extent that no more plasma is extracted from the last bifurcations. A flexible design

would be required to change the number of bifurcation points when desired.

2.1.3 Assembly-Related Requirements. (4) Interconnection: The device should be

connectable to surrounding environment. (5) Leak-proof system: The microfluidic

device should be designed to minimise possible leakage of fluidic samples, especially in

bonding/joining positions.

2.1.4 Material/Manufacturing-Related Requirements. (6) Optical transparency: This

is required to observe the flow inside the channels during testing stage, but may also be

useful for the device in service so that any channel clogging can be observed. (7)

Biocompatibility: The device material should be suitable for blood-flow applications.

(8) Disposability: The device should be designed such that it is manufacturable by a

high-volume technique that allows for low-cost disposable devices.
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2.2 Conceptual Design

Fig. 4 presents a design for the blood plasma separator based on the functional

requirements outlined in the previous section.

Fig 4. An illustration of the 3-D plasma-separation microfluidic device.

The device consists of an inlet channel where the continuous flow of a blood sample

is inserted at a controlled flow rate. The diameter of the microfluidic channel was

Whole-blood
sample flow inlet

Constriction for flow
focusing of RBCs

RBCs-rich phase outlet

Plasma-rich
phase outlet

Bifurcation
points
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selected to be 400 µm to ensure continuous laminar conditions as stated in Section

2.1.1.

A constriction is placed after the inlet to induce the flow-focusing effect resulting

from high shear conditions. Since no recommended dimensions were available in the

literature, the dimensions were selected as 100 µm in diameter and 600 µm in length.

After the flow focusing zone, a number of bifurcations were introduced to separate

the plasma from the main flow. Instead of conventional 2½-D bifurcations usually

presented in literature, the design was based on 3-D bifurcations, where microfluidic

“surfaces” intersect with the main flow path allowing for a relatively larger amount of

plasma separation. The thickness of each separation space was selected to be 50 µm.

Since separation yield is directly related to the number of bifurcations, the design

was made to accommodate a number of separation layers across the flow path. 20

bifurcations were suggested as a maximum for a 2½-D design to avoid having excess

channels that do not extract any plasma [1]. With the available knowledge, the optimum

number of bifurcations is a matter of trial and error, so the 3-D structure was designed

such that the manufacturing process allows for the flexibility of adding extra separation

cavities when needed.

Numerical simulation tests were made to evaluate the effect of the selected

dimensions on the separation efficiency of the 3-D device and of possible geometry

modifications. The simulations were performed using a developed computational fluid
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as thickness of 1 mm to allow for stable material flow inside the cavity during

moulding. In addition, the runner and gate system was designed to supply enough

volume of filling material inside the mould cavity to avoid premature freezing. Process

conditions were also optimised for complete part filling.

2.3.3. Designing for Mould Micro-Machining. The mould was designed to be

manufactured as a set of five interchangeable elements that produced the features of the

five layers of the device. Five micro-structured aluminium inserts, the carrying steel

holder and the mould housing all fit together within an H7 transitional fit. This

reconfigurable structure was selected to allow for the flexibility of changing the design

and/or re-machining the features when deemed necessary. The time and cost involved in

machining moulds, especially with micro-features, makes it a high risk to machine the

whole mould as a single piece. This manufacturing path was selected as an alternative

approach for prototyping purposes.

When designing the parts, micro-machining limitations where taken into

consideration. The main concern was the aspect ratio of the microfeatures, which is

limited by the dimensions of the micro-milling cutting tools used. Considering that the

overall thickness of each layer was 1 mm, the maximum aspect ratio in all the parts was

5, which was safely below the reported maximum aspect ratio of micro-milling, which

is approximately 10 to 15 [27,28].
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align the parts without interference from side-gate marks that might result from

separating the parts from the runner system.

- The outer diameter of the layers was set to 10 mm with the separation features

located in the centre of the parts. This allowed for a peripheral area, usable for the

joining process, that was away from the microfluidic features, to minimise feature

deformation that might compromise the functionality of the device.

It should be noted that when joining laminates, the flatness of the mating surfaces

was critical for ensuring leak-proof joints. In the case study presented in this paper, the

flatness of the joining surfaces was minimised during the micro-moulding process using

statistical quality control [31].

2.5 Micro-Mould Manufacture

The mould inserts shown in Fig. 6 were manufactured by micromilling using a

KERN micromilling centre. The surface finish of the micro-features of two of the

aluminium mould inserts are shown in the micrographs of Fig. 6. It should be noted that

due to its full axial symmetry requirement, Part A was finished with diamond turning

for a better surface finish.
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Table 1. Processing parameters for a five-part micro-moulded component. From left to

right: melt temperature, mould temperature, injection speed, holding pressure and

cooling time.

3. Results and Discussion

Fig. 7 shows a photo of the moulded parts, while Fig. 8 shows SEM micrographs of

plastic parts A and E.

Fig 7. Micro-injection moulded plastic components.


























