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Summary 
 

Design to realize integrated polymer products 

 

The goal of this thesis is to design and realize challenging process routes to obtain 

integrated technical polymer products by shifting the present limits. Essential is the 

need of concurrent engineering, which is the coupling between the concept of the 

design, the properties of the polymer, and the characteristics of the chosen process, 

which is injection moulding. The thesis elaborates this goal by using five related, but 

essentially different, product designs. 

The first example comprises the challenge of moulding thick, though precise and 

dimensionally stable, products by compensating shrinkage by applying either the gas-

assisted-injection moulding technique, eventually combined with chemical foaming or, 

more interesting, a moveable insert. 

The second design concerns a fully integrated disposable bioreactor for culturing and 

testing of tissue-engineered heart valves. The design consists out of two identical shells 

that are fabricated via a two component, hard and soft, injection moulding technique. 

The soft polymer is used for air pressure controlled membranes, that drive the fluid 

flow, and for the steering valves and the seals. The hard polymer comprises the casing 

parts that hold the soft parts in place. The bioreactor is designed via an iterative process, 

it is successfully realized, foreseen of a mature control system, and tested, imitating the 

cardiac pressures and cardiac flows needed during the culturing and testing of tissue-

engineered heart valves. 

Next, a downscaling step is investigated by integrating multiple membranes, valves and 

seals on a smaller scale in the third design, which is full-polymeric, multifunctional 

microfluidic reactor device. For this application special serpentine mixers are needed 

that are easy to fabricate on the interface between the two halves of a mould or device, 

realizing an almost perfect baker’s transformation. The efficient, flow splitting, rotating 

and recombining device possesses 10 elements that create 2·410 layers with an 

individual striation thickness of 0.5 [nm] in 10 seconds. A combination of two identical 

shells are used, that are each folded to occupy a 160  90 [mm2] space and 

subsequently stacked into a 4 (double) layer system. One microfluidic reactor unit 

includes 6 different in- and output connections, 6 peristaltic pumps, 18 volume-neutral, 

recoverable control valves, 2 fluid storages, and 2 serpentine mixers.  

  



Summary   

VI 
 

The fourth example concerns even further downscaling in microfluidics applications by 

trying to mould micro channels by using controlled overmoulding. Hesitation effects 

(early freeze-in of the polymer melt) are normally a problem during injection moulding 

of products with non-uniform wall thicknesses. Here we use it as new technology by first 

moulding a thick layer, in which slots contain the micro structure, at high injection 

speeds, under high packing pressure and at high melt temperature for detailed filling. 

Hereafter the second layer is overmoulded on top of the first one. Slots are filled 

immediately where after the melt flow chooses to fill the remainder of the second layer, 

leaving the polymer micro structure unfilled. A polymer layered product containing 

micro channels remains. Different materials, process settings and channel dimensions 

are tested to explore the fabrication window of this technique. 

The last example concerns the challenge of structuring products by using static 

serpentine mixers on the parting surface of the mould to multiply, rotate and add 

layered structures. This could be useful for various product properties: structure layers 

parallel to the surface for barrier properties and toughness, layers perpendicular to the 

surface for soft touch and high accuracy touch screen applications. A combination of 

these methods can be used to create hierarchic structures which are most preferable in 

e.g. photovoltaic cells. 



 

 

 

Chapter 1 
 

General introduction 
  



Chapter 1  

2 
 

1.1 Polymer injection moulding process 
Thermoplastic polymers are successful partly because of their melt processability at 

moderate temperatures of around 200 – 300 [0C] and they are used in a multitude of 

application areas like protection, isolation, transportation, communication, illumination, 

packaging, housing, furniture, clothing etc. Processing techniques include extrusion, 

which is a continuous fabricating technique for 2-dimensional polymer products like 

pipes, profiles, plates, and films, and injection moulding which is the technique to create 

3-dimensional polymer products at high production rates, with repeatable precision and 

minimal scrap losses. 

 

Figure 1.1: Schematics of an injection moulding machine (1). 

Pellets are fed from a hopper into a heated barrel where they are molten and 

transported by a rotating screw through a ring valve at the screw end. Once sufficient 

polymer melt is collected in front of the screw, the screw stops rotating; this is the end 

of the dosing phase. Next the screw is pushed forwards, the ring valve closes, and the 

polymer melt is forced with a high speed through central sprue into the cold mould 

cavity, the filling phase. When the cavity is filled the machine switches from volume to 

pressure control needed to compensate for shrinkage during solidification of the 

polymer by making the polymer melt to flow through the still hot core of runners and 

product, the packing phase. After the polymer is solidified the mould is opened and the 

product is ejected. 

  

        hopper 

heater bands 

tie bar 
cooling 

channels 

screw mould 
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1.2 Mouldability 
The mould reflects the shape of the product in its internal cavity. It needs to be very 

precise to guarantee product precision and sufficiently strong to withstand the high 

separation forces caused by the pressures inside, that are typically 100-200 [N/mm2], to 

avoid leakage of the molten polymer through the parting line, or around the ejector 

pens, see Figure 1.2. 

 

 

Figure 1.2: A basic mould layout. 

Despite the compensation of shrinkage during the packing phase, the product also 

slightly shrinks during the cooling phase. During opening of the mould this shrinkage is 

implicitly used to make the product stick to the back mould where ejector pens are 

situated to expulse the product. Product walls are made slightly tapered, or placed 

under a small angle, to allow mould opening and product expulsion without damaging 

product or mould.  

 

1.3 Two component injection moulding 

To increase product functionality, the two component (or multi shot) injection moulding 

technique (2) has been developed. It allows the use of different materials in one product, 

e.g. combining rigid and flexible polymers, or polymers with different polarity or colour.  

Three different methods can be distinguished, the most accessible one being insert 

moulding, see Figure 1.3a. Here the first polymer B is injected around a hydraulically 

actuated insert, that covers a cavity reserved for the second polymer A, injected after 

the insert is pulled back. For this technique only one extra plastification unit has to be 

installed directly onto the mould; there is no need to alter the injection moulding 

machine. 

front mould 

polymer product 

central sprue 

parting line 

back mould 

expulsion plate 

ejector pen 



Chapter 1  

4 
 

 

Figure 1.3: Insert moulding (a), over moulding (b) and Co-injection moulding (3) (c). 
 

Once there is a need for more or less complete covering of the product‘s surface, insert 

moulding gets unproductive. The maximum hydraulic pressure available for controlling 

the insert position is typically 175 [bar], which is 10% of the cavity pressure only. This 

means that the hydraulic surface that acts on the insert needs to be 10 times larger than 

the cavity surface, and this consequently results in an insert that is too large to fit in the 

mould. The second technique of overmoulding solves this problem by using the 

machine’s clamping force in combination with a rotating back mould, see Figure 1.3b.  

The mould is mounted on a turning table, which allows to first inject a, for example rigid, 

polymer A in the cavity positioned in the top part of the mould, followed by an opening 

of the mould, a rotation of the back mould (translating the half product to the bottom 

part of the mould) where the second, e.g. soft, polymer B is injected in the locally 

slightly larger cavity. An extra advantage of overmoulding is the complete exchange of 

the cavity geometry which gives more freedom in product and mould design. 

The last, most challenging, technique is co-injection moulding where two different 

polymers are injected sequentially or simultaneously into the same cavity, see Figure 

1.3c. The composition resulting inside the final product is controlled by the injecting 

sequence. Figure 1.3c gives the classical example of sequential B-A-B injection, where 

after the first B injection, that only partly fills the mould cavity, the next injected 

polymer A flows inside the core of polymer B, partly because B is already solidified at the 

mould surfaces, partly because in Poiseuille flow the midplane flows fastest. The cycle 

ends with a short B injection to fill sprues and nozzles with polymer B, thus preparing for 

the next shot. Figure 1.4 shows a simple example of simultaneous injection, where 

polymer A is injected less and later than polymer B which results in A to end up in the 

A 

B 

A A 

B B 

B B 

A A 

A 

A 

B 

B 

(a) 

(b) (c) 
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core of B. If A is injected earlier, it reaches the flow front and ends up on the surfaces by 

making use of the fountain flow. If we stop injected polymer A in time, it moves out of 

the core and ends up at the surface only, while its amount relative to that of the co-

injected polymer B directly controls the outer layer thicknesses. 

 

Figure 1.4: Simultaneous co-injection with ratio polymer A/B smaller than 1 and late (a) 

or early (b) injection of A. 

More injection strategies exist by combining sequential and simultaneous injection, to 

result in e.g. uniform thin eccentric layers under the surface of a product, while in three-

component injection moulding a compatibilizer between two dissimilar polymers (e.g. 

polar-apolar) can be added to even increase the flexibility of the technology.  

 

1.4 The scope of this thesis 

The scope of this thesis is to design, and realize, some challenging new processing routes 

to finally obtain fully integrated technical polymer products by using a fully automated 

mass production process. Important in developing this concept of co-current 

engineering proved to be the coupling of the final product design with the properties of 

the to be injected polymers, given the boundary conditions and limitations as set by the 

process chosen, which in our case is injection moulding. The use of the two component 

injection moulding technique is essential in the sense that it allows us to reach a next 

level in processing, enlarging the freedom in design to finally reach a higher 

performance of different polymer products. 
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Chapter 2 
 

Gas-assisted injection moulding: 

adding two components and  

moveable inserts 
 

Abstract 
Gas Assisted Injection Moulding (GAIM) is a technique that is successfully used for 

compensating shrinkage during injection moulding of thick-walled but still accurate 

products with low levels of internal stresses and frozen-in orientation. In this study we 

apply GAIM in moulding 28 [mm] thick products combining the technique with two 

component injection moulding: 2C-GAIM. Next we used a movable insert as a local 

shrinkage compensating device, making the use of gas superfluous: the C4S 

[Component, Component, Compliance, Compensating for Shrinkage] technology is born. 

It is used for injection moulding robust and accurate transparent polymer products 

aiming to introduce multi-functionality, to apply hard and soft polymers, and differently 

coloured polymers, for improved visibility of text or design lines, and moulding text even 

inside a product for improved aesthetics.  

 

 

 

The content of this chapter is based on P.E. Neerincx, H.E.H. Meijer, Gas-assisted injection 

moulding: adding two components and moveable inserts, Plastics, Rubber and Composites, 38(9-

10), 444-452, (2009) 

http://www.mate.tue.nl/mate/showabstract.php/11218
http://www.mate.tue.nl/mate/showabstract.php/11218
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2.1 Introduction 
Polymers are processed at high temperatures to reach their viscous state and, generally, 

used at ambient temperatures. Since the density of a polymer depends on temperature, 

pressure and cooling rate, the dimensions of polymer products are different from those 

of the mould cavity, caused by differential shrinkage upon cooling. Cooling times can be 

considerable and strongly depend on the wall thickness in the design, on the mould 

temperature chosen, and on the specific heat and thermal conductivity of the polymer 

used. Thermal conductivity of polymers is low and shrinkage is pronounced and, 

therefore, we generally aim at decreased wall thicknesses in the design of polymer 

products and at low mould temperatures, that both decrease cooling times and thus 

cycle times. However, demands on the geometric design not always allow uniform thin 

walls, despite that products with differences in wall thickness of more than 5 [mm] are 

difficult to mould accurately. Generally, the locally already frozen thin wall parts prevent 

the packing pressure, and packing flow, to reach the still hot core in the thicker walls, 

and shrinkage compensation stops. A poor product surface results from the shrinkage 

and the product’s dimensional accuracy is lost.  

Gas Assisted Injection Moulding (GAIM) (4), (5), (6), (7), (8), (9), (10), (11), (12), (13), (14), see Figure 2.1, 

can be used to solve these problems and the technique is usually applied to relative 

thick-walled (5-10 [mm]) products aiming not only at prevention of sink marks, but also 

at low weights and low levels of internal stresses and frozen-in orientation (15). In 

standard GAIM, the cavity is first filled for approximately 70% (volume) with polymer 

followed by the injection of an inert gas (like nitrogen) through the still hot core. The 

resulting pressurized gas-core does not shrink itself and it compensates for shrinkage of 

the polymer covering the walls due to the open channel created from the gas injection 

point to the end of the product. The lower packing pressures required give a benefit in 

terms of lower clamping forces needed, therefore allowing for smaller machines.  

 

Figure 2.1: Schematics of the GAIM process. 
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Gas break-through in this conventional short-shot injection process makes the GAIM 

process unreliable and restricts the maximum wall thickness. Alternative techniques 

have been developed that include the so-called overspill process where, after 

conventionally filling and packing of the mould and an extra overspill volume, a gate is 

opened to allow gas penetration from the back end of the overspill to displace melt from 

the core of the overspill volume to compensate for shrinkage in the mould volume. Or, 

avoiding the need of an overspill (and thus license costs) the simple melt push-back 

process also uses the gas injection location positioned at the end of the fill, displacing 

during gas injection the melt back into the machine barrel, allowing to fabricate real 

hollow products and to reduce material waste.  

The purpose of this study is to explore yet different and improved moulding techniques 

aiming at obtaining robust, thick, short products. GAIM is combined with the use of 

foaming agents (16), (17), (18), (19), (20), and with a two component injection moulding 

technology (2), (21), (22): 2C-GAIM. In our attempt to use a text insert inside the polymer 

product, to improve design aesthetics, an interesting new process, now termed C4S 

(Component, Component Compliance, Compensating for Shrinkage), became apparent 

and its principle will be explained below. 

 

2.2 The basic process: one component GAIM 

2.2.1 Choice of the product: the dovetail cube 

 

Figure 2.2: Cubes with ten different dovetail sliding mechanisms, from ref (23). 
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Moshé Zwarts (23) was once intrigued by a cube consisting out of two parts assembled via 
a dovetail connection, with equivalent outside parting lines showing a seemingly 
impossible to open product, but with different sliding mechanisms, via an unexpected 
orientation and shape of the inside dovetail. The secret of the different design solutions 
is the use of different positions (up to infinity) of the rotation axis, see Figures 2.2 and 
2.3a. 

                         

                                (a)                                                                             (b) 

Figure 2.3: The separate cube parts (a) and the mould for injection moulding the cubes (b).  

 

At the occasion of the 50th anniversary of the TU/e, Eindhoven University of Technology, 

our group was asked to fabricate 3000 of these cubic products via injection moulding. 

They would be offered to all tenured and non-tenured university staff as a memory 

present. In first instance we chose the simplest geometry, the upper left example of 

Figure 2.2. Figure 2.3a depicts the sliding mechanism in the two halves and Figure 2.3b 

shows the mould. Of course we realized from the start of the project that we had to 

make the cube parts hollow, using gas assisted injection moulding (GAIM), to reduce 

cooling times and shrinkage, given the demands on the accuracy and dimensional 

stability of this jigsaw puzzle product. Physical or chemical foaming was the second plan. 

 

2.2.2 Preliminary experiments 

The first problems encountered in manufacturing the cube included balancing, jetting 

and gas break-through. Figure 2.4 shows examples of short shots fabricated on the 

Ferromatic K-tec 60 injection moulding machine available in our laboratory, with 

acrylonitrile-butadiene-styrene (ABS) as the polymer of choice. Gas break-through 

occurs as a result of jetting (24), which is inevitable in this design since the melt has free 

access to the cavity without hitting a wall. The irregular structure formed is too 

heterogeneous to allow for a quiet and stable gas penetration in its core. Only close to 

the injection points a more or less uniform filling pattern is obtained. Upon further filling 

the injected gas starts to find a way through the spaghetti-structure to escape via the 

venting system of the mould, without building up any pressure, making an effective 

packing phase impossible.  
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Figure 2.4: Central runner combined with two injection points and short shots of one cube half 
illustrating that moulding with GAIM failed because of gas break-through. 

 

The two separate injection points cause weld lines and create weak spots where also gas 

can break-through. Injecting more volume into the cavity was not an option, given the 

limitations in plastification capacity of our machine. Apart from all these difficulties 

encountered in each of the two halves of the cube, runner balance problems between 

the two cavities occurred since gas was injected in the central sprue, basically only filling 

one of the cavities where the resistance is initially somewhat less. If you let gas chose its 

own way in any parallel configuration, an inherently instable process results. 

 

2.2.3 Second experiments 

To eliminate the problems, one melt and one gas injection point were applied for each 

cavity, with its location and orientation chosen such that the melt directly hits a wall 

immediately after entering the cavity to prevent jetting. Figure 2.5 shows Moldflow (25) 

simulations, used for balancing the runners that fill the two cavities. Using one gas 

injection point indeed appears also in the simulations to result in an unequal gas 

distribution over the cavities, see Figures 2.5a and 2.5b, for 30% and 10% gas, 

respectively. The problem is solved by using two gas injection points which each create 

their own independent gas channel, see Figure 2.5c. Additionally we added a foaming 

agent [5% Hydrocerol, Clariant] to the polymer, to solve the volume limitations and to 

further prevent gas breakthrough.  

   

                   (a)                                                     (b)                                                      (c)                  

Figure 2.5: Moldflow simulations: uncontrollable GAIM with 70% melt filling and one gas 
injection point showing two unequal gas cores (a), Uncontrollable GAIM with 90% melt filling and 
one gas injection point showing one gas core only (b) and controllable GAIM with 70% melt filling 
and two equal gas cores injected via two separate gas injection points (c).    
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Figure 2.6a shows the cubes moulded by using foam only (without GAIM), still exhibiting 
high macroscopic shrinkage despite the long packing times used. Adding GAIM to the 
process shows success, see Figures 2.6b and 2.6c. The products represent the first 
accurate robust polymer cubes, fabricated with GAIM and using foaming for sufficient 
reproducibility, accuracy, and dimension stability. Automatic fabrication of over 3000 
cubes was timely and successful.    

                        
                 (a)                                                           (b)                                                    (c) 

Figure 2.6: Cubes injection moulded with foaming agent (without GAIM) (a) and two examples of 
products using foam agent and GAIM showing the cross-section of a cube assembly with the gas 
cores inside and a part wise assembled cube (50 x 50 x 50 [mm3]) (b) and (c). 

 

2.3 Introducing complexity, the 2C-GAIM process 

2.3.1 Transparent cubes 

Next we used the two component possibilities of our injection moulding machine to 

replace (part of) the gas by a second, different polymer, applying an overmoulding 

technique, aiming at a readable text inside the transparent cube halves. The first single 

shots, using polycarbonate (PC) as the transparent polymer, showed that, rather 

unexpectedly given the high viscosity of the PC used, gravity formed a problem. The hot 

polymer sagged in the partially filled moulds, prior to the start of gas injection. 

Repositioning the injection runner at the bottom of the cavity by a 900 rotation of the 

mould and use of only one (upper) cavity, blocking the other, created sufficient back 

pressure effectively preventing jetting and melt dropping, meanwhile also solving the 

volume problem; even without the second polymer no foaming was needed anymore, 

see Figure 2.7.  

            

Figure 2.7: Polycarbonate cubes parts (50 x 50 x 28 [mm3]), fabricated with only GAIM. 
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2.3.2 Cubes with fixed and transferred inside text 

For the design of cubes with inside text, we make use of the second, more complicated, 

dovetail connection with its turning axis parallel to a vertical rib on the edge of the cube, 

see Figures 2.2 and 2.8.  

                             

                                     (a)                                                                            (b)   

Figure 2.8: The cube assembly in Unigraphics (26) (a) and showing the rotation to open (b). 
 

The first method designed to realize text inside the cube consists of four distinct steps: 

(i) moulding text, (ii) fixing text via local overmoulding in a frame, (iii) transferring frame 

and text prior to (iv) global overmoulding to make the cube; the process is schematically 

shown in Figure 2.9. First we mould the text, the grey bars in Figure 2.9a, top; next the 

hydraulic insert (that formed one side of the text) is pulled back to make room to 

overmould a transparent frame around the text, light grey in Figure 2.9b, top. (In the 

startup phase, the bottom cavity in Figure 2.9b, bottom, is injected with transparent 

polymer only, and here indicated with the black colour). Now the transfer of the text 

from the top to the bottom starts by opening the back mould and rotating it over 1800. 

The frame with text is made to remain on the expulsion pins, keeping it in the rotating 

(back) mould part. In closing the mould, the frame with text is moved into the cubic 

cavity at the bottom, Figure 2.9c. A somewhat critical point starts now in transferring 

the text to remain in the front mould, when the back mould is opened again to rotate 

back 1800 to its original position. This can be realized by making the conical bars to 

create sufficient friction to overcome the friction with the pins in the back mould. The 

back mould is brought in its initial position, and text and frame are overmoulded with a 

transparent polymer (indicated with the black colour), while gas injection is used to 

compensate for shrinkage. At the top side a new cycle is started by injecting text and 

frame. After opening the mould the first cube with text can be ejected (parting the 

conical bars from the cube via break-lines on the frame). This solution is elegant, but 

requires to expulse with a partially closed mould. The present (standard) control system 

of our injection moulding machine does not allow this and, therefore, alternatives are 

sought. 
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                           (a)                               (b)                                   (c)                                 (d) 

Figure 2.9: Schematic representation of the first 2C-GAIM process for moulding text (grey) fixed 
by a transparent frame (light grey) inside a transparent cube (black). 
 

2.3.3 Using the transparent cube polymer as a mould to shape inside text 

In the second method, the first formed transparent cube polymer is used as a mould to 

shape the second polymer. It also contains four distinct processing steps. In the first 

stage, one half of the frame is moulded, indicated black in Figure 2.10a, with the light 

grey insert, which is the text in steel, that shapes the inverse of the cavity. Gas is 

injected during the packing phase to form an accurate product. In the second stage the 

text insert is pulled backwards. The third stage consists of moulding the text in the now 

partly open inner part of the cube, using a coloured polymer, dark grey in Figure 2.10b. 

In this critical stage, the already solidified first injected transparent polymer forms the 

mould walls. The fourth and last stage of the process is opening the mould, turning the 

back mould, and closing it to form a new cavity, whereafter this cavity is filled with 

transparent melt to complete the cube halve, light grey in Figure 2.10c, using gas to 

compensate for shrinkage.  

                                     (a)                                             (b)                                           (c) 

Figure 2.10: Schematic representation of second 2C-GAIM process: one half of the frame 
is moulded (black) (a); the text insert (grey) is pulled backwards and the partly opened inner part 
of the cube is injected with a coloured polymer (dark grey) (b); the mould is opened and the back 
mould is turned and closed to form a new cavity which is filled with transparent polymer (light 
grey) to complete the cube (c).  
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Both halves of the cube are again moulded in one processing steps, see the mould 

design in Figure 2.11. Figure 2.11a shows the front mould with at the top the two 

cavities with the two movable text inserts and at the bottom the cavities used for the 

last step in the 2C-GAIM sequence. The green lines indicate the injection channel used 

for the text. Figure 2.11b shows the back mould wherein we recognize a cog wheel 

driving the expulsion system (brass coloured part, shown in its outward position). When 

the green and the orange channels (for the coloured polymer that originates from the 

vertical plastification unit) coincide, the channels for injecting the text are active, dark 

grey in Figure 2.10b. Figure 2.11c shows an enlarged view of the injection channels for 

the transparent polymer originating from the horizontal plastification unit. The red lines 

represent the channels used in the first stage of the process, moulding the first half of 

the cube, black in Figure 2.10a. The blue lines indicate the channels used in the last step 

of completing the moulding of the cube, light grey in Figure 2.10c.  

In order to prevent jetting, the red and the blue channels inject the polymer into the 

cavities via a diving channel at the bottom of both cavities. The polymer enters the 

mould through the center, see Figure 2.11c. Switching between red and blue depends in 

an automatic way on the mould position. Figure 2.12 shows the different parts produced 

during the different stages of the moulding sequence. First, the transparent frame, half 

of the cube, is moulded, see Figure 2.12a, containing the text cavity inside, after the 

insert is pulled back.  

           (a)                                                 (b)                                                 (c) 

Figure 2.11: The 2C-GAIM mould, the front mould with two cavities with the inserts (top) (a), the 
back mould with the brass rotating expulsion mechanism (b) and an enlarged view of the runners 
positioned in the back mould (c). 
 

Blue polymer is injected in this cavity, using the first transparent polymer as a mould, 

see Figure 2.12b. The gas core of the GAIM is accidently and unluckily positioned in front 

of the text, making it less readable.  
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                       (a)                              (b)                                               (c) 

Figure 2.12: Half products (top and bottom-side of the cube) during the injection moulding 
sequence. 
 

Figure 2.12c shows the last stage of the moulding sequence, filling the second half of the 

cubes. Interestingly, and luckily, the earlier formed gas core in front of the text almost 

disappears thanks to the melt break-through during this second injection stage that fills 

the first gas core almost completely. Figure 2.13 shows the final result: an accurate 

jigsaw cube with semi-circular inside dovetail, with readable text inside for improved 

aesthetics, and sufficient dimensional stability, using PC as the transparent, and 

coloured PC as the blue, polymer and a Ferromatic K-tec 60 injection moulding machine 

equipped with a turntable and two plastification units (vertical and horizontal) as the 

manufacturing machine. 

Figure 2.13: Assembled cubes from different views. 

 

2.4  A new injection moulding process: C4S 
Until now we used gas injection and/or a foaming agent to compensate for shrinkage. 

Thanks to the presence of the hydraulically actuated text inserts, a different and new 

possibility to compensate for shrinkage became apparent. When setting the packing 
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pressure high, too high for the hydraulic insert to remain its outwards position during 

the first stages of the moulding process, an artificial local wall compliance is created. At 

high pressures, the melt pushes the insert back into the mould wall, during cooling the 

insert directly pushes back on the most shrinking part of the product. This technique is 

now termed the C4S (Component Component Compliance Compensating for Shrinkage) 

and it is characterized by the following five injection moulding sequences, see Figure 

2.14: (i) Filling the cavity with the insert in its outward position, Figure 2.14a. (ii) Building 

up the cavity pressure, which moves the insert backwards, Figure 2.14b. 

                         (a)                         (b)                         (c)                        (d)                         (e) 

Figure 2.14: C4S moulding: the first half of the cavity is filled (black) (a), pressure inside the cavity 
pushes the hydraulic insert (grey coloured) into the mould wall (b), hydraulic insert moves back 
into the mould to compensate for shrinkage in the latest stage of cooling (c), moving the halve 
product to the bottom cavity (d) and filling (overmoulding) the extended cavity (light grey), 
where after the cubes are finished (e). 

 

This is followed by (iii) shrinkage upon cooling during which the insert moves back slowly 

into the cooling melt in the latest stage of the cooling process driven by the hydraulic 

pressure that controls its position, Figure 2.14c. Finally (iv) opening the mould and 

turning the back mould, Figure 2.14d, and (v) filling the remainder of the cavity, light 

grey in Figure 2.14e. Again both halves of the cube are moulded in one processing step 

and of course even simpler constructions can be realized by using a spring or air 

pressure. A proper check on the potential performance of the C4S technology is to apply 

the technique on the injection moulding of semi-crystalline polymers that shrink 

considerably more. Figure 2.15a depicts the two parts of a polypropylene cube injection 

moulded in the first step, see Figures 2.14a-c. The shrinkage volume compensated 

equals the depicted volume caused by the text insert displacement (text area multiplied 

with ‘S’). It equals roughly 30% of the maximum possible displacement of the text insert. 

The warpage proved to be between 0.03 and 0.10 [mm] on the outer surfaces of the PP 

half-cubes with a length of 50 [mm]. Figure 2.15b shows the assembled injection 

moulded cubes after completing the whole sequence as depicted in Figures 2.14a-e. The 

last injection step is less accurate since no special shrinkage compensating tools are 

available in this step and leaves the outer surface of the cube somewhat more warped 

(between 0.05 and 0.25 [mm]). Nevertheless, the assembly is still possible because this 

depends mostly on the shrinkage and warpage of the frame part with the duck tail 

connection moulded in the first step. 
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                  (a)                                                                                          (b) 

Figure 2.15: Partial injection moulded cube (maximum wall thickness of 28 [mm]) with 
polypropylene using the movable hydraulic insert for shrinkage compensation (a); finished 
polypropylene cube (b). 
 

2.5  Conclusions  
Different methods are designed, realized, tested and optimized for compensating 

shrinkage during the injection moulding of robust polymer products. The first study used 

gas injection and a foaming agent, and is a method for injection moulding robust light-

weight products with thin walls and large gas cores. In this technique, clear glassy 

polymers lose their transparency because of the foaming process. The second study 

used only gas injection, but extended the technique by using a second component to 

create an inside text in a transparent cube: 2C-GAIM. Finally a new method for injection 

moulding amorphous and semi-crystalline robust polymer products was developed 

where close to the thickest wall part a hydraulically actuated piston is placed to 

compensate for shrinkage, now termed the C4S technology.  
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A disposable bioreactor for 

culturing and testing of tissue- 

engineered heart valves 
 

Abstract 
A disposable bioreactor is designed consisting out two identical shells that are fabricated 

via a two component, hard and soft, injection moulding technique. In the bioreactor an 

autologous-cell-seeded scaffold can be placed for culturing (growing and conditioning) 

and testing tissue-engineered heart valves. The soft polymer is used for membranes, 

that drive the fluid flow, and for the steering valves and the sealings. The hard polymer 

comprises the casing parts that hold the soft parts in place. The steering valves are used 

for directing the fluid flow and controlling the closing pressure exerted on the growing 

heart valve. Air pressure actuation is used because of its flexibility, simplicity and 

reliability. Different spherical membrane geometries are evaluated in their performance 

to realize a reproducible deformation. Relaxation of flow-induced orientation inside the 

membrane results in buckling and tilting, which makes ultrasonic position measuring 

troublesome. The problem is solved by developing a membrane geometry that allows 

high volume displacements combined with relaxation to a neutral geometry as it is 

initially moulded. The bioreactor is successfully tested, imitating the cardiac pressures 

and cardiac flows needed during the culturing and testing of tissue-engineered heart 

valves. 

The content of this chapter is based on P.E. Neerincx, H.E.H. Meijer, A disposable bioreactor for 

culturing and testing of tissue-engineered heart valves, International Polymer Processing, 25(2), 

1-10, (2010) 

http://www.mate.tue.nl/mate/showabstract.php/11460
http://www.mate.tue.nl/mate/showabstract.php/11460


Chapter 3  

20 
 

3.1  Introduction 
The heart is a double pump with a low pressure system that circulates blood through the 

lungs and a high pressure system that pumps blood through the body. Both systems 

contain two chambers, the atrium (blood collector) and the ventricle (volume displacer), 

and two valves that control the direction of the flow. The aortic valve is made up of 

three flexible leaflets. The aortic cycle starts with the relaxation of the left ventricle, 

called the diastole. A low pressure allows the blood to flow from the atrium into the 

ventricle. The contraction of the heart muscle, called the systole, raises the pressure in 

the ventricle. When the pressure in the (left) ventricle (Plv) becomes higher than the 

pressure in the aorta (Pao), the aortic valve opens and a flow is induced. After 

approximately 0.3 seconds the heart muscle relaxes and the next diastole is reached, see 

Figure 3.1a.  

                     

                                     (a)                                                                                  (b) 

Figure 3.1: The flow through and pressures in front (Plv)  of and behind  (Pao) the aortic valve 
during one cycle (a) and two examples of tissue engineered heart valves (27) (b). 

 

When the aortic heart valve suffers from stenosis (incorrect opening) or regurgitation 

(improper closing) the heart is not able to pump an adequate amount of blood through 

the body. In severe cases a heart valve replacement is needed and mechanical or 

bioprosthetic valves (usually made from animal tissue) are used (150,000 of each type 

per year). Mechanical valves combine excellent durability with an increased risk of 

thrombo-embolism (the forming of blood clots) necessitating the patient to use anti-

coagulants (blood thinners) during the rest of his life. Its use has obvious disadvantages. 

Bioprosthetic valves have a much lower risk of thrombo-embolism but have limited 

durability. In recent years, tissue-engineering is investigated as an alternative for heart 

valve replacement, which is the controlled construction of new tissue grown from the 

patient's own cells. Cells are seeded onto a scaffold (28), (29), (30) that reflects the desired 

shape of the tissue. The polymer scaffold degrades during culturing (typically in two 

weeks time), to make place for the tissue and, to stimulate tissue formation and 

development, biological and mechanical stimuli, like mechanical conditioning, are used. 

The total process typically takes four weeks (31), (32). Various bioreactors have been 
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developed wherein conditioning of the valve is performed by imitating the physiological 

conditions. Hoerstrup et al. (33) developed a bioreactor in which flow is applied through 

the tissue engineered heart valve leading to a dynamical pressure difference over the 

valve. Other bioreactors used mock circulatory systems (34), (35), (36), where the most 

important elements of the human circulatory system are represented by mechanical 

imitations in order to mimic the physiological response of the real system. The drawback 

of such systems is their size fitting hardly in an incubator, and the large amount of 

culture medium needed, that gives a higher risk of infections. Vilendrer et al. (37) 

designed a compact microprocessor controlled bioreactor including a bellow pump that 

provides control and measurements of relative small fluids flows and pressures. Other 

devices are developed for only testing heart valves using pulsatile air pressure to deform 

an elastic tube, bellow or membrane (38), (39), (40). In spite of all efforts made, it is still not 

clear which mechanical stimulation protocol will yield optimal results. In the Tissue 

Engineering group of the Biomedical Engineering department of the TU/e the effect of 

cyclic strains on the strength of the developing tissue was systematically investigated (41), 

(42), (43). It was concluded that strains play a significant role in the early tissue 

development, resulting in the growth of sufficient extra cellular load bearing collagen 

fibers containing the proper orientation. As a consequence, simple compact bioreactors 

are at present more or less successfully used to grow heart valves, but for applications in 

aortic valve replacements, finally also in humans, clear and important improvements in 

the process and process control of tissue engineering heart valves are still necessary. 

Rubbens et al. (44), (45) recently showed that intermitted straining results in improved 

mechanical properties for rectangular-shaped tissues. Mimicking the opening and 

closing process in the later stages of the tissue engineering process of complete valves, 

by applying flow through the valve, could be beneficial for the further development of 

the tissue, especially by separating the leaflets during growth, (31). Moreover opening 

and closing by flow could potentially contribute to the stimulation of elastin fibers that 

should grow perpendicular to the load bearing collagen fibers and function to keep the 

leaflets in shape and to prevent creep. All existing bioreactors are assembled from a 

large number of parts which have to be carefully collected, mounted and tuned while re-

use of major parts is hampered by embrittlement of the engineering polymers used, 

upon repeated high temperature and high pressure sterilization. Apart from that, in 

existing bioreactors the combination of flow and strain is not applied, while the final 

testing of the tissue-engineered valves, using physiological flows and pressure 

differences, is necessarily performed outside the bioreactor, which leads to destruction 

of the heart valve.  

The goal here is to design a flexible, fully integrated bioreactor that can be fabricated by 

injection moulding, thereby reducing the production costs considerably, and that allows 

to realize all stages: culturing, which is growing and conditioning, and testing under 

physiologically relevant conditions. 
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3.2 The concept phase 
An iterative procedure has been started to arrive at a list of design demands. The 

bioreactor should consist out of as few parts as possible and be produced by using a 

sterile fabrication technique. A heart valve shaped scaffold should be easily positioned, 

exchange of nutrient fluid inside and around the scaffold with that from a storage 

chamber should be made possible. Atmospheric air contact via a sterile membrane 

would allow for oxygen exchange via diffusion. All stages of the process: culturing (which 

is growing and conditioning) and testing, should be realizable without opening the 

bioreactor; testing should be under circumstances that mimic the complete human 

aortic cycle.          

 

Figure 3.2: The first bioreactor design (opened, closed and in cross-section); typically illustrating 
the early stage of an iterative design procedure. 
 

An extra constraint posed to speed up the development process, is that the bioreactor 

parts should be fabricated by using the multi component injection moulding technique 
(2), (21), (22) on the Ferromatic K-tec 60 injection moulding machine available in our 

laboratory (46). This poses some size limitations. The first design comprises a chamber 

containing the scaffold mounted between two shells that are attached with a flexible 

joint at one side, and a click hook connection on the other side, see Figure 3.2. A 

computer controlled piston drives the membranes (47) in front of and behind the 

scaffold, creating a flux and the correct pressure difference. The two rolling membranes 

allow volume displacement, controlled by either the piston actuation or, alternatively, 

by air-pressure, (48). They maintain a closed sterile environment in the bioreactor 

without using sliding (piston-cylinder) mechanisms that possibly produce unwanted 

contamination. The bypass valve is used when exchanging the nutrient fluid and to 

control the closing pressure of the heart valve.  

  



 A disposable bioreactor for culturing and testing of tissue-engineered heart valves 

23 
 

Disadvantages of the design include the insufficient sealing around the scaffold, since 

the two halves make leakage inevitable. Besides, the projected area of the casing is too 

large to be moulded on our injection moulding machine. Moreover the system fails a 

refreshing mechanism for the fluid around the scaffold.  

In the second, improved, design the scaffold chamber is turned 900 to solve the sealing 

problem. Two identical shells are used to compose a line-symmetric casing, see Figure 

3.3. One assembly contains two shells for each of which only half of the surface area for 

moulding is needed, meanwhile also reducing the clamping force. Extra steering valves, 

and a chamber around the scaffold, are added to make automatic refreshing possible. At 

both ends of the scaffold chamber, a vision window is created by off-setting the 

entrance and exit sections of the tube-connections to allow visual inspection of the 

scaffold at all times of the process. 

 

Figure 3.3: Schematic cross-section of the line-symmetric bioreactor design with the flexible parts 
made of the soft polymer (red) and the rigid parts made of the hard polymer (blue), together 
with pressure supply caps (grey) and the scaffold of the heart valve (pink) mounted in the 
adapter part (green). The chambers are connected by tubes (dark green lines). 
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3.3  A prototype bioreactor 
The first prototype bioreactor was assembled from two milled plates with rubber rings 

in-between to create chambers; membranes and valves were mounted; external tubes 

attached and pressure sensors were placed in front of and behind the scaffold chamber, 

see Figure 3.4.  

                

Figure 3.4: Prototype bioreactor actuated by two pistons moved by linear, spindle based, stepper 
motors (49). 

 

Figure 3.5 shows the results of imitating a heart cycle. Membrane 1 controls the volume 

displacement during the systole, membrane 2 the pressure. The aortic pressure profile 

during a 40 [cc] fluid displacement back and forth through the scaffold chamber, without 

a heart valve mounted inside, is shown in Figure 3.5b. Unacceptable high-frequency 

disturbances with an amplitude of 2 [kPa] are found, originating from the rotating 

spindles and unexpected slip-stick of the sliding shaft of the linear motors. This is a 

disappointing result since this type of actuation was selected in the first place to allow 

for a simple, direct and precise controlled rolling membrane positioning in time, and 

thus an accurate prescribed flow rate through the system. Besides the lack of quality of 

the smooth motion control stepper motors, also their size forms a problem because the 

total setup gets too large to fit into an incubator. Therefore it was decided to switch 

directly to air-pressure actuation. 
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                                          (a)                                                                               (b) 

Figure 3.5: Schematic representation of the active parts during flow through the bioreactor (a) 
and the prescribed and measured pressures (b). 

 

The first step is to test the membranes on their performance in controlling pressures 

and flows inside the bioreactor, using air actuation. The conical membranes, depicted in 

Figure 3.3, that work excellent as rolling membranes when actuated with a piston, 

proved to be insufficient in air pressure actuation, and an unstable membrane 

deformation resulted. Redesign yielded a spherical geometry with a 2.0 [mm] wall 

thickness and a Ø6.0 [mm] flattened top and Figure 3.6 shows the (with MSC Software 

computed) deformation compared to experiments on injection moulded thermoplastic 

polyurethane (TPU) membranes. A five parted buckle (50), (51), (52) appears which in first 

instance does not seem to present a serious problem.  

    

 

                  (a)                                    (b)                                     (c)                                 (d) 

Figure 3.6: Initial (a) and deformed geometry (b) of the spherical membrane during loading with 
a pressure difference over the membrane compared to experiments, (c) and (d), on an injection 
moulded TPU membrane. 
 

Next the steering valves are tested and Figure 3.7 shows their different positions. Figure 

3.7a shows the undeformed state, where the opposite tube connection (grey) remains 

open. The vertical stiffness of the valve in this position is low, so it deflects easily even 

under small pressure differences. When air-pressure actuation (between valve and 
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pressure-cap (light grey)) is applied, the valve is pushed downwards to close around the 

(opposite) tube-connection, resulting in a high vertical stiffness, see Figure 3.7b. 

 

               (a)                                    (b)                                      (c)                                     (d) 

Figure 3.7: Steering valve in its stable neutral open position (a), closed position (b), fully opened 
position (c) and stable y opened position (d). 
 

Adjusting the air pressure results in a controlled force on the valve and provides an extra 

parameter to control back flow in the bioreactor, and thus effectively the pressure 

difference over the heart valve. Finally, pulling the valves back allows for large flows, 

Figure 3.7c, and in the extreme, Figure 3.7d, the valve is in a new stable position 

backwards inside the pressure-cap. 

3.4  An injection moulded bioreactor  
The design of the bioreactor of Figure 3.3 is changed to include the spherical 

membranes of Figure 3.6 that allow air pressure actuation. The two identical shells that 

compose the bioreactor are each moulded using four injection shots in two mould 

positions, see Figure 3.8. For this so-called 2K (two component) overmoulding 

technology (53) a rotating mould is used, see Figure 3.9. The properties of the materials 

used, polycarbonate, PC, for the rigid parts and a thermoplastic polyurethane, TPU, for 

the flexible parts, are listed in Table 3.1. Table 3.2 shows the relevant processing 

parameters used during 2K moulding. In the initial mould position first the soft polymer 

(light red in Figure 3.8 left) is injected in the thin, long cavity that forms the sealing part 

(used later to close the bioreactor shells in the assembly). Next the hard polymer is 

injected (light blue in Figure 8 left) that later carries the soft membranes and valves. 

(Injecting first the hard polymer in the large cavity would have caused bending and 

somewhat opening of the mould causing flash during injecting the low viscous soft 

polymer in the second shot). 
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Figure 3.8: The first mould position (left) and the second mould position (right) during the two 
component injection moulding process. Red indicates the flexible parts made from the soft 
polymer (TPU); blue stands for the rigid parts made from the hard polymer (PC). 
 
Table 3.1: Material properties. 

Material Density Mould 

shrinkage 

Melt flow 

index 

Flexural 

modulus 

Tensile 

strength 

Specific 

heat 

Thermal 

conductivity 

[g/cm3] [%] [g/10min] [MPa] [MPa] [J/kg‧0C] [W/m‧0C] 

PC Xylex 

X8303 CL 

1.2 0.4 – 0.8 21 1900 72 2100 0.22 

TPU 

Texin 985 

1.12 0.8 10 27 38 2600 0.21 

 
 
Table 3.2: Process settings. 

Material Mould 

temperature 

Melt 

temperature 

Flow 

rate 

Injection 

volume 1 

Injection 

volume 2 

Packing 

pressure 

Packing 

time 

T [
0
C] T [

0
C] [cm

3
/s] [cm

3
] [cm

3
] [MPa] [s] 

PC Xylex 

X8303 CL 

40 250 35 38 77.5 30 6 

TPU 

Texin 985 

40 210 10 28 35 15 2 
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Figure 3.9: The two halves of the mould used for injection moulding the bioreactor, the rotating 
back mould (top left) and the stationary front mould (top right) and their cross-section when 
closed in mould position one (bottom left) and two (bottom right). Red is the soft polymer, blue 
the hard polymer. 
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Subsequently, the mould is opened and the back mould is turned over 1800, around its 

horizontal center, indicated with the small cross in Figure 3.8, and closed again to 

resume the process in the second mould position. Again we first inject the (red) soft 

polymer (to avoid flash) in the newly formed cavities in the bottom part of the front 

mould half, that make the membrane and valves, overmoulding the hard existing (light 

blue) polymer. The fourth and last injection shot is with the (blue) hard polymer over the 

earlier moulded (light red) sealing part and over the (light blue) shell part, welding all 

parts together. Figure 3.9 shows the details of the two mould halves and a cross section 

through the closed mould.  

Two identical bioreactor shells together with two pressure caps, clips, tubing, sensors 

and air pressure actuators compose the bioreactor assembly, see Figure 3.10.  

    

Figure 3.10: Pressure cap (top left), clip (top middle), and bioreactor shell (bottom left) and a 
bioreactor assembly with tubes, sensors and actuators (right). 

 

Pressure applied in the chambers between the shells and the cap control the actuation 

of valves and membranes. Clips prevent bending outwards of the bioreactor shells 

withstanding the internal pressures. The pressures difference over the scaffold chamber 

is measured using pressure sensors (54); position measurement of the membranes is 

done by contactless ultrasonic sensors (55) and air pressure actuation is performed via 

proportional air flow valves (56).  
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3.4.1  Membrane optimization  

In the first attempt to pump fluid, using membrane-1 in a position-controlled way and 

membrane-2 in a pressure-controlled manner, it was found that the position 

measurement of the membranes was incorrect, resulting in an unstable and unreliable 

control of the membrane’s positions. Membranes integrated in the moulded bioreactor 

give, see Figure 3.11, a deformation different from that of separately injection moulded 

membranes, see Figure 3.4. Flow-induced molecular orientation (15) as result of 

unsymmetrical flow caused by injecting on the side edge, instead of in the middle, of the 

membrane seem to cause tilting of the deformation, a phenomenon that increases in 

time. Ribs at the inside of the membrane wall were added to stabilize, see Figure 3.11, 

which helped, but only slightly. After a few days of membrane actuation, the “neutral” 

geometry changed caused by stress relaxation, which made the deformation even more 

unstable than in the membranes without ribs. 

          

Figure 3.11: Tilted deformation of air-pressure actuated initial membrane (left) and one with five 
ribs added at the inside (right). 

 

Apparently anisotropy due to flow induced orientation and stress relaxation negatively 

affect the unloaded membrane. Therefore it is suggested to mould a membrane in its 

neutral position (in-between totally inwards and outwards). The deformed membrane is 

longer, thus a curled, wavy geometry is chosen, see Figure 3.12 top. The flat surface 

(now designed larger: Ø20 [mm]) in the center allows for easy ultrasonic position 

measurement.  
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Figure 3.12: Cross sectional view of the membrane showing its design parameters (top), Marc 
Mentat simulations (middle) and the injection moulded membrane (bottom) with parameter set 
(d / R / S) = (1 / 2,5 / 0) in neutral, inward and outward positions. 

 

Marc Mentat (57) is used to compute the volume displaced under actuation pressures 

ranging from 30 to -30 [kPa]) and to compute the stability of the wave shaped 

membrane, changing the membrane’s design parameters d, R and S *mm+. Figure 3.12 

top explains their meaning: the parameter d represents the membrane thickness, it 

influences the force needed for a required displacement; the radius R directly 

determines the number of waves that can be fitted in the membrane, while the 

parameter S determines the stroke of the membrane. The volume that can be displaced 

strongly depends on the value of S, especially for small values of R that allow more 

waves and thus more additional segments with length S. Stability is defined by the 

magnitude and sign of the reaction force that follows, after a slight offset of the 

midpoint of the membrane, upon loading with 30 [kPa] (a positive reaction force means 

a stable deformation). The reaction force is plotted as function of volume displacement 

in Figures 3.13 and 3.14. The stability of wave shaped membranes is investigated 

starting with a low strike membrane, characterized by the parameters (d, R, S) = 

(1/2.5/0). Figure 3.14 left shows results for this membrane (dashed line); a stability force 

between 2 and 3 [N] results. 
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Figure 3.13: Overview of the effect of parameter combination on pump volume and stability 
force, showing the best design in the upper right corner. 

 

Figure 3.13 shows stability results only for the maximum volume displacement at a 

constant pressure of 30 [kPa], the low stroke (d, R, S) = (1/ 2.5/ 0) membrane is shown in 

the top left corner, while the top right corner is the obvious design goal. Increasing S 

increases the pump volume but destabilizes the deformation, see arrow S↑. Decreasing 

the wall thickness d also causes a larger pump volume, at constant actuating pressure, 

but also destabilizes the deformation, see arrow d↓. Increasing R (arrow R↑) results in 

a larger volume displacement but in the most unstable deformations. Therefore 

decreasing R (thus increasing the number of waves) is the direction to go, while the 

displaced volume can be increased by either increasing S or decreasing d. An optimum is 

found for the set (d, R, S) = (0.75/ 1/ 2), indicated red in Figure 3.13. The reaction force is 

still positive while the volume displacement meets the requirements. Thinner 

membranes become unstable. Figure 3.14 shows the difference in stability, volume 

displacement and actuation pressure of the membranes possessing the most interesting 

parameter set. The actuation pressure needed for +/- 40 [cc] volume displacement for 

the optimum membrane (solid line in Figure 3.14 right) is +/-7 [kPa]. The membrane 

response is more linear compared to the earlier injection moulded membrane, which 

had parameters (d, R, S) = (1/ 2.5/ 0). This will make feedback control easier. The 
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parameter set (d, R, S) = (0.75 / 1/ 2) is therefore used for our final membrane 

geometry. 

 

Figure 3.14: Stability force over volume displacement (left) and the actuation pressure against 
volume displacement (right) of the final parameter sets of interests. 

 

3.5  Results 
A control system is developed, and written in LabView, that produces three (output) 

signals: The first controls the driving membrane, membrane-1 in Figure 3.5a, with 

feedback on its position. Of course changes in the position of the membrane directly 

relate to the volume displaced. The second controls the impedance membrane, 

membrane-2, with feedback on the pressure behind the valve (Pao, the aortic pressure). 

The output signal of the position of membrane-1 is inverted and used as feed forward in 

controlling the movement of membrane-2, combined with a feed forward from the 

position of membrane-2 to compensate for its stiffness. Feed forward forms about 50 % 

of the control signal for membrane-2 and plays an important role allowing correct 

pressures even at high flow rates, where pneumatic actuation via feedback control only 

is impossible. The third output signal is used for controlling the pressure ‘P’ that works 

on the direction control valve (depicted in Figure 3.5a) that regulates the opening in the 

bypass to induce a closing pressure on, and thus the pressure drop over, the tissue 

engineered heart valve. The total control system is completed by including an ILC, 

iterative learning control system, which helps during start-up and in quick and reliable 

adaptations to new set points. For details see ref (58), (59). 

The bioreactor is designed to be adaptable to any protocol, from complete rest to 

gradually increasing volume displacements and pressures to finally approach the 

physiological heart cycle. To investigate the functioning of the bioreactor, a thin three 

leaflet TPU test heart valve with the correct physiological shape (60) is applied. Three 

tests are performed, increasing the volume of the flux through the test heart valve.  
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The first test mimics the early stages of growth and culturing and it only strains the 

valve, with low pressures between 0 and 3 [kPa] and a frequency of 1 [Hz]. Figure 3.15a 

shows the resulting closing pressure on the valve and Figure 3.15b the sine-shaped 

membrane volume displacement needed to achieve this closing pressure. 

 

Figure 3.15: Results during strain loading. The closing pressure (Pao-Plv, see Figure 3.1) on the 
valve (left) and the membrane volume displacement (right) needed to produce this closing 
pressure. 

 

This volume displacement needed is surprisingly high, but lower values did not close the 

TPU test heart valve sufficiently to create a pressure drop over the valve. A set point for 

the valve closing pressure could be based on valve deformation as a feedback from the 

growth process. Jeroen Kortsmit (61) designed such a controlled mechanical stimulus. 

Using an experimental-numerical approach, he developed a method to estimate the 

local leaflet deformation during real tissue engineering by using the volumetric valve 

deformation during the release of the valve closing pressure. Implementing this 

approach could be realized by using membrane-2 to apply a valve closing pressure 

followed by its release in a controlled manner. Its volume displacement equals the 

volume deformation of the valve during spring back to its undeformed shape.  

The second test opens and closes the valve at moderate flow rates. Figure 3.16 top 

shows the aortic pressure Pao, the left ventricle pressure Plv, and the valve closing 

pressure, Pao-Plv, and furthermore the flow and the volume displacement, during a heart 

cycle at an intermediate volume displacement of 10 [cc]. The system works as desired 

and all prescribed pressure profiles and volume flows are reached.  
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Figure 3.16: Results during 10 [cc] pumping. The aortic pressure Pao (a), valve closing pressure, 
Pao-Plv, and (imitated) left ventricular pressure Plv (b), flow (c) and the reference and measured 
volume displacement (d).  

 

Finally, in the third test, the flux is increased to 80 [cc] per cycle, which is characteristic 

for a physiological heart cycle, see Figure 3.17. The aortic pressure during the diastole 

seems somewhat disturbed by the flow passing through the, almost closed, direction 

control valve that creates 10 [kPa] closing pressure on the heart valve. The valve clearly 

withstands the 10 [kPa] pressure over the whole diastolic period, with almost no flow, 

which indicates that the leaflets are closed in the neutral state. At the end of the 

diastole the test valve is severely deformed backwards and the leaflets support each 

other in the co-aptation region. This results in an extra peak during opening in the 

systole phase of circa 5 [kPa] needed to unfold and open the test valve from its firmly 

closed position. This might be typical for the TPU test valve used.  
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Figure 3.17: Results during 80 [cc] cycle imitation. The aortic pressure (a), valve closing pressure 
and imitated left ventricular pressure (b), flow (c) and the reference and imitated volume 
displacement (d).  
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3.7  Conclusions  
A working, disposable, bioreactor has been developed possessing all functions needed 

for growing, conditioning and testing of tissue-engineered heart valves. From the 

concept phase of the design process, a line-symmetrical design resulted with valves, 

seals and membranes included to allow performing all functions needed. The 

manufacturing phase started with the construction of a piston driven prototype with 

rolling membranes, that contained all essential features like injection moulded direction 

control valves and spherical membranes. Next the moulded, fully integrated, air 

pressure actuated, bioreactor was fabricated using a two component, hard and soft, 

injection overmoulding technique. The spherical membranes that worked well if 

moulded separately and center gated, thereby resulting in full symmetry, now tilted 

during deformation. Anisotropy of the membrane caused by flow-induced molecular 

orientation as it results from unsymmetrical filling during injection moulding is the cause.  

 

Adding ribs did not help and in-time its behavior became even worse. A new design was 

needed and a wavy membrane was chosen, moulded in its neutral position. Its geometry 

has been optimized in terms of stable deformation under pressure loads, giving 

sufficiently large displaced volumes. Small radii of curvature give, in the restricted space, 

larger numbers of waves. Increased land lengths S increase the stroke, and thus 

displaced volume, as does a decreased membrane thickness (at constant pressure load). 

An optimum geometry was found with membrane thickness d = 0.75 [mm], radius of 

wave curvatures of R = 1 [mm] and extra land lengths of length S = 2 [mm], that allow for 

correct membrane position measurements during pressure actuation using ultrasonic 

contactless sensors. A control system was designed using the inverted steering signal of 

membrane-1 as feed forward signal for membrane-2 which plays an important role to 

significantly increase the control quality at high flow rates. An ILC, iterative learning 

control system was implemented to facilitate fast adaptation to any loading protocol. 

We successfully tested the bioreactor using intermediate valve closing pressures and, 

finally, by applying a full flow imitation of the total physiologically cardiac pressure and 

flow cycle.  

The disposable bioreactor will be tested on its ability to grow tissue engineered heart 

valves approaching physiologically flow and pressure conditions, in the Tissue-

Engineering group of the Bio-Medical Engineering department of the TU/e. Results will 

be reported elsewhere in due time. 
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Compact Mixing using Multiple 

Splitting, Stretching and  

Recombining Flows 
 

Abstract 
The working principle of static mixers is based on repeated stretching, cutting and 

stacking operations. Two-way splitting (cutting) elements are most commonly used. 

Multiple splitting elements increase the compactness of the mixer, but an issue is the 

pressure consumption. Here we first investigate how to improve existing two way 

splitting and recombining flows. We use the serpentine channel geometry which 

relevance is that it is easy to fabricate on the interface between two halves of a mould 

or device. Next a parallel multiple splitting method is developed which is compact and 

efficient in terms of pressure consumption and uniformity of the resulting layer 

distribution. The final design represents a fully parallel multiple mixer, circularly shaped, 

that uses fan shaped channels (for a uniform flow length distribution) to guide the flow 

to its splitting channels, where it is turned and recollected in a second fan shaped 

channel. Because of its twelve-way parallel splitting design, the device produces 24 

layers in one mixing element and 288 layers in the second element and so on. 

Prototypes are fabricated, tested on performance and compared with some existing 

static mixers using mixing speed, volume, length and pressure drop as criteria. The new 

mixer outperforms the other designs, with an exception of the volume used.  

The content of this chapter is based on P.E. Neerincx, R.P.J. Denteneer, S. Peelen, H.E.H. Meijer, 

Compact Mixing Using Multiple Splitting, Stretching, and Recombining Flows, Macromolecular 

Materials and Engineering, 296(3-4), 349-361, (2011) 

http://www.mate.tue.nl/mate/showabstract.php/12847
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4.1  Introduction 
Static mixers are widely used to mix fluids. Two examples of static mixers that are 

commonly used because of their capability to also mix fluids with high viscosities in 

creeping flows are the Sulzer SMX mixer (62), (63), (64), which is essentially a multiple 

splitting device, and the Kenics KM mixer (65), the prime example of a two-way splitting 

device. The first is characterized by a relatively complex geometry and is particularly 

suited when compactness is required. The second shows a simple geometry and is 

champion in mixing with the lowest pressure drop, although it was recently beaten by a 

simplified new (n, Np, Nx) (1, 1, 4) design based on the Sulzer geometry type of mixer (66), 

where n is the number of crosses over the height, Np is the number of parallel bars along 

the length of the element, and Nx is the number of cross bars over the width of the 

element, see for details Singh et al. (67). Static mixers are based on chaotic advection, 

applying the baker’s transformation which is efficient in the near zero Reynolds regime. 

If this transformation is performed via repeated stretching and folding, see Figure 4.1, 

top, the two layers contacting in the fold are both of the same colour. Therefore, 

repeated stretching, cutting and stacking is to be preferred, see Figure 4.1, bottom. 

 
(a) 

 
(b) 

Figure 4.1: The baker’s transformation. 

 

Interesting possibilities to realize the baker’s transformation in simple geometries 

originate from the area of microfluidics, where mixers are made on the interface of the 

two halves that comprise a device. Usually they consist of different geometrical 

structures, (68), (69), (70), (71), (72) and their working principles rely on inertia and therefore 

they only function when the Reynolds number exceeds a critical value. This also is true 

for the standard serpentine channel (73) (Re>50). To remove this constraint, splitting 

serpentine channels have been proposed that allow efficient exponential mixing also in 

the zero Reynolds regimes (74), (75), (76), (77). In our group Kang et al. (78) quantitatively 

analyzed the flow in 3D serpentine channels at different Reynolds numbers. They 

demonstrated flow paths in the standard geometry and those in the splitting flows used 

at low Reynolds numbers and moreover performed optimization studies for these 

geometries, using the elegant and effective Mapping Method, see for an explanation of 
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the method e.g. (79), (80), (81), (82), (83), (84). Next Denteneer and Neerincx improved the design 

of the splitting serpentine channel to obtain more uniformity in the layer distribution  (85). 

The result is the so-called DentIncx mixer, dealt with in Section 4.2. Its design is based on 

two concepts. First fluids should be split, stretched during their rotation and stacked in 

such a way that during stacking layers with different colours touch (Figure 4.1b versus 

Figure 4.1a). Next it proved important that, during the rotation, fluid from the corners 

should be forced to flow into the middle of the channel. The number of layers formed 

equals 2 2(2 n), with n the number of elements.  

The goal of the present study is to try to split the flow in more than two halves, using 

multiple splitting elements, to increase the mixers’ performance in terms of 

compactness without sacrificing in pressure consumption. In Section 4.3 the design 

process is demonstrated showing the distinct sequential steps; a semi-parallel mixing 

device results. It is build and tested. Based on this first prototype, in Section 4.4 a full-

parallel design is developed, fabricated and tested. Its performance is compared to the 

Kenics mixer and the DentIncx mixer in Section 4.5. Finally some conclusions are drawn 

in Section 4.6. 

 

4.2  Splitting serpentine mixers 
Efficient mixers that allow fabrication using injection moulding, include the staggered 

herringbone mixer (86), the barrier-embedded mixer (87) and the serpentine laminating 

mixer (88). Chen et al. (89) greatly improved the original 3D serpentine channel as 

introduced by Liu et al. (90) by incorporating flow splitting.  

 

                            (a)                                               (b)                                            (c) 

Figure 4.2: One element of Chen’s 
L L

R R
 mixer design (a), and our 

L R

L R
 (b) and 

L L

L L
 designs (c), 

the last referred to as the DentIncx mixer. For explanation of L and R see Figure 4.3 and the text. 
Arrows indicate flow direction. 
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As a consequence, their design also functions in the zero Reynolds number regimes. In 

terms of the baker’s transformation, Chen’s design repeatedly stretches and folds 

interfaces, see Figures 4.1a and 4.2a. Splitting of flows is always done perpendicular to 

the interface orientation. Rotating the interface orientation can be done clockwise (right 

R) or counterclockwise (left L), and is realized when the fluid is forced to flow from the 

bottom part of the mixer to the top part, or vice versa, meanwhile changing the flow 

direction over 900, see Figure 4.3. 

After splitting the flow, the interfaces in the parallel channels of Chen’s design are in 

both parts of the mixer rotated in opposite direction, left L in the upper channel and 

right R in the bottom channel; this we indicate as a 
L

R
 flow. This way of rotating 

recombines layers of the same material in the middle of the channel, causing the folding 

operation of Figure 4.1a that locally causes the striation thickness to increase, see 

Figures 4.5a and 4.6a. An uneven layer thickness distribution results while the number of 

layers increases as 22n-2+1, with n the number of elements.  

 

           (a)                        (b)                        (c)                 (d)                       (e)                        (f) 

Figure 4.3: Horizontal flow splitting (a), horizontal flow combining (b), left L interface rotation (c), 
right R interface rotation (d), right  rotation and vertical combining (e), left rotation and vertical 
combining (f). 

 

The more ideal transformation of Figure 4.1b, stretching, cutting and stacking, needs to 

prevent folding and can be realized by interchanging the position of the top and bottom 

layers in the first half of the mixing unit prior to recombining the flows, see Figure 4.2b 

and the working principle of its operation in Figure 4.6b. Indeed an improved layer 

thickness distribution results, see Figure 4.5b, and the number of layers increases with 

22n-1. Figure 4.5b reveals, however, the occurrence of some so-called KAM (Kolmogorov-

Arnold-Moser (67)) boundaries in the left top and right bottom corners. This is probably 

caused by that material in these corners rotates from, and back to, the corner points, 

see Figure 4.6b. By changing the rotation direction in the second half of the mixing unit, 

rotating material elements away from these corners, see Figures 4.2c and 4.6c, the KAM 

boundaries are prevented, see Figure 4.5c, and an almost perfect baker’s transformation 

results.  
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Figure 4.4: The two halves that, stacked, make the DentIncx mixer.  
 

Introductory experiments were performed to check these findings, using two differently 

coloured two-component epoxies in a macroscopic version of the Figure 4.2c DentIncx 

design, see Figure 4.4. In these experiments, the epoxies are polymerized after flow and 

the mixer is sliced and the surfaces polished to visually examine its cross sections. (For 

more details see the experimental Section 4.3.3 below). A typical result is shown in 

Figure 4.5d. Although some layer distortion is visible, partly caused by the transient 

character of the (start-up) flow, partly by the thixotropic Bingham character of the filled 

epoxies, and partly by polymerization shrinkage after flow, promising results for the 

working principle of the new mixer design are found. 

But there is room for improvement. In the second half of the DentIncx mixer of Figure 

4.2c, crosstalk between splitting and rotating operations was lowered by adding some 

extra channel length “S” in between. This is not possible in the first half of the mixer 

because splitting happens in the vertical direction. Adding extra length between 

operations would require an extra layer in the mixer design. Figure 4.7 shows the 

solution to this problem with two mixer designs that split and recombine flows in the 

horizontal plane only. The two designs differ in the rotation direction of the interfaces: 

Figure 4.7a uses 
L R

L L
L R

, respectively, and Figure 4.7b rotates like 
L R

R L
L R

. In a final mixer 

design different sequences and combinations of the two designs of Figure 4.7 are 

possible, for example for two subsequent elements applying:  
L R L R

L L L L
L R L R

, 
L R L R

R L R L
L R L R

 

or 
L R L R

L L R L
L R L R

 (other combinations lead to KAM boundaries).  
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Figure 4.5: Mapping of the concentration distribution at the exit of every consecutive element of 
Chen (a), first (b) and second improved design (c), the so-called DentIncx mixer and the 
experimental results using the last design (d). 
 
 

(c) 

(d) 

(a) 

(b) 
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Figure 4.6: Details of the layer redistribution. Chen’s design. The number of layers after one 
element is five (a). First improvement preventing “folding”. The number of layers after one 
element is eight (b). Second improvement, the DentIncx design. Rotating away from the corner 
points makes the KAM boundaries of Figure 4.5b disappear (c).  

 

Figure 4.8 shows how the positions of the corner points change from the entrance to the 

exit of the elements. The focus is on the exchange of fluid between top and bottom 

walls and between left and right walls, since to improve layer distributions materials 

should be transported from slow to fast flowing regions. The first combination, 

L R L R
L L L L

L R L R
, Figures 4.7a and 4.8a, exchanges the top and bottom points after each 

element and moves material from the outer left and right walls inwards. This seems to 

be preferable over the second combination, 
L R L R

R L R L
L R L R

, Figures 4.7b and 4.8b, where 

corner points remain at their respective top or bottom walls, and only are switched 

place after each half a step.  

 

Figure 4.7: Two designs based on only horizontal flow splitting and flow recombining: 
L R

L L
L R

(left) and 
L R

R L
L R

(right).      

(b) (a) 

(a) 

(b) 

(c) 
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Figure 4.8: Corner point positions during mixing using the design of Figure 4.7a (a), that of Figure 
4.7b (b) and combination of both (c). 

 

Finally, 
L R L R

L L R L
L R L R

 combines the two transformations of Figures 4.7a and 4.7b and 

results in an exchange of top and bottom position after one element, keeping it on place 

in the next element, while inwards motion is always present, see Figure 4.8c. The 

different combinations are tested. Two-component epoxies are again fed, polymerized, 

sliced and cross-sectionally viewed. Figure 4.9a shows the reproducibility of the 

DentIncx results of Figure 4.5d, and is added for comparison reason. Figure 4.9b gives 

the 
L R L R

L L L L
L R L R

results and shows an unexpected problem with the layer distribution in 

the upper left and bottom right corners. The 
L R L R

R L R L
L R L R

 shows slow mixing in areas 

close to the vertical centerline (see Figure 4.9c after 3 and 4 elements) while the 

combination of both elements, the 
L R L R

L L R L
L R L R

 scheme of Figure 4.8c, seems the best 

compromise and has a significantly improved layer distribution, see Figures 4.9d and 

4.9e. It is referred to as the DentIncxl-r. 
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Figure 4.9: Cross sectional views at the exit of every consecutive element of the DentIncx mixer 
(a) and the improved combinations based on horizontal splitting and recombining elements with 

extra channel length between operations only: L R L R
L L L L

L R L R  

(b), L R L R
R L R L

L R L R
 (c), L R L R

L L R L
L R L R

 (d) 

and enlargements of the final results yielding 512 layers (e).  

(Standard DentIncx) 1 2 3 4 

2 8 32 128 512 

(a) 

1 2 3 4 

2 8 32 128 512 

(b) 

1 2 3 4 

2 
8 

32 128 512 

(c) 

1 2 3 4 

2 8 32 128 512 

(d) 

(e) 
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4.3  Semi-parallel mixing 
After this improvement in design of the two-way splitting static mixer, we turn to 

multiple splitting devices. We first investigate how to split the flow in the main channel 

in a number of semi-parallel channels prior to recombining them into a flow in a single 

channel, see Figure 4.10.  

 

Figure 4.10: Semi-parallel mixer where the fluid enters in the top left corner with a horizontal 
interface; next it is split in multiple parallel channels during the downward flow; the lower 
channel recollects the flow streams. 

 

This mixing operation can be phrased as semi-parallel only given its unequal flow lengths 

from entrance to each splitting channel and unequal flow lengths from splitting channels 

to exit. This is the reason why this geometry is less efficient than the DentIncx mixer 

since it needs more axial length to produce 8 layers. Nevertheless, the total length of all 

possible parallel flow lengths from entrance to exit is identical and, therefore, is the 

resulting layer distribution uniform and are the striations identical in thickness, at least 

once a stationary flow situation is reached and in the ideal case of fully lubricated 

boundaries (wall slip).  

4.3.1  Curved and S-shaped channels 

The first change is to depart from linear channels and introduce a curved design to 

achieve compactness. Moreover stacking is now more easily realized, see Figure 4.11. 

The fluid enters the mixer from the top and subsequently flows through a curved 

channel meanwhile splitting, like in the first design of Figure 4.10, now into eight parallel 

flows. 

 

Figure 4.11: Semi-parallel mixer with curved flow channels. The fluid enters via the top, is guided 
via the top curved channel into the downward, parallel, channels, and recombined in the lower 
curved channel. 



 Compact mixing using multiple splitting, stretching and recombining flows 

49 
 

These eight flows are directed downwards to allow recombination in a second curved 

channel with a larger radius than the first one. This geometry constitutes one mixing 

element that produces 16 layers from the original 2. Identical elements can be added 

below, to finalize the mixer, each time multiplying the number of layers by a factor 8. In 

the design of Figure 4.11, the fluid has to flow over the full 360o before it reaches the 

last parallel channel. This path length can be reduced by splitting the entrance flow into 

two parts perpendicular to the interfaces, thereby not disturbing their orientation, see 

Figure 4.12a.  

 

                               (a)                                        (b)                                          (c)   

Figure 4.12: Semi-parallel mixer with S-shaped channels. The flow is split into two upon entering 
the mixer in the center (a), next each flow is split in five (b), prior to be recombined (c). 

 

After splitting each of the two flows, in five parallel flows, they recombine to result in 20 

layers. This unit again forms one element of the mixer that consists of a number of n 

elements in total, resulting in 2 10 n layers. If a fluid can choose different parallel paths, 

it takes the one with the lowest resistance. Therefore, to obtain uniformity in layer 

thickness distribution, it is important that all parallel flow paths within the mixer have 

the same length, which is clearly not the case, see Figure 4.13: the black line is shorter 

than the white one.  

 

Figure 4.13: One half of the mixer showing two different flow lengths.  

 

This is caused by the difference in diameter of the two curved channels, which can be 

solved, see Figure 4.14. As a consequence of this adjustment, the orientation of the 
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interfaces in the lower curved channel is now vertically, rather than horizontally, like in 

Figure 4.12. 

 

                                                  (a)                                          (b) 

Figure 4.14: Balancing the channels of the S-shaped semi-parallel mixer: Adjustment of the 
diameter of the bottom curved channel (b) (that collects the flows from the parallel channels) to 
have the same diameter as the upper curved channel (a). 

4.3.2  Compactness 

Shifting the collecting curved channel in the bottom part of an element to a smaller 

diameter creates a considerable amount of unused area between the splitting elements, 

see Figure 4.14. By letting the channels make their turn alternating in the top or in the 

bottom plate of an element, they can be cropped, as shown in Figure 4.15. The fluid now 

experiences in travelling through one element of the mixer the following history: (i) The 

flow is split into two streams that each (ii) enter an upper curved channel prior to be 

split into six parallel flows (iii) which are directed downwards (iv) to recombine (v) into a 

lower curved channel to finally meet the other stream again (vi) with which it is stacked 

to flow into the second element (vii).   

 

                                        (a)                                                                  (b) 

Figure 4.15: A balanced S-shaped circular semi-parallel multiple splitting mixer that is made 
compact by allowing the parallel channels to fill up each other’s empty space. Shown are the top 
part of an element (a) and the bottom part (b). 
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4.3.3  Experimental  

The mixer design of Figure 4.15 is fabricated based on a modular approach. The two 

geometries needed are machined in polycarbonate (PC) plates, see Figure 4.16. The 

curved channels of the circular mixer are made in 10 [mm] thick plates, the separating 

channels for recombining the two streams are made in 2 [mm] thick plates. Corners of 

channels are not perfectly 900 due to the 2.5 [mm] diameter mill used. The four holes in 

the corners of the plates are used to clamp the modules together to form a mixer of n 

elements. 

Figure 4.16: Modular approach of the balanced S-shaped circular mixer. Two geometries are 

needed, a dividing element machined from a 10 [mm] plate (a), and a recombining element 

machined from a 2 [mm] plate (b). Dimensions are in [mm]. 

 

Testing is performed by injecting black and white two-component, slightly thixotropic, 

epoxy (91) in the mixer, followed by vitrification via polymerization (cure time: 12 hours 

at 23 [0C]).  To mix the two components, the two flows of the two plungers combine into 

a disposable, polymeric, Kenics static mixer before entering the test geometry. To 

achieve a constant feed rate during injection, a universal testing machine (92) is used to 

drive the pistons in the multi plungers of the two component epoxy systems, see Figure 

4.17. The mixer is filled first with white epoxy, where after white and black are injected 

in a 50-50 ratio, where the black epoxy has to replace the white one. Area's with zero 

velocity, for example in corners, are therefore easily detected. During injection the tubes 

are completely emptied in an attempt to reach a stationary state.  

 

(a) (b) (c) 
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Figure 4.17: Two mixing elements (see insert on the top right) are connected to two (a black and 
a white) two-component epoxy plunger system (4 plungers in total) that are mixed using 
disposable Kenics mixers before being pushed through the new mixer. All components are placed 
on a universal tensile testing machine.  

 

After polymerization, the mixer is taken from the tensile testing machine, the holding 

screws are removed and the mixer is milled by repeated one millimeter layer removal, 

revealing its contents, see Figure 4.18. Figure 4.18b clearly reveals that the left hand side 

of the mixer contains more black than white fluid and the reverse is true for the right 

hand side (please note that the areas to look at are the channels that guide the parallel 

flows in the plane normal to the photograph). This is due to the entrance channel and 

the flow in the first curve. For the left hand side, the black epoxy has to follow the inside 

curve and the white the outside and, therefore, the black epoxy flows in more easily. 

The opposite occurs in the right hand side of the mixer. It can also be observed that the 

twisting and bending upward in the twelve parallel channels is going very well. 

 

New mixer plates stacked 

and clamped with bolts 

Two disposable Kenics mixing 

elements 

Four plungers 

Four pistons 
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                                                    (a)                                              (b) 

 

                                                    (c)                                               (d) 

Figure 4.18: Cross sections through one element of the S-shaped circular mixer: entrance flow 
with one interface (a); sectioning perpendicular to the interface, followed by flow in both halves 
to the (six each) flow splitting elements (b); rotation of the interface alternating in the top and 
the bottom plate, followed by recollection of the flow towards the center (c); recombining the 
two flows with each 12 layers to result in 24 layers that are ready to enter the next element (d). 

 

In Figure 4.18c the stacking of all layers can be clearly seen and none of the channels is 

cut off. At the center there is a lot of white, due to the upward bend where in the far 

corner there is no significant velocity. After recombining the two streams with each 

twelve layers to one center flow with 24 layers (Figure 4.18d), the next mixing element 

can be placed on top, rotated by 900. This second element bends the top half of the 

channel to the right and the lower half to the left, causing the big white dots in the top-

left en bottom-right corner of the central channel. 

 

4.4  Full-parallel mixing 
The results of this first, semi-parallel, design are rather promising. Improvements are 

now sought in reducing the unnecessary unused space in the cross section of the mixer 

by shortening all path lengths in order to decrease the pressure consumption, necessary 

to sustain the flow.  
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4.4.1  Parallel design  
In the previous design of Section 4.3 (the semi-parallel mixer) the fluid has to flow from 

the center to the circular path in the curved channel in the top part of an element where 

it is split, turned and recombined in another curved channel following a second circular 

path in the bottom part of an element from where the fluid flows back to the center. In 

this second design, we will allow the fluid to flow from the center directly to the 

different parallel channels, see Figure 4.19a, that shows the top of the mixing element. 

The path length from the inlet to a parallel channel at the outer rim is different for each 

channel. Especially the far left and far right channels have a large difference in path 

length, see Figure 4.19a showing the flow in the top part of an element where the 

longest travel distance is to reach the left channel. However, in the bottom part of the 

same element, the opposite is true and this channel now has the shortest distance to 

the center outlet, see Figure 4.19b.  

                        (a)                                                 (b)                                                   (c) 

Figure 4.19: The fully-parallel design of the compact multiple-splitting mixer where fluid directly 
flows from the center to the parallel splitting channels (top: a) and back (bottom: b); the coupling 
between different mixing elements requires an extra complex structure (c).  
 

Therefore, the only difference in path lengths that has to be mutually compared is that 

of the total flow length in the outer parallel channels and those in the middle parallel 

channels. A slightly eccentric design based on an ellipse rather than a circular shape 

offers a possible solution to this problem. Figure 4.19c shows the rather complex 

element that couples two mixing elements. The first layer (1) of this element illustrates 

how the outflow of the bottom mixer element is directed vertically, to allow the two 

streams to be combined in the second layer (2). Layer (3) starts the preparation of the 

splitting of the two streams in the next (900 rotated mixing element) by increasing the 

height of the channel, while layer (4) reduces the width of the channel. Layer (5) is the 

900 rotated top part of the mixing element from Figure 4.19a. Notice that the number of 

striations of black and white fluid in Figure 4.19c is fictional, and only serves to illustrate 

the interface orientation during passage of this coupling element. 
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4.4.2  Experimental  

An overview of the components that were fabricated to constitute the fully-parallel 

mixer again via a modular approach is shown in Figure 4.20. The channels are laser-

machined (93) in 4 [mm] thick PC plates; a manufacturing technique that allows fast 

fabrication, easy adjustments and sharp corners. The four holes in the corners are again 

used to bolt the plates together. The result of a machined plate is shown in Figure 4.21a, 

an example of an assembled mixer with two mixing elements in Figure 4.21b. The same 

procedure as in Sections 4.2 and 4.3.3 is used to fill the mixer with a 50-50 ratio of two 

coloured epoxies, vitrified and sliced. Results are shown in Figure 4.22. Figure 4.22b 

clearly shows that the bending and twisting of the flows now proceeds very well and the 

differences found in the semi-parallel design where one half of the mixer contains more 

black material and the other half more white (Figure 4.18b) disappeared. To obtain this 

result it proved necessary to extend the length of entrance channel to the mixer 

(addition of more elements of Figure 4.20a). Figure 4.22c shows correct stacking of the 

layers; again none of the channels is cut off. The two streams are recombined to obtain 

the final 24 layer structure, see Figure 4.22d.  

Figure 4.20: Elements necessary to construct the fully-parallel mixer design. Shown are the 

square (a), and rectangular (b) openings for the coupling elements, and the diverging/converging 

flow geometries (c) and the vertical channels (d) needed to constitute a mixing element.  

                    

                                           (a)                                                                 (b) 

Figure 4.21: The four different plates fabricated (a) and the fully-parallel mixer, build up in a 
modular manner from the laser-cut plates, the so-called PeelIncx mixer (b). 

(a) (b) (c) (d) 



Chapter 4  

56 
 

After passing the coupling element (changing the channel geometry from 4x10 [mm] to 

a 10x4 [mm] rectangle) the fluid is then ready to enter the next mixing element. It 

behaves similar to the first one, with only more layers entering. Although Figure 4.22d 

shows a well mixed fluid, the left side contains slightly more white than the right side 

and vice versa. This, however, will be solved by placing a next element in series, since 

that one splits the flow horizontally.   

   
                 (a)                                                        (b)                                                        (c) 

   
                (d)                                                         (e)                                                        (f) 

   
                (g)                                                         (h)                                                        (i) 

Figure 4.22: Results of experiments with the fully-parallel multiple-splitting mixer. The fluid 
enters the mixer via a central rectangular channel with two layers having one interface (a). In the 
upper part of a mixing element he flow is split into two, and flows radically to the outer rim 
which, in this example, contains twelve parallel channels (b). In these parallel channels the 
direction of the flow is changed over 900, now pointing perpendicular to the plane, and half of 
the channels is twisted. The second half is twisted in the bottom part of the first element where 
in each half six channels with in total twelve layers are recombined to flow towards the center 
(c). The two halves are recombined, creating a flow with 24 layers (d). This flow enters the second 
mixing element via a coupling element where it splits into two streams again (e). Now the 
procedure repeats. Showing the flow in the outer rim with its twelve parallel channels (f) creating 
in total 144 layers in each stream during flow towards the center (g), where the two streams 
recombine to creating a flow with a 288 layers after two elements (h) (and in enlargement (i)). 
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4.5 Comparison 
In order to assess the quality of the new mixer design its performance is compared to 

that of two others: the Kenics mixer as the standard and the DentIncx mixer of Section 

4.2. For the same mixing quality (number of striations), geometries are adapted to have 

the same total volume, channel cross section, or length, while the pressure drop is used 

as criterion. Mixing quality is related to the number and uniformity of the layers formed 

during the mixing operation. Figure 4.23a shows a typical (simulated) result for the 

Kenics mixer (94). The fluid is nicely mixed into to 512 layers but their homogeneity is not 

optimal. The (experimental) output of a DentIncx mixer that also contains 512 layers 

gives a better result, as is shown in Figure 4.23b, while the new mixer (that analogous to 

the name DentIncx mixer could be referred to as the PeelIncx mixer) outperforms both, 

even though in the (experimental) example of Figure 4.23c only 288 layers are present. 

 

                                  (a)                                       (b)                                     (c) 

Figure 4.23: Typical output of a (simulated) Kenics- and (an experimental) DentIncx mixer 
producing 512 layers in the fluid and the experimental output of the so-called PeelIncx mixer that 
in this case only produces 288 layers. 

 

Next we compare these three mixers for the same mixing quality, expressed in 

producing the same number of half a million layers. If we start with two layers at the 

entrance of the mixer and n is the number of elements, the number of layers formed, 

and number of elements needed to produce 500.000 layers, equal: 

Table 4.1: Efficiency in layer production. 

Type # layers for n elements # elements for 5 105 layers 

Kenics 2 2n 18 

DentIncx 2 4n 9 

PeelIncx 2 12n 5 
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We chose to take as the reference geometry the PeelIncx mixer with 4 [mm] channel 

width (and height), Ø 40 [mm] outer diameter, 12 splitting channels and 22 [mm] 

element thickness, and we compare, subsequently, mixers with the same volume, the 

same channel height and the same length, using the pressure drop as the criterion. 

Calculations were performed with the Moldflow package (95). We start with mixers with 

the same total mixing volume of 40 [cc], see Table 4.2. For the PeelIncx we need 5 

elements, Table 4.1, thus a total length of 110 [mm]. The geometrical scaling of the 

DentIncx mixer follows from Figure 4.2: Let a be the height and width of the square 

entrance channel, then the total height of the mixer is 2a, the total width 4a, and the 

length per element 7a. With 9 elements needed, Table 4.1, we find for a total volume of 

40 [cc] roughly a = 5 [mm], see Table 4.2. Finally, for the Kenics we need 18 elements, 

Table 4.1, while per element L/D = 1,5 and therefore L = 18 1,5 D = 27 D; the volume 

equals π/4 D2L = 40,000 [mm3], which combined leads to D ≈ 12,5 [mm] for this 40 [cc] 

mixer, see Table 4.2. The pressure drops needed to maintain the flow through the 

mixers, show that Kenics and PeelIncx are comparable, while the DentIncx is 

considerably less efficient. 

 

Table 4.2: Pressure consumption and dimensions of mixers with 40 [cc] volume and a 5 105 
layered output. Simulated with 1 [cc/second] flow and 1000 [Pa s] viscosity.  

5 105 layers and 40 [cc] volume 

Type Pressure consumption 

[MPa] 

Dimensions [mm] Volume                            

[cc] 

Kenics 5 Ø 13,5 370 40 

DentIncx 11 20 10 320 40 

PeelIncx 5 Ø 40 110 40 

 

PeelIncxlp 3.5 Ø 39 106 40 

 

It should be noticed that about 80% of the PeelIncx’s pressure consumption takes place 

in the transition element, Figure 4.19c. Making the channels locally larger is an 

opportunity to partly solve this issue. This is illustrated with the PeelIncxlp version, in 

which locally in the transition area the channel width and height are increased from 4 

mm to 6 [mm], to lower the total pressure drop there (index lp, low pressure), see Table 

4.2 bottom line. Finally it is concluded that both PeelIncx designs obtain the mixing 
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result using only 1/3 of the length of the others. In the new designs, energy efficient 

mixing, using low pressure drops only, is therefore combined with compactness. Next 

we take the channel dimensions constant and chose 4 [mm] as the standard. Clearly the 

PeelIncx has the lowest pressure drop, and is therefore the most energy efficient one, 

but it has the largest volume, see Table 4.3. 

Table 4.3:  Pressure consumption, dimension and volume of mixers with a 4 [mm] minimal 

channel height and a 5 105 layered output. Simulated with 1 [cc/second] flow and 1000 [Pa·s] 

viscosity.  

5 105 layers and 4 [mm] channels 

Type Pressure consumption 

[MPa] 

Dimensions [mm] Volume [cc] 

Kenics 9 Ø 10 370 15 

DentIncx 18 15 8 275 16 

PeelIncx 5 Ø 40 110 40 

 

Finally, we consider the case of a fixed available length for mixing, 110 [mm] in this 

example. Again the PeelIncx shows the lowest energy consumption given the low 

pressure drop, but in this case the volume it needs is more than an order in magnitude 

larger compared to both others that are remarkably equal, see Table 4.4. 

Table 4.4: Pressure consumption, dimensions and volume of different mixers with a 110 [mm] 
length and a 5 105 layered output. Simulated with 1 [cc/second] flow and 1000 [Pa s] viscosity.  

5 105 layers and 110 [mm] length 

Type Pressure consumption 

[MPa] 

Dimensions [mm] Volume [cc] 

Kenics 16 Ø 4.1 110 1.1 

DentIncx 45 6.5 3.5 110 1.3 

PeelIncx 5 Ø 40 110 40 

 

Of course, the volume used in the PeelIncx mixer, directly depends on its outer diameter,  

D. Keeping the feed channel cross section constant, a2, and letting those of the splitting 

channels be identical to the feed channel, thus also a2, increasing the diameter, D, of the 

mixer increases the number of splitting channels that can be placed at its circumferential. 
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Realizing that every splitting channel needs a space of 3 times its width, see Figure 4.16, 

the number of splitting channels, and thus the number of layers produced in each 

element, scales with πD/3a which is roughly D/a. The number of elements needed 

to produce a desired number of layers therefore decreases with increasing D. The 

pressure drop also decreases with increasing diameter, and can be calculated based on 

scaling arguments of pressure throughput relations in standard geometries, while the 

mixer’s volume increases, see Figure 4.24. Of course also the opposite is true. Therefore 

the disadvantage of a too large volume, Table 4.4, can indeed be solved by decreasing 

the outer diameter of the mixer, D, but at the cost of energy use, as expressed in the 

pressure consumption. 

                                      (a)                                                                                 (b) 

Figure 4.24: Pressure consumption (a) and the mixer volume (b) to produce 5 105 layers for 
various dimensions of D. The PeelIncxlp has locally enlarged channel dimensions in the coupling 
element. This lowers the pressure drop when the same diameter, thus the same mixer volume, is 
used (vertical line in Figure 4.21a). Alternatively it can lower the diameter and volume of the 
mixer when the pressure consumption is the same (horizontal line in Figure 4.21a). Simulated 

with 1 [cc/second] flow and 1000 [Pa·s] viscosity.  
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4.6  Conclusions 
In the first part of this paper the working principle of the two-way splitting serpentine 

mixer was explained and its geometry was optimized in terms of uniformity of the 

resulting layer distribution and the avoidance of KAM boundaries. Key issues proved to 

be the way of splitting the flow, which is basically the cutting operation of the baker’s 

transformation and therefore must be performed always perpendicular to the 

orientation of the interfaces (horizontal splitting allows to decrease cross talk between 

different operations by adding some spacer distance S; vertical splitting requires extra 

layers in the mixer, increasing its complexity) and the rotation direction of the interfaces, 

which is a major part of the stretching operation, meanwhile preparing for stacking. The 

optimal design combines left (L) and right (R) rotation directions of interfaces, and is 

referred to as the DentIncxl-r mixer. Its working principle was, together with those of 

other designs, numerically computed using the Mapping Method, and experimentally 

confirmed. 

In the second part of the paper, a compact mixer has been designed, manufactured, and 

optimized with a working principle that is based on multiple splitting and recombining 

operations, using similar ways of flow splitting and recombining and interface rotation. 

It’s working efficiency is compared to that of two other static mixers, the standard 

Kenics mixer, renowned for its low energy consumption, given its low pressure drop 

(roughly 5.5 times more than an empty pipe of the same dimensions), but also 

characterized by its long length, and the in the first part of this paper optimized splitting 

serpentine mixer, the DentIncx mixer, characterized by its ease of fabrication. We find 

that, for the same mixer volume, the new mixer, referred to as the PeelIncx mixer, given 

the names of the students working on its design and performance, and the Kenics show 

the same low pressure drop, while the new design uses only one third of the length. 

Locally increasing the channel size in the coupling element (where 80% of the pressure is 

consumed) somewhat, easily improves the energy consumption of the new mixer.  

Comparing performance for mixers with the same characteristic main channel 

dimensions, in terms of channel width and height, the new mixer outperforms the two 

others in terms of pressure consumption and compactness.  

Similarly, if we compare mixers of the same length, given a prescribed total length 

available for mixing, the PeelIncx uses three times less pressure than the Kenics and nine 

times less than the DentIncx. This goes, however, at the cost of its volume that is in this 

case 30 times larger than that of both other mixers. Decreasing the mixer’s volume 

keeping its length constant, strongly and directly increases the pressure needed to 

maintain the flow and is, therefore, no real option since its advantage then disappears. 

But by locally increasing the short channels in the coupling elements, pressure 

consumption can be decreased, and lower volumes at the same pressure drop are in 

reach. 
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4.7  Appendix 
 

In case the PeelIncx mixer is used in polymer extrusion processes, to mix, to multiply 

layers or to create sub-surface structures, residence time distributions are essential to 

maintain polymer properties. In Figure 4.22g it can be seen that the white epoxy, which 

is initially filled into the corners of the parallel channels, remains, even after flushing the 

system at longer times. Near the corners the flow is near zero inducing so-called “dead 

spots” and this can be solved by using rounded channels to make the width more 

uniform, see Figure 4.24. 

 

Figure 4.24: PeelInxc mixer optimized for obtaining a narrow residence time distribution by using 
rounded corners in the parallel channels and double tapered coupling elements to avoid dead 
spots. 

inlet top view: bottom view: coupling element 



 
 

 

 
Chapter 5 

 

A polymeric perfusion reactor for 

investigating platelet  

aggregation and coagulation 
 

Abstract 
In this study a perfusion chamber has been developed in which both platelet 

aggregation and fibrin formation can be visualized in real-time during flow over a coated 

coverslip. This has been reached by including a static mixer in the perfusion chamber. In 

this way, a CaCl2 solution and sodium-citrated blood can be properly mixed within the 

order of ten seconds before the blood flows over the coverslip. By re-adding calcium to 

citrated blood, clotting factors can be activated again. Due to reactivation of clotting 

factors, not only the primary hemostasis has been visualized but also the coagulation. By 

means of injection molding production process the perfusion chamber has been made 

as a disposable. By using a disposable perfusion chamber, it is assured that no clotting 

factors which will disturb the measurements are present in the chamber. To approach 

physiological conditions an aluminium frame that can be attached to the perfusion 

chamber has been equipped with a temperature controller. The disposable perfusion 

reactor has been successfully tested on mixing anticoagulated blood and calcium 

solution. 

 

 

The content of this chapter is based on Tuinenburg A., Roest M., Schutgens R.E.G., 

Barendrecht A.D., Groot P.G. de, Urbanus R.T., Neerincx P.E., Bogaerds A.C.B., A 

polymeric perfusion reactor for investigating platelet aggregation and coagulation, 

J Thromb Haemost (in preparation)  
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5.1  Introduction 
When blood is subtracted from a donor, e.g. for blood transfusion, sodium-citrate is 

frequently added as an anticoagulant, inhibiting coagulation by chelating the calcium 

ions in the blood. By re-adding calcium to the citrated blood, clotting factors can be 

reactivated. Since the correct mixing ratio of anticoagulated blood and calcium (CaCl2) 

solution is patient specific, it needs to be determined e.g. in order to avoid excessive 

bleeding or the opposite, which is the occurrence of thrombosis.  

We enter the world of hemostasis, which is a complex cascade process meant to stop 

bleeding in case of injury by sealing defects in vessel walls, even if the blood flows at 

high shear rates. Due to an injury the sub-endothelial matrix becomes exposed to the 

circulating blood, see Figure 5.1, and when this happens platelets become activated to 

form unstable aggregates; this is called primary hemostasis. The secondary hemostasis 

(coagulation) is triggered due to the exposed tissue factor forming a fibrin network 

which stabilizes the platelet aggregate.  

 

 

Figure 5.1: Artistic impression of the role of vWF in hemostasis, courtesy of Arjan Barendrecht (96). 

  



 A polymeric perfusion reactor for investigating platelet aggregation and coagulation 

65 
 

At high flow rates, the contact times of the platelets to the wall are too short and then 

the plasma protein von Willebrand factor (vWF) binds to the collagen fibers of the sub-

endothelium. From that moment vWF becomes able to interact with glycoprotein which 

unroll in the flow close to the wall to effectively slow down the platelet motion.  

The process of hemostasis in vivo depends on factors like shear rate, composition of 

blood and of the sub-endothelial matrix. Typical shear rates in the circulation range from 

20 [s-1] up to 100000 [s-1], with values in veins of 20 to 200 [s-1] , in arteries of 200 to 

1000 [s-1]   and in arterioles of 1000 to 10000 [s-1] ; in (blocking) stenoses even more 

extreme values of 10000 to 100000 [s-1]  can occur. Different groups study the influence 

of shear rate on the adhesion and aggregation of platelets on different adhesive proteins 

in vitro. At the Department of Clinical Chemistry and Hematology of the University 

Medical Center Utrecht (UMCU) the perfusion chamber of Figure 5.2 is used. 

 

 

Figure 5.2: The standard perfusion chamber with sheet. A coated coverslip is placed on the sheet 
to mimic the sub-endothelium. 

 

The cover slips placed on top of the device are coated with fibrinogen or collagen to 

mimic the sub-endothelium. Next the flow of blood underneath is started, driven by an 

external syringe pump and events are monitored using a microscope. Increasing the 

shear rate leads to an increase in platelet adhesion in time (since more platelets enter) 

but at a certain critical shear rate adhesion starts to diminish because aggregates are 

swept away faster than new ones are formed. Apart from shear rate also the 

composition of blood determines the primary hemostasis and e.g. patients with a Von 

Willebrand disease (a qualitative or quantitative deficiency of vWF) demonstrate less 

adhesion, especially at high shear rates. Finally, the thrombogenic surface is an 

important factor determining platelet adhesion and both type (collagen, fibrinogen, vWF 

etc.) and amount of the coated adhesive protein are decisive. Each protein appears to 

have a specific range of shear rates in which it supports platelet adhesion. Fibronectin 

works only at low shear rates, laminin at somewhat higher shear rates, thrombospondin 

up to shear rates of 1500 [s-1] and vWF at all shear rates.  
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5.2  Goal 
In the set-up shown in Figure 5.2, only primary hemostasis can be investigated, since 

mixing anticoagulated blood with calcium solution mainly depends on diffusion, which is 

insufficient given the short time scales present in this fast flowing system. Therefore we 

were asked to help designing a device where chaotic advection is used to promote 

mixing in short times. The goal of this study is consequently to design a disposable 

perfusion reactor which contains a static mixer to achieve effective mixing in short times 

to allow the researchers in Utrecht to visualize and study both primary and secondary 

hemostasis.  

The perfusion reactor has to fulfill the following ten requirements: 

1. Mixing: should be sufficient to obtain reproducible measurements, especially 

needed to find differences between healthy persons and patients with 

thrombotic or bleeding disorders. With co-perfusion models, like the one in 

Figure 5.1, fibrin formation is not reproducible within these groups and no 

differences are detected. 

2. Disposable: cleaning the perfusion chamber is needed to assure that no clotting 

factors from previous experiments are present in the chamber, but takes a lot of 

time and effort. The cleaning protocol can be avoided by making the perfusion 

chamber disposable.  

3. Hemolysis: is the rupturing of erythrocytes and the release of their contents 

(hemoglobin) into the blood plasma, must be prevented.  

4. Platelet activation: should be prohibited before the blood flows over the 

thrombogenic surface of the coated cover slip. The static mixer could be a 

mechanical trigger of platelet activation at high rates, which causes noise on the 

measurements.  

5. Contact activation: should be prevented during the perfusion experiment by 

choosing the right materials and by blocking the silicone tubes with albumin.  

6. Temperature: to approach physiological conditions the temperature needs to be 

37,5 [0C] during the perfusion experiment. This can be reached by heating up the 

aluminum frame, using heating elements. These heating elements are connected 

to a temperature and process controller.  

7. Transparency: image quality requires high a transparency of the perfusion 

chamber preventing dispersion of the light of the microscope. 

8. Cover slips: important for image quality proved to be the thickness of the 

coverslip used. A thin slip (0.1 [mm]) improves the image quality compared to a 

thick one (1 [mm]), mainly due to a lower dispersion of light. 
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9. Ease of connecting: the perfusion chamber should be easily connected to the 

syringe pump and microscope. For the first silicone tubes are used that require 

special connecting tubes on the chamber, the last requires that the perfusion 

chamber can be fitted to a microscope stage. 

10. Leakage: one advantage of a perfusion chamber is the possibility to 

independently control the shear rate. In case of (some) leakage, the imposed 

shear rate will be disturbed and the exact shear rate cannot be determined. 

Another disadvantage of leakage is the reduction in image quality given the high 

light absorption capacity of blood.  

 

5.3  First prototype 
A design of the first prototype perfusion chamber is shown In Figure 5.3. The perfusion 

chamber consists basically of five parts, tree rigid parts made from Plexiglas, 

Polymethylmethacrylaat (PMMA), that function as a casing, and two soft parts made of a 

thermoplastic polyurethane (TPU), soft to ensure leakage free connections. The lower 

side of the prototype chamber, with two inlets and the outlet, is depicted in Figure 5.3a. 

The lower half of the static mixer (darker gray), embedded in this lower PMMA part, is 

also shown in this Figure. The upper PMMA part, from which the bottom side is shown 

in Figure 5.3b, is placed on the lower part to form the complete splitting serpentine 

static mixer in-between. Figures 5.3c and 5.3d show the upper part of the perfusion 

chamber without and with an inlay, respectively. In the small circular grooves rubber O-

rings are placed for a leak free connection with the upper part and the inlay. The same 

holds on for the big circular groove in Figure 5.3d, but now the rubber is made from 

Viton and seals for the connection between the inlay and the cover slip. There is an edge 

on the inlay that forms borders for positioning the cover slip of 1 mm. With the coated 

cover slip hemostasis can be initiated in the straight groove (width = 1 [mm], height = 

0.125 [mm]) of the inlay. On top of the cover slip a TPU gasket is placed for optimal force 

distribution between the aluminum frame and the cover slip (Figure 2.4e). Finally, the 

aluminum frame (104 x 88 x 20.5 [mm]) is attached to both parts of the perfusion 

chamber with several screws. The inlets are connected to two external syringe pumps. 

With the first prototype, coagulation has been visualized in real-time and the results 

were reproducible. Despite this good result, there were also some problems, and 

leakage between the cover slip and the inlay occurred because of the ridged on ridged 

combination, causing erythrocytes to flow out of the perfusion groove. This happened 

with both cover slips with thickness 1 or 0.4 [mm]. Because of the milling process, the 

PMMA surface of the inlay was not completely smooth which in turn reduces the 

transparency of the perfusion chamber and disturbs the microscopic view. 
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 Figure 5.3: Prototype 1 of the perfusion chamber: lower part of the chamber with the lower half 
of the static mixer (a), bottom of the upper part of the chamber with the upper half of the static 
mixer and the inlets and outlet of the perfusion groove (b), upper part chamber without inlay (c), 
upper part chamber with inlay (d), assembled chamber without aluminum frame (e) and 
assembled chamber with aluminum frame (f). 
 

  

(a) (b) 

(c) (d) 

(e) (f) 
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5.3  Second prototype 
The design of the second perfusion reactor is focused on solving the leakage and 

transparency problems. A silicone laser cut sheet with a height of 0.125 [mm] is placed 

on the inlay (Figure 5.4d) to create the perfusion channel similar to the standard 

perfusion chamber (Figure 5.2). To reduce the leakage in the perfusion channel, a 

vacuum pump is connected to the groove around the perfusion chamber. Now the inlay 

consists of two untreated parts, which are not milled, resulting in a smoother surface 

which probably improves microscopic viewing.  

 

 

Figure 5.4: Prototype 2 of the perfusion chamber: for explanation see Figure 5.3 and text. 
 

Tests are performed which show good transparency during microscopic viewing but 

during positioning of the silicone sheet some wrinkles occurred that had a large 

influence on unwanted leakage around the perfusion groove.   

  

(a) (b) 

(c) (d) 

(e) (f) 
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5.4 Injection moulding the perfusion reactor 
The design of the second prototype is promising in the sense that due to the vacuum 

connection the leakage in the perfusion groove has been decreased compared to that in 

the first prototype, but still some problems remained: leakage at the inlets and 

accessibility of the silicone sheet.  

 

Figure 5.5: The two halves of mould, stationary front mould (right) and the rotating back mould 
(left).  
 

All these experiences are taken into account in designing the final disposable perfusion 

chamber where, instead of the milling and laser-cutting, injection moulding is used as 

the fabrication process. A mould is fabricated that allows moulding the perfusion reactor 

in two steps: first a polycarbonate (PC CALIBRE 303 EP) is injected as ridged polymer for 

the casing parts. After solidification the mould is opened, next the back mould is rotated 

over 1800 whereafter the mould is closed again. In this operation, the two half products 

are transported into a larger cavity in the bottom part of the startionary front mould half, 

where a second layer is overmoulded with soft polyurethane (TPU Desmopan 9385). The 

reasons for choosing these materials are: 1) transparency, 2) the connection (auto 

adhesion) between the materials and 3) minimal contact activation.  
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Table 5.1 shows the settings of the injection molding process. The mould temperature is  

30 [oC] to prevent flash that occurs at higher wall temperatures. The injection rate is 

chosen at an intermediate level, since with low rates the polymer freezes in too early 

while at high rates the viscous forces increase such that the injection pressure becomes 

too high. Packing pressure and time are chosen such that we find an optimum between 

shrinkage, warpage and flash formation. 

Table 5.1: Process settings. 

Material used Melt 

temperature 

Mould 

temperature 

Injection 

rate 

Packing 

pressure 

Packing 

time 

Cooling 

time 

[oC] [oC] [cc/second] [MPa] [seconds] [seconds] 

PC Calibre  

303 EP (97) 

300 30 40 35 7 20 

TPU Desmopan 

9385 (98) 

180 30 7 55 15 15 

 

Both materials are transparent and show good mutual adhesion. The contact activation 

of both materials is in the range of thirty minutes (data not shown) and therefore does 

not play a role in the perfusion experiments (which take max. 15 minutes). A schematic 

view of the final model is shown in Figure 5.6. To approach physiological conditions, the 

aluminum frame is heated up to obtain 37.5 [oC] in the perfusion groove, using the 

temperature controller (99), see Figure 5.7. The time needed for this heating is around 

five minutes.  
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Figure 5.6: The final disposable perfusion reactor: lower ridged PC part (a); adding the middle 

soft TPU part (b) which contains the lower part of the static mixer, the outlet and the vacuum 

groove bottom; the upper ridged PC shown upside-down to show the upper static mixer half (c) 

and the same assembled onto the lower parts (d); the assembled disposable parts showing the 

TPU perfusion chamber with the surrounding vacuum groove (e) and the assembled chamber 

build in an aluminum frame (f). 

 
  

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 5.7: The perfusion chamber connected to a 3216 temperature and process controller. 

 

5.5 Testing the reactor by mixing anti-coagulated blood with a 

calcium solution 
The performance of perfusion reactor is tested by UMCU by mixing anti-coagulated 

blood with a calcium solution. Prior to the mixing experiment the surfaces of the mixer 

are Corona treated to enhance hydrophilicity and the whole mixer is flushed and filled 

with calcium solution to get rid of air bubbles. The first results were confusing and poor 

mixing was observed, showing macroscopic separation of blood and calcium solution in 

the final test groove, see Figure 5.8a-b. Its cause is already detected at the entrance of 

the first mixing element, see Figure 5.8d, where an unusual flow is observed with no 

vertical interface between blood and calcium solution. The blood flow chooses to flow 

straight ahead, even if the inlets are switched, see Figure 5.8e.  Four explanations where 

suggested for this problem:  

1. Viscosity difference between blood and calcium solution  

2. Density difference between blood and calcium solution 

3. Different affinity of the two fluids for the two different polymers used 

4. A defect in the mixer geometry or wrong inlet flow conditions  

In a subsequent experiment, the perfusion chamber in turned upside-down to reverse 

the gravitational force on the flowing fluids. This clearly changes the flow and now the 

blood chooses to enter the left parallel splitting channel, see Figure 5.8f, also with inlets 

reversed, see Figure 5.8g. This more or less eliminates viscosity differences as the main 

cause since, especially at start-up, a  higher viscosity liquid would always tend to flow 

straight forward until hitting a wall where bending becomes the only option. Density 

difference is a more likely cause of the effect. It seems that blood prefers to flow “on top 

of” the calcium solution, see Figure 5.8d for the experiment and Figure 5.8i for the 

schematics of the flow (in reality it flows underneath, but an inverse microscope is used) 

and therefore it misses the left splitting channel.  



Chapter 5  

74 
 

In Figures 5.8f and 5.8j the same thing happens in the upside-down test, where a normal 

microscope is used looking from the top downwards. In both cases no mixing results 

because the interface between blood and Ca solution is never split. 

 

Figure 5.8: Poor performance in mixing anti-coagulated blood with a calcium solution (1:1 ratio). 
At the entrance perfusion groove (a-b) caused by density difference between anti-coagulated 
blood and calcium solution (d-j).  
 

To test this hypothesis, the density of the two fluids are matched by adding 16% bovine 
serum albumin (BSA) to the calcium solution. The results are clear, see Figure 5.9 top, 
and blood chooses to flow directly into both parallel splitting channels. Figure 5.9 
bottom shows the layer development in the first five mixing elements, which is in 
perfect agreement with the intended layer development like shown in Figure 5.8h. At 
the inlet a clear interface is recognizable, at the exit of the first mixing element 8 layers 
are formed and finally after five elements the layers are no longer visible and the fluids 
are mixed. 
 

blood 

reverse gravity and 

inlets switched: 

 

normal setup 

normal setup:  reverse gravity:  switched inlets: 

calcium 

solution 

layer development:  

(a) (b) 

(e) (g) (f) (d) 

g g 

(h) (i) (j) 
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Figure 5.9: Improved mixing by adding 16% BSA to the calcium solution to match densities. The 

start-up in the first elements (top) and the total layer development through the serpentine mixer 

(bottom).  

 

5.6 Conclusions 
A polymeric disposable perfusion reactor is designed and fabricated via a two 

component, ridged and soft, injection moulding technique. The reactor is build up from 

two parts that are both composed out of rigid polymer, used for stiffness, and soft 

polymer for reliable sealing between the two parts and around the perfusion and 

vacuum channel on top of which the coverslip is placed.  

A static serpentine DentIncx mixer, and the connecting channels needed, are integrated 

between the rigid and soft layer of the two parts. The first mixing experiments with 

anticoagulated blood and calcium solution where troublesome because, surprisingly, no 

mixing was observed. Some simple experiments proved that the problem was caused by 

density differences. After adding 16% bovine serum albumin (BSA) to anticoagulated 

blood the density problem was solved and the mixing propagated as intended. 

Further experiments with the perfusion reactor to visualize aggregation and coagulation 

will be performed by UMCU and results will be reported elsewhere. 

  

 

The total serpentine mixer:  

The start-up in the first element:  
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A fully polymeric mouldable 

microfluidic device Part 1:  

the process of design 
 

Abstract 
Microfluidic devices as used e.g. in lab-on-a-chip and micro-total-analysis systems, are 

frequently fabricated using silicon or polydimethylsiloxane (PDMS)-based technologies, 

both with their known disadvantages. Here, we design a full-polymeric, multifunctional 

microfluidic reactor device, using an alternative fabrication method, the two-component 

co-injection moulding technology, in which different polymer combinations -generally a 

flexible and a rigid thermoplastic polymer- can be applied. The prototype device is based 

on an ambi-symmetrical design, combining two identical shells, that are each folded to 

occupy a 160  90 [mm2] space and subsequently stacked into a 4 (double) layer 

system. One microfluidic reactor unit includes 6 different in- and output connections, 6 

peristaltic pumps (build up from 3 membranes each), 18 volume-neutral, recoverable 

control valves, 2 fluid storages, and 2 efficient, flow splitting, rotating and recombining, 

serpentine mixers. The mixers realize an almost perfect baker’s transformation and 

possess 10 elements that create 2·410 layers with an individual striation thickness of 0.5 

[nm] in 10 seconds. The total reactor volume amounts 7 [mL]. The capacity of the 

peristaltic pumps, with their stroke of 0.5 [mm], equals about 35 [µL·s-1] at an actuation 

frequency of 5 [Hz]. Actuation occurs by air pressure. One microfluidic device can be 

endlessly connected to its replicas. 

 

The content of this chapter is based on Neerincx P.E., Denteneer R.P.J., Meijer H.E.H., A full-

polymeric mouldable microfluidic device Part 1: The process of design, Macromolecular Materials 

and Engineering, 296(12), 1081-1090, (2011) 
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6.1  Introduction 
Downscaling multifunctional laboratory systems is an easy recognized trend in biological 

assays and chemical analyses and we find the most important applications in life 

sciences, where they replace conventional laboratories. Driving force for shifting from 

the macro to the micro scale is a decrease in the use of device- and sample materials, an 

increase in the speed of analyses, and a decrease in costs of such testing.  

The technology frequently used in fabricating microfluidic devices is silicon based, but 

the time span from design to realization is in the order of a month or more. Reason is 

that, using silicon or glass, it is difficult to fabricate and integrate flexible parts like 

pumps, valves, and sometimes even channels. All these functional parts are generally 

needed in a microfluidic environment. Using alternative techniques like multilayer soft 

lithography in PDMS (polydimethylsiloxane), these disadvantages do not exist and from 

design to prototype takes typically less than two days, which is an enormous decrease in 

realization time (100). However, PDMS technology (101) is not really high tech and poses 

severe limitations on the design and is, moreover, disadvantageous for some 

applications since PDMS reacts, dissolves or swells in some organic solvents used in 

chemical synthesis, limiting its use.  

Following Whitesides’ suggestions in his Science review paper (100), we anticipate that a 

possible breakthrough in inexpensive large scale microfluidic applications would require 

a multifunctional apparatus design based on an alternative technology. Such a new 

appropriate alternative fabrication technology could be the two component co-injection 

moulding technology (2). An interesting rather analogous application of this technology is 

the relatively recently developed disposable bioreactor, representing a fully integrated 

design based on the combination of flexible and rigid materials (102). As in the PDMS 

technology, it is possible to integrate flexible onto rigid thermoplastic polymers, which 

can serve as membranes in valves, pumps, flexible fluid storages and sometimes even 

channels. However, many more different polymer combinations can be used allowing to 

circumvent the solvent problems in some applications while the technology moreover 

allows for cheap mass production. Characteristic of the injection moulding process is the 

combination of complex and expensive moulds and cheap products. Therefore a 

prerequisite for the design is multifunctionality giving flexibility in later use. 

A multifunctional microfluidic device preferably allows for different unit operations, 

most of them based on efficient and fast mixing. Examples include washing, extraction, 

and contacting, controlled reaction, controlled start of reactions, controlled sequencing, 

and e.g. time-dependent controlled composition. The small dimensions of the channels 

inside microfluidic devices, make it difficult to generate turbulence that is the usual tool 

to induce passive mixing without an external influence.  
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The Reynolds number, which characterizes the ratio of inertial forces to viscous forces, is 

of the order of unity, indicating that the fluid flow in a micro channel is laminar. As a 

consequence, mixing occurs only as a result of diffusion on interfaces between fluids 

flowing through a microchannel. Since the Péclet numbers, that reflect the ratio of 

convection to diffusion, involved in microfluidic applications are generally large (mainly 

because the diffusion coefficients of the molecules of interest are not that low), mixing 

solely by diffusion requires relatively long channels, and thus long residence times. To 

improve mixing in micro channels, chaotic advection, the tool to enhance mixing in 

laminar flows, has been explored. We will make use of the presence of touching top and 

bottom plates that naturally occur in the fabrication method chosen, and apply the 

efficient splitting serpentine geometry (103), (85). 

In Part 1, all system components are designed and integrated to arrive at the full-

polymeric, multifunctional, disposable, microfluidic reactor device. In Part 2, the device 

is optimized for processing and produced by using the two component co-injection 

moulding technology (104). The basic unit should allow for endless connection to its 

replicas, such that extended systems can be built depending on the specific 

requirements of the application at hand. The total system should be simply controlled by 

a flexible, user friendly, computer code, e.g. based on Matlab Simulink (105). Due to the 

complexity of assembly, we start with a device possessing rather large dimensions. It 

includes several in- and output connections, and is based on integrated flexible parts, 

such as a number of valves, pumps, fluid storages, connecting channels and mixers. The 

design of these parts is based on the possibility to use different combinations of flexible 

and rigid thermoplastic polymers, and on the possibility to use a number of layers, eight 

in total, stacked in one device. Each unit device consists of two identical folded injection 

moulded shells that are ambi-symmetrically stacked and connected. The central heart of 

the device, which is the mixer, is an improved version of existing splitting serpentine 

channel designs, realized on the interface of two adjacent layers. 

 

6.2  The concept 

6.2.1  Designing the infrastructure 

The design of the infrastructure of the device is based on that of a modern city, 

characterized by a ring road connecting several districts. A main channel containing a 

two-way peristaltic pump represents the ring road, see Figure 6.1a. In- and outlets are 

added. Pumps connected to a mixer serve, with the fluid storage, as the districts. A 

number of valves control the direction of the flow. Figures 6.1a-f show the layout 

gradually increasing in complexity. Since moulds are expensive, while the moulded 

products are cheap, the choice is made to make the device as multifunctional as 

possible, equipping the device’s infrastructure with the most commonly used process 
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operations, which are inlets, valves, pumps and mixers. Components that aren’t needed 

in applications can easily be secluded. Less frequently used operations not available in 

the device should be externally connected. 

 

  (a)              (b)                     (c)                  (d)                          (e)                                  (f)   

Figure 6.1: Building the infrastructure. Main channel with a two-way pump to create a flow (a). 
Entrance added, and three valves at the intersection (b). Fluid storage added (c). Mixer with two 
pumps for the two fluids (d). Integration of the mixer (e). Extra channel to allow reverse 
circulation (f). The arrows indicate one way channels. 
 

The main channel that serves as the ring road, with its pump (P0) that allows fluid to 

flow, is shown in Figure 6.1a. A two-way pump is desirable, and its design is discussed 

below. An entrance or exit (I/O) is added which results in a T-junction. At this 

intersection, where three channel parts meet, each channel section needs a valve (V) to 

be able to control the flow in every direction, Figure 6.1b. Extending further, a storage 

(S) is added to accumulate a certain amount of fluid, e.g. for analysis and diagnosis and 

to provide compliance to the, further stiff, system to avoid unwanted pressure 

fluctuations. Here also a T-junction appears and two more valves are needed, Figure 

6.1c. Then the mixer (M) is outlined and added to the system. It needs two pumps and 

two inlets to separately control the entrance speed, and thus the volume flow, of the 

two fluids to be mixed, Figure 6.1d. In merging the mixer into the system, it needs only 

one extra input (I), since the other one is connected to, and controlled by, the main 

channel. Two extra intersections appear and valves are added to fully control each T-

junction and to decide whether or not the mixer is going to be used, Figure 6.1e. To be 

able to use the main channel in both directions, an extra channel, and the necessary 

valves for the intersections that appear, are added, Figure 6.1f. 

 

6.2.2  Designing the principle of fabrication 

The fabrication method used to realize the multifunctional microfluidic reactor with a 

design based on using rigid and flexible parts, is the two component co-injection 

moulding technology. Banerjee et al. (2) show typical products produced via this process 

(see their Figure 6.1) and explain the process in more detail (see their Figure 6.4).  
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Here the processing cycle contains two separate steps. In the first step, the flexible and 

rigid polymers are (sequentially) injected in separate cavities created between the top 

parts of the two mould halves. Two non-connected parts are produced: one flexible for 

part 1, one rigid for part 2. Next the two mould halves are separated and the back 

mould, containing the semi-products, is rotated over 1800 where after the mould is 

closed again. In the second step the flexible and rigid polymers are (sequentially) 

injected into newly created cavities in the bottom part of the front mould, and thermally 

bonded against the rigid and flexible parts that resulted from the first step and that now 

serve as part of the mould. This is the so-called over-moulding process.  

 

                           (a)                                                              (b)                                                (c) 

Figure 6.2: The building block produced via the two component co-injection moulding 
technology. (a) The arrangement of flexible (f) and rigid (r) layers, made in step 1 and step 2. (b) 
Stack to create one building block. (c) Mirrored stack to combine two building blocks. 

 

In order to realize the number of eight layers (four combinations of a rigid and a flexible 

layer) required to create system parts, like pumps and valves, part 1 and part 2 of Figure 

6.2a are stacked to form a building block, Figure 6.2b, and combined with a second 

building block into the sandwich depicted in Figure 6.2c. Like in the bioreactor, which 

was similarly composed out of two identical parts (102), symmetry is needed. A line-

symmetrical design is used in order to be able to connect parts everywhere over the 

width of the device, see Figure 6.3. 

 

Figure 6.3: Line-symmetric layout by mirroring Figure 6.1f.  
 



Chapter 6  

82 
 

The internal connection is made in the middle of the device by applying a transition 

valve; for its design see below. In the top part no transition valve is applied and an 

external connection between the two halves, via two I/O ports, is preferred, allowing to 

connect one device to its replicas to (later) create larger, more complex systems. 

 

6.3  System parts 

6.3.1  Mixer: splitting serpentine channel 

As heart of the microfluidic device, we apply a splitting serpentine channel to intimately 

mix fluids without the need of stirrers or actuators (106), (107) other than the pumps that 

drive the flow (108), (109). The DentIncx geometry, recently developed in our group (103), (85) 

was selected since it combines transversal interface cutting, rotating and recombining 

flows in an optimized way with a geometry that is still easy to fabricate between two 

(injection moulded) plates. Other improved geometries have been meanwhile proposed 
(103) and will be incorporated later in newer versions of the device. In integrating the 

Dentincx mixer in the microfluidic reactor, use is made of the eight layer structure 

available. The two peristaltic pumps that feed the mixer, and the valves to control the 

flow direction, need six and eight layers, respectively. In contrast, one mixer element 

needs only four layers. Therefore we can double the mixer length easily by mounting 

two static mixers on top of each other, pumping fluid first forwards, then forcing it 

downwards before pumping it backwards towards the exit, see Figure 6.4 for an 

exploded view. To prevent unwanted leakage, the mixer is isolated from its surroundings 

by using flexible sealing walls.   

 

Figure 6.4:  Mixer design in exploded view. Thick lines indicate flow direction. The ten elements 
realized in this stacked design result in 2.000.000 layers. Since the channel is 1  1 [mm2], the 
striation thickness becomes 0.5 [nm]. Mixing time is 10 seconds at 5 [Hz]. 
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6.3.2  Volume neutral recoverable valves  

In designing the operating valves, the challenge is to avoid a change in volume such that 

pressure changes in the system are minimized and short switching times are made 

possible. Other requirements are the absence of backflow during operation of the valve 

and the ability to control flows in both directions. These requirements disqualify a 

number of existing designs that occupy three system layers, see e.g. the valve designs of 

Baek et al. (110) and Hosokawa and Maeda (111). To meet the requirements, here a new 

valve is designed with two identical membranes on top of each other that move 

simultaneously. Connected by a (supporting) pin, they compensate each other’s volume 

displacement during actuation of the top membrane. Since stress relaxation occurs in 

flexible polymers at longer loading times, and creep occurs (112), it is anticipated that the 

resulting hysteresis will prevent the top membrane to return to its initial position after 

removal of the load. Since we have eight layers in our system, this issue can be solved by 

adding a rigid polymer spring below the second flexible polymer membrane, see Figure 

6.5.  

Figure 6.5: Volume neutral, fully recoverable, valve design shown in an exploded view (a), 

schematic representation (b) and the valve in a closed view (c). 

 

  

(b) 

(c) (a) 
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The force needed to deform the two flexible membranes and the rigid spring, 

constituting a complete valve, should be below 2.4 [N], which is the actuation force 

generated with air pressure (actuation pressure 2 [bar], working diameter 4 [mm]). Of 

course, the thinner the membranes, the lower the reaction forces, but fabrication 

limitations require a minimum value of 0.3 [mm], given the 1 [mm] thickness of the 

surrounding plates. This follows from filling analyses using the Moldflow package (25) 

given the maximum pressure of the (two component injection moulding) machine 

available in our laboratory (46). The diameter of the valve hub depends on the pin 

thickness and the space occupied by the channel walls sealing the membrane. From 

these geometrical considerations, its maximum diameter follows: 6 [mm]. The reaction 

force of the membrane is based on a displacement of 0.5 [mm] to allow easy passage of 

fluid. With a constant wall thickness of 0.3 [mm] a reaction force of 0.12 [N] results. The 

spring design is based on the argument that it must be mouldable and its basic shape is 

shown in Figure 6.6. The plates surrounding the springs have a thickness of 2 [mm] to 

allow filling with reasonable clamping forces (and cavity filling flow simulations show 

that, in order to completely fill the spring, its thickness should be at least 1 [mm]). 

 

                (a)                                                              (b) 

Figure 6.6: Valve spring design (a). 3D model of one rigid PC polymer spring leg of 1  1 [mm2], 
constrained on the right hand side (b). A deformation via a displacement in negative z- direction 
of 0.5 [mm] results in a reaction force of 0.45 [N]. 

 

Taking these limitations into account and given the modulus (2.2 GPa) of the polymer 

(PC) used, the remaining parameters that control the reaction force of the spring are the 

length and number of legs. Systematically changing the spring leg geometry, and 

avoiding the occurrence of instabilities and considering the availability of space, a 

minimum reaction force of 0.45 [N] is found using a leg thickness of 1 [mm] and a leg 

shape as depicted in Figure 6.6b. Adding the spring force of three times this number 

(given the three legs, see Figure 6.6a), to the force of the two membranes, see Figure 

6.5, we find for the total valve system a critical opening value of 1.6 [N], which is 

sufficiently smaller than the maximum force available of 2.4 [N].  
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6.3.3  Peristaltic pumps 

Pumps that use magnetism (113) or heat (114), (115) to actuate membranes are less desirable 

in microfluidic systems, because both can influence the fluids, or they are just slow. 

Pumps that need more than eight system layers, like for example the dual diaphragm 

pump (116), are unnecessarily complicating the device. Van Lintel et al. (117) designed a 

reciprocating displacement pump based on two passive membranes as inlet and outlet 

valves, at the suction and discharge side, respectively, and one actuated membrane in 

the middle. This design can be converted into a mouldable version based on five layers 

only, see Figure 6.7a. While the pump is operating by actuating the membrane, the 

volume of the pump chamber alternatingly increases and decreases, sucking fluid into 

the chamber in the charging phase and, during discharge, forcing fluid out of the pump 

chamber. The orientation of the inlet and outlet membranes directs the flow, from the 

left to the right in the example of Figure 6.7a. 

 

Figure 6.7:  A mouldable design based on the approach of a two-valve single chamber 
reciprocating displacement micro-pump by Van Lintel et al. (117) (a) and A cross-section view of 
the peristaltic three-membrane pump, based on Smits’ original design (118) (b). 

 

As a consequence, this pump has only one flow direction. Therefore, an alternative 

pump design was sought, inspired by the design of Smits (118). He developed a 

reciprocating displacement micro pump using three pump chambers in series, resulting 

in a peristaltic fluid motion. Smits’ peristaltic pump consists of etched silicon channels 

covered with a flexible membrane and drives the chamber membranes by piezoelectric 

actuators (119), (120). We adapted his concept, now based on the use of air pressure to 

control the motion of the membranes, see Figure 6.7b. Different actuation sequences 

and their working performance are explained in Part 2 (104).  

Peristaltic pumps contain three neighboring actuated membranes, and are easily 

constructed and use 6 layers, see Figure 6.8, where an extra layer is present as a result 

of the line-symmetric design.  

(a) 

(b) 
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Figure 6.8: Peristaltic pump design shown in an exploded (a) and in a closed view (b); arrows 
indicate the direction of the fluid flow. 
 

With the geometry chosen, the flow is 35 [μL·s-1] at 5 [Hz] actuation frequency. Given 

the total mixer volume, 350 [μL], the minimum estimated time to mix two fluids equals 

10 [s] while approximately 50 [s] is needed to completely flush and clean the mixer (ca. 5 

strokes of fresh fluid). 

 

6.3.4  Transition valve, fluid storage and channels 

Due to the line-symmetry in the system, see Figure 6.3, an internal asymmetric channel 

like the one shown in Figure 6.11 is  impossible to use for fluid transport from one half of 

the device to the other. For this purpose, a line-symmetric transition valve is designed, 

see Figure 6.9. No second membrane and spring are possible, since all eight layers 

available are in use; therefore the dead volume of this valve should be neutralized by 

the fluid storage membrane. Fluid storage can thus help in keeping the system pressure 

low during closing and opening of the transition valve, but also to allow to separately 

investigate a limited amount of fluid, e.g. by optical inspection.  

(a) 

(b) 
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Figure 6.9: Transition valve in exploded view (a), schematic representation (arrows indicate flow 
direction and the +sign indicates the symmetry point) (b) and closed view (c). 
 

The fluid container is based on two thin membranes of 0.3 [mm] each, see Figure 6.10, 

and its center displaces 1 [mm] under a fluid pressure of 20 [kPa], which is sufficient to 

preserve the system’s pressure and volume. Once the flexible walls made of the flexible 

polymer are created, via overmoulding the rigid shells made of the rigid polymer, during 

the second processing step, adhesion promotion needs local and partial remelting of the 

first moulded rigid layer, see Figures 6.2a and 6.11a. After the combined rigid and 

flexible polymer layers are stacked to form the building blocks, Figure 6.2b, and two of 

those combined to constitute the reactor, Figure 6.2c, the total system is somewhat 

squeezed, allowing the rigid plates to deform the flexible walls. Closed channels are 

formed that connect the system parts, see Figure 6.11b. A reliable sealing results, 

supported by the internal fluid pressure, that neutralizes imperfections between the 

stacked plates, for example caused by sink-marks on positions where ribs are attached 

on the outer side of the reactor.  

 

Figure 6.10: Fluid storage container in exploded view (a), a schematic representation (b) and 
closed view (c). 

(a) (c) 

(b) 

(b) 

(c) (a) 

(b) 
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For that purpose the flexible walls are tilted inwards, see Figure 6.11c, to be pushed 

against the upper plate when the fluid pressure increases.  

 

                    (a)                                 (b)                                                               (c) 

Figure 6.11: A channel is formed between a rigid top plate and two flexible channel walls 
connected to a rigid bottom plate. 
 

The angle of 650 is chosen such that release from the mould is possible, despite the 

undercut used. Finally the radius at the wall tip is determined to be 0.3 [mm], given a 

milling cutter size that allows mould fabrication with a still reasonable speed. The 

increased wall width at its bottom helps in filling the long lengths (in total almost 2 

meters of channel walls are present in the device) and helps to avoid early freezing-in. 

The height of the wall is chosen sufficiently large, to allow for a reduction of 40% in 

height when the top plate is closing the channel. Given the required height of the 

channels, and channels constituting part of the serpentine mixer, of 1 [mm], the 

undeformed channel wall height should be about 1.7 [mm]. 

 

6.4  Synthesis 

6.4.1  Designing the integrating system 

The size of the flat lay-out of the microfluidic reactor is restricted by (i) the area available 

on (half of the) rotating back mould, (ii) the maximum injection pressure, and (iii) the 

maximum clamping force of the machine. In positioning the system parts in the device, 

some practical considerations can give direction. The mixer is best placed on the outside 

of the device, and even better in a corner, close to the stiffening ribs, preventing 

leakage. Actuators need room above valves and pumps, therefore placing them in the 

middle is preferred, given the absence of space occupying clamping units there. In- and 

outlet channels require external tubing, that need accessibility. The same argument, 

now for visible accessibility, holds for fluid storage, that requires e.g. light beams passing 

through, or microscopic inspection. Outside positioning of these system parts is to be 

preferred.  
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Figure 6.12f shows the principle layout of half of the device, based on these 

considerations and illustrates that we need in total 38 actuators (one actuator per valve 

and three per pump), and furthermore six inlet/outlets, two fluid storages, maximized 

with respect to the space available, and two mixers each containing a maximum possible 

number of elements.  

 

Figure 6.12: Design of the integrated infrastructure of the microfluidic reactor. The four parts 
that stacked constitute the device, as shown in Figure 6.13; dark is rigid, light is flexible; top is 
front, bottom is back (a – d). Connections between system parts in different layers: grey 
(connections between layers 2 and 3), light grey (4 and 5) and dark grey (6 and 7) (e). Principle 
layout of one half of the device (f).   

(d) (c) 

(a) (b) 

 (e) 

 (f) 



Chapter 6  

90 
 

In- and outlet channels need less space compared to the actuated parts. The area 

needed for switching valves and for valves of pumps, is similar. Advantageous would be 

to integrate the mixer in-between its two pumps to win space and to increase control 

over the fluid flows, thus over the composition of the mixture. 

Figures 6.12a-d show the final design of the microfluidic reactor with rigid (dark) and 

flexible (grey) polymers distributed over eight layers. The top of the figure shows the 

front view of the unfolded state of the reactor, the bottom figure the back view of the 

device. To stiffen the structure, ribs (30 [mm] high and 2.5 [mm] thick) are added on the 

two outside plates, see Figures 6.13a and 6.13d. The plates bend outwards under a fluid 

pressure, and its displacement is computed to be 0.05 [mm] in the mixer area and 0.06 

[mm] in the device’s weakest area, when a pressure of 5.5 [kPa] is applied in the fully 

filled channels (Marc Mentat (57)). This is acceptable given the pre-deformation of the 

sealing flexible walls of 0.7 [mm]. Moreover, later addition of pressure caps will further 

stiffen the structure.  

 

Figure 6.13: Final design of the microfluidic device made up of two identical building blocks from 
Figure 6.12. The two times four functional layers are shown in an exploded view. 

  

(a) 

(b) 

(c) 

(d) 

 20 [mm] 
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6.5 Conclusions 
Given the limitations in the integration of flexible components in microfluidic devices 

based on silica, and those in alternatives that use rigid and flexible PDMS, the two 

component co-injection moulding technology, that allows to combine different flexible 

and rigid thermoplastic polymer combinations, is introduced to manufacture full-

polymeric multifunctional microfluidic devices.  

An infrastructure, required to fulfill the system’s multi-functionality, is designed based 

on the possibilities of stacking structures that each contain rigid and flexible parts, to 

obtain a multilayer system of eight distinct layers. The device contains all necessary 

system parts like in- and outlets, channels, pumps, valves, storages and mixers. 

A volume-neutral creep-recoverable valve is designed that makes use of a 

simultaneously moving second membrane which is coupled to the serving membrane via 

a supporting pin. To deal with unwanted relaxation and creep in the flexible polymer 

membranes, a rigid polymer spring below the second membrane is added to ensure 

total recovery after longer loading times. 

Seals are designed focused on easy and reliable assembly at low forces by making use of 

the internal fluid pressure as a support. The design neutralizes imperfections between 

the stacked plates.  

A microfluidic reactor with a typical size of 160  90 [mm2] results, based on two 

injection moulded, identical, two-component structures that are folded and stacked 

making use of the line-symmetry in its design. In Part 2, we will focus on the mould 

design and optimization, and on fabrication, and the result of tests on the performance 

of mixers and pumps is reported.  



 
 

 

  



 
 

 

 

Chapter 7 
 

A fully polymeric mouldable 

microfluidic device Part 2:  

Designing the process 
 

Abstract 
In Part 2 on the design and realization of a flexible multi-functional microfluidic device, 

details of the mould design are explained and optimization is dealt with needed to allow 

to produce the system on the two-component injection moulding machine available in 

our laboratory. A number of adjustments proved to be required in order to reduce the 

pressures needed to fill all parts without the danger of exceeding the maximum 

clamping force. For these hierarchical subsequent optimization steps, a commercial 

analysis package was used. After the first successful production runs, the two major 

functional components of the device are tested: The splitting serpentine channels are 

fed with two fluids, one containing a fluorescent dye, and down-flow analysis-results 

show that laminar mixing indeed proceeds efficient, as expected. Next the peristaltic 

pumps, consisting of three air-pressure actuated membranes, are tested. Their 

maximum operating frequency is determined to be 5 [Hz]. Above this critical frequency, 

the membranes do not sufficiently close on their hubs and start trembling and vibrating 

in the pulsating flow. Using a mild vacuum to support the membrane motion shifts the 

critical frequency to 15 [Hz]. The volume displacement per stroke is in the order of 7 

[μL], yielding a maximum flux of ca. 100 [μL·s-1]. 

The content of this chapter is based on Neerincx P.E., Hellenbrand S.J.M., Meijer H.E.H., A full-

polymeric mouldable microfluidic device Part 2: Designing the process, Macromolecular 

Materials and Engineering, 296(12), 1091-1100, (2011) 
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7.1  Introduction 
In Part 1 (121) the process of design of the microfluidic reactor was elucidated and its 

Figure 6.13 shows the final result in an exploded view. Moulding of one building block of 

the device occurs in two subsequent injection steps. The first step is shown in Figure 

7.1a (mould is white; flexible polymer grey; rigid polymer dark) while Figure 7.1b shows 

the second injection step. Use is made of over-moulding: rigid on top of flexible and vice 

versa.  

It is investigated whether this device, characterized by its thin structures and complexity, 

given the requirement of local preciseness, indeed can be moulded succesfully. Runners 

and bridges are needed to connect all system parts. Difficulties are expected, given the 

combination of rather thin and thick parts present in the flexible sub layers, like for 

instance the membranes of pumps, valves, and fluid storage, leading to the danger of 

early freezing-in, which results in hesitation. We start the analysis by studying flow 

during filling of the cavity, using the injection moulding simulation package Moldflow (25), 

and taking two well characterized polymers as flexible (low density polyethylene (LDPE) 

1965T (122)) and as rigid material (Polypropylene (PP) 412MN40 (123)). 

The maximal clamping force available on our injection moulding machine, a Ferromatik 

Milacron K-Tec 60 (124) equals 600 [kN]. Since the product is situated 100 mm off-center 

in the mould (see Figure 7.1), the effective clamping force is significantly reduced 

because the cavity pressure uses leverage to open the mould (with pivot point at the 

bottom edge of the mould), which lowers the effective clamping force to approximately 

400 [kN]. To be at the save side, the maximum force will be set to 300 [kN] in the 

simulations. The melt temperature is taken rather high, 260 [0C] for LDPE 1965T and 230 

[0C] for PP 412MN40, to ease cavity filling. In contrast, the mould temperatures are set 

at 50 [0C] to avoid hesitation of the turning table used for rotation of the back mould 

between injection steps one and two.  

 

7.2  Analyses of mould filling  

7.2.1  First flexible layer 

The flow length/wall thickness ratio forms the biggest problem in moulding the first 

flexible layer, see Figure 7.1a, top left. In the first design, the maximum available 

clamping force is exceeded. The flow lengths are too high, and runners are added to 

lower the flow resistance towards the area of the last filled seals of Figure 7.2a. This 

results in a reduction of the clamping force to 380 [kN], see Figure 7.2b. The procedure 

is repeated, sometimes enlarging the runner channels, to further reduce the maximum 

clamping force, see Figures 7.2c and 7.2d, finally with 28% to 300 [kN], our design limit.  
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Figure 7.1: Injection moulding of one of the two identical shells that make up the device, 

illustrating the result of the first (a) and the second (b) injection step. Left is the rotating 

back mould, right the stationary front mould. Mould rotation and symmetry are present. 

  

 (a) 

 (b) 
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         (a)  440 [kN]           (b)  380 [kN]                      (c)  350 [kN]                (d)  300 [kN] 

Figure 7.2: The cavity pressure distribution during moulding of the first flexible layer (dark is high 
pressure) and the resulting clamping force needed to keep the mould closed. From (a) to (d) 
modifications in the design are proposed (dashed area) and evaluated.  

 

7.2.2  First rigid layer 

The first rigid layer, see Figure 7.1a, top right, gives no problem at all, caused by its 

reasonable flow lengths and relatively large wall thicknesses, see Figure 7.3. Simulations 

predict complete cavity filling with a flux of 70 [cm3 s-1] at a maximum injection pressure 

of 20 [MPa], yielding a clamping force of 200 [kN]. 

 

Figure 7.3: Moulding the first rigid layer. Short shots and pressure distribution. No problems are 
encountered.  
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7.2.3  Second flexible layer 

The second flexible layer is even more difficult to fill than the first one and an extreme 

high clamping force is needed in our initial design. The first modification is to widen the 

runner that feeds the fluid storage membrane, see Figure 7.4b, which reduces the force 

already 40%. A better solution is to add an additional runner directed to the membrane 

and to widen the central runner to lower the resistance towards the valves at the left, 

see Figure 7.4c, reducing the clamping force to 310 [kN]. In the last modification the 

central runner is redirected and the connection to the membrane enlarged, see Figure 

7.4d, that shows a further reduction of the clamping force to 250 [kN]. 

 
 

          (a)  750 [kN]                  (b)  440 [kN]                   (c)  310 [kN]                   (d)  250 [kN]  
 
Figure 7.4: As Figure 7.2, now for the second flexible layer.  

 

 

7.2.4  Second rigid layer 

Also the second rigid layer, see Figure 7.1b, bottom right, gives no problems, as 

expected. Flow simulations predict complete cavity filling with a flux of 23 [cm3 s-1] at a 

maximum injection pressure of 35 [MPa] yielding a clamping force of 250 [kN], see 

Figure 7.5. 
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Figure 7.5: As Figure 7.3, now for the second rigid layer.  

 

7.3  Moulding the device 
The steel mould has been fabricated, and Figure 7.6 shows the details of the structures 

of the four functional layers in the two halves of one building block (two of these blocks 

stacked constitute the final microfluidic device, accordingly to the design of Figures 6.12 

and 6.13 of Part 1 (121) and Figure 7.1 of this Part 2). Extra attention is given to milling the 

cavities that form the seals. A cutter with a top radius of 300 [μm] is used. If precision is 

required, it can only remove 20 [μm] in depth. Since the total seal depth equals 1.7 

[mm], and its total length equals approximately 2000 [mm], a total milling time of 10 

days is needed for this job only.  

The first injection moulding tests, performed with LDPE 1965T as the flexible material 

and PP 412MN40 as rigid material, went troublesome. Shrinkage of PP was too large and 

flash resulted during overmoulding of the PP structures with LDPE in the second 

moulding step. For that reason we switched to Polycarbonate (PC) Lexan OQ1022 (125) as 

rigid material (given its lower shrinkage being amorphous), and thermoplastic 

polyurethane (TPU) Pellethane 2103-80AE (126) as flexible material, since it is flexible as a 

rubber and has good bonding properties to PC. First we compute the pressures needed 

to completely fill the flexible seals and membranes of the flexible layers using this TPU, 

changing the melt temperature and the flow rate applied, see Figure 7.7. For both parts 

a minimum in pressure is obtained for a flow rate of approximately 20 [cm3 s-1]. Lower 

flow rates result in thick layers at the cooled walls, solidified during injection, that 

reduce the effective channel height available for melt transport, eventually even leading 

to incomplete filling caused by early freezing-in; higher flow rates require per definition 

higher pressure gradients because we deal with fluids.  

c) 
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Figure 7.6: The two halves of mould, stationary front mould on the left, rotating back mould on 
the right, showing 8 different compartments. The 4 top ones make, closed, in the first moulding 
step the first 2 functional layers, one flexible, one rigid. The bottom left 2 compartments form, in 
the second moulding step, the second 2 functional layers (using the first ones as back mould). The 
bottom right 2 compartments just provide room after rotation of the back mould. The dimensions 
of the surface of each half are 300·450 [mm2], with a thickness of 150 [mm] (stationary front 
mould) and 250 [mm] (rotating back mould), respectively. The necessary cooling channels are 
integrated in both halves. A huge number of expulsion pins (precisely 101) is present in the back 
mould, to help demoulding of the complex product.  

     

 

Figure 7.7: Pressures needed to inject, with thermoplastic polyurethane (TPU) Pellethane 2103-
80AE, the seals and membranes of the first (a, see Figure 7.2) and second (b, see Figure 7.4) 
flexible layers, as a function of the melt temperature and flow rate applied.  
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At the optimal flow rates, total cavity fill was achieved, however some unforeseen 

problems occurred. First, the flexible runner under the mixing element in the second 

layer, the black rectangle in Figure 7.8a, deformed and partially remelted, caused by the 

hot melt drag flow during overmoulding. This problem is solved by shifting the runner to 

the left side of the mixer, and by widening the runner on the right, to remain 

throughput, see Figure 7.8b. 

 
 
Figure 7.8: Overmoulding-caused runner deformation (a) and improved design (b). 

 
The second difficulty was caused by trapped air, leaving holes in the thin membranes of 

the second flexible layer, or sometimes even burning marks. The membranes in the first 

flexible layer did not suffer from this problem, because trapped air could easily escape 

into the supporting pin cavity attached. Therefore, the problem is easily solved by, 

likewise, providing the membranes of the second flexible layer with extra flow pockets, 

see Figure 7.9a, to allow the melt to close the holes in the membranes. Other positions 

of trapped air were found close to the weld lines formed in the seals. Since the flow 

fronts are not stopped after collision, but turn together towards the flow-pocket 

transforming weak weld lines into stronger melt lines.  

 

 
 
Figure 7.9: Flow pockets used to shift air-trapped away from relevant part. 

 

(a) (b) 

(a) (b) 
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To solve this, pockets are added also here, shown in Figure 7.9b. More bond strength 

between TPU and PC layers results, given the longer contact times during overmoulding, 

Figure 7.10 shows the final transparent injection moulded parts of the microfluidic 

device with TPU Pellethane 2103-80AE as flexible material and PC Lexan OQ1022 as rigid 

material. The important parts are properly shaped, weld lines problems are solved and 

the thermal bonding between the flexible and rigid polymer seems to be sufficient. For 

each injection step 20 seconds was needed to cool the polymer sufficiently to expulse 

the product without damage. This resulted in a total cycle time of 1.3 minutes, to mould 

one half of the microfluidics reactor. Table 7.1 shows the final process conditions used. 

 

Table 7.1: Final process settings. 

Material temperatures Flow 

rate 

Injection 

volume / 

filling time 1 

Injection 

volume / 

filling time 2 

Packing 

pressure 

Packing 

time 

Mould Melt 

T [0C] T [0C] [cm3/s] [cm3/s] [cm3/s] [MPa] [seconds] 

PC Lexan  

OQ1022 

50 260 50 67 / 1.3 35 / 0.7 20 5 

TPU 

Pellethane 

2103-80AE 

50 260 20 5 / 0.3 6 / 0.3 15 10 
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Figure 7.10: Assembled microfluidic reactor (a), enlarged view of I/O connections (b) and 
successfully injection moulded part 1 (c) and part 2 (d) that, stacked, make one half of the 
microfluidic device. 

  

(c) (d) 

(a) (b) 
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7.4  Performance tests 

7.4.1  The mixer 

In order to evaluate the mixer performance, a test setup is fabricated to visualize the 

flow inside the channels. Two laser-cut (93) TPU layers are used as the mixer elements, 

similarly to the case in the moulded microfluidic device. The setup is made accessible for 

light transmission by adding a bottom glass plate and a top PMMA plate, using some 

seals. The layer structure is capped in-between sufficiently stiff stainless steel bottom 

and top plates that also provide the connections to the outside world, see Figure 7.11.  

 

                          (a)                                                                            (b)     

Figure 7.11: Setup used for testing the mixer. Total test device (a) and the constituting parts (b) 
that are mounted onto the aluminum base plate:  from left to right: (i) 0.3 [mm] TPU seal; (ii) 1 
[mm] microscopy glass plate; (iii) and (iv) two 1 [mm]  thick laser-cut TPU bottom and top layer 
of the mixer; (v) 2.5 [mm] PMMA window; (vi) 0.3 [mm] TPU seal and (vii) stainless steel top 
plate with connectors (two feed, one exit). 

 

The cross section of the channels equals 1 1 [mm2]; the mixer is fed by two syringe 

pumps (127) operating at a (water) flow rate of 2.5 [µL s-1]; one fluid is mixed with a water 

soluble fluorescent dye (128). During filling of the mixer with water some air bubbles 

remained. These where diffused out of the mixer (through the TPU layers) by keeping 

the device under a mild pressure of 15 [kPa] for 12 hours before starting tests. If 

wanted, a Corona treatment (129) can be used to improve wetting and avoid later air 

bubbles. Along the length of the mixer, the cross channel intensity is measured with a 

microscope (130) equipped with a LED light source (131), see Figure 7.12. At the top left, 

the entrance is shown and the intensity plot shows a clear step function. After one mixer 

element, an intensity plot with four peaks and four valleys is found. Clearly interfaces do 

not stay perfectly perpendicular to the mixers walls. This limits the accuracy of the 

measurements and, after five elements, a uniform distribution is found. 
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Figure 7.12: Microscopy view of the flow in eight elements of the DentIncx (103) mixer with cross-
sectional channel size of 1 x 1 [mm2], using a flow of 5 [µL s-1]. The fluorescent dye distribution 
over the channel width is shown at different axial locations.  

7.4.2  The pump 

Pumping is achieved by pneumatic peristaltic actuation (111) of serial connected 

membranes. One of the common sequences suggested is a 4-step cycle (132), see Figure 

7.13b. In this protocol, a small period is present, between the second and the third step, 

where all valves are open, causing some backflow.  

                   (a)                                                      (b)                                                     (c)    

Figure 7.13: Peristaltic pump actuation based on three equal sized membrane valves. Protocols 
with 5, 4, and 3 steps are shown respectively. Flow direction is from left to right. 
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To prevent this, J.G. Smits (118) suggested an extra step to improve the pressure 

performance, see Figure 7.13a. Here an alternative 3-step protocol is used (133) to reach 

an even more efficient and straightforward control, see Figure 7.13c. The experimental 

set-up used is shown in Figure 7.14, and consists of 38 relays (optocouplers) (134) 

combined with 38 pneumatic valves, Festo (135), and with a 5V-DC and a 24V-DC power 

supply. The hardware is controlled by a Matlab Simulink script (105) which makes use of 

Real-Time windows target, a National Instruments PCI-6229 data acquisition card (136) 

and two National Instruments SCC-68 connector blocks (137). 

 

                               (a)                                                        (b)                                             (c)  
  
Figure 7.14: Total microfluidic pumping device. It contains on the left two boxes connecting the 
PC with the downstream electronics (a), 38 optocouplers and pneumatic valves (b), and the 
microfluidic reactor clamped between two pressure caps (c).   

 

With the use of this setup the peristaltic membrane pump is tested in a frequency range 

from 0.1 to 90 [Hz] using different actuation sequences. In Figure 7.15a the influence of 

the actuation frequency on the volume displacement is plotted showing a linear relation 

till approximately 5 *Hz+. At higher frequencies the pump’s performance decreases 

because of the lack of time for the membranes to close, leading to floating.  
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                                      (a)                                                                                 (b)     

Figure 7.15: Peristaltic pump performance: frequency dependent volume displacement per 
second obtained with different step-sequences (a) and the frequency dependent volume 
displacement per cycle when actuated with a 3-step cycle (b). 

 

At frequencies between 0 and 10 [Hz] some interesting observations are made, see 

Figure 7.15b. In theory the pump can displace 7 [µl/cycle], the dotted line in the figure. 

In the first region of low frequencies, between 0 and 1 [Hz], a larger volume 

displacement per cycle occurs. Here, actuation times are long and visco-elasticity is 

given sufficient time to make the membranes deform. Between 1 - 3 [Hz] inertia of the 

membranes becomes noticeable resulting in a more constant volume displacement. 

Above 3 [Hz], floating of the membrane sets in and the performance drops. Applying 

vacuum on the top side of the valves (see dashed line in Figure 7.15b), rather than 

atmospheric pressure, shifts the critical frequency and considerably increases the 

pumping performance up to frequencies exceeding 15 [Hz], see the dashed line in Figure 

7.15b. 

 

7.4.3  A sketch of operation 

An illustration of a possible working principle of operating the microfluidic device is 

presented in Figure 7.16. Only a few principle steps are given.  

(i) Figure 7.16a shows how fluid A, typically a water soluble bi-functional 
monomer blocked on one side, is pumped to mixer M1 and intensively mixed 
with initiator I, that is e.g. attached to the surface of PS spheres used as 
carriers. The reactants are send to storage room S1. During this step the 
unequal flow pathway from the storages to the mixer is compensated for by 
implementing a delay time in the actuation protocol for the pump of the fluid 
that has to travel the shortest distance. 

  

no vacuum 
0.8 bar vacuum 
theoretical displacement 

 

displacement 
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(ii) Figure 7.16b shows the washing step and illustrates how the mixture is 
pumped from S1 through filter F to separate the first reaction product (PS 
spheres are left on F) from the fluid containing unreacted product, that go to 
Waste. This step can be repeated by pumping backward-forward, using fresh 
H2O as transport fluid.  

(iii) Figure 7.16c shows a step similar to that in Figure 7.16a, now adding fluid E 
to react with the first product, e.g. removing the blockers. The fluid is send to 
S2. 

(iv) Figure 7.16d shows the subsequent washing step, again filtering the flow, 
leaving the product on F and the unreacted monomers in Waste.  

 

 

Figure 7.16: A typical protocol used for synthesizing. We recognize on the left, see e.g. Figure 
7.16a, 5 feed ports containing 5 different fluids (e.g. monomers) contained in 5 external storage 
devices A, B, C, D, and E. On the right we find a water storage reservoir H2O, a waste storage 
Waste, a filter F and storage for an initiator I. Dark gives active valves and open flow paths. Grey 
the active feed ports.  

 

 

 

  

(a) (b) 

(c) (d) 
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7.5  Conclusions and recommendations 
Filling analyses using simulations with the Moldflow package (138) were applied to test 

whether all details of all components in the flexible and rigid layers constituting the 

device as designed in Part 1, indeed can be injection moulded on the two component 

injection moulding machine available in our laboratory. After a number of iterative 

design steps, incorporating targeted modifications, positive results were predicted and 

reached. Tests showed that shrinkage in semi-crystalline rigid polymers, used to make 

the rigid layers, is too large to keep sufficient dimensional stability and dimensional 

accuracy to allow for a successful second overmoulding step, where the first moulded 

polymer is used as one mould half. A change to use an amorphous polymer was 

suggested. Next, some unexpected new problems were encountered, and solved. 

Examples are the occurrence of holes in the thin membranes at the end of the flow path 

and some burning marks. The addition of air pockets solved this problem. Another 

example was a shift of polymeric mould parts, produced in the first injection step, during 

the second overmoulding step. Altering the flow directions and channel dimensions 

proved to solve this issue.  

The heart of the device, the efficient, precise and fast static mixer was tested; it worked 

well. The limits in frequency of actuation of the membranes forming the peristaltic 

pumps were investigated. Low frequencies gave larger than expected pumping volumes 

per stroke, due to viscoelastic deformation of the membranes. High frequencies resulted 

in insufficient closing, causing leakage. Adding an under-pressure to support the 

membrane motions, helped to shift critical frequencies to considerably higher values. 

Finally, an illustration is given how different actions during a step wise precise synthesis 

using the device can be realized.  

In order to make the microfluidic device more compact, better accessible for connecting 

tubes and easier to fit inside a aluminium clamping unit we decided to remove the 

stiffening ribs, see front cover. 

 

 



 
 

 

 

Chapter 8 
 

Structuring under the surface: 

using hesitation to create 

 micro channels  
 

Abstract 
Commonly hesitation forms a problem during injection moulding of products with thin 

or non-uniform wall thickness. Here we transform this problem into a useful technology 

to create sub-surface micron sized channels via a two shot injection moulding technique. 

The first mould is such that the product with a thickness of typical 2 [mm] contains in its 

0.6 [mm] wide slot a number of micro grooves with a width of 200 [µm] and a depth of 

300 [µm]. In order to produce this first half of the product, a low viscosity polymer is 

injected at high melt temperature using a high injection speed and high packing pressure 

for detailed filling. Next, the mould cavity is widened and a second layer of the same 

polymer is moulded on top of the first one. The slots in the (now polymer) mould wall 

are easily filled directly, but the micro structures remain unfilled, given their high flow 

resistance. Once the polymer melt is frozen-in sufficiently fast to prevent filling during 

the packing phase, micro channels are captured under the surface. First the limits of this 

process are investigated using simple geometries only, to explore the final fabrication 

window of the technique. Subsequently a straightforward sub surface micro mixer is 

designed, fabricated and tested. 

 

The content of this chapter is based on Neerincx P.E., Aar B.C.A. van der, Meijer H.E.H., 

Structuring under the surface: using hesitation to create micro channels, Lab on a Chip (in 

preparation) 
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8.1 Introduction 
Today’s high standards of life demand for quick and reliable products that can be easily 

used and are at low cost. Examples can be found in health care, where every second 

counts and vital body information, e.g. from blood, urine or saliva, must be readily 

obtained. Usually analysis takes time and therefore research is devoted to miniaturize 

medical equipment and the amount of body liquids required. Such fast diagnostics 

became possible using micro-fluidics in lab-on-chip and micro-total-analysis systems (139), 

(140), (141), (142), (143), see Figure 8.1 for an example. 

 

Figure 8.1: Lab-on-chip device (144). 
 

Miniaturization and integration of a complete diagnostic lab onto a credit-card sized chip 

is still a challenge and, to handle very small volumes of fluids, micro channels are 

needed. Currently silicon chip technology is used to create micro-fluidic devices, 

characterized by the long time span to realize a new device, and by process limitations 

to incorporate flexible parts. The other technique frequently used is multilayer soft 

lithography with polydimethylsiloxane (PDMS) (145). It does not show the disadvantages 

mentioned but also here the process poses severe limitations on the device design, since 

sealing channels is an issue, and PDMS swells or dissolves in some organic solvents, 

limiting its use.  

An interesting alternative technology is injection moulding (100), (146), (147), (148), as was 

already demonstrated in Chapters 5-7 of this thesis, to fabricate two (or more) separate 

parts that need to be stacked and sealed on each other either by clamping or welding 
(149). Here we will explore whether hesitation, which is an unwanted effect resulting in 

typical moulding defects (150), can be used to create structures with closed and sealed 

micro channels under the surface. This would increase production speed enormously 

since the positioning, sealing and clamping or welding steps, which are necessary in 

most of the current techniques, are not required anymore. 
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8.2  Hesitation  
Hesitation is the local slow down, or complete stop, of flow filling in a cavity with a thick 

and thin section. When given a choice by creating parallel flow paths, the polymer melt 

chooses the route with the lowest resistance and therefore tends to fill the thick section 

first, see Figure 8.2a. During flow in this thick section, the polymer at the entrance of the 

thin cavity part is given time to cool, to raise viscosity and ultimately to freeze-in. In 

textbooks you can read that this classical problem can be solved by placing the thin 

cavities at the end of filling, see Figure 8.2b. 

 

                                       (a)                                                                         (b)                             

Figure 8.2: Hesitation in a micro cavity positioned halfway the flow length (a) and its solution by 

putting it at the end of the flow length (b). 

 

Here we try transforming this effect that usually is considered as a problem into a useful 

technique, see Figure 8.3. First a base plate (dark-grey) is injection moulded which 

contains a slot with a half open micro channel inside. It is important to injection mould 

this base at high speeds, temperatures and packing pressure, to make sure that the 

polymer melt completely surrounds the micro rib that later forms the micro channel.  

 

 
            (a)                            (b)                            (c)                            (d)                            (e) 

 
            (f)                             (g)                            (h)                             (i)                             (j) 

Figure 8.3: Filling the base plate with dark grey polymer at high speed, temperature and packing 
pressure (a-e). After enlarging the mould cavity, the light grey polymer is injected over the first 
one at low speed, temperature and packing pressure (f-j). Hesitation during the second shot 
leaves the micro channel open. Since dark and grey are the same polymer, welding can take 
place successfully and after cooling and ejection the micro channel is the only structure visible 
under the surface. 

 

early freeze-in 

hesitation 
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After cooling the first product and locally enlarging the mould cavity, a second layer of 

light grey polymer is injected (slow, at low temperature and pressure) over the first 

layer, forming the micro channel via hesitation. Since the dark grey and light grey 

material is the same polymer, their contact lines change into weld lines during this 

process. The relevant geometry parameters are shown in the Figure 8.4. The basic 

function of the slot is to cool the polymer melt and protect the micro channel from 

shear flow, this determines its width d. The height L of the micro channel to be formed is 

chosen L = 2t. The sizes L and t of the micro channel to be formed are small. The height 

h1 of the first layer controls the aspect ratio h1/t that should be not too large to allow 

for detailed filling in the first shot.  

  

                                                     (a)                                          (b)                             

Figure 8.4: First layer with slot dimensions (a) and the complete product with the micro channel 

inside (b). 

The height of the second layer, h2, affects the flow front radius in the second shot and it 

is essential that the ratio h2/d is not too high to prevent melt from flowing over the slot, 

since we inject perpendicular to the slot direction. Besides not being too large, the h2/d 

ratio may also not be too small because then the polymer melt will not fill the slot at all, 

prohibiting the formation of the micro channel. 

 

8.3  Flow simulations 
Simulations of the filling process are preformed using Moldflow™ with high mesh 

refinement at the micro features to always have at least 10 elements over the thickness, 

see Figure 8.5. Only half the cavity, with wall height h2, is modeled to simulate the 

second shot. The slot, plates and micro channel have varying widths.  

t 

d 

h2 

h1 

L=2t 
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Figure 8.5: Mesh with refinement in slot and micro channel; Here: h2 = 1 [mm], d = 0.3 [mm] and 

t = 0.01 [mm]. 

Figure 8.6 shows filling at different times during injection moulding of the second shot; 

grey values indicate the time to fill. It is clear that under these conditions the micro 

channel on top of the slot remains open, due to hesitation.  

                    

                         (a)                                                (b)                                               (c) 

Figure 8.6: Filling simulations showing 15% (a), 20% (b) and 100% cavity filling (c). Process 
settings used are: injection time 1 second, packing pressure 30 [MPa] and mould temperature 40 
[0C]. The grey scale indicate the filling time; model geometry: h2 = 1 [mm], d = 1.0 [mm] and t = 
0.03 [mm]. 

 

Next we decrease the slot width d to increase the aspect ratio h2/d, see Figure 8.7. Now 

the slot is filled almost at the end of the filling process, giving the local flow front in the 

slot almost no chance to cool and solidify. Nevertheless a micro channel is successfully 

formed but we consider this to be on the edge of the processing window. When we 

increase the aspect ratio further, hesitation sets in too early and as a result the micro 

channel is not reached by the melt front and the slot is left open, see Figure 8.8.  
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                        (a)                                                 (b)                                                 (c) 

Figure 8.7: As Figure 8.6 now with d = 0.3 [mm]. 
 

Table 8.1 summarizes all simulation results for h2 = 1 [mm]. The most important 

parameter proves to be the filling time (the inverse of the injection speed) which should 

be long (tinj = 1 s).  

 

                            (a)                                                (b)                                               (c) 

Figure 8.8: As Figure 8.7 now with h2 = 2 [mm]. 
 

A delay time of 1 s before increasing to the packing pressure does not compensate for 

too fast filling. The second important parameter is the aspect ratio h2/d. For values 

larger than 1 (h2/d = 3 in the table) the slot is filled too late which withholds the melt 

flow from reaching the micro channel. The packing pressure has only a small influence, 

while it was expected to be more important. Anyway, lower pressures are to be 

preferred, despite the danger of sink marks. The influence of the mould temperature is 

minor. Table 8.2 shows the results for a channel height of h2 = 2 [mm]. For proper 

comparison with the results of h2 = 1 [mm], some extra simulations were preformed 

with a slot thickness of d = 0.6 [mm] to keep the ratio h2/d constant. Again, a slow 

injection time of 1 second is the best choice. As expected, for a slot thickness d = 0.3 

[mm] all results show failure in making proper channels, given the aspect ratio h2/d ≈ 7, 

which clearly is too high.  
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Table 8.1: Overview of the results of the simulations of the second shot predicting micro channel 
formation changing the geometry and the process settings. A correctly formed channel is 
indicated with xx, a channel filled with polymer is indicated with Xx and a channel which is not 

reached by the polymer melt is indicated with . In all cases the layer height h2 = 1 [mm]. 
 

Process settings: Geometry dimensions [mm]: 

(1) 
filling  
time 
[seconds] 

(2) 
packing 
pressure  
[MPa] 

(3) 
mould  
temperature 
 [oC] 

(4) 
packing 
delay 
[seconds] 

fixed parameters: h2 = 1 [mm] 

(5) 
d 

1.0 
 

x 
 

x 
 

x    

0.3    x x x 

 
1.0 

 
0.5 

 
0.1 

 
30 

 
90 

 
20 

 
40 

 
0 

 
1 

(6) 
t 

0.10 x   x   

0.03  x   x  

0.01   x   x 

x   x  x  x  Channel 
conditions 
 
open       xx 
 
filled       Xx  
 
not  
reached 

Xx Xx Xx   Xx 

 x  x  x  x  Xx Xx Xx  Xx Xx 

  x x  x  x  Xx Xx Xx Xx Xx Xx 

x    x x  x  Xx Xx Xx Xx Xx Xx 

 x   x x  x  Xx Xx Xx  Xx Xx 

  x  x x  x  Xx Xx Xx Xx Xx Xx 

x   x   x x  Xx Xx Xx  Xx Xx 

 x  x   x x  Xx Xx Xx Xx Xx Xx 

  x x   x x  Xx Xx Xx Xx Xx Xx 

x    x  x x  Xx Xx Xx  Xx Xx 

 x   x  x x  Xx Xx Xx Xx Xx Xx 

  x  x  x x  Xx Xx Xx Xx Xx Xx 

x   x  x   x Xx Xx Xx   Xx 

 x  x  x   x Xx Xx Xx  Xx Xx 

  x x  x   x Xx Xx Xx Xx Xx Xx 

x    x x   x Xx Xx Xx   Xx 

 x   x x   x Xx Xx Xx  Xx Xx 

  x  x x   x Xx Xx Xx Xx Xx Xx 

x   x   x  x Xx Xx Xx  Xx Xx 

 x  x   x  x Xx Xx Xx  Xx Xx 

  x x   x  x Xx Xx Xx Xx Xx Xx 

x    x  x  x Xx Xx Xx   Xx 

 x   x  x  x Xx Xx Xx  Xx Xx 

  x  x  x  x Xx Xx Xx Xx Xx Xx 
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Table 8.2: As Table 8.1, now for a layer height h2 = 2.0 [mm]. 
 

Process settings: Geometry dimensions [mm]: 

(1) 
filling 
time 
[seconds] 

(2) 
packing 
pressure 
[MPa] 

(3) 
mould 
temp. 
[oC] 

(4) 
packing 
delay 
[seconds] 

fixed parameters: h2 = 2.0 [mm] 

(5) 
d 

1.0 x x x      

0.6    x x    

0.3      x x x 

1.0 0.5 0.1 30 90 20 40 0 1 

(6) 
t 

0.10 x     x   

0.03  x  x   x  

0.01   x  x   x 

x   x  x  x  Channel 
conditions 
 
Open:             
xx 
 
filled:       
xx  
 
not  
reached: 

Xx Xx Xx Xx Xx    

 x  x  x  x  Xx Xx Xx Xx Xx Xx Xx  

  x x  x  x  Xx Xx Xx Xx Xx Xx Xx Xx 

x    x x  x  Xx Xx Xx xx Xx  Xx  

 x   x x  x  Xx Xx Xx Xx Xx Xx Xx Xx 

  x  x x  x  Xx Xx Xx Xx Xx Xx Xx Xx 

x   x   x x  Xx Xx Xx Xx Xx    

 x  x   x x  Xx Xx Xx Xx Xx Xx Xx  

  x x   x x  Xx Xx Xx Xx Xx Xx Xx Xx 

x    x  x x  Xx Xx Xx Xx Xx Xx Xx Xx 

 x   x  x x  Xx Xx Xx Xx Xx  Xx Xx 

  x  x  x x  Xx Xx Xx Xx Xx Xx Xx Xx 

x   x  x   x Xx Xx Xx Xx Xx    

 x  x  x   x Xx Xx Xx Xx Xx Xx Xx  

  x x  x   x Xx Xx Xx Xx Xx Xx Xx Xx 

x    x x   x Xx Xx Xx Xx Xx    

 x   x x   x Xx Xx Xx Xx Xx Xx Xx  

  x  x x   x Xx Xx Xx Xx Xx Xx Xx Xx 

x   x   x  x Xx Xx Xx Xx Xx    

 x  x   x  x Xx Xx Xx Xx Xx Xx Xx  

  x x   x  x Xx Xx Xx Xx Xx Xx Xx Xx 

x    x  x  x Xx Xx Xx Xx Xx    

 x   x  x  x Xx Xx Xx Xx Xx Xx Xx  

  x  x  x  x Xx Xx Xx Xx Xx Xx Xx Xx 
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8.4  Moulding the micro channels 
Next, experiments are performed using a flexible mould design that allows to apply 

different geometries and process settings for both the first and the second layer, and for 

different micro channel dimensions. The layout of the mould is shown in Figure 8.9. 

                               (a)                                            (b)                                               (c)                

Figure 8.9: Mould designed to check the principle, showing the cavities and injection runners (a), 
the cross-section along the line A-A illustrating the base-layer after the first shot (b) and the 
cross-section along B-B showing the upper layer after injection of the second shot, used to close 
the half open micro channel (c). 
 

To create the micro channel, a metal sheet is clamped between two inserts and used to 

allow an easy exchange in channel thickness t and channel length L. Submarine gates are 

applied to separate the runner from the product without user intervention. Using 

different inserts the height of the top layer h2 can be adjusted. With this flexible mould 

the influence of the three important parameters is investigated:  that of the height h2, 

the width d of the slot and the width t of the micro channel. Figure 8.10 shows the 

actual mould together with the inserts. Also a different slot geometry (indicated with Δ) 

is made, with a triangular cross section and a base dimension of 1 [mm], a top angle of 

900 and therefore a height of 0.5 [mm].  

Different directions of the flow relative to the orientation of the slot and the micro 

channel, parallel or perpendicular are realized by rotating the total insert. Some 

snapshots of results are given in Figure 8.11 for the semi-circular slot and in Figure 8.12 

for the triangular slot Δ. Although packing pressures are needed to compensate for 

shrinkage, too high values result in closing of the micro channel. The triangular slot 

geometry is to be preferred over the semi-circular one, and allows both parallel and 

perpendicular flow directions at realistic packing pressures. Table 8.3 shows all results.  

 

 

B A-A B-B 

A 

A

a

s 

B 

insert 

metal sheet 
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The images in Figure 8.11 are cross-sectional views of the center part of the product 

obtained with an optical microscope. In order to differentiate between the first and 

second layer, only the first layer is coloured making the second layer look black. From 

the images that are shown in Figure 8.11 we can see open channels when a packing 

pressure below 90 [MPa] is applied. At higher packing pressures the process becomes 

critical and at 150 [MPa] packing pressure the micro channel is totally filled. Apart from 

perpendicular injection, also parallel injection is tested which seems to be more critical 

because more heat is transferred into the micro structure by the melt flow that dives 

somewhat into the channel during injection. 

 

 

Figure 8.10: Inserts (with metal sheet clamped in-between) used to form the slot and the half 

open micro channel (top left); SEM image of the insert width d = 1 [mm] and t = 0.1 [mm] (top 

right) and the mould used (bottom). 

 

  

d  = 0.6; t = 0.05 

 

d = 1; t = 0.1 

 

d  = 1.2; t = 0.2 

 

d  = 1 Δ; t = 0.4 

 

d  = 1; t = 0.1 
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Figure 8.11: Cross sections of the semi-circular slot and the micro channel with 1 [mm] circular 

slot, h2 = 4 [mm] and a 200 [µm] channel thickness, injected perpendicular (a-d) and parallel (e-

h) to the orientation of the slot. Parameter is the packing pressure, which is applied for 1 second: 

in 0 [MPa] (a) (e), 30 [MPa] (b) (f), 90 [MPa] (c) (g) and 150 [MPa] (d) (h). 

In the images above, the cross-sections are al made at the same location. To give a good 

representation of the whole micro channel a cross-section parallel to the micro channel 

is made (Figure 8.12) which shows the straightness of the channel. The bottom line is 

formed by the melt front which tried to fill the half open micro channel and has, 

therefore, a perfect smooth polished like surface.  

 

 

Figure 8.12: Cross-section over the length of the micro channel with a 1.2 [mm] circular slot, h2 = 

4 [mm] and a 200 [µm] channel thickness, with injection perpendicular to micro channel 

orientation. Different layers are recognized: The first half product layer (a) the second half 

product layer used for closing off the micro channel (b), the semi-circular slot (c) and the micro 

channel (d). 

 

  

  

(b) 

(c) 

(d) 

(a) 

 500 [µm] 

 1 [mm] 

(a) (b) (c) (d) 

(e) (f) (g) 

Perpendicular injection: 

 

Parallel injection: 

 

(h) 

 500 [µm] 
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The roughness of the top line is formed by the sheet clamped between the two insert 

halves and can be improved by polishing the sheet edge. 

 

Figure 8.13: As Figure 8.11, now for the triangular slot. 

 
For later use in forming micro mixers under the surface, also a triangular slot geometry Δ 

is tested, see Figure 8.13, which proves to give an even better result. Up to 90 [MPa] the 

channels remain open in both cases of perpendicular and parallel injection. More 

process setting and geometry dimensions can be found in Table 8.3. Channels that are 

filled for less than 50% are considered as open, see for example the open channel shown 

in Figure 8.13g. 

From the table we conclude that the aspect ratio h2/d is the most important factor: for 

the h2 = 2 mm the maximum allowable semi-circular slot width is 1.0 [mm] for a micro 

channel width of 100 [µm], whereas for h2 = 4 [mm] an open micro channel is obtained 

with a slot diameter of 1.2 [mm]. For the aspect ratio this means that according to the 

table h2/d ≈ 3. This is consistent with the numerical results as can be found in Tables 8.1 

and 8.2. The second important parameter is the packing pressure which must be kept 

low, under 30 [MPa]. If we consider the two different slot geometries, we can conclude 

that a triangular slot shows better results than a semi-circular slot. This is beneficial as 

we will see in Section 8.5, where a design for a serpentine mixer on top of a triangular 

slot is developed. 

 

 
 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

Perpendicular injection: 

 

Parallel injection: 

 

 500 [µm] 
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Table 8.3: Overview of all experimental results. The condition of the resulting micro channel is 
indicated with xx for a correctly formed channel with length over width l/t = 0.5), an incorrect 

channel is indicated with xx and not performed experiments with . Channel and slot dimensions 
are varied, as well as the process settings. 
 

Process settings: Geometry dimensions: 

 
 
 
 
 
 
 
 
 
Packing pressure [MPa]: 

 
d [mm] 

0.6  x    x       

1.0   x    x      

1.2    x    x   x  

Δ x    x    x x  x 

 
t [mm] 

0.05 x            

0.10  x x x x        

0.20      x x x x    

0.30          x   

0 30 90 150 0.40           x x 

Injection time: 0.7 [s] 

Packing time: 5 [s] 

Flow orientation 
 
 
 
 

1::transversal 
2: parallel 
 
Channel conditions: 
 
open             xx 
 
filled             xx 
 
not  
preformed

 

1

2

 

fixed parameters: h2 = 2 [mm] 
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8.5 Serpentine mixer 
To integrate static mixing under the surface of a polymer product, the same principle of 

splitting, rotating and recombining flows like realized in the DentIncx (103) mixer is used. 

However the DentIncx mixer is designed to be formed between two parallel plates and 

the technique here allows to create structures only in the first layer, and not in the 

closing layer. To realize a double bended channel that is needed for transversally 

rotating the flow, the mixer is designed on the two sides of a triangular shaped slot, see 

Figure 8.14. To check the performance of the mixing element, some preliminary 

calculations have been performed using TFEM (151).  
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The results are shown in Figure 8.14. The rotation of flow functions as intended, but 

mixing seems not optimal, showing incomplete interface stretching, like in the Ross LPD 

and LLPD static mixers, see ref (152) for a recent review on the performance of all 

industrially relevant static mixers. Further large unmixed regions are found in the sharp 

corners. They are caused by the low velocity in the wedges of the diamond-shaped 

cross-section of the mixer, but given the local low flow here, the influence of the mixing 

quality of the exiting flux is minor. 

Figure 8.14: Schematic representation of the splitting and recombining flows in a serpentine 
channel designed on top of a triangular slot (top) together with the calculated layer propagation 
for cross sections after 1 element for a varying top angle (bottom). 
 

In an attempt to optimize the mixer we decreased the top angle of the triangular slot, 

see Figure 8.14 (450, 400, 350 and 32.50) to increase the rotating flow in the double 

bended channel. This approach seems to be useful, however a complete cross-over of 

the white fluid is not achieved, even for a top angle of 650 (2 x 32.50).  

(1) 

1 

one mixing element 

(2) 

 

 

  

 

  

 

  

450 400 
350 32.50 

double bended channel 

2 

open 

surface 
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The downside of a decreased top angle is that the throughput area (dashed circles) of 

the cross section also decreases which leads to a higher pressure drop over one mixing 

element. Even more disadvantageous is the larger open surface at the bottom of the 

triangle, see Figure 8.14, which is more easily filled by the closing melt flow during 

injection of the second half product layer. To check the performance of the mixing 

element a macro scale model with channel width and height of 5 [mm] is made out of 

PMMA and like done earlier in chapter 4 also here the mixer is tested by filling it with 

coloured epoxy resins and after curing slices are made and polished for viewing under an 

optical microscope, see Figure 8.15. The layers are nicely multiplied, but similar to what 

we observed in the simulations, Figure 8.14, the white fluid is not completely stretched 

over the total available width of the channel.  

 

 
Figure 8.15: Mixer geometry formed between two milled PMMA strips (bottom) and cross-
sections after filling with epoxy resin (top). The macroscopic dimensions of this device are length 
500 [mm], width 70 [mm] and height 50 [mm]. 
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Figure 8.16: The insert used fabricated via CNC milling using a 100 [µm] milling cutter (a), the 
first injection moulded half product layer with a half open micro mixer structure formed in a 
triangular slot (b) and the end product with a integrated sub surface micro mixer (c) together 
with three tube connections, two at the entrance and one at the exit of the mixer. 

(c) 

(a) 

 600 [µm] 

(b) 

 1.5 [mm]  1.5 [mm] 

1 
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Finally a sub-surface splitting and recombining microchannel is fabricated via an insert 

made by precision CNC milling using a 100 [μm] milling cutter, see Figure 8.16a. The 

results after the first injection moulding shot, using polycarbonate as the polymer, is 

given in Figure 8.16b, and that after the second shot in Figure 8.16c.  

 

 

Figure 8.17: Micro mixer cross sections made on position (1) depicted in Figure 9.16, with h2 = 4 
[mm], 200 [µm] channel thickness, injected perpendicular with the orientation of the slot. The 
first layer is injected with PC Calibre 303 EP (97) at 400 [cc/second] and 7 seconds packing pressure 
at 120 [MPa] and the closing layer with PC Lexan 101 (153) at 8 [cc/second] and 0 [MPa] packing 
pressure (top). Improved interface profile needed to decrease the open surface (bottom). 

 
 

A complete fully integrated microfluidic sub-surface mixer is produced from one 

polymer and the device includes two inlet channels and one outlet channel. This first 

prototype was only made one week before this thesis had to go to the printing office 

and, consequently, still suffers from some start-up problems. Polycarbonates were only 

available with limited viscosity differences, and the geometry after the first shot was not 

completely reproduced, especially in the regions of the sharp corners of the micro 

channel. As a consequence, the second shot experienced relatively wide channel 

entrances, and part of the micro channels on the sides of the triangle were filled, while 

the channel on top was completely open, see Figure 8.17.  

complete layer filling 60% short shot  

open 

 200 [µm]  200 [µm] 

surface 

closing layer 

side channel 

Improved interface profile:  
top channel 
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This problem will be solved by either using more extreme viscosity differences, low for 

the first shot, high for the second, but also via an improvement of the geometry to 

decrease the “open surface” and consequently slow down and cool the flow front more 

effectively. By optimizing the interface profile between the first and the second layer, 

see Figure 8.17, the open surface decreases by transforming the diamond shape to a 

rectangular shape. The latter also makes the cross section of all mixing channels square, 

preventing too large dead corners. 

 

8.6 Conclusions 
Hesitation is usually a drawback in standard injection moulding and it should be 

prevented. Here it is used to create sub-surface micro channels that form micro mixers 

based on splitting and recombining flows. Hesitation occurs in our case when the melt of 

the second shot overflows the polymer layer previously moulded in the first shot, that 

contains a slot with on top of that the half opened micro channels. The slot is filled 

directly, since its aspect ratio is relatively small h2/d ≈ 3, and because the melt chooses 

the path of the lowest resistance, also the remainder of the plate is filled before it will 

enter the tiny geometries in the micro channels. Meanwhile the melt close to the micro 

channel is cooled and eventually solidified, making it even at higher packing pressures 

impossible to result in break through. The main function of the slot is to slow down the 

flow and to protect the micro structure from deforming by shear stresses. The most 

important factor seems to be the filling time (from the micro channel till the end of flow) 

with an optimum of 1 second. Shorter times decrease the time for cooling and 

solidification close to the micro channels, longer times increase the injection pressure 

needed, with its higher risk to fill the micro channel. At too large aspect ratios h2/d > 3, 

the melt flow is stopped too early, resulting in a large free melt surface, that complicates 

cooling and solidification. A polymer layered product containing micro channels and 

micro mixers remains without the need for seals, assembly and clamping devices.  
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Exploring new routes to create 

hierarchy in injection moulded  

products 
 

Abstract 
Hierarchic structures are beneficial in a multitude of high-end applications like polymer 

photovoltaics, high resolution touch screens, and in soft touch and barrier products. 

Structuring in injection moulding is possible if two or more different injection units are 

available that allow sequential and simultaneous injection of multi-materials. Interesting 

technologies are inspired by the way microfluidic devices are made and static splitting 

and recombining serpentine mixers can be realized on the parting surface of the mould 

and used to multiply, rotate and add multi-layered, stratified structures. We distinguish 

the need for two different outcomes: one to structure layers parallel to the surface and 

one for layers perpendicular to the surface. A combination of these two, parallel and 

perpendicular layers, creates real complex hierarchic structures which is most 

challenging.  

 

 

 

The content of this chapter is based on Neerincx P.E., Meijer H.E.H., Exploring new routes to 

create hierarchy in injection moulded products, Macromolecular Materials and Engineering (in 

preparation) 



Chapter 9  

128 
 

9.1 Introduction 
Nature provides a multitude of examples of complex hierarchic structures, like in the 

dendritic design of plants and trees. In their roots they absorb moisture and minerals 

that are transported via a hierarchic branched structure towards each leaf, and in each 

leave via a second structure to each spot on the surface. The energy necessary to keep 

the system alive goes in opposite direction after absorbing light everywhere on the 

surface that is huge to function optimally. Leaves are, moreover, hydrophobic (154) 

exploring their water-repellent properties via a structuring of the surface. Based on the 

concept of the fractal dimension of the coast of islands like e.g. England, humans try to 

use two dimensional hierarchy in designing structures where long lengths of an 

interface, e.g. between water and land, is required, like in harbors where the aim is to 

moor a maximum number of boats. Many other applications require new technologies 

for creating hierarchy, and this chapter explores the possibilities in two-component 

injection moulding.  

Solar energy can be based on polymer solar cells (155), (156)  that are made using thin film 

technology, and to transport holes and electrons, co-continuous structures are applied, 

see Figure 9.1a-c.  

Figure 9.1: Schematics of a polymeric solar cell. 

 

This cell is inefficient partly because of lack of structure since co-continuity is not 

automatically ideal and harbor like morphologies (157), (158), like in Figure 9.1d-e, would 

even if they are skew and deformed at least guarantee continuity in each path. The 

lamellae create a large surface area and on this interface between the “grey” and the 

“black” conducting polymers, the active layer should be realized. This can be achieved 

for instance by using a three-component injection moulding process, which is not the 

greatest challenge in the development of hierarchically structures that allow integrated 

systems made via mass fabrication technologies. As a first step towards cheap roof tiles 

with integrated photovoltaics, in this chapter we design tools and processing steps to 

make structures in a polymer injection moulding process.  
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9.2 Layers parallel to the surface 
We start simple and try to make multiple layers that are parallel to the surface of the 

polymer product. Key in all approaches is the flow splitting and recombining static mixer 

realized on the parting surfaces of the mould, see Figure 9.2. Hydraulically actuated 

inserts are used to control the direction of the polymer melt flow. 

 

Figure 9.2: The mould containing the flow splitting and recombining serpentine channel on the 
parting surfaces of the two mould halves, and the further geometry used for structuring layers 
parallel to the products’ surface. 

 

Figure 9.3 shows the results: the product with the runners and the static mixer, and 

several cross sections through the mixer and through the final product, which is a simple 

plate. Note that both the area occupied by the mixer and its volume, are large 

compared to that of the product, but that was only to serve the goal of requiring 

somewhat less accuracy in controlling the injection of the two units. One for the white 

(w) polymer, originating from the horizontal plastification unit of our injection moulding 

machine (124), the other for the black (B) originating from the vertical unit. In this case 

valve 1 (V1) is open and valve 2 (V2) is closed allowing the melts to flow into the static 

Dentincx mixer (103) entering with a vertical interface in between. Flowing through the 

mixer, the number of layers is increased via 2 4n (with the n the number of mixer 

elements n = 8) resulting in 130.000 vertically stratified layers that exit the mixer. Before 

entering the product cavity, the melt is rotated in the last part of the runner over 900 to 

form a horizontal stratification. That flow is, in the horizontal plane, stretched 13 times 

in width direction inside the cavity, while the fountain flow effectively doubles the 

number of layers over the height of the cavity (splitting n layers in two n/2 streams that 

each rotates to one of the walls in the fountain flow region, followed by the subsequent 

flow of the next n layers that catches up in between). Apart from stratification through 

the total cross section of the product as in Figure 9.3, one may require only internal 

layers, only external layers or a combination of both, see Figure 9.4.  
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Figure 9.3: The product with the runners and static mixer designed for structuring layers parallel 
to the products’ surface. The top shows cross sections in the first 5 mixing elements, the holes 
are shrinkage cavities that deform the layer patterns. The bottom shows cross sections through 
the final products made with different black:white ratios, from 1:1 to 1:10. 
 

By first injecting both black and white polymer via the mixer into the cavity, stratified 

layers are created. They are split and transferred by the fountain flow towards the 

mould walls. If we subsequently switch to inject white polymer only once the product 

cavity is partly filled, the white polymer flows in the core of the cavity, replacing the 

stratified structure there, see Figure 9.4a. This is the B/W-W protocol. To obtain the 

opposite, a stratified structure in the core only, as shown in Figure 9.4b, this sequence 

simply needs to be inverted: first injecting white and then the stratified layers, the W-

B/W protocol. By earlier switching in the 9.4b protocol, the stratified structure takes 

part in the fountain flow to create the structures of Figure 9.4c. Doing the same in the 

9.4a protocol, we get Figure 9.4d. The transitions from white to stratified structures are 

blurred, especially in Figures 9.4c and 9.4d, since in these cases with the present set-up 

of Figure 9.3 the whole composition has to flow through the mixer. This problem is 

solved by adding a co-injection element. 
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Figure 9.4: Extending the protocol to combine sequential and simultaneous injection to create  
stratification on the outside only (a) and (c), or on the inside (b) and (d). Experiments (top) and 
schematically (bottom). 

 

Adding a co-injection element and using the valves 

Next we add a co-injection element, see top middle in Figure 9.5, and use the control 

valves V1 and V2 to guide the white polymer through or around the mixer. Prior to 

entering the product cavity, the melt is rotated over 900 by a rotation element, left in 

the figure between positions (3-4), while finally the fountain flow transports the parallel 

layers flowing in the core towards the walls.  

 
Figure 9.5: The same structures as in Figures 9.3 and 9.4, now with the use of valves to bypass 
the white flow around the mixer. 
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Also here the process starts with the valve V1 open and valve V2 closed, forcing the two 

polymers, B/W, flowing from the injection units through the static mixer (130.000 

layers). We now switch the two valves. Black polymer B now pushes alone through the 

mixer driving the stratified layer structure ahead, while the white polymer W is directed 

towards the co-injection element, where it is split horizontally in two flows that 

surround the stratified flow on each side, position (3). Next the flow is rotated over 900 

at position (4) and a parallel stratified core is, surrounded by white polymer layers, 

entering the product cavity, position (5). Hereafter the flow is subjected to the fountain 

flow that transports the layers towards the walls of the mould, position (6a). Hereafter 

the valves are switched back again and only white is flowing into the products core to 

flush the stratification, position (6b). 
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9.3 Layers perpendicular to the surface via transversal 

compression 
The first attempt to structure layers perpendicular to the products’ surface is realized by 

changing the orientation of the flow exiting the static mixer, by 900. This was done by 

replacing the last half mixing element by a simple straight channel, see Figure 9.6 top 

right, which now produces half of the normal amount of layers (65.000).  

Figure 9.6: The product with the runners and static mixer designed for structuring layers 

perpendicular to the products’ surface. 

The co-injection element is removed making the use of the valves unnecessary. 

Different from Figure 9.3, now a vertically stratified structure, see position (4) is 

entering the product cavity and split and subjected to the fountain flow. The cross-

section on position (5) shows that the structure is distorted by the stretching flow in the 

width of the cavity which disturbs the intended vertical alignment. 
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Adding a co-injection element and using the valves 

In addition to orient the stratification horizontally after leaving the mixer, now also 

simultaneous (co) injection is applied by adding a co-injection element, see top middle 

in Figure 9.7, and making use of the switching valves, like done earlier in Figure 9.5.  

 

Figure 9.7: The product with the runners and static mixer designed for structuring layers 
perpendicular to the products’ surface. Apart from replacing the last half mixing element with a 
straight channel, to orient the stratification horizontally, simultaneous (co) injection is applied by 
adding a co-injection element and by making use of the valves V1 and V2. After rotation before 
entering the product cavity, the fountain flow brings the perpendicular layers towards the walls. 

 

The only difference here is that the layers are oriented vertically when entering the co-

injection element, position (7) of Figure 9.7. Next the flow is rotated over 900 (position 

(8)) and after entering the cavity it is subjected to the fountain flow that transports the 

layers towards the walls of the mould. We expected the layers to be oriented 

perpendicular the outer surface, position (9). But this is not what happened.  
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It proves impossible to align the stratified structure perfectly vertical at position (8), a 

schematic representation of a more realistic situation is shown in Figure 9.8a. During 

flowing into the product cavity the layers are transversally compressed which results in 

the misaligned layers that are oriented almost horizontally. 

 

Figure 9.8: Schematic representation of transversal compression (top) and transversal stretching 

(bottom). 

 

9.4 Layers perpendicular to the surface via transversal 

stretching 
To avoid transversal compression that yields misalignment, a new runner system is 

designed that first transversally stretches the layers, like shown in Figure 9.8 bottom, 

and subsequently splits and rotates them. Strokes of white material are added in 

between the splitted stratified structures via a multiple co-injection element, before 

rotation in the mould cavity is realized. Transport of the vertical core structure and 

unrolling via the fountain flow from the centre onto the mould walls follows, see Figure 

9.9. In this design, also an improved version of the static mixer, the revised DentIncxl-r 

mixer (99), is applied that is designed to pre-align the layers even more effectively. The 

start of the injection moulding process is as usual, with the valve V1 open and valve V2 

closed, see Figure 9.9 positions (1-7). As a result 8000 horizontally stratified layers exit 

the mixer (the Dentincxl-r gives a better layer distribution at the cost of some space). 

Next the two valves are switched; the black polymer pushes the stratified layer 

structure through the mixer to position (8), where the flow is split into eight parallel 

channels each with a width of 1 mm, simultaneously stretching the layers in transversal 

direction. Meanwhile the white polymer has filled the large runner underneath these 

splitting elements and flows through the white injectors in between the eight stratified 

layered flows, position (9).  

transversal compression: 

 

transversal stretching: 
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Next rotation of the flow is realized in each of these eight blocks with the stratified 

structure in the middle, cutting through the white regions, and the flow is recombined 

to result in vertically oriented layers in the core, position (10), to be laid down on the 

walls by the fountain flow, position (11). After cooling and ejecting, the final product is 

cut and polished in order to visualize the structure, see Figure 9.9 bottom. 

 

 

Figure 9.9: The improved runner design which avoids transversal compression of vertical layers, 

combined with an improved version of the Dentincxl-r static mixer. On different locations 

measured (1-7) and schematic (8-11) cross sections are shown, while the product indeed shows a 

highly improved layer structure (bottom pictures). 

 

  

     α 

(1) (2) (3) (4) (5) (6) (7) 

V1 

V2 

W 

B 

(8) 

(9) 

(10) 

(11) 

1 

2 

3 

4 6 

7 

white injector        double bended runner 

 100 [µm] 



 Exploring new routes to create hierarchy in injection moulded products 

137 
 

Evidently the flow development between positions (9) and (10) is slightly different from 

what we expected, and insufficient rotation (the angle α is not zero) results from the 

twice over 450 bended runner, probably because the flow takes a shortcut. In order to 

solve this problem, and to optimize the runner design, simulations are performed using 

Gambit as mesh generator, TFEM as solver, and Paraview for showing the results. At 

position (1) in Figure 9.10 a vertical line of particles is entering the runner which is 

transformed into a tilted curved line after passing the double-knee-bend. In position (6) 

the actual moulded structure in shown for comparison. 

 

 

Figure 9.10: Particle tracking in simulations of the flow through the double-knee-bend runner, 
confirming the insufficient rotation. The rotation of a vertical line is visualized at different 
positions along the flow length and compared with the actual moulded structure, at position (6). 

 
The design of the runner was based on minimum space requirements and simple mould 

lay-out, but clearly does not function properly. Therefore different modifications on the 

original design are computed. First we investigate the effect of a decreased knee angle 

to 800 (instead of 900) by changing the exit angle to 350 (instead of 450) in order to keep 

the in en outlet aligned, see Figure 9.11a. As a result the left side flattens, but the right 

side swings up. Decreasing both the inlet and outlet angle to 400, meanwhile keeping 

the knee angle 800, the whole flow line shifts upwards, see Figure 9.11b. Next we make 

the entrance angle 00, Figure 9.11c, which shifts the line back to the middle, illustrating 

that the entrance angle has only little effect on the rotation. Increasing the flow length 

by adding 6 [mm] long extenders between knee and entrance and exit, Figure 9.11d, 

shows useful results, but most effective is a geometry wherein entrance and exit angle 

are removed, like shown in Figure 9.11e. 

1 2 3 5 6 4 



Chapter 9  

138 
 

 
Figure 9.11: Meshes of modified double-knee-bend geometries and their simulated flow profile 
at the exit of the runner. Modifications are: entrance angle 450, knee angle 800 and exit angle 
350 (a); entrance angle 400, knee angle 800 and exit angle 400 (b); entrance angle 00, knee angle 
800 and exit angle 400 (c); entrance angle 450, 6mm extender, knee angle 900, 6mm extender and 
exit angle 450 (d); entrance angle 00, knee angle 900 and exit angle 00 (e); doubled channel height 
(f); exit channel halved in height (g) and entrance angle 00, knee angle 900, exit angle 00 and 

doubled channel height (h).  
 
 
Since this solution requires more space, we eventually tested the influence of the 

channel height. A double channel height has the opposite effect increasing the error, 

see Figure 9.11f, while a half exit channel height shows a clear improvement, Figure 

9.11g. The zero entrance and exit angle solution solves the problem, also in case of the 

doubled channel height, see Figure 9.11h. 
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Improved double knee benders 

A new runner system is designed wherein the 450 knee angles are eliminated, see Figure 

9.12, and is tested with the same process sequence used in Figure 9.9. At position (2), 

just before the double-knee, a nice vertically stacked layer formation is observed. But, 

right after the double-knee at position (3) still an angle is present. Fortunately this angle 

decreases because the channels widen just before the melt flows into the product cavity 

resulting in a smaller disalignment angle in the final product, position (4). The different 

compositions in (4a-4c) are obtained by minimizing the amount of material in the core. 

In all cases, the stratified layers are already subjected to the fountain flow, which results 

in a five layered structure in both the runners and the product. Minimizing the core 

thickness also decreases the layer thickness on the outer surfaces of the product, see 

Figure 9.12 position (4c). When we zoom-in at the outer layer in position (4c) both 

nicely and poorly oriented perpendicular layers are observed, Figure 9.12 bottom.  

The next attempts focus on trying to postpone the fountain flow by changing the ratio 

white:black in the now applied W-B/W-W protocol, to only occur once the stratified 

structure reaches the product cavity, see Figure 9.13. In position (3a) of Figure 9.13 it 

can been seen that the second from left stratified flow has a better orientation than the 

second from right, which clarifies the reason for this difference in layer orientation 

shown in Figure 9.12. Moreover, once the stratification is feeling the mould wall, 

disalignment is increased by shear deformation. By increasing the thickness of the 

stratified flow in the core of the product, which is maximal when using the W-B/W-W 

protocol, see Figure 9.13 between positions (1-3), the layers are transversally stretched 

before they end onto the mould wall. 
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Figure 9.12: Improved double knee bend runners by removing the 450 entrances and exits and 

the resulting cross sections on different locations.  
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It proves easier to flush the core of the runners and the product with white polymer and 

additionally this protocol seems to indeed preserve the layer orientation better, see 

position (3a) and (3b) in Figure 9.13 that shows the stratified flow just before and after 

the start of the fountain flow. To minimize the remainder of the stratified core the W-

B/W-W protocol (white-stratified-white injection) is started at the moment the flow 

front passes position (1) of Figure 9.13. Different injection speeds of the B/W stratified 

flows results in gradually changing structures, see Figure 9.13 (3c)-(3f).  

Figure 9.13: As Figure 9.12. In this case the stratified structures are only subjected to the 

fountain flow when they reach the products’ cavity. The white-stratified-white injection 

sequence, the W-B/W-W protocol, is applied at different speeds of the middle stratified B/W 

flow: 20, 40, 80, 120 [cc/s] (3c-3f). 
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At higher speeds the stratified core of the product is almost entirely replaced by the 
white polymer but in all tests using this protocol strange double vertical walls are 
appearing. To capture the origin of these smiley’s we change the ratios W:B to make the 
fountain flow with the stratified core to start even later, see Figure 9.14 position (2a) 
where the contour of a kind of blob becomes visible combined with the first 
appearances of stratified core material on the walls. In Figure 9.14 position (1) a cross-
section parallel to the flow direction is shown. This figure clarifies that the double 
vertical walls, the smileys, are the remainder of a deformed blob of injected stratified 
B/W material within a white, W, matrix. Figure 9.15 explains how this structure 
develops in the W-B/W-W protocol: first an amount of white is injected into the runner, 
W, via the white injectors (Figure 9.15a).  
 

 

Figure 9.14: As Figure 9.13 now with retarded fountain flow set-in. A W-B/W-W protocol (white-
stratified-white injection sequence) is used at different stratified flow speeds: 20, 40, 80, 120 
cc/second (2a-2d). 
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Next the stratified flow is injected, W-B/W, into the core of the white polymer to form a 

thick blob (Figure 9.15b). Next only the white injection is continued, W-B/W-W, and the 

blob is deformed. Two sharp peaks are formed because of the outer part of stratified 

“blob” layer is close to the runner wall where velocities are low (and the shear rates 

high), see Figure 9.15c. When this structure reaches the flow front it is subjected to the 

fountain flow (Figure 9.15d) and rotated towards the mould walls, see Figure 9.15e. At 

higher B/W-speeds the smiley’s mouth becomes less high and wider because the 

stratification is jetted into the runner cavity by the narrow injector. 

Figure 9.15: Schematic representation of a blob deformation during the W-B/W-W protocol (the 
white-stratified-white injection sequence). 
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9.5 Hierarchy in structuring 
Finally we proceed to combine parallel and perpendicular layers in order to create 

systems with hierarchical structuring. As an example we design a tree system running 

from the surface inwards into the product thickness. Each component has a number of 

levels, which in this tree example are called ground, trunks, branches and leaves. Each 

level can by multiplied endlessly via splitting, rotating and adding operations in a 

relative simple mixing runner system. In the “tree” example used, four levels appear, 

which means that hierarchic structuring is performed till the fourth order.  

When building the tree, we start in the reversed order. First the total amount of leaves 

needed are created via multiplying steps using the splitting-recombination flow a 

DentIncx mixer, see Figure 9.16, positions (1-2). Next one branch half is added on one 

side of the stack of leaves and one layer of white on the opposite side, Figure 9.16, 

position (3). Next the branch half is split in a direction parallel to the leaves, and rotated 

to be folded onto itself to form a complete branch with leaves on both sides, see Figure 

9.16, position (4). Further splitting and folding steps lead to a multiplication of the 

amount of branches with leaves keeping the total number of leaves constant. Then a 

half trunk is added to one side of the stack of branches full of leaves, and again a white 

layer on the opposite side, see Figure 9.16, position (7). The system is splitted and 

folded to form a complete trunk with branches on both sides that on their turn contain 

leaves at both sides, see Figure 9.16, position (8). Also here further splitting and folding 

steps lead to multiplication of the number of trunks. To completely finish the hierarchy, 

finally the ground and air are added, Figure 9.16 positions (9-10). 

From Sections 9.3 and 9.4 we learned that unwanted misalignment of multiple layers 

happens when applying local contracting flows that result in transversal compression. 

The challenge is therefore to design for minimal transversal compression. This is clearly 

not to case in Figure 9.16 positions (3-5) where leaves are cropped during the splitting 

and folding operations resulting in an increased leaf thickness of 400%, which will never 

happen, and decreased length. This problem can be solved by altering the channel 

dimensions like done in Figure 9.17 that depicts equal leaf thickness between positions 

(2-10). When aspect ratios of runners (high/width) become too large, multiple parallel 

splitting and recombining runner systems can be used, like shown in Figure 9.12 

positions (2-3).  
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Figure 9.16: Runner system for hierarchical structuring to the fourth order: ground, trunks, 

branches and leaves. For details see text. 
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Figure 9.17: Avoiding transversal compression by altering the channel dimensions ratio. 

 
To check our thought experiment a macroscopic version of the runner system is 

fabricated using a stack of 8 laser-cut PMMA plates, see Figure 9.18 and 9.20, and filled 

with the now usual two component, two colour epoxy resin. Since at the end of this PhD 

project, only two black and white epoxy cartridges remained, we had to create balanced 

white and black side-injectors. In order to achieve that,  on both side of the mixer two 

identical runners with the same hierarchic structuring geometry as that of the mixer are 

added, one for the black epoxy (top stream in Figure 9.19 top) and one for the white 

(bottom stream in Figure 9.19 top). The results look promising, although some balance 

problems occurred at the first side-feed inlet, where the black fluid arrived first and 
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prevented combined with the structuring flow, the white to enter on the other side, see 

positions (2-3). This is probably caused by a viscosity difference between the two 

epoxies (black more viscous, or more Bingham). The problem is easily solved by using 

separate cartridges for each side injector. As result of the missing white injection into 

the structuring flow between positions (2-3), the leaves are hanging all way to the 

ground, see Figure 9.19 position (8). The ground and the trunk are nicely shaped 

because they are formed in the last series of splitting, rotating and recombining steps. 

As for the leaves this is different since they are structured the first and therefore 

disturbed the most. Because the runner system is only designed to obtain a constant 

leaf thickness, the leaves are still shortened (to 13% of their original length) and 

transversally compressed, especially between positions (2-4) in Figure 9.19. For a design 

with zero transversal compression the high/width ratios of the channels must be altered 

furthermore, making the use of parallel runners, like used in Figures 9.9, 9.12-9.14, 

inevitable. In the case of Figures 9.16-9.19 eighteen leaves are symmetrically divided 

over two branches, resulting in four leaves on each side. The two branches are 

subsequently connected to one trunk. If more leaves are required they are easily 

produced by using more DentIncx (103) mixer elements between positions (1-2) of Figure 

9.17. These leaves can subsequently be divided over more than two branches, by using 

more Chen’s (74) mixer elements between positions (3-5). To create a forest, rather than 

one tree, multiple trunks can be produced by adding extra Chen mixer elements 

between positions (7-8). The leaves, leafy branches and leafy branched trunks, trees, are 

easy to multiply. Adding hierarchy, to create for example side branches or side branches 

on side branches, is possible but it implies the need for extra black and white injectors 

after position (10). In conclusion, every exponential multiplication requires the addition 

of more mixing elements, while adding hierarchy requires the addition of side streams 

to feed black and white injectors. 

 

Figure 9.18: Hierarchic structuring runner system formed between 8 laser-cut PMMA plates. The 
macroscopic dimensions are length 330 [mm], width 160 [mm], and height 45 [mm]. 
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Figure 9.19: As Figure 9.18 now filled with epoxy (top) and sliced after curing. Cross-sections 

after manual contrast enhancement (bottom). 
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Figure 9.20: As Figure 9.19 the original microscopic cross-section (black spots are shrinkage 

cavities). 

 

9.6 Conclusions 
Structuring stratified layers parallel to a products’ surface is possible using two 
component injection moulding in combination with a runner system on the parting line 
of the mould that functions as a splitting and recombining static mixer that 
exponentially multiplies the number of layers. During flow into the product cavity the 
layers are nicely stretched in longitudinal direction which is obviously beneficial for the 
layer orientation and layer thickness distribution. 
 
Structuring layers perpendicular to the products’ surface is a more challenging task 
when using a similar runner system. Perpendicular layers are in this case stretched 
transversally in a compressive manner during flowing into the product cavity, which 
results in misaligned layers that are oriented almost parallel to the surface. To 
circumvent compressive flow, layers must be stretched transversally to be subsequently 
split and rotated in the cavity. Special mould geometries have been designed, 
manufactured and tested with promising results. 
 
Finally a process is designed and tested to realize hierarchical structuring till the fourth 
order (in the “tree” example chosen called ground, trunks, branches and leaves) by 
using splitting, rotating, and addition operations in a special runner system. Most 
challenging here is to design for zero compressive flow, which indeed can be realized by 
adapting the channel dimensions, and by using multiple parallel operations. 
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10.1 Conclusions 

The products designed and realized in this thesis are all injection moulded on a 

Ferromatic (124) 60 tons injection moulding machine, equipped with two injection units 

(130 [cc] horizontal and 50 [cc] vertical) and a turning table, which are accessories which 

proved to be indispensable.  

In Chapter 2, the two components are used to create and shape coloured text inside a 

transparent polymer product via insert moulding and over moulding techniques.  

Next, in Chapter 3 rigid and soft polymers are combined to mould a disposable 

bioreactor for growing, conditioning and testing of tissue-engineered heart valves. The 

main reactor parts are two identical shells that fit on each other thanks to the 

bioreactors’ line-symmetrical design. Soft polymer valves, membranes and seals are 

integrated in a rigid body part forming the shell. Separately moulded pressure-caps are 

added to allow for air pressure actuation, pushing against the outside of the valves and 

membranes transporting the fluid inside. To clamp and seal the two shells, 16 functional 

and injection moulded clips are attached on the outer edges. To interconnect the four 

bioreactor chambers, and to air vent the system, a number of externally purchased parts 

are required, like silicone tubing, connectors, check valves and shut-offs, which severely 

dominate (80%) the final cost prize of the total disposable bioreactor assembly. A 

dedicated self-learning control system makes the bioreactor work in all three stages of 

the process. 

In Chapter 4 a first downscaling step is made, by designing and realizing a polymeric 

perfusion reactor, used in the University Medical Centre Utrecht to investigate platelet 

aggregation and coagulation in a 125 [µm] high perfusion channel, formed under a 

coated cover slip. The reactor consists out of only two different parts containing a 

soft/rigid polymer combination. Apart from the integration of a static splitting and 

recombining serpentine mixer, with 1 [mm] mixing channels, also all the interconnecting 

channels between inlets, mixer and the perfusion channel are integrated in the system. 

For clamping and sealing the two reactor parts, an aluminum casing is used that pushed 

the soft layer of one part onto the ridged layer of the other. The cover slip (coated to 

activate aggregation and coagulation) is held in position by the casing and a vacuum 

channel around the perfusion chamber that pulls the slip onto a seal to avoid leakage. 

External syringe pumps are used to drive the fluids through the device.  

In Chapters 6 and 7 all functional components: static mixers, peristaltic pumps and 

control valves are integrated in one system to realize a cheap, disposable and 

nevertheless complex and multi-functional microfluidic device. An eight layer system 

results from using symmetry in the design and folding and combining different parts all 

moulded using two components, the soft and the rigid polymer. Again an external 

clamping device is used for sufficient sealing between all the layers. Three serially 
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coupled and peristalticly actuated membranes are used as pumps. Valves are build-up 

out of two parallel membranes, one for closing a channel and one for compensating the 

volume displacement. Therefore this system asks for a four double layered (ridged and 

soft polymer) parts. Different from the perfusion chamber of Chapter 5, here tilted and 

tapered walls are used to form compliant seals around all system parts and connecting 

channels. The relatively low clamping force of our injection moulding machine 

somewhat limits the design freedom and forces us to find optimization techniques to 

decrease the pressure needed to fill the thin cavities that form the seals.  

A next downscaling step is explored in Chapter 8, using hesitation to mould micro 

structures under the surface of a polymer product. In a two-shot process, the first shot 

creates a layer with slots that contain a micro structure, e.g. a splitting-recombining 

serpentine channel, which is in the second shot with the same polymer over moulded to 

close off, but not fill, the micro structures. A polymer layered product containing micro 

channels and micro mixers remains without the need for seals, assembly and clamping 

devices. The technique can in principle be applied on a standard one component 

injection moulding machine by using double injection and moveable inserts. 

Finally in Chapter 9 we return to the simple case of moulding one same polymer with 

two different colours. We use what we learned in manipulating stratified flows in the 

relatively simple structures realized on the parting surfaces of the mould. The goal is to 

explore new routes to create hierarchy in injection moulded products. Using the 

splitting-recombining flows in the straightforward runner system to create stratified 

structures parallel or perpendicular to the products’ surface, here the aim is to arrive at 

complex hierarchical structures by combining the two types of orientations and by 

adding layers to stratified flows on both sides. 

 
 

10.2 Recommendations 

Despite the excellent performance of our Ferromatic 60 tons injection moulding 

machine which is the perfect size to mould the TU/e cube and the perfusion reactor, 

some concessions had to be made to solve clamping force problems or to increase its 

injection accuracy for moulding the other products. 

During the mould design for the Bioreactor we had to solve clamping force problems by 

splitting the process in a four shot injection sequence, injection of ridged and soft 

polymer in the first and the second mould position. Moulding the Bioreactor on a 200 

tons machine will make the use of a single shot per mould position possible, first a 

ridged and secondly a soft polymer injection. 
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In injection moulding the sub-surface micro channels of Chapter 8, the use of a small 

injection moulding machine would increase the injection accuracy and it would be 

beneficial to avoid degradation of the polymer since we now use only 10% of the 

machines maximum injection volume. In a mass production process this can easily be 

solved by the use of multiple cavities. A real challenge is to design a mould combined 

with suitable process conditions to be used on a single screw injection moulding 

machine to make the technique even more attractive. Most likely, channels have to be 

smaller to deal with equal melt temperatures while the flow front still needs to stop 

before it fills the micro channel. Besides a solution for the problem how to make micro 

mixers, also techniques need to be designed, tested and optimized for the fabrication of 

storage cavities, pumps and valves to make maximal integrated sub-surface microfluidic 

devices possible. 

In Chapter 9 we used about 90% of the injected volume to fill the runners and 10% for 

the product. The runner dimensions are based on 5 [mm] wide channels, foreseen with 

expulsion pens, and these dimensions were chosen to increase injection accuracy. The 

complex runner system could however easily fill a thing as big as a whole car bumper 

when mounted on a bigger machine with more clamping force. 

To further study and optimize hierarchical structuring it is most effective to perform trial 

tests on macroscopic runner systems formed between laser-cut PMMA plates which are 

fabricated in one day by laser-cutting, and injected with two-component two-colour 

epoxies, like done in Chapters 4, 8 and 9. Since solidification only occurs upon curing 

that sets in after hours, very slow injection can be applied, resulting in a low pressure 

consumption, which gives the opportunity to build extremely narrow and elongated 

runner systems. Multiple injection units can be created by making use of multiple 

cartridges to create multiple parallel controlled flows in the runners systems. During 

testing, the flows can be stopped to create time to change flow directions by switching 

valves like done in injection moulding of structures, see Chapter 9. 

To investigate the effect of hierarchical structuring on e.g. photovoltaic properties, melt-

processable, transparent and conductive and semi-conductive polymers should be 

applied, and a final choice must be made between the different competing techniques: 

injection moulding of thin layers close to the surface of a direct-ready thick product like 

a roof tile or, as an alternative, the combination of a thin film extrusion process with 

deposition of the film on the surface of an existing thick structure or via in-mould 

labeling techniques. 
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Samenvatting 
 

Het doel in dit proefschrift is het ontwerpen en realiseren van uitdagende methoden 

voor het verkrijgen van geïntegreerde kunststof producten en het verschuiven van de 

huidige grenzen. Essentieel is de noodzaak van gesynchroniseerd ontwerpen, dat is de 

koppeling tussen het concept van het ontwerp, de eigenschappen van het polymeer, en 

de kenmerken van het gekozen proces, spuitgieten. In dit proefschrift wordt dit doel 

bereikt met behulp van zes aan elkaar gerelateerde, maar wezenlijk verschillende, 

product ontwerpen. 

Het eerste voorbeeld is het spuitgieten van dikwandige, maar toch maatvaste, 

producten door het compenseren van krimp met gas-ondersteund-spuitgieten, 

eventueel in combinatie met chemisch schuimen of, nog interessanter, een beweegbare 

insert. 

Het tweede ontwerp betreft een volledig geïntegreerde disposable bioreactor voor het 

kweken en testen van tissue-engineered hartkleppen. Het ontwerp bestaat uit twee 

identieke schalen die zijn vervaardigd door middel van twee-componenten, hard en 

zacht, spuitgieten. Het zachte polymeer wordt gebruikt voor de met luchtdruk 

gecontroleerde membranen, voor het verpompen van vloeistof, en voor de 

stuurkleppen en afdichtingen. Het harde polymeer bevat de behuizingonderdelen die de 

zachte delen op zijn plaats te houden. De bioreactor is ontworpen via een iteratief 

proces, is het met succes gerealiseerd, voorzien van een volwassen besturingssysteem, 

en getest op het imiteren van de cardiale druk en de cardiale stroomt die nodig zijn 

tijdens het kweken en testen van tissue geëngineerde hartkleppen. 

Vervolgens wordt een verkleiningsstap onderzocht door het integreren van meerdere 

membranen, kleppen en afdichtingen op een kleinere schaal in het derde ontwerp, wat 

leidt tot een volledig van kunststof vervaardigde, multifunctionele microfluïdische 

reactor. Voor deze toepassing zijn speciale mengers nodig die te fabriceren zijn op het 

sluitvlak tussen de twee matrijshelften en die een bijna perfecte bakker transformatie. 

De efficiënte, splitsende, roterende en combinerende mixer beschikt over 10 elementen 

die 2·410 lagen maakt met een individuele laagdikte van 0,5 [nm] in 10 seconden. Er 

wordt gebruik gemaakt van een combinatie van twee identieke schaaldelen, die elk 

gevouwen een afmeting hebben van 160 x 90 [mm2] en gestapeld een vier (dubbel) 

laagssysteem vormen. Een microfluïdische reactor heeft 6 verschillende in- en uitgangen, 

6 peristaltische pompen, 18 regelkleppen, 2 vloeistof ruimtes, en 2 statische mixers. 
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Het vijfde voorbeeld betreft een nog verdere verkleining in microfluïdische toepassingen 

door het vervaardigen van micro-kanalen met behulp van gecontroleerd tweelaags 

spuitgieten. Stagnatie-effecten (vroege invriezen van de smelt) worden gewoonlijk als 

een probleem gezien tijdens het spuitgieten van producten met ongelijke wanddiktes. 

Hier gebruiken we dit als nieuwe technologie door eerst een laag te vormen, met 

sleuven waarin microstructuren aangebracht zijn, onder hoge inspuitsnelheden, hoge 

nadruk en hoge smelttemperatuur voor een gedetailleerde vulling. Hierna wordt de 

tweede laag over de eerste heen gespoten. De sleuf wordt hierbij onmiddellijk gevuld, 

waarna de smeltstroom de weg kiest van de minste weerstand en eerst de rest van de 

tweede laag vult en de micro-structuur ongevuld achterlaat. Een gelaagd kunststof 

product met micro-kanalen is het resultaat. Verschillende materialen, proces-

instellingen en het kanaal afmetingen zijn getest om de fabricage venster van deze 

techniek te verkennen. 

Het laatste voorbeeld betreft de uitdaging van het structureren van producten met 

behulp van statische mengers op het deelvlak van de matrijs om structuren te 

vermenigvuldigen, te roteren en toe te voegen. Dit kan nuttig zijn voor allerlei product 

eigenschappen: structuur lagen parallel aan het oppervlak voor de barrière-

eigenschappen en taaiheid, lagen loodrecht op het oppervlak voor “soft touch” en een 

hoge nauwkeurigheid touch screen applicaties. Een combinatie van deze methoden kan 

worden gebruikt voor het maken van hiërarchische structuren die erg wenselijk zijn in 

zonnecellen. 
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