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Chapter 2 : Polymer micro-machining techniques 
 

 

2.1. Introduction 

When evaluating the EHDIP process in an industrial environment, it is important to 

understand the process within the context of existing industrial techniques for micro-

machining polymers. The processes reviewed are injection moulding, hot embossing/ 

nano-imprint lithography and 3D printing/stereo-lithography. Each process will be 

reviewed with an overview of its theory, operation and its operational advantages and 

disadvantages with respect to EHDIP. 

 
2.2. Overview of injection moulding 

Injection moulding shares a historical similarity with embossing techniques in being an 

accomplished industrial process, applied widely on a macro-scale prior to its adaptation 

for micro-scale machining. The setup of the process is very simple. Using a mould 

machined into an appropriate geometry, it is possible to force or inject a wide range of 

polymers, typically thermosetting or air drying resins into the mould, which is then 

cured. Removal of the mould then yields the final shape. The first such demonstration of 

this process dates as far back as 1872 [39], when John Hyatt demonstrated a machine 

consisting of a hypodermic needle, pushing an early form of thermosetting plastic 

through a heated cylinder into the mould. The industry would expand in earnest 

following World War 2, becoming one of the most popular forms of manufacturing using 

plastics. 

Injection moulding machines have moulds in either a horizontal or vertical position. The 

majority of machines are horizontally oriented, but vertical machines are used in some 

niche applications such as insert moulding, allowing the machine to take advantage of 

gravity [40]. There are many ways to fasten the tools to the platens, the most common 

being manual clamps (both halves are bolted to the platens); however hydraulic clamps 

(chocks are used to hold the tool in place) and magnetic clamps are also used [41]. The 

magnetic and hydraulic clamps are used where fast tool changes are required. Machines 
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are classified primarily by the type of driving systems they use: hydraulic, mechanical, 

electric, or hybrid. Hydraulic presses have historically been the only option available to 

moulders until Nissei Plastic Industrial Co., LTD introduced the first all-electric injection 

moulding machine in 1983 [41]. The electric press, also known as Electric Machine 

Technology (EMT), reduces operation costs by cutting energy consumption and also 

addresses some of the environmental concerns surrounding the hydraulic press [42]. 

Electric presses have been shown to be quieter, faster, and have a higher accuracy, 

however the machines are more expensive. 

 

 

 

 

 

 

Figure 2-1 shows the typical layout of an injection moulding machine. A motorized 

reciprocating screw carries the plastic granules, deposited from the hopper, down a barrel 

which is ringed with heaters. This raises the granules above their glass transition 

temperature, such that the plastic is in a molten liquid state when it arrives at the nozzle. 

The force of the screw pushes the liquid polymer into the mould cavity. The mould itself 

consists of two parts, which can be separated upon completion of the process to release 

the final product. The mould cavity is held at a temperature designed to bring the 

polymer back below its glass transition temperature quickly. A clamping force holds the 

two mould parts together. This clamping force is defined as the injection pressure 

multiplied by the total cavity area [40,43]. 

 

2.3.  Injection moulding machine for MEMS 

For non silicon MEMS manufacturing, injection moulding quickly became popular and 

widespread, however there were many modifications required for the basic machine in 

order to make the process suitable for MEMS manufacturing. A MEMS injection 

 
Figure 2-1: Standard set up of an injection moulding machine [43] 

http://en.wikipedia.org/w/index.php?title=Nissei_Plastic_Industrial_Co.,_LTD&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Electric_Machine_Technology&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Electric_Machine_Technology&action=edit&redlink=1
http://en.wikipedia.org/wiki/File:Injection_molding.png
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moulding machine [fig 2-2] will generally differ from a standard injection moulding 

machine by changing the mechanism by which the press pushes the polymer into the 

heating chamber and hence the mould. The majority of standard machines use a 

motorised reciprocating screw, which carries the polymer through the heating chamber 

and into the nozzle. Due to the small volumes required for a MEMS device, a plunger is 

used instead, since the production accuracy of the screw is typically such that it cannot be 

scaled lower than 12-14 mm [44,45]. This leads to a higher throughput of melt per unit 

stroke with a screw than with an injection plunger, and thus a loss in accuracy when 

fabricating micro-parts. 

Clamping forces for MEMS applications are typically low. A fluid heating system is 

provided to avoid absolute temperature peaks which can lead to premature curing cycles, 

this is relatively simple to construct due to the low curing temperatures – as low as 120
o
C 

[13] - of thermosetting plastics commonly used in the MEMS domain. 

 

 

 

 

 

 

 

 

 

 

The complexity of injection moulding for MEMS applications comes from the machining 

of the injection nozzle. In order to maintain a constant volume of polymer into the mould 

cavity, the nozzle must be able to characterised in terms of its dimensions. In the macro-

domain this part can be produced by standard production techniques such as metal 

stamping. However, these methodologies do not produce nozzles with constant 

 

Figure 2-2: shows micro injection moulding machine from [44]. 
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dimensions and thus will lead to a lack of accuracy in fabricating the moulded part, since 

there will be errors in the volume of liquid flowing into the mould. To overcome this, the 

nozzle is itself a MEMS fabricated precision part. 

To fabricate the nozzle an electroplating process is used. Such a process has been 

demonstrated many times for many different applications [46,47]. A substrate is 

fabricated with a seed layer to act as an electrical ground; a layer of photoresist is spun 

then onto the wafer. Using UV lithography a pattern is then transferred to the photoresist 

via a photomask, which uses shaded patterns to shield parts of the photoresist from the 

UV light. The light changes the chemical structure of the photoresist which is 

subsequently developed, removing or leaving intact those areas of the resist which had 

been exposed to the UV light, depending on the polarity of both mask and photoresist. 

The penultimate step involves bathing the wafer in an electrolytic solution. A chemical 

reaction causes metal ions to bond with each other on the surface of the wafer, building 

up the mould until a structure is finished. Finally the photoresist is removed via a solvent 

to release the finished structure, additional polishing can remove roughness from the 

backside of the structure [48]. 

 

2.4 Injection mould fabrication 

Depending on the number of replications specified and required accuracy, a number of 

very different processes can be utilized to obtain the mould. Currently, production 

methods are mainly based on combinations of photolithography, etching and 

electroplating, and are therefore characterized by the limitations of such processes. One 

of the principal drawbacks of these methodologies is the limitation of the geometry to 

what is often called 2.5D. Other manufacturing schemes employing mechanical or 

thermal properties, such as ion etching or excimer laser systems can be used to produce 

full 3D moulds. 
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2.4.1 Basic tool fabrication schemes  

The currently known methods for fabrication of tools for injection moulding are 

represented by four basic techniques, split between silicon substrates in two examples, 

and polymer or metal in the remaining examples. Two schemes utilize subtractive 

micromachining such as reactive ion etching, mechanical micromachining or laser 

micromachining and two schemes involve additive micromachining, which are UV-

lithography combined with electroforming.  

2.4.2 UV- LIGA 

The first scheme is an additive type and is electroplating. This is the same process as 

described previously when discussing the fabrication of the MEMS nozzle [48]. 

2.4.3 X-ray LIGA  

This scheme uses the hard X-ray radiation [49], allowing better feature resolution. At this 

point the fabrication scheme can move in two directions:  

 

 

 

 

 

 

 

 

 

 

The wafer [fig 2-3] [97]is moved to the electroplating bath and a nickel layer is built 

having a thickness just below that of the photoresist. In order to make the photoresist 

conducting on the top, the disc is placed in a sputter tool and a thin metallic layer applied 

 
Figure 2-3: Brief outline of LIGA process  
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to the top of the photoresist. The electroplating is then continued until a thickness of 

several millimetres is reached. Finally the nickel insert machined to the desired size and 

flatness, the silicon wafer then dissolved or otherwise removed to free the electroplated 

structure. 

Alternatively, the wafer is electroplated with several millimetres of nickel - the nickel 

structures are simply allowed to grow together eventually covering the entire wafer. This 

is followed by machining of the back of the wafer and selective etching of silicon, plating 

base and photoresist. The basic difference between these two methods consists in the 

introduction of a conductive layer in order to uniform the growth of the nickel on the 

back of the mould insert [46,50].  

2.4.4 Reactive ion etching  

This fabrication method is based on subtractive micromachining by means of Reactive 

Ion Etching (RIE), a common CMOS/MEMS process. The pattern is obtained by UV-

lithography of a thin photoresist and subsequent etching of a mask material, which is 

typically silicon oxide or silicon nitride. The structured silicon tool can then be used 

either directly as a machine part or as a master for subsequent processing.  

If the RIE wafer is to be used as a master a thin layer of metal is sputtered onto the entire 

surface including the side-walls. This conductive layer creates an electrode so that the 

part can be electroplated. The tool insert is machined to the desired size and the silicon 

wafer is subsequently removed. The metal tool insert can be used for both hot-embossing 

and injection moulding. The fabrication method is sometimes called DEEMO after 

Elders, Jansen and Elwenspoek [51].  

Otherwise the silicon wafer can be used directly and is glued or bonded onto a thick 

substrate with a similar thermal expansion coefficient such as glass. This tool is used 

directly for hot-embossing.  

2.4.5 Laser etching/micro-milling  

The required pattern is generated into a substrate by means of mechanical or thermal 

processes like powder blasting [51] microEDM[52] or laser ablation [53]. Depending on 

the chosen substrate and machining process, once the pattern has been machined, the 

fabrication scheme can proceed in several ways. 
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Like the RIE process, these can be used directly as a part or indirectly as a master, as in 

this case. The machined substrate, made of a polymer, such as ABS (Acrylotnitrile 

Butaddiene Styrene), PMMA (Poly(Methyl MethAcrylate) or PDMS 

(PolyDiMethylSiloxane), or a soft-metal, is used as a master (positive) for electroforming 

of a tool insert (negative). If the substrate is made of polymer, chemical activation or 

coating by sputtering or evaporation is necessary prior to electroforming. The 

electroformed tool insert will typically consist of a thin activation layer in case of a non-

conducting polymer substrate, and a thick and wear resistant layer such as nickel or 

nickel alloys. After electroforming and machining of the back of the insert, the substrate 

or master is dissolved [50]. Here the substrate is machined and becomes the tool insert 

directly. Typically this will involve some further processing to make the part viable such 

as Chemical Mechanical Polishing (CMP) to make the part viable for bonding to other 

components. If the substrate is a high performance polymer such as PEEK (PolyEther 

Ether Ketone), or a soft metal, the mould can be used for hot embossing. If hardened tool 

steel is used instead for the substrate, the insert can be used for injection moulding for 

very large volume production.  

A final hybrid scheme involves using the machined substrate directly but incorporating 

processes from the “master” process to improve wear, corrosion resistance and 

uniformity. The substrate, made of polymer or soft metal, is machined and cleaned as 

previously described. To improve the wear and corrosion resistance the substrate is then 

electroplated with thin layers of copper, nickel or hard chromium. This methodology 

requires that metallization of the polymer or soft-metal is possible with good adhesion.  

 

2.5 Mould performance 

Having produced the moulds, we must examine their performance in the overall process 

and the various faults that can occur. The first of these is pressure loss inside the cavity 

due to friction [47] as many MEMS injection moulding machines use relatively long 

runners, sprue and gate – i.e. the path from hopper to nozzle to the cavity. This is because 

the volume required for a micro part is so small, and there is a large volume of material 

discarded relative to the volume required to make the part. These long paths increase the 

friction of the polymer travelling into the mould, thus reducing the pressure in the cavity. 

As a minimum pressure is required in order to completely fill the cavity; the uniformity 
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and usefulness of the structure can be compromised if the pressure is too low. One partial 

solution to this is a vertical path to the mould, thus relying on gravity to help fill the 

cavity. 

Another problem concerns the cooling inside the mould cavity. This has two separate 

effects. Firstly, it can lead to a solidified skin layer immediately following injection. 

During the injection process there is no pressure to push the polymer against the cavity 

wall, so that the solidified skin does not necessarily ‘fill out’ all of the micro features. If 

pressure is applied to push the material into the micro features, the structure will have a 

non uniform internal structure as the skin layer and internal material cool separately. In 

addition, the process faces a problem with uneven cooling across the surface of the cavity 

volume. In a cavity with a large cooling surface, or distinct corners, there is a faster 

cooling rate than in other areas of the mould cavity. In contact with such surfaces, the 

material immediately tries to contract, causing some redistribution of other material in 

other points as it attempts to fill the gaps. This leads to internal residual stresses that can 

cause degradation of the finished MEMS device upon removal from the mould. 

While these problems can be solved at the expense of complicating the process, it is 

possible to separate the filling and pressurisation cycles, so that the polymer is 

maintained above its glass transition temperature while the cavity fills up, and only 

cooled thereafter. In the second instance the problem may be solved by variable cooling 

fins or fluid cooling at parts of the cavity that are apt to cool slower.  

 

2.6 Summary of injection moulding for MEMS 

Injection moulding is a process that has operated in conventional manufacturing for a 

long time. It is thus relatively easy to conceptualise it in the MEMS domain. For micro-

machining of polymers it represents a relatively high throughput and is thus suitable for 

mass manufacturing. It is also useable over a wide class of thermosetting and 

thermoplastic polymers, making it appealing. Against this the machine required to 

successfully reproduce these micro parts is generally quite complex, requiring a lot of 

process control. Micro-parts may suffer from high tensile stresses and uneven finish due 

to cooling non-uniformities. In addition, it requires the use of high precision MEMS parts 

both in the nozzle assembly and in the moulds themselves. 
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2.7 Hot embossing 

In some respects hot embossing closely resembles the EHDIP process. Like injection 

moulding, embossing has long existed in the macro-domain, where it existed as a method 

for stamping sunken patterns into sheet metal. Its setup is significantly simpler than that 

of injection moulding. It requires only an appropriately thick layer of polymer spun onto 

a wafer. An initial soft bake brings the polymer above its glass transition temperature and 

the mould is then sunk into the polymer for some period of time. De-embossing, i.e. the 

removal of the mould, occurs as the temperature is reduced below glass transition 

temperature, to leave a finished article. 

The mould itself is likely to be fabricated from the same methodologies used to produce 

the injection moulding work piece and nozzle [55,56]. One advantage inherent in 

embossing then is to massively reduce the time it takes to mass produce a given design 

by replicating it in the polymer material quickly. Embossing carries several advantages 

with respect to injection moulding. The first of these is the relatively low cost of any rig 

required to do embossing versus that required of an injection moulding machine. 

Typically an embossing machine can be no more complex than a heater to perform the 

glass transition on the target material, some form of vacuum chuck to keep the wafer in 

place and a post guided mechanical stamp for applying the master design to the target 

and maintaining pressure between the two over the fabrication process [57,58]. 

Another positive aspect of embossing is its big process window and relatively few 

parameters to control. The process also offers a high replication accuracy for MEMS size 

features. Like the EHDIP process, and in contrast to injection moulding, there is only a 

small residual stress in the target material, since the fluid is only moving a short distance 

into the mould [56], unlike the injection moulding where the larger distances involved 

when heating and cooling lead to intrinsic stresses that can deform the final product. We 

must also take into account the smaller temperature variation between the two processes 

– embossing can occur at just above glass transition and then be cooled just below; 

injection moulding must have the target material in a state of high viscosity before the 

process can occur. 

Lastly, embossing can be used over a very wide range of target materials beyond 

polymers since no other force except mechanical pressure is required. As long as the 
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material can be heated and cooled through its glass transition temperature at least once, 

then it is suitable for embossing. This allows the process to fabricate structures with a 

vaster range of mechanical, thermal, chemical and electrical properties, than with 

injection moulding, stereo lithography or the EHDIP process [59,60]. 

 

 

 

 

 

 

 

 

 

 

 

Embossing has also some drawbacks such as the requirement of the mould to contact the 

target material for some length of time. The applied mechanical pressure to the target 

material  will vary dependent upon the target’s own mechanical properties, such as 

viscosity, hardness and yield strength. For example Pyrex glass must be heated to 560°C 

and be subjected to 106.9 GPa pressure in order to successfully emboss the master 

pattern [fig 2-4] [56]. These two parameters, the keep pressure and the keep temperature, 

can radically affect the integrity of the micro features reproduced, and, while the 

increasing mechanical force can produce deeper structure walls, it will lead to longer 

cycle times and demoulding problems. There is an issue in contact between the material 

and the mould as well, since the material must be cooled before master release. There can 

be issues of cross contamination between the mould and the target material, which can be 

problematic when considering more sensitive applications in the bio-MEMS fields. 

Release may also cause damage to the replicated structure.  

 

 

Figure 2-4 Hot embossed structures from [57], showing the effect of different contact times and forces on 

the fidelity of the polymer structure. Longer times/higher forces allow the polymer to flow into the mould 

channels to better reproduce the master. 
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2.8 Stereo-lithography / 3D printing 

Stereo-lithography is a rapid prototyping, additive process, where layers of material are 

built up in stages to form an object. This process, unlike all other forms of polymer micro 

machining, is completely maskless. There is no physical master. The machine 

implementing the process works from a CAD model which is translated into a series of 

positional commands fed to the nozzle depositing the target material. This material is 

then cured to form each succeeding layer of the model being built. 

This process has the very advantageous ability of being able to produce any shape or size 

required depending on the nozzle dimensions. The technique can easily produce 

overhangs and other complex 3 dimensional structures [61], unlike embossing or EHDIP 

methodologies discussed that are limited to matching lateral dimensions only. While 

injection moulding may produce more complex shapes it is in turn limited by the MEMS 

processes that realise the mould itself. Stereo-lithography on the other hand is not limited 

by any of these. 

The technique can also be used to approximate continuous surfaces. By building up layer 

after layer, stereo-lithography can produce gradients that can appear to be continuous, 

although there will always be a step. This however does not need to be detrimental so 

long as the layer steps are below the necessary resolution of the application to appear as 

being a true curved surface [fig 2-5].  

 

 

 

 

 

 

 

 

Figure 2-5 A microcone structure from [61] created by stereo-

lithography. Note the continuous surfaces 
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Against this the sheer complexity of stereo-lithography is a disadvantage. The 

requirement to program a CAD model and then to have that model decomposed into 

commands to the work piece means that any machine is likely to be very expensive in 

terms of cost and time. The manufacturing technique works only over a narrow range of 

target materials, for example UV curable polymers or sintered ceramic materials [61], for 

constructing the finished product. The use of both laser and polymer also increases the 

cost while limiting any finished device to a narrow set of physical parameters. 

 

2.9 Gray tone lithography 

Standard lithography uses binary masks: any given section of the masks is either 

completely opaque to the wavelength of light being used, or appears as completely 

transparent. This two-step mask means that developed regions will always have flat 

surfaces and vertical sidewalls. Through varying the level of opacity by introducing gray 

tones onto the mask, it is possible to vary the energy exposure of the light onto the 

photoresist surface, and thus the depth of exposure. This allows the development of 

incrementally increasing sidewalls [fig 2-6] and levels of surfaces [62] although, as with 

stereo-lithography, it can never produce a true continuous curve in the photoresist. 

 

 

 

 

 

 

 

 

Thus Gray tone lithography forms a self contained MEMS process module that can be 

plugged into existing process chains.  The real drawback with this technique is again the 

sheer complexity of the device, both in modelling the aperture for the UV light and the 

 

Figure 2-6 Structures developed from gray-tone lithography from [35] 

in photoresist 
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levels of opacity required by the mask to gain the desired pattern. Moreover it is only 

applicable to photoresist type polymers. 

 

2.10 Summary 

We have described the competing industrial processes in the field of polymer micro 

machining and summarised their performance in Table 2-1.. 

Table 2-1: Performance matrix table describing patterning processes 

Process type Advantages Disadvantages 

EHDIP  Contactless 

 Can generate continuous 

topologies 

 Widest range of polymer 

types 

 Possibility of one-step 

manufacture of hollow 

structures 

 Immature 

 Complex process 

control 

 Process in minutes 

Injection moulding  Mature process 

 Can generate reasonably 

complex free standing 

topologies 

 Moulds wear out 

 Not optimised for 

lateral fabrication on 

silicon wafers 

Embossing  Rapid fabrication time (tens 

of seconds) 

 Optimised for lateral 

fabrication on silicon 

wafers 

 Moulds wear out 

 Only relatively simple 

topologies can be 

fabricated 

Gray tone lithography  Optimised for silicon wafer 

fabrication 

 Continuous topologies 

available 

 Quick process time (tens of 

seconds) 

 Complexity of process 

equipment (cost) 

 Only useable on a 

narrow range of UV 

polymers 

3D printing  Can create complex and 

continuous topologies 

 Process time can be rapid 

 Complex process 

control on micro scale 

 

From this EHDIP can be described as a process that offers complex topologies without 

complex processing and thus opens up new applications to MEMS. The EHDIP process 

is relatively simple with respect to stereo-lithography and gray-tone lithography. The one 

step process and slight process time puts it in the same field as embossing techniques. 
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We have described how it can create true 3D structures with only small material stresses 

in comparison to injection moulding and we have shown how it can be applied to a broad 

range of polarisable plastics, and being superior to stereo-lithography, gray-tone 

lithography and injection moulding.  


