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 Conclusions and Future Work 
 

This thesis has presented the EHDIP process and has highlighted the important 

parametric relationships involved in this process. Viable solutions to the challenges of 

creating a reproducible and uniform process have bene offered for the prototyping of 

repeatable EHDIP MEMS structures. 

This work and its principal achievements can be split into 4 broad categories: 

Process characterisation 

Fundamental to understanding the EHDIP process and making it a useful tool for MEMS 

processing, this work contributes significantly to charactersing the process by: 

 Identified the principle contributing factors to driving process growth and 

uniformity. It was found that the process growth rate is controlled principally 

by the strength of the interfacial electrostatic field, while the uniformity of the 

structure is dependent on the gap ratio between the air gap and polymer film 

thickness. Understanding this allows future experimenters to optimise a given 

process.. 

 Demonstrated how the structure growth rate varies with time. Through the use 

of a novel sensing circuit for this type of application, it was possible to obtain 

data on the evolution of the structure. 

Experiments and process hardware 

 Established limits in terms gap heights and field strengths for structure growth 

By identifying limitations in the current experimental standards this work was 

able to demonstrate a practical experimental setup capable of repeatedly and 

accurately controlling the applications of fields and the positioning and 

orientation of both sample and master electrode in six degrees of freedom. . 

As observed from both theory and modelling, the applied electrostatic 

pressure scaled with the height of the air gap squared. Thus any small 

magnitude of tilt in the system had the potential to mask important parametric 

interactions and to ruin any chance of getting a uniform process.  
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 The use of real time sensors in novel applications allowed for both solving the 

problems of maintaining good precision on the stage and sample orientation, 

and providing data on the growth of the polymer. The real time capacitive 

data gathering system, offers a good chance of developing a feedback system 

for adjusting process parameters during the processing of the sample. 

 

Modelling of fields and application of novel electrode structures 

Modelling of complex electrostatic fields allows for a more complete 

understanding of the physics underpinning the process, and open the way to better 

predictive models. This modelling was then carried forward to the design and 

fabrication of novel LIGA and non Si-processed MEMS structures for controlling 

the shape and magnitude of the driving electrostatic field, 

 COMSOL modelling allowed for the characterisation of different E-field 

emitter types, which was followed by the application of two processes, LIGA 

for 3D metal patterned electrodes, and the novel use of ultra thin copper clad 

LCP films for 2.5D E-field emitters, tuneable by a secondary electric field 

applied to conductors surrounding a dielectric aperture, This provides good 

flexibility in both the magnitude and shape of the applied field, as well as 

demonstrating low process cost, and high throughput 

 The application of Schwarz –Christoffel mapping to a complex periodic 

electrostatic film. The existence of a closed form analytical solution to the 

applied E-field, and hence the force and pressure applied to the polymer. 

While multiphysics numerical modelling alone can provide a comprehensive 

overview of how we could expect a given EHDIP process to advance, limited 

analytical modelling, particularly of the E-field distribution, was useful as 

well. Analytical modelling can give a designer a window into the basic 

mathematical relationships and can allow them a deeper understanding of the 

process under study than can numerical modelling, which is ultimately only as 

useful as its user inputs. 
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Application of other fields to the process 

 In this work, a demonstration was made of the concept where other forces beyond 

the electrostatic and thermal energies was applied to the system, From the theory 

presented in Chapter 1, it was possible to deduce that any transverse mechanical 

wave applied to the surface of the polymer could add energy to the system, and 

thus aid the instability in forming coherent structures. In this case focussing on 

the injection of SAW via IDTs designed and fabricated for this novel application.   

 The direct application of a disruptive surface wave was shown to slow the growth 

rate of the EHDIP process but to also increase the uniformity of growth over the 

surface. It could then be of use as a means of further controlling the process 

stability. 

 

Some notes on EHDIP 

EHDIP is a capricious process. A repeatable and sturdy process is dependent on many 

experimental and environmental factors. The DoE, which concentrated on a typical 

thermosetting polymer as a test material, demonstrated how the various factors 

intertwine. In line with the theory outlined in Chapter 1, it was observed that adding 

more energy into the system led to less control on the polymer/air interface and therefore 

a quicker growth rate in the polymer. This is particularly true of both electrostatic and 

thermal energies. However, in order to be a viable process, uniformity of growth is of 

prime importance. In that respect we discovered that the film thickness and film/air 

thickness ratio exerted a strong influence.  Solvents within thicker films outgas at a 

slower rate than in thinner ones, curing the polymer more slowly and giving a longer 

process window in which to work where the area of the fluid under the electrode has a 

uniform viscosity, and therefore growth is more equal over the affected zone. A thicker 

film also allows for more material to be redistributed from areas adjacent to high 

electrostatic fields, resulting in overall larger aspect ratio structures, while minimising 

the airgap reduces the turbulent air flow over the surface that adds random energy peaks 

to certain areas of the fluid under the air gap – effectively reducing the uniformity of the 

process. Finally, a relatively small air gap and large film thickness maximises the 

electrostatic potential. 
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Future work 

Some further areas for research are suggested below: 

Different polymer sets. 

A potential area for future study here is to utilise other materials than thermosetting 

polymers. A UV curable polymer would theoretically not require any additional thermal 

energy to bring it above a glass transition state or to further cure it. This could help 

increase uniformity in the process, albeit potentially at the cost of having a less energetic 

system and therefore slower overall growth. Other polymer types, with long curing times, 

different permitivities and lower viscosities would help characterise the process more 

completely.  

Improvements to the experimental setup 

Further, it may be of interest to experiment with different pressures by exposing the 

experimental set up to a vacuum chamber. Challenges here would include finding a 

robust polymer which could last in a partial pressure without boiling off quickly. 

Nevertheless, understanding exactly, from experiment, the contribution of turbulent air 

flow over the surface would be of great use. 

Certainly, the experimental set up performed largely to expectations, and it represented a 

good use of time and effort. It was of prime importance to remove the potential 

uncertainties regarding uniform separation of the air gapFuture work here would involve 

a more integrated, automated set up, whereby the output of the sensors, Capacitive, 

LVDTs, temperature and accelerometers could be brought together to control a motorised 

rig, using precision stepper motors to accurately control displacement of the sample and 

electrode. 

 

Modelling 

Modelling of certain aspects of the process was inherently useful. To this end it was 

possible to demonstrate an expression via SC conformal mapping that described the 

complex distribution of the electrostatic pressure at the air/polymer interface. In future it 
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may be useful to combine this with a simplified thermodynamic model of the interface 

that comes from the Navier-Stokes expression. Such an expression would allow future 

experimenters to quickly identify useful process interactions, and optimum conditions. In 

addition to this, access to enough processing power would allow a numerical study of 

both electrostatic and fluidic domains and interfaces using COMSOL. This would be an 

important step in tying theory and practical results together, 

 

Experimenting with other disruptive forces in the system 

. The idea was approached, in the previous chapter, of deliberately injecting an acoustic 

wave into the polymer. Where the dominant wave functions in the polymer/air interface 

can be selected and monitored by choosing the magnitude and frequency of the acoustic 

wave. By modelling, designing and fabricating a SAW sensor to ‘inject’ such a wave into 

the system, the growth of these structures was observed under a non-optimised set of 

experimental parameters. The experiment provided a far more uniform structure growth 

than had previously been seen under this set of conditions, albeit with a slower growth 

rate. It was theorised that the magnitude of the injected wave effectively swamped the 

naturally occurring wave functions in the polymer, disrupting thereby the growth rate. 

Thus the non-uniform E-field still acted as a ‘mold’ into which the structure formed, but 

did not act as the dominant driver of growth. A more practical method of injecting the 

acoustic wave would be required, however these results were promising in that they 

could minimise the effects of the more imponderable environmental factors. 

Thoughts on process limitations 

Finally, it was mentioned earlier that EHDIP is a capricious process, and this it can be as 

a primary limiting factor on its employment towards a useful application. A non-uniform 

coverage of metal in the seed layer in the substrate beneath the polymer would be enough 

to change the distribution of thermal energy over the polymer zone under the electrode, 

while a particulate of several microns – a possibility in even the most sterile of clean 

rooms, would effectively charge up on the surface, acting as a concentration of E-field 

lines, grossly distorting the growth rate in a given sector of the fluid under the electrode. 

Likewise the control of the alignment of the electrode with the polymer covered substrate 

demands a high level of cost and care both in development and over a lifetime of use. 

This must limit the application of EHDIP in most applications. Over most polymer 
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micromachining activities, contact embossing provides a well proven, easier, less 

restrictive and wider process window in which to operate.  While the embossed structures 

may not be an entirely accurate representation of the master, they represent a good 

enough standard for most applications. Nevertheless the advantages of EHDIP are real, 

the ability to create continuous, curved topologies without steps is potentially of great use 

throughout both the MEMS and CMOS world. What is required presently is killer 

applications that only EHDIP can match, meanwhile, more work needs to go into 

refining EHDIP in order to remove environmental factors which can ruin it as an industry 

ready process. This thesis has sought to demonstrate where the vital parametric 

relationships of the process lie, and further to show how, through careful choice of these 

parameters and through the use of other driving forces such as SAW, that EHDIP can be 

achieved in a more controlled manner. 


