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Chapter 3 : Design of mechanical rig and sensors 
 

3.1. Introduction 

This chapter examines the experimental setup of the non-uniform EHDIP case. Due to 

the tight tolerances inherent to the EHDIP process, the setup is very important, since any 

experimental data gained have to be reliable and reproducible. The major technical 

challenges here were to maintain a constant and measurable gap between the polymer 

and the mask and also to provide some form of real-time process control so that we can 

better analyse the factors promoting growth in the target polymer material. 

 

3.2.  Initial experimental set up 

As discussed earlier, Chou [32] developed some initial experiments for the non-uniform 

EHDIP process using a setup that required some form of spacers to maintain the gap 

between the target polymer and the non-uniform master. Early work with EHDIP by Yu, 

followed the same practice [34]. In this work strips of thin tape of a known thickness 

were applied to the surface of the target polymer deposited on a wafer while in its glassy 

state – this wafer was then loaded onto a hotplate. The tape strips were placed parallel to 

each other and were used to support the master, which was placed on top. A wire was 

then attached via solder to the top of the mask to provide electrical connection to the 

power supply, while the wafer seed layer substrate was connected to provide electrical 

ground and complete the circuit. A small mass was then loaded onto the mask to prevent 

the mask from moving away from the tape supports. This was necessary due to the 

relative lightness of the master itself, as the mechanical spring effect of the electrical 

connection was enough to pull the mask away from its original position. Upon 

application of the electric field and heat source that increases the temperature of the 

polymer material beyond its glass transition the process was allowed to continue until the 

electrical breakdown potential was breached, causing the electrostatic field to collapse.  

Experiments conducted using this set up gave a wide variability of resulting polymer 

structure height and uniformity within the same starting conditions for applied voltage, 

temperature and nominal gap height, and also included many aborted or failed runs 

where the E-field collapsed during the experiment. 
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 The use of the tape on the surface of the target polymer. As the polymer rose 

above glass transition temperature, the adhesive tape, placed on top of the 

polymer, started sinking. With no firm anchor and with the undulations at the 

fluid interface causing material to flow across the surface of the polymer, the 

tape, and hence the master moved. This movement led to instances where the tape 

would sink slightly, and the master would subsequently contact the polymer 

surface, leading to the collapse of the E-field and abortion of the experiment. This 

contributed also to the embossing effect seen in some parts of the transferred 

structure. 

 There were also two secondary effects that made the tape unreliable as a support 

for the master. Firstly the manufacturing tolerances of the tape were not 

satisfactory. While the tape could have a general thickness of 50 microns, it was 

by no means certain that any subsequent piece of tape would have the same 

thickness, tolerances of more than 20% were measured and meant that some parts 

of the master could be sitting 10 microns either way, leading to reduced or 

enhanced E-fields in these areas with respect to the rest of the structure, badly 

prejudicing the results. Secondly the thermal properties of the tape were such that 

the adhesion to the surface became unreliable above the glass transition 

temperature of the target polymer, thus adding to the primary effects of the tape 

deficiencies. 

 The requirement to load a mass onto the topside of the master in order to secure it 

in position is also a drawback. Because of the necessity of the electrical 

connection somewhere on the surface of the topside, the mass as applied was 

usually off centre, contributing to an uneven load on the unreliable tape supports. 

The very presence of the mass produced a force on the mask, which, because of 

the sinking supports, became the main contributor to the unwanted embossing 

effects on the transferred pattern. 

Based on these deficiencies it was decided that any modification to the experimental set 

up should include the following: 

 There should be no additional downwards force applied to the master beyond the 

own mass of the master electrode and the ambient gravitational acceleration.  

 Any means of maintaining the gap between the master and the target polymer 

material should not rely on the latter as a reliable base for supporting the master. 



36 
 

 The gap should be controllable and the error in distance and uniformity of 

distance over the area of the master should be kept to less than about 1% if 

possible. 

The latter bullet point is the crux of the issue, namely that small variations of gap height 

over the affected zone will rapidly result in non-uniform growth patterns, since: 

E = V/d                 (1) 

Then small tilts in the system can rapidly lead to proportionally localised E-field 

intensities, which with finite polymer to redistribute can create situations where finished 

structures are woefully non uniform in height and may no longer transfer the pattern of 

the master faithfully. The challenge was then to construct a series of mechanical stages 

and electromechanical sensors in order to maintain a uniform and controllable gap. The 

criteria above were resolved largely into three solutions, with varying degrees of success. 

 

 3.2.1 high temperature Kapton tape for better support 

The first partial solution involved the use of high temperature resistant polyimide tape. 

This material was typically machined to a higher precision than regular adhesive tape and 

thus fulfilled the necessity to better maintain a uniform gap on its own. The ability for the 

tape to remain intact, without losing adhesion or changing its dimensions in response to 

the applied temperatures was also welcome. Its main advantage was then, that it 

represented a continuity of previous efforts in being inexpensive and simple to operate. 

Unfortunately the thickness of the tape was not fully controllable since only a few 

thicknesses were available.  Moreover the tape used the unstable polymer surface as  

support [63].  

 

3.2.2 permanent supports in substrate layer beneath polymer 

The second solution explored involved the use of microfabricated supports on the wafer 

substrate. These were manufactured by surface machining techniques, which involved 

the spinning of photoresist and the patterning and development of parallel blocks into the 

resist. These shapes dimensions and separation would be characterised by the dimensions 
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of the master and the eventual required thickness of the target polymer material being 

patterned by EHDIP. The developed wafer would then have been electroplated to leave 

two metallic blocks on the wafer substrate. However, this process, when designed 

appeared to have several challenges. Firstly there was some doubt about the flat nature of 

any support fabricated by electroplating, as the face farthest from the substrate would 

have a rough surface due to the chemical reaction. This would have been solved by a 

polishing step to flatten out any roughness and ensure a good contact between support 

and wafer. Since the block supports were conductive and resting on the substrate ground 

layer, the contact of the conductive master itself submitted to a large voltage would 

inevitably lead to a breakdown of the electric field. This could be circumnavigated by the 

deposition of an insulating layer as a penultimate fabrication step prior to removing the 

photoresist to expose the block supports.  

This process had the advantages of not relying on the target polymer as a support and 

was also controllable through the fabrication process. It would still however require some 

form of mass on the master to prevent the movement of the structure, but would likely 

have less of an effect since the separation would be maintained by a more rigid support 

than the tape could offer. What made this approach unattractive was the number of 

fabrication steps involved. The necessity to construct these supports for every single 

experimental run would be expensive time-wise. The requirement to have different 

supports for different masters would necessitate many photomasks to create. As such it 

was decided not to pursue this option. 

Until now design work was focussed on supporting the gap from the underside of the 

master, it was decided to investigate methods of supporting the master from its topside. 

This would have the advantage of removing any requirement to load a mass onto the 

master to keep it in place. It would also completely remove the necessity to modify either 

the wafer substrate or impede the instability of the interface through the use of supports 

below the wafer. It was also hoped that any means of securing the master from its topside 

would also allow the electrical connection to the master. 

 

3.3. Mechanical rig designs 

Having analysed the shortcomings of the initial experimental setup, the preferred method 

for securing the master some known distance above the surface of the polymer was 
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through supporting it from above rather than below. This was a critical decision that 

informed the entire design process, beginning with how to support the master. 

 

3.3.1.  Work piece / chuck designs 

Preliminary discussions on this problem centred on securing the master to the work 

piece/chuck. First considerations centred on using some form of clip to secure the master. 

In this scenario small leaf clips were considered which would possess a mechanical 

spring function that would create enough force to hold the master flat against an upper 

plate. It was assumed that the flat plate, the clip or both would be conductive to allow the 

master to develop an electrostatic field. The clip would have to protrude onto the 

underside of the master. This was a disadvantage for two reasons. Firstly it would 

obscure the whole pattern of the mask, an associated difficulty with all the solutions 

proposed for supporting the master from its underside. More importantly, any clip would 

have some thickness, the magnitude of which would be determined by the desire 

mechanical properties of the clip. This thickness would then set a minimum gap size 

independent of the feature dimensions of the master; this would put serious limits on the 

range of experimental parameters.  

Another possibility is the application of a form of friction fit. The upper plate would have 

grooves, which would be no thicker than the maximum height of the master features, 

eliminating any minimum distance bias created by the rig. They would border the master 

and effectively hold it against our top plate. This was not employed because it was 

recognised that any such fit would have to be very precise, would eventually wear out 

and require a broad range of work pieces to match differing mask dimensions. 

The development of a vacuum system to pull the master onto an electrostatic chuck from 

above was undertaken. This would have the advantage of fixing the master from above, 

as desired. It would also be free of any protrusions below the plane of the master. 

Furthermore, by careful designing the vacuum chuck, the chuck would accommodate a 

large range of master dimensions.  



39 
 

 

 

 

 

As shown in fig 3-1, a round work piece was machined with grooves designed to allow a 

flow of air to cycle around the whole structure and particularly into the corners to allow a 

strong holding force to develop on the master. The surface of the work piece and the top 

side of the master were lapped to provide the most uniform possible interface and thus 

create the most complete vacuum. The material used for the work piece is conductive to 

allow an electrostatic equipotential of the master to develop over the whole surface. A 

threaded hole on the top surface of the work piece can accommodate a hollow threaded 

pipe. The assembly through the top plate of the rig allows space for insulating material to 

enclose the conductive threaded pipe and to isolate the work piece from the top plate. 

The top of the threaded pipe permits the egress of air through a plastic tube to the 

vacuum pump, while also allowing for a high voltage screw attachment to be affixed to 

the thread. 

The initial vacuum pumps were small motors, reclaimed from a fibre-optic bonding 

machine, intended for holding those fibres in place [64]. Later, it became necessary to 

redesign the chuck and to replace the pump. For this we were able to procure a much 

larger pump unit, capable of evacuating 10 L/min of air. the chuck was redesigned to 

make use of the higher vacuum available. In that regard, instead of the circular groove 

and one access point described earlier, an array of holes was developed interconnected by 

the vacuum grooves. The interior of the chuck was further modified to include a chamber 

instead of a straight through from the groove to the threaded pipe, as built previously. 

Figure 3-1 Vacuum chuck. This is a two-piece design, with two 

metal cylinders partially hollowed out to form vacuum 

reservoir. Parts are held together by conductive adhesive. Air 

is pulled through deep grooves into holes to pull master 

electrode flush to chuck low 
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This allows for a much better vacuum. This design was constructed in two pieces to 

allow for the machining of the chamber into the work piece. As such the two pieces were 

bonded with glue to form a hermetic seal at the join, and a soldered wire connection was 

used between the two pieces to create an electrical connection. 

 

3.3.2.  Translation stages 

This section considers how to manipulate the spatial planes upon which the master and 

target wafer orient. Initial studies concentrated upon stages as used in CNC lathe type 

machines. Many commercially available kits for rapid prototyping are based on 3-axis 

translation in the X, Y and Z directions. These have relatively long travel distances 

ranging from a few millimetres to half a metre and are driven by micro controller 

controlling rotary encoded stepper motors. Translation stages are typically defined by 

two parameters: the travel distance and the step resolution. Any method to control and 

drive the movement of a stage must have a minimum unit of measurement for the 

distance travelled; this imposes the lower limit on how accurate any given position on the 

stage is. One of the engineering trade-offs in these types of translation stages is the 

distance travelled, the step change and cost. In order to reduce the step size either the 

total distance travelled by the stage must be reduced or a greater cost in implementing the 

solution must be accepted. Most CNC machines are geared towards longer travel 

distances associated with meso-scale engineering prototyping. They also rely heavily on 

motorised stages that further increase the cost. Since the target accuracy required is in the 

region of 1- 10 microns, a viable set of stages must be found somewhere else [65]. 

The next avenue of research is the micro optics industry. In many respects this shares a 

lot of commonality with the EHDIP application. Optics positioning typically have very 

short travel distances but do require high accuracies in orienting over the two tilt and 

rotational axes, something our application would require for characterising the physical 

process of EHDIP. Thus was developed a method for orienting the rig in six axes (X, 

Y,Z, Theta X and Y tilt). It had been expected to sit the target wafer on a stationary hot 

plate and to orientate the work piece through lightweight translation stages from above. 

The optical components, however, were not optimised for this regime. Instead, their 

weight and size required them to be stacked, one on top of the other with interlocking 

screws to hold the tower together. This assembly was then screwed into an optical table 
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to ensure the flatness of the surface the tower was sitting on. Thus it was envisaged that 

the hotplate and its target wafer would re-orient below a stationary top plate holding the 

vacuum chuck work piece and master. As built, this led to a rig where the Z-axis stage 

acted as the bottom, anchor stage with its extra weight and convenient fittings for an 

optical table. Next, the X- and Y-stages stacked one on top of each other. Above this was 

a stage for providing full 360 degree rotational control. The final – top - elements were 

the two tilt stages, oriented perpendicular to each other so that the direction of tilt 

provided a full freedom of movement to tilt over the X and Y axes as shown in figure 3-

2. 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3. Hotplate design 

This section describes the apparatus employed to heat the target substrate above the 

polymer glass transition temperature and to monitor the subsequent temperature. There 

were several options available for providing a heating system, including electrical heaters 

and fluid gas heaters. The choice of heater was influenced by several factors. 

 The glass transition temperature of the target polymers between 80
o
C and 100°C. 

 

Figure 3-2 6-axes micro positioning stages used to orient wafer with respect to master electrode. The 

Z-axis block is used as heavy base to prevent tipping, above that are X and Y lateral stages, 360 

degree rotational stage and two axes-tilt stages. 
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 The necessity to maintain a compact and relatively light solution for the rig. 

 The requirements to remove as much complexity from the design as possible. 

 Health and safety considerations, PAT testing. 

 System cost. 

For these reasons it was decided to use an electrically heated system. The operating 

temperatures required were well within the abilities of standard heat dissipating resistors. 

They also have the advantage of being cheap, light, available in different sizes and did 

not need any kind of bulky piping systems required to transport heated fluids to and from 

the target surface. Two RS 20W resistive heaters were placed on top of the rig. On top of 

the two resistive heaters was a flat aluminium plate, 1 cm thick and with a 7.5 cm length 

from one diagonal corner to the other. Aluminium is a good conductor of heat and the 

size was linked to the standard 3” glass wafer in use in the clean room, and on which all 

our experiments were carried out. Thus the platform was large enough to support the 

whole wafer and offer thermal heating over its entire surface. The aluminium plate was 

then screwed into the top of the rig, holding the heaters in place via a friction fit. 

Care was taken at this point in ensuring a high level of thermal insulation between the 

heaters, hotplate and the top translation stage. This was because the high precision tilt 

stage is vulnerable to misalignment as the heat induces expansion/contraction effect on 

the springs that form part of the stages translation mechanism. This would in turn affect 

the accuracy of the stage position and consequently that of the target wafer relative to the 

master. This thermal insulation was achieved by mounting the resistive elements onto 2.5 

millimetres thick insulating material, while the hot plate was fixed to the rig via screws 

that fit into insulating columns, which fit into the rig via a second set of screws.  

Electrical current was provided to the resistive heaters via a controller box. This 

electronic system was based on a programmable universal logic controller, responding to 

input data from a sensor on the hotplate, and outputting current from a voltage regulator 

[67]. The sensor input was provided by a thermocouple. This device had the advantage of 

easy integration with the logic controller, small size and being inexpensive. Although its 

accuracy was limited – system errors of less than one degree Celsius can be difficult to 

achieve, this was not an issue for these experiments. The thermocouple was slotted in 

between the two resistive heaters to provide feedback temperature controls [68]. 

http://en.wikipedia.org/wiki/Celsius
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Later, it became necessary to construct a heating system on the top plate, close to the 

vacuum chuck in order to slow the thermal flow over the surface of the target polymer. 

We used the same approach with this system as the previous one. Six heating elements 

were wired in series to a logic controller to provide the current. The electrical insulation 

part around the chuck was replaced with a larger insulating plate to protect the metallic 

top plate from deformation under temperature and a sensor as shown in figure 3-3. A 

resistive temperature detector (RTD) was placed to sample the air temperature, rather 

than being placed close to the elements as had been the case with the previous 

thermocouple. This was done as the actual ambient air temperature was of central 

interest, rather than the temperature of the elements themselves. 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.  Sensors for measuring rig position and displacement 

In order to obtain accurate experimental results it is necessary to maintain and monitor 

the critical dimensions of the air gap. The decision to use a manual rig rather than a 

motorised rig for the sake of cost and time meant that we could no longer benefit from 

the inbuilt encoders that such rig commands to measure distances moved. It was 

therefore necessary to work with external sensor apparatus in order to track the 

 

Figure 3-3 Assembled rig for experiment. The outer rig is used to house the LVDT sensors and 

vacuum chuck, HV is isolated all the way through the upper metal plate. The top of the 

translation stages is visible showing the two tilt stages and the top of the rotational stage. Also 

visible is the hot plate, thermally isolated from the translation stages by ceramic spacers to 

prevent creep in the springs holding the translation stages in place.  
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orientation of the wafer, wafer tilt with repsect to the vacuum chuck and gap height, and 

while stepper motor encoders can offer resolution down to sub micron level for some 

aplpications, there are inherent advantages to other sensor systems in terms of the 

absolute and relative orientation of the wafer stage to the fixed vaccum chuck assembly 

3.4.1.  Optical systems 

Optical systems are widely used in many industries, and were well represented in a 

number of different applications. Available in the department was a Micro-Epsilon
TM

 

confocal sensing system consisting of a sensor, light source and data logging system as 

shown in Figure3-4. In this system two lenses (or curved mirrors) are arranged 

confocally to one another. White light is split into different spectra by lenses and focused 

on an object through a multi-lens optical system. The lenses are arranged such that the 

light is broken down by controlled chromatic aberration into monochromatic 

wavelengths dependent on the displacement. This lenses system was fed by a fibre optic 

connection to the controller [69]. This system offered several advantages: good linearity, 

a constant spot size when focussed and measurement resolution down to the nanometre. 

 

 

 

 

 

 

 

 

 

 

One disadvantage is the size of the sensor. The requirement for precision stacked lenses 

meant that the sensor could not be miniaturised and was in the order of 25 mm in 

diameter and 120 mm in length. Our original intention had been to fit the sensor to the 

 

Figure 3-4 Schematic of the Micro-Epsilon
TM

 system. A highly sensitive set of conformal mirrors 

diffracts a light source via fibre optic onto a surface. As the local surface changes orientation, the 

change in spectra is measured by the unit to give an accurate value 

 

http://www.micro-epsilon.co.uk/glossar/Fokus.html
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side of the insulation of the hotplate, facing upwards to the top plate. The Z-axis 

displacement would then be measured relative to this top plate. The size of the device 

precluded this. The top plate was modified to allow an aperture through which the sensor 

could scan the hotplate. The sensor was then suspended via a metal arm outside of the 

rig, overhanging the aperture. In order to attain the correct focal length, we had to 

manufacture a dummy work piece that would sit on the hot plate, 10 mm in height to 

provide enough additional height to allow the sensor to focus correctly. Due to only 

possessing one sensor and controller, in order to ascertain the level of tilt in the system, 

we would be required to take measurements at different points, rotating the rig through 

360 degrees while the sensor remained stationary. This led to an unnecessarily clumsy 

experimental procedure, involving fixing the correct displacements relative to the master, 

and then requiring that we remove the dummy work piece and insert the wafer onto the 

top plate prior to heating. This was undesirable, as it introduced the risk of repeat errors 

in fixing the displacement. It was found that the displayed displacement result would 

change by up to 10 microns at a time when there was no applied force to the sensor or the 

arm, and no manipulation of the translation stages by the user. It was subsequently 

discovered that the micro-epsilon sensor was particularly sensitive to low frequency 

mechanical vibrations from the building machinery. This vibration would cause minute 

changes in the lens positions that due to their inherent precision would amount to a 

change in displayed value in the same order of magnitude as the distances we wished to 

maintain despite the heavy mechanical arm and the optical table.  

A second optical solution was the use of a laser or other collimated LED light to shine 

through the centre of the gap between the master and the target wafer, the light scattering 

would then be measured against a white back drop. Any change in the displacement in 

either the Z or tilt axes would show up as a change in the scattering lines in the backdrop. 

This idea was however quickly shown up to have several major problems. Firstly, the 

light beam would have to have a very narrow diameter, of the same size as the smallest 

gap studied, i.e. 10 microns. The depth of view over which the light would travel would 

have caused more severe scattering than was wanted, while the high reflectivity of the 

nickel master and polymer wafer surfaces and its underlying metallic substrate layer 

would have caused spurious results. Finally, the requirement to use different thicknesses 

of polymers, the use of different mask feature sizes and the varying air gap sizes meant 

that any sensing system based on this concept would be very difficult to characterise.  
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3.4.2. Electro-Mechanical systems 

Linear Variable Differential Transformers (LVDT) were then employed to measure the 

vertical travel distance relative to the top plate to ensure a constant and controllable 

separation. LVDTs function as a type of electrical transformer used for measuring linear 

displacement. The transformer has three solenoidal coils placed end-to-end around a 

tube. The centre coil is the primary, and the two outer coils are the secondaries as shown 

in figure 3-5. A cylindrical ferromagnetic core, attached to the object whose position is to 

be measured, slides along the axis of the tube. An alternating current is driven through 

the primary, causing a voltage to be induced in each secondary proportional to its mutual 

inductance with the primary. As the core moves, these mutual inductances change, 

causing the voltages induced in the secondaries to change. The coils are connected in 

reverse series, so that the output voltage is the difference (hence "differential") between 

the two secondary voltages. When the core is in its central position, equidistant between 

the two secondaries, equal but opposite voltages are induced in these two coils, so that 

the output voltage is zero [70]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5 Typical arrangement for LVDT and support circuitry. The primary coil is excited by an 

appropriate AC frequency, forming a mutual inductance with the secondaries. The movement of the 

core modifies the mutual inductances; this results in a change in the induced waveforms in the 

secondary coils which are fed to a differential amplifier. 

 

http://en.wikipedia.org/wiki/Transformer
http://en.wikipedia.org/wiki/Solenoid
http://en.wikipedia.org/wiki/Alternating_current
http://en.wikipedia.org/wiki/Potential_difference
http://en.wikipedia.org/wiki/Inductance


47 
 

 

 

 

LVDT support circuitry was constructed using a typical configuration. A solid state 

oscillator was used to excite the windings of the LVDT core. The magnitude of the 

output of an LVDT increases regardless of the direction of movement from the electrical 

zero position. In order to know in which half of the device the centre of the core is 

located, one must consider the phase of the output as well as the magnitude as compared 

to the AC excitation source on the primary winding. The output phase is compared with 

the excitation phase and it can be either in or out of phase with the excitation source, 

depending upon which half of the coil the centre of the core is in. The signal conditioning 

electronics must therefore combine information on the phase of the output with 

information on the magnitude of the output, so the user can know the direction the core 

has moved as well as how far from the electrical zero position it has moved. 

LVDT signal conditioners generate a sinusoidal signal, between 50 Hz and 25 kHz, as an 

excitation source for the primary coil. The carrier frequency is generally selected to be at 

least 10 times greater than the highest expected frequency of the core motion [71]. The 

signal conditioning circuitry synchronously demodulates the secondary output signal 

with the same primary excitation source. The resulting DC voltage is proportional to core 

displacement. The polarity of the DC voltage indicates whether the displacement is 

toward or away from the first secondary [71]. 

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 = 𝐺𝑎𝑖𝑛 ×  
𝑉𝑐ℎ+−𝑉𝑐ℎ−

𝑉𝑐ℎ++𝑉𝑐ℎ−
   (2) 

The granularity of the LVDT is effectively dictated by the mechanical stroke length and 

the voltage range of the coil, a shorter stroke length and wider voltage range allows for 

smaller displacements to be recorded without significant error. The LVDTs shown in 

figure 3-6 had a 12 V range for a +/-0.5 mm stroke, giving a basic granularity of 41 

m/V.  
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These devices offer an accuracy of position limited only by the resolution of the 

measurement interface and are very reliable. In these experiments the output was tied to 

the conditioning circuits to a fast analogue oscilloscope, allowing a good accuracy down 

to a 50 mV, for a repeatable measurement accuracy of 2 m on any given LVDT. These 

devices also offer a secondary function in maintaining a uniform parallel gap. By causing 

the mobile plane to travel in the X- and Y-axes, the LVDTs reading should remain 

constant. If the reading changes then one can assume to be an unwanted tilt in the system, 

by raster scanning the surface of the mobile plane, the size and direction of the tilt can be 

identified and rectified. 

There were some reservations with this system. Firstly, it relied on the precision 

machining tolerances of the LVDTs into the top plate on the same Z-axis coordinate. 

Secondly the three plungers all have slightly differing sensitivities that could create an 

unwanted offset in the system. Thirdly, there is a risk of long term drift in the rig due to 

 

Figure 3-6 Placement of the LVDTs within the system. 
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the hotplate operation warping the micro positioner springs in the stack over time. This 

meant that the absolute position of the chuck stage, and the absolute orientation of the 

LVDT’s within that stage were subject to error . It was felt that, if there were an 

independent means of measuring the parallelism in the system then, these issues could be 

minimised. A MEMS accelerometer was used for this purpose. Available in a standard 

micro package on a fibreglass PCB mount, the accelerometer was held flat against both 

surfaces under investigation, namely the vacuum chuck and the hot plate. Under no other 

acceleration, the device still registers acceleration due to the presence of gravity. It would 

be possible then, using a three axis accelerometer to measure the X and Y components of 

this force in the case of tilt. From the measurement of these forces it is a simply 

procedure to calculate the angle of the resulting force vectors and to extrapolate the level 

of tilt in the system [72]. 


























g

V

VoffVo
arcsin  (3) 

In equation (1), Vo is the output voltage measured from the accelerometer, Voff is a known 

offset value, and the function of change in voltage with respect to the change in gravity, 

V/g, is the sensitivity of the output. This calculation can be carried out independently 

on a three axis accelerometer on all three axes to provide a complete spatial orientation 

for the surface under investigation. For this system, an Analog Devices AXL3 series 

device [73] was used. This device had an i2c bus that allows the internal registers to be 

read and written in order to configure the device correctly. The output registers were byte 

long words, providing 0.1 degrees resolution, which could be read directly by a mother 

microcontroller.  

An Arduino microcontroller [74] was used as the master device to the slave 

accelerometer. A programme was written to correctly configure the accelerometer for the 

intended operation, before reading the output register values and converting those values 

to an angular format and printed via hyperlink onto a host PC, shown in figure 3-7. This 

system then allowed us to measure the angle of tilt on the required surfaces, and 

consequently to null any offsets seen in the LVDTs. As the accelerometer requires to be 

in contact with the surfaces under measurement, it is less than ideal for in situ 

measurements due to the lack of space on the surfaces for the accelerometer and the 
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object on the surface. The accelerometer could not withstand either the temperatures 

required to heat the polymers for the requirements of the experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The accelerometer system was therefore used to provide an initial map of the mechanical 

rig tilt, in order to configure the LVDTs and use them for real time and in situ 

measurements. A typical initialisation of the rig would involve the following:  

1. Placement of the accelerometer on a flat surface, the breadboard mounted on a 

polished glass 3 inch wafer, and a measurement taken. This was to normalise the 

accelerometer output.  

2. Next the accelerometer was placed on the top of the hotplate and a measurement 

taking of the tilt in the stack as an angle 

3. With the top plate of the rig and LVDTs in place the accelerometer then measures 

the angle of the top plate relative to the stack, and the micro positioners are 

moved to match the two angles together 

 

Figure 3-7: Typical set up of ADXL3 accelerometer and Arduino microcontroller. ‘Breadboard’ 

with adhesive tape is used to keep the accelerometer flat with respect to the hotplate 
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4. The Z-axis of the stack is then translated to within the stroke length of the LVDTs 

such that all 3 are engaged, the conditioning circuitry is then used to null out the 

differences between the 3 devices. 

5. A wafer is then placed in the rig and translated to a certain gap, and a temperature 

and voltage applied, and terminated after 2 minutes i.e. before any collapse in 

voltage caused by the polymer contacting the master electrode, and measured to 

make sure there is at least no relative change in uniformity from one dummy run 

to the next. 

6. This process was repeated every 5 cumulative runs to prevent build up in tilt that 

could be caused by thermal expansion in the stack positioning springs. 

Using the two systems together offered the best solution for all necessary spatial 

orientation data across the rig, while being relatively low cost and immune to 

environmental conditions. The configuration was also easy to configure and long term 

errors were easy to correct. 

 

3.5.  In-situ monitoring of polymer movement 

It was desirable to be able to monitor the instantaneous change in polymer volume during 

the experimental process. This would give physical data on the evolution of the polymer 

instability as a function of time, allowing both to refine the experimental process and to 

design a more sophisticated process control.  

The options for sensing any volumetric changes in the polymer were limited. Yu 

demonstrated with limited success that a camera placed along the same plane as the 

polymer air interface could be used to image ripples formation [34]. This however, 

required a complex high frame rate set up in order to catch the growth. A second 

limitation to this methodology was the highly reflective nature of the wafers: the 

polymers used tended towards being translucent, while the glass wafers had a seed layer 

of Cu/Ti to act as electrical ground, resulting in a high reflectivity, making an accurate 

observation of the polymer growth difficult. 

The setup is effectively two capacitors in series, with the master forming an upper 

electrode surface, the Ti/Cu layer on the wafer acting as ground and the air/polymer 

interface as a dielectric. It was decided to investigate the possibility of using the 
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electrical characteristics of the combined capacitive circuit to register any feedback. As 

the volume of the polymer changes under the applied electric field, there is a net change 

in the electrical field strength at any given point. The capacitance of the whole structure 

changes in proportion to the elevated polymer structures and the area of the raised 

structures.  

As with the accelerometer, an integrated sensor/microcontroller solution was pursued 

given the small changes of capacitance expected – the whole capacitance of the system 

was 0.2 pF for a 10 micron air gap, decreasing as the ratio of air to polymer increased. 

An ADI 7746 capacitive to digital convertor chip was chosen [75]. This device, designed 

as a touch interface front end delivers a +/-4 pF range with resolution down to 4aF 

through a 24-bit digitization and works by utilizing a sigma delta architecture to measure 

the AC impedance shift caused by a changing capacitance. The capacitance is applied 

directly to the input of the part, and the data is extracted via i2c interface as with the 

ADXL3 accelerometer. In addition, the part offers on board “CAPDACs”; these registers 

can be programmed to remove any capacitance offset present in the system before the 

experiment. An external pin for the excitation source used for the measurement of the 

AC impedance is provided. Connected to the ground sheath of a coaxial cable, this 

further increases the signal to noise ratio of a capacitive value from the experimental set 

up to the chip input. To read the value from the chip, the same Arduino microcontroller 

was used alongside a very similar code structure. An i2c protocol was used to read the 

appropriate on board registers of the CDC chip. While the accelerometer 8-bit registers 

could be read in a single read/write cycle, the full capacitive value here was stretched 

over a 3 times 8-bit registers. A fourth register was polled to learn when a flag bit 

changed, this telling the master that data was ready for transfer. This necessitated 

multiple read/write cycles on what is a relatively slow data transfer protocol, with the 

appropriate register values being shifted left and then combined to give the full data 

value, while taking care to note the two’s complement arrangement of the number. This 

number was then converted into a capacitive number and outputted via the serial 

connection of the microcontroller. 

Two complications with this arrangement were noted at this stage. The input of the 

capacitor under study was being electrically excited to a high value, typically hundreds of 

Volts. This meant the input pin of a light current device being connected to a voltage 

difference in a single ended application of far in excess of what the part could handle. 
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Placing the CDC on the low end of the capacitor was felt to be one solution to this, the 

requirement of the i2c connection between microcontroller and CDC meaning a common 

ground between those two devices ruling out the probably risky strategy of simply 

putting the CDC onto a floating ground. However, the second concern soon led to a more 

circuitous solution to this. 

While under electrical excitation, there is an electrical field on the air/polymer interface; 

there is also be a build-up of charge in the polymer, which changes in distribution and 

density as the polymer changes shape laterally. This could then mask the desired 

capacitive value that we were seeking to measure. In order to measure the volumetric 

change in the polymer, we needed to disconnect the high voltage side and discharge the 

bulk polymer before measurement. This should occur quickly enough so that the voltage 

can be re-engaged before the polymer begins to subside due to lack of electrical field. 

 

 

 

 

 

 

 

 

 

 

The solution adopted was a set of switches under control of the microcontroller as shown 

in figure 3-8. At first a set of high power FETs were considered; however, this was 

discounted when an examination of the literature suggested than the ‘on’ capacitance of 

these parts was still significant and would not be removed entirely by the CDC’s on 

board offset cancellation features. Instead, we were able to source a set of micro reed 

switches capable of handling the high voltages that our system used. The circuit was 
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Figure 3-8 System layout of real time growth measurement circuit. The Arduino microcontroller polls 

the CDC for new data when the appropriate reed switch is shut. Each switch is closed sequentially for 

different time periods to give long periods of continuous HV connection, followed by discharge of the 

capacitor before connecting the CDC line to measure the capacitance in the system. 
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arranged as shown in figure 3-8, with two switches in series with both the CDC and the 

HV power supply. A third switch was placed in parallel with the HV and ground 

terminals of the capacitor under study.  

The time sequence for carrying out the experiment involved first the actuation of the HV 

switch to remove the power supply. The switch in parallel with the capacitor was then 

shut, forming a discharge path to ground for the capacitor, for a duration of at least 5 

time constants to discharge the capacitor, roughly a couple of seconds, to accommodate a 

rough range of likely film thicknesses and polymer dielectric constants. This is then 

disconnected and the third switch is actuated connecting the CDC chip, it is within this 

loop of the code that the chip reads the C value and the microcontroller reads this data. 

The time in which the CDC is connected is minimised by setting the internal sampling 

period to maximum. It is important to minimise the time the HV is disconnected in order 

to prevent any subsidence in the grown polymer structure when there is no electrical 

connection. 

The switches and CDC were built onto a two layer PCB with a ground plane to carry the 

excitation waveform as shown in figure 3-9. Care was taken where HV was to be carried 

to increase the isolation thickness between the signal tracks and the ground plane, A 

coaxial cable terminating in a crocodile clip was used to connect the PCB to the high 

voltage end of the rig setup. As far as was practical, care was taken to shorten the signal 

path from the rig to the CDC to eliminate stray capacitances. 

 

 

 

 

 

 

 

Figure 3-9: Circuit layout for the CDC control 
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The results are discussed in a chapter later. The feedback control worked reasonably well 

at isolating the suggested growth rate with respect to time, and could in future be used to 

more closely control the process. It can track the changes in lateral growth of polymers, 

and with sufficient starting knowledge of the polymer and process: Permittivity, gap 

height, film thickness and applied voltage – it could be used as a process control element 

 

3.6.  Conclusions 

In this chapter The technical challenges associated with creating a suitable mechanical 

rig for examining the EHDIP phenomenon were examined, and methodologies for 

overcoming them described. It was seen how initial experiments, although useful for 

demonstrating a proof of concept, were inadequate to control in real-time our 

experiments. Outlined was the various specifications of a suitable rig and laid out the 

advantages and disadvantages for each component under investigation. It has been shown 

that it is possibly to put in place a calibration process using two independent measuring 

systems to reduce the relative error in the rig positioning to 2 m for relatively low cost. 

Also, it was devised a method for measuring the change in polymer displacement as a 

function of time to allow in situ monitoring of the process. Finally we have demonstrated 

a complete rig system that can be used for further investigation of the EHDIP process. 

This significantly improves the control of EHDIP experiments and processes: Fully 

controllable and configurable orientation in six axis with micron accuracy eliminates the 

major experimental error in the process, while the use of accelerometers is a novel means 

of tracking both relative and absolute tilt in the two stages of the rig. The ability to the 

change in capacitance with time offers a new experimental insight into the evolution of 

the polymer growth with time that has not previously been demonstrated. 

 


