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Chapter 1 Introduction 
 

1.1 Brief history of electrohydrodynamics 

 

Electrohydrodynamics was first experimentally studied in the seventeenth century by 

William Gilbert [1]. His work described the motion of a drop of liquid into a conical 

shape when brought close to an electric charge. Later in the nineteenth century, studies of 

drop dynamics revealed how radially directed forces, stemming from interfacial charge, 

offset surface tension [2]. This work concentrated on the effects of perfect conductors 

and perfect dielectrics. It was not until the latter half of the twentieth century that Allan 

and Mason begun to study the effects of poor conducting fluids and leaky dielectrics [3].. 

The new patterning process studied in this thesis, the ElectroHydroDynamic Instability 

Patterning process, there onwards called the EHDIP process, concerns the displacement 

of dielectric fluids under an electric field, and their subsequent curing to realise unique 

MEMS structures. 

There exist significant differences between the behaviour of electrolytes and leaky 

dielectrics. In electrolytes, electrokinetic phenomena are dominated by effects of 

interface charge derived from covalently bound ionizable groups. Near such a charged 

surface, a diffuse charge cloud of electrolyte ions of opposite charge are attracted toward 

the interface. A concentration gradient forms so that diffusion balances electromigration 

[4]. When a field is applied, a force is exerted on the ions in the diffuse layer, which has 

direction opposite to that acting on the surface charge. In electrokinetics, the strength of 

the applied field is small, a few Volts per centimetre, whereas, in electrohydrodynamics, 

the fields are usually much larger, of the order of  a thousand Volts per centimetre.  

Electrohydrodynamic and electrokinetic processes share many characteristics. The 

electric charge and current originate with ions; therefore, charge may be induced in 

poorly conducting liquids even though there is no charge neutrality [5]. Although the 

development of these two fields progressed independently, common treatment for these 

two processes appear in Taylor’s 1966 paper on drop deformation and Melcher & 

Taylor’s review of the topic (1969) [1,2]. 

http://en.wikipedia.org/wiki/Diffuse_layer
http://en.wikipedia.org/wiki/Surface_charge
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In order to describe in details the EHDIP process, the underlying physical mechanisms 

that cause instabilities in thin film polymer layers must be reviewed. Firstly it will be 

discussed in section 2 the nature of the fluidic polymers that make them uniquely suited 

to the application of EHDIP. In section 3 an examination was made of the basic 

hydrodynamic laws that govern a fluid undergoing some force. This description was be 

expanded in section 4 to include electric fields through the application of the Taylor-

Melcher leaky dielectric model. The total interfacial pressure that includes not only the 

electromagnetic field but also contribution to the pressure at the boundary interface is 

presented in section 5. This process was applied in section 6 to model a fluid interface 

between air and a typical polymer under the effects of a uniform electric field. The case 

of a non-uniform electric field will was then considered in section 7 for the same 

interface. 

 

1.2 Polymer fluids 

Polymers are long chain-like molecules classified as macro-molecules due to their size. 

The chain of the polymer can be subdivided into repeating carbon based molecules called 

monomers. The total number of monomer units, n, multiplied by their monomer weight 

defines the molecular weight, Mw, of the polymer [6]. The molecular weight together 

with the attributes of the monomer determines the physical properties of the polymer. 

While some properties, such as melt viscosity, have a strong dependence on Mw, others, 

such as density, are only weakly dependent on it [7]. When polymers reach their melting 

point they can take on different physical states, semi-crystalline, glassy, elastic or 

viscous, dependent upon their intermolecular interactions. All polymers in our 

experiments start in their glassy state. The polymers used are amorphous and lack any 

distinct crystalline long order structure [8]. When these polymers are raised above their 

glass transition temperature they become liquids – the macro molecules are allowed to 

move freely within the constraints of the elasticity of the polymer. The presence of 

possible cross-links stops the polymer re-arranging on scales smaller than the mean 

distance between cross-links [9]. In our modelling the polymers are described as 

incompressible viscous fluids. 

In this state the chains form random coils whose size obeys a Gaussian distribution [10]. 

This coiling effect can affect the ability of the polymer chains entangled with each other 
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to slide past one another. This entanglement, dependent upon the length of the interacting 

chains, is important when considering the physical properties of the polymer. Whereas 

some physical properties, such as density, surface tension, dielectric constant or thermal 

conductivity, are unaffected by the entanglement, viscosity, for example, strongly 

depends on it [11].  If one chain were to experience a force on it, causing motion, the 

entanglement would drag along other chains with it, creating significant drag. Polymers 

in their liquid state behave as Newtonian fluids only where the time scales involved are 

relatively large with respect to a characteristic time constant, otherwise, the polymer is 

considered elastic. The non-Newtonian behaviour of the polymer has a strain on the 

viscoelastic fluid, which is time dependent [12]. 

Because of the versatility in manufacturing polymers in terms of monomer unit and 

length of the polymer chain, it is possible to vary the physical characteristics of the 

material to satisfy the needs of the process. Many types of polymers exist, that include 

thermoplastics, thermosetting and UV curable plastics. In the case of thermoplastics, the 

glass transition temperature is low enough to allow the experimental procedure to be 

conducted in the material liquid state before being cooled back to its glassy state [13]. 

The material loss due to evaporation is negligible in thermoplastics due to a very slight 

vapour pressure above the entanglement limit [14]. The ability of volatile solvents to 

dissolve a broad range of polymers allows for quick processing. Due to entanglements, 

the viscosities of polymers are typically high, resulting in lower relaxation times for the 

resultant hydrodynamic processes such that the experimental process time is on an easily 

accessible time scale [15].  

 

1.3 Hydrodynamic forces and thin films 

The next step in understanding the EHDIP process is the application of the relevant 

hydrodynamic forces to a layer of polymer, constituted as a thin film on some substrate. 

Thin films typically range in thickness from fractions of nanometres (where they may be 

considered to be monolayers) to tens of microns. The determination of the thickness has 

a profound effect on the underlying physics of the film [16], and, subsequently, the 

particular electrohydrodynamic mechanism. 

The hydrodynamic forces can be summarised by the Navier-Stokes equation, which 

describes the motion of the fluid material. This equation arises from the application of 

http://en.wikipedia.org/wiki/Fluid
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Newton's second law to fluid motion, with the added assumption that the fluid stress is 

the sum of a diffusing viscous term, proportional to the gradient of velocity, and a 

pressure term. A solution of the Navier–Stokes equation is called a velocity field or flow 

field, which is a description of the velocity of the fluid at a given point in space and time 

[17]. Once the velocity field is solved for, other quantities of interest such as flow rate or 

drag force may be found. 

The relevant Navier-Stokes (N-S) equation for a Newtonian fluid with a viscosity, , is: 

ρ(∂t𝑣 + (𝑣. ∇)𝑣) = −∇p + ηΔ𝑣 + ρg  (1) 

Where  is the density of the fluid, v is the volume of the fluid, p is the pressure within 

the film and g represents the gravitational acceleration. The left hand side of the equation 

describes acceleration, and may be composed of time dependent or convective effects, or 

the effects of non-inertial coordinates if present. The right hand side of the equation is the 

summation of body forces such as gravity and divergence pressure and shear stress. This 

equation implies that, for any small volume element of the fluid, there is acceleration due 

to the forces acting on it (Newton’s second law), those forces being the pressure gradient, 

viscous forces and gravity. There is no Maxwell stress tensor coupling to 

electromagnetism as we are merely interested in the hydrostatic forces. 

Due to the high viscosity of the polymers studied in this thesis – in the range of 3 to 

5,000 cSt after Soft Exposure Bake (SEB) or 3 orders of magnitude higher than water, 

the resulting low velocity of the fluid renders the convective term negligible, (v.)v, on 

the left hand side of equation (1). Additionally the left hand side term, (𝜕𝑡𝑣), can be 

assumed to be zero since the dynamics of the fluid growth will be slow and thus assumed 

to be in a quasi-steady state [18]. Finally from Trimmer’s scaling laws [19], the 

gravitational acceleration term can be ignored since gravity is relatively unimportant at 

the micro scale in comparison to other forces like viscosity and surface tension. Thus 

equation (1) simplifies to:  

0 = −∇p + ηΔ𝑣       (2) 

The interface between liquid and air is never completely flat and still. The stability of a 

film is determined by the transient behaviour of fluctuations on its surface. These 

fluctuations are created either through temperature, gas convection or other phenomena. 

Due to temperature fluctuations, there is always a spectrum of capillary waves present 

http://en.wikipedia.org/wiki/Newton%27s_second_law
http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Stress_(physics)
http://en.wikipedia.org/wiki/Diffusion
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Pressure
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(fig 1-1). Although created by a spontaneous process caused by thermal motions, the 

relaxation of these capillary waves can be described by macroscopic laws, if their 

wavelength is larger than molecular dimensions. If additional forces couple to the 

capillary wave spectrum, undulations can either be suppressed or amplified [20].  

 

 

 

 

 

 

 

 

 

      

It can be shown that the only relevant component in the velocity vector is lateral to the 

capillary wave destabilising the surface [21,22]. Using this information and carrying out 

a linear stability analysis, Schaffer derived the motion at the fluid interface as: 

𝜕𝑡𝑡 = 𝜕𝑥 [
𝑡3

3𝜂
(𝜕𝑥𝑝)]         (3) 

where t is the film thickness [21]. The motion at the fluid boundary is primarily 

influenced by the thickness and viscosity of the film, and the applied pressure at the fluid 

interface. 

 

 

 

 

 
Figure 1-1: a) showing a standing capillary wave being induced by a) random thermal 

currents at the dielectric interface and b) the build up of charge along the interface in 

accordance with the Taylor-Meachy model. The wave moves latterly across the fluid dielectric 

interface 
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1.4 The Taylor-Melcher leaky dielectric and electrostatic pressure 

 

The Taylor-Melcher leaky dielectric model is best explained by adding to the N-S 

equation a term describing the conservation of current such that:  

   

ρ(∂t𝑣 + (𝑣. ∇)𝑣) = −∇p + ηΔ𝑣 + 𝑓           (4)        

 

where f is the vector field describing body forces. The electromechanical coupling that 

drives the electrohydrodynamic process occurs only from the fluid-fluid interface where 

the charge, carried to the interface by conduction, produces electric stresses. This effect 

is illustrated in (fig 1-2). In a perfect conductor or in a perfect dielectric material, this 

electric stress is perpendicular to the interface and is balanced by changes occuring in the 

interface shape and interfacial tension. The situation in the case of a leaky dielectric is 

different because free charge accumulates at the interface and modifies the configuration 

of the field. This develops a viscous flow in the fluid, providing a stress that balances the 

action of the tangential components of the electromagnetic field acting on the charged 

interface [1,2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As explained before, f encompasses body forces such as electromagnetic forces enabling 

thereby the coupling of the Maxwell equations to the hydrodynamic forces represented 

 

-

+ + + + + +

- - - - -

In the perfect conductor the electric 
field conducts through the interface 
with the electric stress acting 
perpendicular to the interface 

In the leaky dielectric free charge builds 
at interface, stress acts along the surface 
of the interface, causing a free flow of 
fluid

Figure 1-2: Difference in charge migration through a perfect conductor and a leaky dielectric. In a 

perfect conducting model there is a balanced charge through the interface. The leaky model allows an 

unbalanced force to build up on the interface through the collection of opposite charges on each side 

of the interface. 
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by the N-S equation. The electrical phenomenon has a characteristic time, which is 

modelled by the ratio of the dielectric permittivity to the conductance [23]: 

 

𝑡𝑐 =
ℇℇ0

𝜎
  (5) 

 

Where  and 0 are the relative permittivity and permittivity in vacuum, respectively;  is 

the conductance in Siemens. Applying Guass’s law [24], 

 

𝛻. ℇℇ0𝐸 = 𝜌𝑒       (6) 

 

𝛻 × 𝐸 = 0        (7) 

 

Where e is the free charge density and E is the electric field strength. The application of 

boundary conditions to these equations shows that the tangential components of E are 

continuous and the normal component jumps by an amount proportional to the free 

charge per unit area, q, such that  

 

∥ ℇℇ0𝐸 ∥. 𝑛 = 𝑞 (8) 

 

In this equation the ∥. ∥symbol describes the jump across the fluid boundary where n is 

the unit vector normal to the outside surface [1]. In accordance with the theory set out by 

Landau [25] the electric force, fe, as applied to the N-S equation is described as: 

 

𝑓𝑒 = 𝑄𝐸 −
1

2
𝐸2𝛻𝜀 +

1

2
𝛻 [𝜌

𝑑𝜀

𝑑𝜌
]

Θ
𝐸2   (9) 

 

On the right hand side of the equation the three distinct terms describe three different 

forces. The first term describes the Coulomb force, the second describes the dielectric 

force and the third the electrostrictive force. The dielectric force arises from the gradient 

of the permittivity coefficient in the fluid. The electrostrictive force describes the change 

of the fluid shape under an electric field with respect to its density [26]. Due to the fact 

that the permittivity of any uniform fluid can be assumed to be constant [1] and because 

this thesis deals with incompressible and therefore constant density fluids the Coulomb 

force is the dominant force. The insertion of the electric force into the Maxwell stress 
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tensor in the N-S equation allows us to redefine the dominating Coulomb force as a 

pressure term defined as the electrostatic pressure [22]. The -p term in the N-S equation 

is now the sum of components including the body forces and the electric field component 

now redefined as the electrostatic pressure: 

 

𝑃𝑒𝑙 =  
𝑉2

2𝐴
𝜕𝐶    (10) 

 

Where Pel is the electrostatic pressure, V is the applied voltage, A is the area of the 

surface under the field and C is the change in capacitance. The equation describing the 

motion at the interface can now be described as 

 

𝜕𝑡𝑡 = 𝜕𝑥 [
𝑡3

3𝜂
(𝜕𝑥(𝑝 + 𝑃𝑒𝑙))] (11) 

 

1.5 The total interfacial pressure equation 

 

There can be more than just one contribution from the electrostatic force over the surface 

since other body forces can contribute to the Maxwell tensor and, through derivation, can 

yield their own pressure components. Other interactions that may be included are gravity 

although this will have minimal effects at the microscale, Van der Waals forces, 

temperature gradients, acoustic forces, radiation pressures and surface tension forces. 

Thus the total pressure can be described as [27] 

 

𝑃𝑡 =  𝑃𝑒𝑙 + 𝑃𝑡𝑒𝑚𝑝 + 𝑃𝑣𝑑𝑊 + 𝑃𝑎𝑡𝑚 + 𝑃𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 + 𝑃𝐿 + 𝑃𝑔  (12) 

 

Where Ptemp is the thermo-mechanical pressure as a function of applied temperature, PvdW 

is the Van der Waals pressure, Patm is the air pressure of the ambient atmosphere, Pacoustic 

is the acoustic pressure, PL is the surface Laplace pressure and Pg is the pressure 

component due to gravitational pull. Of these terms, 𝑃𝑎𝑡𝑚 is independent of the film 

thickness and depends only on the experimental conditions. Since the EHDIP mechanism 

is concerned with the fluid interface and therefore the undulations present in the surface 

of the polymer fluid, the other terms are all dependent to some degree on the film 

thickness. 
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1.5.1 Thermo-mechanical pressure 

 

The electrostatic force and its resultant pressure have already been defined. As the 

polymers need to be heated above their glass transition temperature, the contribution of 

thermal pressure needs to be taken into consideration by looking at the exchange of 

thermal energy by conduction since, in the absence of convection and radiation, 

molecular vibrations in the liquid transport the energy. A thermal gradient is set up 

within the fluid that sets up a thermal energy flux in the direction of the lower 

temperature. It is the reflection of the phonons, the high frequency wave packet 

oscillations, at the surface of the fluid, due to the acoustic discontinuity caused by the 

interface between two different fluids that exert the pressure. The momentum flux may 

be related to the energy flux by: 

 

𝑗𝑝 =
𝑗𝑞

𝑢
     (13) 

 

where the momentum flux is jp and jq is the energy flux; u represents the propagation 

velocity of the phonon. The acoustic discontinuity reflects back the vast majority of the 

energy setting up a radiation pressure: 

 

𝑃𝑇 =
−2𝑗𝑞

𝑢
    (14) 

 

In this equation the minus sign represents the opposition to the increasing radiation 

pressure in the film by the outside ambient pressure. However, the phonons will reflect, 

at least partially, across the various interfaces - from the substrate into the polymer, from 

the polymer into the air – then we must consider the various thermal energy contributions 

to the system in these domains. These energy contributions set up a series of equations 

relating to all the fluxes travelling across the various interfaces. Solving for these 

equations gives an equation for the thermo-mechanical pressure [27] 

 

𝑃𝑇 =  
2𝑄𝑗𝑞

𝑢𝑝
    (15) 
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as defined in equation (12). The pressure is still dependent upon the energy flux and the 

phonon propagation velocity but now also includes the term  

(𝑄 =
𝑢𝑒𝑓𝑓

𝑢𝑝
) (16) 

 

which represents the amplification factor of the effective velocity through the interfaces 

related to the propagation velocity of the phonons. 

 

 

1.5.2 Acoustic radiation pressure 

 

The acoustic radiation pressure, also known as the Rayleigh radiation pressure, is the 

apparent pressure difference between the average pressure at a surface moving with the 

sound displacements, defined as the Lagrangian pressure, and the pressure that would 

have existed in the fluid of same mean density at rest. The fluid interface can absorb high 

frequency acoustic oscillations; this acoustic streaming sets up a steady current in the 

fluid [27,28] that contributes to the motion of the liquid at the interface. The Rayleigh 

radiation pressure is described as  

 

𝑃𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 =
𝜋𝑘𝑇

18𝑡3 + 𝑃𝑎𝑡𝑚   (17) 

 

The acoustic pressure is thus strongly dependent on the film thickness, t, and the 

temperature. There is also an independent term, the atmospheric pressure, which is the 

pressure exerted from the other medium, in the vast majority of cases, atmospheric 

pressure air.  

 

 

1.5.3 Laplace pressure 

 

The Laplace pressure is the pressure difference between the outside and inside of a 

droplet, or in our case, the curvature of a fluid. To maintain thermal equilibrium the work 

done to change the volume of the fluid must be the same as that done to change the area 

of the fluid. As the height of the instability increases, the curvature is changed, increasing 

the surface tension, the Laplace pressure may then be represented by [29] 

http://en.wikipedia.org/wiki/Wave_propagation
http://en.wikipedia.org/w/index.php?title=Lagrangian_pressure&action=edit&redlink=1
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𝑃𝐿 =
𝛾

ℛ
 (18) 

 

Where is the surface tension, or surface free energy and ʀ is the curvature of the 

instability. 

 

 

1.5.4 Van der Waals pressure 

 

The Van der Waals pressure depends on the polarisability of the fluid under experiment. 

It consists of three long range forces at the molecular level of the fluid that contribute to 

the interaction between these molecules and thus the pressure at the interface. There is 

the inductive force that is concerned with the effect of a dipole with an apolar molecule, 

the orientation force that exists between two dipoles and the dispersive force between 

two apolar molecules.  

 

𝑃𝑣𝑑𝑊 =
𝐴123

6𝜋𝑡3  𝑜𝑟 𝑃𝑣𝑑𝑊 =
𝐵123

𝑡4     (19) 

 

The A and B terms represent the Hamaker constants: the first coefficient deals with non-

retarded forces, while the second deals with retarded forces. The retardation effect is 

caused by the increasing distance between molecules such that the time taken for the 

electrical field to travel between the two is in the same order of magnitude as the 

oscillation of the dipole. It can thus occur that the dipole has already changed orientation 

by the time the first dipole field interacts with it, lessening the interaction, hence the two 

different equations [30]. 

 

1.5.5 Summary 

 

The Maxwell stress tensor may be used to couple outside electromagnetic fields, as well 

as other body forces to the N-S equation. This field and other forces will affect the 

motion of the fluid at a fluid-fluid boundary interface. Some of these forces are more 

dominant than others and are relatively easy to change and observe experimentally.  
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1.6 The EHDIP process with uniform electromagnetic fields 

 

It has been discussed the underlying physics of hydrodynamic instabilities, with 

particular attention to the electrostatic pressure. The electrostatic force is easily 

controllable, being dependent upon the ratios of the permittivity of the fluids at the 

interface as well as the applied voltage to the electrode. This sets it apart from other body 

forces such as the Laplace and Van der Waal forces. While the thermo-mechanical 

pressure is also controllable by the applied current through a hotplate or similar heating 

device, it lacks the near instantaneous change of the electrostatic field, since the thermal 

energy takes time to dissipate through the fluid after any rise or lowering of temperature; 

this makes it less than ideal for process control. Thirdly, the electrostatic force offers a 

unique opportunity to pattern coherent microstructures through the use of non uniform 

fields as explained later. 

The basic experimental set up for an EHDIP experiment is given in Figure 1-3: 

 

 

 

 

 

 

 

 

 

 

Schaffer [28] was able to evaluate the electrostatic pressure at the interface  

1

𝐶𝑇
=

1

𝐶𝑎𝑖𝑟
+

1

𝐶𝑝𝑜𝑙𝑦𝑚𝑒𝑟
   (20) 

 
Figure 1-3: EHDIP experimental setup, which consists mainly of a parallel plate 

capacitor. Two conductive plates are held separated by some form of uniform spacer, 

and a DC or AC voltage is applied across the plates. A bilayer fluid interface comprising 

atmospheric pressure air at the top and the polymer fluid deposited onto the bottom 

ground plate forms the dielectric. The bilayer interface effectively splits the one large 

parallel plate capacitor into two series capacitors where the fluid-fluid interface forms 

the low voltage/high voltage node of either capacitor. 
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1

𝐶𝑇
=

𝑡

𝜀0𝜀𝑝𝐴
+

(𝑡−𝑙)

𝜀0𝜀𝑎𝐴
   (21) 

Combining this equation for the capacitance with equation (10) for the electrostatic 

pressure 

𝑃𝑒𝑙 =
𝜀0𝜀𝑝(𝜀𝑝−1)𝑉2

2[𝜀𝑝𝑙−(𝜀𝑝−1)𝑡]
    (22) 

This can be further simplified by combining it with the equation for the electrostatic field 

at the interface [27,30]. By assuming that the dielectric displacement, the charge per 

surface area remains constant; the voltage at the fluid interface is: 

𝑉 =
𝜀0𝜀𝑝𝐸𝑝

𝜀0
(

𝑡

𝜀𝑝
+

𝑡−𝑙

𝜀𝑎
)   (23) 

which can then be re-arranged to give the electrostatic field, Ep, 

𝐸𝑝 =
𝑉

𝜀𝑝𝑙−(𝜀𝑝−1)𝑡
    (24) 

Finally, substituting this equation into equation (9) yields the same result as Landau’s 

equation discussed earlier for the electrostatic pressure. Thus Schaffer was able to 

corroborate Landau and Melcher’s work using a physical model of the experimental set 

up using the basic Gauss law.  

When activated, the uniform electric field emitted from the flat plate causes undulations 

in the polymer fluid according to the model set forth by the modified N-S equation. 

These undulations are formed from a spectrum of capillary waves, whose dominant 

modes contribute to the instability. These waves, amplified by the electrostatic forces, 

cause a lateral redistribution of the material across the surface of the fluid film. As the 

film attempts to maintain equilibrium, it tries to produce the smallest possible surface 

area. This causes a rupturing of the film into a broadly uniform pattern. This pattern can 

vary from square or triangular holes [21], but the predominant pattern observed 

experimentally is hexagonal arrangements as shown in Figure 1-4 [21,31].  

A weak non linear analysis model has been carried out to show that, at the start all 

dominant modes and amplitudes grow linearly but the hexagonal mode will eventually 

outpace the others [21]. As larger amplitude capillary waves form, they get pinned to the 

top surface of the film and stand out from the surrounding polymer film by draining 

away the liquid bridge between ruptured and un-ruptured film. This phenomenon forces 
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the hexagonal arrangements to form into pillars, being pushed up from the film while the 

surround area drains away.  

 

 

 

The hexagonal pillars formed under uniform fields have several limitations with respect  

 

 

 

They display a lack of a perfect edge, due to their nanometre size. Indeed, these 

hexagonal pillars have the same size as the macro molecules that form the polymer, thus 

the resolution of these pillars is poor and grainy boundaries are often observed. The 

pillars display also significant variation in size and distribution, preventing thereby the 

reproducibility of large surface areas of a given pillar density. Finally the aspect ratio of 

the pillars is limited partly due to the limitation on the surface areas of the tops of the 

pillars. 

 

 

 

V~ 
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Figure 1-4: evolution through time with a constant thermal and electric force applied of hexagonally 

packed pillars as seen in Harkema [9]; in a) we see the initial stages of growth as undulations begin to 

form mesas with some limited fluid bridge rupturing. It is not until b) however, that the dominant 

capillary waves have forces the packing of the fluid into distinct hexagonal structures c) shows the final 

evolution of the pillars, now distinct from each other. 

Figure 1-5  Basic setup for a non uniform E-field EHDIP process 
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It is possible to accurately and extensively model the electrostatic and hydrodynamic 

forces at the fluid-fluid interface [21,27,30].  Much experimental work has focussed on 

the implementation of these instabilities and the potential applications of this 

phenomenon. However, as pointed out in N.Wu and Schaffer, these experiments suffered 

from a lack of process control and repeatability. A far more interesting but more complex 

experimental regime involves the application of non uniform electric fields. 

 

1.7 The EHDIP process with non uniform electric fields 

 

The experimental set up is very similar to the one presented in the previous section and is 

shown in Figure 1-5. Here the major complexity lies in the control of the growth rate of 

the structure once the process has begun, as well as in the creation of a viable pattern that 

remains in the polymer upon completion of the process. Another difficulty is in the 

patterning of the top plate such as to create a non uniform electrostatic field. Most studies 

to date tend to gloss over this stage in the process, instead concentrating on the growth 

process itself. It is reasonable to assume however that these masks were patterned by 

traditional MEMs methods such as LIGA or electroplating. Any method can be used so 

long as there is a clear binary pattern manufactured on the master electrode. One of the 

simplest non uniform structures that can be applied is the case on a periodically repeating 

pattern, such as a set of parallel grooves, or mesas. This is also a type of structure that is 

widely applied to MEMS structures for a variety of functions, and is of broad interest. 

Thus it makes sense to examine this case in detail. 

From the setup shown in Figure 1-5 The model could be conceived as a summation of 

smaller capacitances, with each period being one full step such that: 

𝐶𝑝𝑒𝑟𝑖𝑜𝑑 =  (
𝐶1𝐶2

𝐶1+𝐶2
) + (

𝐶3𝐶4

𝐶3+𝐶4
)     (25) 

𝐶𝒕 = ∑ 𝐶𝑝𝑒𝑟𝑖𝑜𝑑
𝑛=∞
𝑛=1     (26) 

However, this is an approximation, and the shortcoming of this approach is apparent in 

the ignorance of the coupling effect in the electrostatic fields from one period of the 

master electrode to the next (fringing field effect capacitance), thus yielding an 

inaccurate result. Chapter 5 and 6 will demonstrate that it is possible, through numerical 
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and analytical methods, to accurately model the electrostatic field. It will be shown that 

an analytical solution for the field can be found and coupled to the existing equations for 

the electrostatic pressure to yield a better model. 

Non-uniform EHDIP was pioneered by Chou [32]. This paper concentrated on the 

experimental observations of his work without an in-depth look at the background 

theory. This work demonstrated the creation of arrays of pillars, which represented the 

negative image of the master electrode, also demonstrated was the growth of the  word 

“Princeton” of 3 micron high in the polymer. In so doing, Chou demonstrated that both 

periodic and non periodic polymeric structures can be manufactured with this technique. 

The structures created exhibited a continuous pattern over their areas, with no obvious 

sign of the hexagonal pillars seen under the application of uniform fields. This method 

has been shown to be effective down to 100 nm [33], nearing the upper limit at which 

previous hexagonal instabilities had been observed. However, since the underlying 

physics is identical then there must be a point where the hexagonal pillars flow into the 

micro-domain mesas seen under non uniform fields. 

Previous studies pointed out that the magnitude of the electrostatic pressure created by a 

uniform electric field at the interface had an effect on the density of the hexagonal pillars  

[21,28,30]. A stronger field caused the hexagonal pillars to form far closer to each other 

than was the case for weaker fields. The master electrode creates areas of electrostatic 

pressure that are far stronger at the salient features of the pattern than in other areas. This 

causes a high degree of packing in the hexagonal instabilities under the areas of higher 

field strength. The resulting instabilities flow into each other and form meso-scale 

regions with the same surface dimensions as those of the master electrodes [32,33]. Near 

the edges, where hexagonal structures are expected, there will be a definite flow of 

material towards the areas under more electrostatic pressure as the film ruptures, 

dispersing any hexagonal pillars that may form in the low pressure areas. 

Using some form of hydrophobic coating [32] it is possible to mechanically detach the 

master electrode from the finished structure once the temperature of the polymer has 

been brought back below the glass transition temperature. While, theoretically, the 

replica should be a direct copy of the original master rendered in the polymer, previous 

work has shown a broad spectrum of height variances in the finished structures [35]. 

Indeed our own work further illustrated this, however, in terms of process control, this 

was not felt to be as severe as in the case of the uniform EHDIP process.  
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1.8 Advantages of the EHDIP process and its applications 

 

It is necessary, in the context of applying this process to any useful industrial 

applications, to note how and why EHDIP could be a better process than existing 

polymer micro-machining processes. The quick process time, comparative small number 

of process steps [36] and the ability to produce hitherto complex topographies - such as 

continuous surfaces [37], all combine to make EHDIP an attractive avenue for polymer 

micro-machining. 

First, to examine the claim that EHDIP can be used to create topographies so far 

unrealised in MEMS engineering. A typical set up for non-uniform EHDIP may involve 

a binary periodic grating type mask. We have also demonstrated that the nature of the 

instability will cause polymer mesas to grow into the approximate lateral dimensions of 

the binary grating features. However, it is not a completely faithful pattern transfer, one 

artefact of the polymer growth is that vertices and turning points are considerably 

smoother than the master. As the undulations on the surface increase the dominant 

capillary wave functions cause the polymer to flow laterally across the surface in a 

sinusoidal fashion, as these waves cause the film to rupture under areas of increased 

electrostatic pressure and the growth follows, we see that the edges of the mesas induced 

rounded edges in the polymer. This is because the body forces in the polymer, building 

up an internal pressure cause the film to try and reduce its surface are and thus its free 

surface energy. As the material redistributes we see that the top of the structure matches 

the lateral dimensions of its master, but with curved bevelled edges, while the troughs 

between mesas form either curved trenches or flatter bottomed trenches with round 

bevelled edges, depending on the process time. effect Could be used to produce more 

efficient MEMS structures in Opto-electronics, RF and microfluidic applications. 

In addition to continuous surfaces, the EHDIP method has another interesting property 

with respect to the aspect ratio of structures demonstrated through this process. EHDIP 

can grow a single layer of polymer into a 3D structure by lateral distribution of material 

from that layer. Redistribution of polymer material along direction perpendicular to the 

electrostatic field is possible as long as three conditions are respected:  

(1) a reservoir of material to contribute to the growth, (2) the presence of electrostatic 

force and (3) the spacer gap between substrate and the mask is sufficient to allow 
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material to flow into. This allows structures fabricated by EHDIP to take on much larger 

perpendicular dimensions than is typically reported for surface machining techniques. 

The work presented in this thesis will report perpendicular dimension magnitudes as 

large as 15 µm. This allows EHDIP to be defined as a surface machining technique with 

true 3 dimensional capabilities, similar in this aspect to bulk machining. At the extreme, 

we have also demonstrated the growth of hollow microstructures allowing therefore self-

encapsulation of structures in one process step [15]. The conformality of moulding 

reported here is very good, with the polymer filling adjacent spaces between electrode 

lamellas. In this respect it could be seen as an alternative strategy for embossing plastic 

components. 

By effectively growing a complete 3D structure from a single polymer layer, EHDIP is 

shown to be attractive to the MEMS world in terms of its comparative lack of 

complexity. Unlike most surface machining techniques that require multiple steps to 

build up different layers of material for photolithography and subsequent chemical 

etching [38], This process requires comparatively few manufacturing steps, requiring 

only the transition of the polymer from glassy to liquid state and the application of an 

electrostatic field. This process lessens the cost of components required to create a 

device, as well as associated infrastructure costs when considering some of the more 

volatile wet etching materials like hydrofluoric acid that are particularly volatile and 

carries significant health and safety risks in its usage .With the important exception of the 

manufacture of the master electrode, EHDIP also alleviates the requirement for any 

photolithography within the process, and as it works over any class of polarisable 

polymer it is free of many of the limitations imposed by the use of a narrow class of 

photo resistive polymers used in surface micro machining for photolithography. 

The physical process time required to finish a structure is relatively low and depends on a 

range of experimental factors that we will address later. Timewise, the process is broadly 

comparable to other polymer micro machining techniques such as injection moulding and 

embossing. The EHDIP process requires,however, strict process control and the 

construction of suitable master masks to generate non-uniform electrostatic fields. These 

drawbacks will be discussed in this thesis. 
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1.9 Layout of the thesis 

 

As explained above, EHDIP had been demonstrated previously by W.Yu [33,35] and 

Chou [32] at least to the level of a concept demonstrator. The principle achievements of 

this thesis has been to develop methodologies for characterising experimentally the 

process through the expansion of modelling and manufacturing capabilities and applying 

those techniques in order to bring about the intrinsic relationships between competing 

forces and physical parameters in the system. This thesis will seek to demonstrate 

experimentally the complex parametric relationships that have only previously been 

hinted at in the various disconnected mathematical expressions governing 

electrohydrodynamics. Further it will be shown how previously unconsidered modelling 

techniques can be used to increase our understanding of how EHDIP works and to show 

that there are hitherto unrealised methods of driving instabilities in the polymer surface 

through acoustic actuation. 

Chapter 1, this chapter, presents the history, previous work and theory governing the 

process.  

Chapter 2 seeks to place EHDIP in context of comparable non silicon MEMS 

manufacturing processes. 

Chapter 3 outlines the necessary mechanical and electronic apparatus required to 

successfully initiate repeatable and uniform MEMS structures through EHDIP. 

Chapter 4 examines the various methods for generating and controlling non uniform E-

fields to drive instability in the polymer. 

Chapter 5 examines analytical and numerical modelling solutions for the non uniform E-

field and by extension the electrostatic pressure applied to the polymer surface. 

Chapter 6 outlines the designed experiments used to highlight the various parametric 

relationships needed to create a uniform and repeatable process. 

Chapter 7 provides concluding remarks and documents our work in examining other 

potential instability drivers beyond the non-uniform E-field and our application of these 

drivers to the experiment.  


