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Abstract 

HASEL-actuators use dielectric liquids and compliant shells as their media. This type of actuator 

would suit the actuators used as fins for soft milli robots (SOMIRO). These robots are going to 

be used in aquaponic crops for studying its impact on the environment to help the farmers 

improve their crops. The robots have to be soft and compliant, so the materials used for the 

HASEL-actuator should have the same properties. First, an automatic manufacturing method is 

investigated to find a proper way to produce these actuators. It was concluded that a process 

called the “two-layered actuator” had the most potential, where a PU film, PET film and 

DUALBOND glue was used to produce a well-defined HASEL-actuator by creating a cavity 

within the PU film by using a suction flask and fill the cavity with coconut oil. The cavity's 

shape was two domes (3 mm in diameter) connected with a middle channel (1 mm in diameter 

and a length of 3 mm). The actuator had electrodes made of a curable silver paste or Galinstan 

where their potential difference is used for powering the actuation. The aim for the needed 

voltage when actuating the actuators was to be below 1kV. This means that the actuators have to 

be as thin and have a low Young’s modulus as possible. The silver electrodes made the actuator 

too stiff to actuate at that low voltage, so the other potential materials would be Galinstan as the 

electrode and PDMS and PU film which could replace the PU and PET respectively. Depending 

on the pressure used on the suction flask for fabrication of the two-layered actuator, different 

heights of the cavity could be achieved. By changing the pressure to 1 kPa, it was found out that 

the lowest height of 260 µm could be achieved. Different compositions of paraffin oils were 

evaluated to find a suitable dielectric liquid with the right melting temperature since the actuator 

only works when the media is in its liquid state. The sample showing highest potential had a 

mixture of 4.4 g of a liquid paraffin oil and 1.17 g of a soft paraffin wax. The starting melting 

point was concluded to be at 5 °C. During the voltage test of the actuators, no sign of movement 

could be seen for any of the produced actuators when reaching the highest voltage of 1 kV. This 

indicates that the actuators are still too thick and stiff and needs to be improved in the future. 
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Populärvetenskaplig sammanfattning 

Aktuatorer har förmågan att omvandla en signal till en mekanisk rörelse av ett medium. 

Denna signal kan komma från olika typer av energikällor så som elektrisk, termisk, eller 

hydrauliska, beroende på vilken aktuator det gäller. En typ av aktuator är den så kallade 

HASEL-aktuatorn som använder sig utav dielektriska vätskor som medium. Denna vätska 

hålls inkapslad av ett sträckbart material som är delvis täckt av parallella elektroder på sin 

under- och översida. När en spänning appliceras mellan dessa elektroder så attraheras de, 

vilket gör att vätskan själv komprimeras och blir tvungen att förflytta sig där elektroderna inte 

är placerade. Detta ger alltså ett upphov till en mekanisk rörelse. 

 
I detta projekt ska en automatisk processmetod tas fram för att skapa dessa 

HASEL-aktuatorer som vid senare tillfälle ska användas för att styra fenorna för de 

simmande robotarna. Dessa robotar kommer användas i akvaponiska odlingar av grödor, 

såsom risfält, för att undersöka hur grödorna påverkar miljön. Eftersom dessa grödor kan stå 

väldigt kompakt så försvårar det att ta sig igenom. Detta ställer en del krav på robotarna. De 

kommer att behöva vara små, mjuka och flexibla. Några lämpliga material var polymerer som 

tunna filmer av PU och PDMS. För att kunna fylla aktuatorn med vätskan så konstaterades 

det att det bästa sättet var att göra det genom att skapa en kavitet i PU filmen med hjälp av en 

sugkolv. Denna metod kallas “två-lagers aktuatorn”. Det var önskvärt att ha en så tunn 

aktuator som möjligt och detta kunde uppnås genom att reglera sugkolvens tryck. Det tryck 

som gav lägst höjd var 1 kPa, vilket gav en höjd av 260 µm av den vätskefyllda kaviteten. 

Elektroderna bestod av en härdad silverpasta. 

 
Det skulle även tas fram en dielektrisk vätska i form av en paraffinolja i detta projekt. Då 

oljan måste förbli en vätska under användningen så behöver oljan ha en passande smältpunkt. 

Denna smältpunkt kan modifieras och balanseras genom att blanda varierande mängder av 

olika sorters paraffin med diverse smältpunkter. En blandning av 4,4 g av en paraffinolja 

(med smältpunkt Tm = -6 °C) och 1,17g av ett mjukt paraffinvax (Tm = 38 °C) gav en 

smältpunkt som startade vid 5 °C vilket var en önskvärd smältpunkt. 

 
När prototyperna av HASEL-aktuatorerna var tillverkade så utsattes de för ett test där en 

spänning applicerades mellan elektroderna. Den högsta spänningen som kunde nås var 1 kV. 

Ingen rörelse för någon av aktuatorerna sågs vilket berodde på att distansen mellan 

elektroderna var för stort samt ett alldeles för styvt material. PU filmen behövdes alltså bytas 

mot ett mindre styvt material som i detta fall valdes PDMS. Det konstaterades även att den 

rumstemperatur flytande legeringen Galinstan borde användas istället för silverpastan då den 

inte påverkar styvheten i lika hög grad för materialen som den härdade silverpastan gör, 

vilket höjde materialets styvhet till nästan det dubbla. I framtiden rekommenderas det att 

utreda mer om HASEL-aktuatorerna som tillverkades av PDMS och Galinstan till den 

aktuerande delen. 
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1. Introduction 
1.1 Background 

SOMIRO (Soft Milli Robots) is a project funded by Horizon 2020 for developing small, soft 

and autonomous robots. These robots' task is to swim and analyze farming environments, 

such as rice fields and other aquaponic crops. The analysis will consist of measuring and 

giving information about important environmental factors e.g., carbon footprint, overfeeding, 

levels of arsenic and over fertilization. These analyzes will provide an increased knowledge 

of the crops which will help understanding which factors that have to be modified to reduce 

its environmental impact.[1] 

 
For the robots to be able to move around in these closed-packed environments they have to be 

small, soft and compliant. This will not only reduce the cost since smaller objects need less 

materials, but also reduce the energy required to power the robot’s movement and 

communication. The source of power will come from the natural sunlight by using solar 

cells.[1] 

 
The shape of the robots is inspired from the swimming flatworms, see Figure 1. The size will 

be in the scale of several millimeters up to one centimeter long. Flatworms use side fins to 

move around so to make the robots move around, similar fins will be used. One way to make 

these fins is to use Hydraulically amplified self-healing electrostatic (HASEL)-actuators. 

 

 

 

a)                                  b) 

Figure 1: a) A real flatworm [2] b) The inspiration design of the robot. [3] 

 
HASEL-actuators use a dielectric liquid as the media for motion which keeps the robot soft 

since liquids have no stiffness.[4] In this project the dielectric liquid is a paraffin oil. It has a 

significant expansion when going from solid to liquid state. Since the robots will be used in 

outdoor aquatic environments, it is important to have a paraffin that stays as an oil, so it does 

not solidify when in contact with the water. The temperature of the water in rice fields is 

usually between 20-25 °C.[5] Hence, the melting point of the paraffin should be under 20 °C. 
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1.2 Aim of thesis 

The aim of this thesis is to first explore and find a suitable automatic process so that the 

HASEL-actuators can be mass produced by robots. In addition, suitable materials need to be 

explored to fit the demands of the actuators. The aim for the needed voltage during actuation 

is to be below 1 kV. Different paraffin oils and waxes will be mixed to multiple blends to 

achieve a melting temperature around 8 °C. This will be studied using thermal analysis as 

well as how to dispense the oil properly. Different strategies are tested to encapsulate the oil 

in the actuator and different electrodes are investigated. 

 

2. Theory 
 

2.1 Actuators 

 
2.1.1 Dielectric elastomer actuator (DEA) 

The reason why DEAs are brought up in this project is because HASEL-actuators are based 

on DEAs, and it will also be used as an analytical tool to design a simple equation for the 

HASEL-actuator. 

 
Dielectric elastomer actuator (DEA) uses a polymeric elastomer as a media which has two 

electrodes on the opposite sides creating a sandwich structure, see Figure 2 a).[6] When a 

voltage, U, is applied over the electrodes an electric field is formed which attracts the 

electrodes towards each other. This will create an electrostatic pressure, P, over the media, 

making it compress which leads to a decrease in height and an increase in width, see Figure 2 

b). Since DEA’s are not self-healing, the media undergoes permanent damage from 

breakdown after each actuation, hence it has a shorter life span.[7] 

 

 

a) b)  

Figure 2: a) The DEA when the voltage is off. The grey parts are the electrodes, and the green part is the 

elastomer. b) The elastomer increases in length, Δl, but decreases in thickness during actuation, V > 0. 

 

 

 

 
  (1) 

 
Equation (1) describes how the distance, between the electrodes, d, the applied voltage, and 

the media's relative permittivity, 𝜀r, affects the electrostatic pressure.[8] The vacuum
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permittivity, 𝜀o, which is a constant is also included. This equation can be rewritten as an 

expression of the voltage (2). 

 

 

 
(2) 

 
Here, the pressure has been expressed as the introduced force, F, and area, A, of the electrode. 

The stiffness, which comes from the Young’s modulus, E, of the media, can affect the amount 

of voltage needed to actuate. The stiffer the material and the longer the distance is, the more 

voltage is needed. Usually, the voltage goes up to several kV, which hinders the usage of this 

actuator in many applications.[9] From one study by Poulin et al,[9] where the aim was to 

produce a low-voltage DEA, the thickness had to be as thin as 3 µm to achieve actuation 

below 1 kV. This low-voltage DEA was compared with a similar DEA where the thickness 

was 30 µm instead and the voltage needed to actuate with just a strain of 7.5% was 3.3 kV. 

 

2.1.2 HASEL-actuator 

Similarly to a DEA, HASEL-actuators use applied voltages between two electrodes to press a 

media. Here, the media between the electrodes consists of a dielectric liquid and the 

electrodes are placed so it only covers some segments of the media.[10] When a voltage is 

applied, the liquid gets pushed from the place where the electrodes compress, to the place 

where no electrodes are used. This creates an actuation by changing the volume, which is a 

mechanical movement, see Figure 3. Once the applied voltage is turned off, the liquid returns 

to its original site without being affected. This is of great benefit since the actuator can be 

used for many more cycles than DEAs since no mechanical damage occurs for the liquid. The 

word self-healing comes from the fact that the HASEL-actuator can electrically self-heal 

itself from dielectric breakdown, which is an advantage compared to the elastomers used for 

DEAs.[11] 

 
The most common way to manufacture these actuators is to manually inject the liquid into a 

flexible or stretchable shell.[4] Since this project involves finding an automatic method this 

common method is excluded since the injection is manmade. Usually, an applied voltage of 

several kV is used to provide a motion.[9,10] When applying the voltage, a zipping motion 

often occurs, meaning that the electrodes start to attract each other where the distance 

between them is smallest, see Figure 3.[10,11] This will decrease the needed voltage and it can 

also be helpful since the direction of motion can be selected. One can obtain better zipping 

motion by having sharp corners of the actuators shape, hence the voltage can be decreased 

even more.[9] 
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a) b) c) 

Figure 3: A schematic instruction of how the zipping motion works when increasing the applied voltage. a) The 

voltage is off and no actuation occurs. b) A voltage is applied and the electrodes start to attract where the 

distance between them is the smallest, creating a zipping motion. c) The actuator is fully zipped[4] 

 

2.1.3 HASEL-actuators in soft robotics 

HASEL-actuators have the potential to mimic muscle-like performances that replicate 

biological muscles.[7] This can be an advantage for soft robotics, for example, Acome et al,[7] 

made a soft gripper by two stacks of donut shaped HASEL-actuators that could grip and lift 

fragile objects, see Figure 4 a). They can also be used for bending movements, for example, 

Mitchell et al,[4] mentioned a scorpion with a tail which had several pouches in different 

shapes and sizes. These pouches were filled with the dielectric liquid during actuation which 

made the tail bend just like a lifelike scorpion tail, see Figure 4 b). Hence, depending on the 

materials used and the design of the actuator, as well as placement of the electrodes, different 

actuation movements can be achieved. 

 

a)           b)  

Figure 4: a) The gripper with the stacks of donut shaped actuators is holding a raspberry during actuation.[7] b) 

The scorpion tail with its pouches is curled up during actuation.[4] 

 

2.2 Paraffin 

 
2.2.1 Properties of paraffin 

Paraffin is a polymeric alkane with the composition of CnH2n+2 which comes in many different 

forms and physical states. They can either be in the form of a liquid oil, with different 

viscosities, or they can be in a solid wax form that is either more soft or hard. The difference 

in physical states comes from the number of hydrocarbons in the composition. More 

hydrocarbons mean a longer polymer chain, which also means that the paraffin has a higher 

melting point and vice versa. All of these chains are aliphatic (if it is pure alkanes), meaning
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that the hydrocarbons are not enclosed in any way such as aromatic rings, so the chains are 

always open.[12] 

 
Relevant physical properties such as having a low dielectric constant, low electrical 

conductivity, are non-polar and are therefore hard to solve in water.[12] They also have a large 

expansion, usually between 10-15%, when going from a solid to a liquid state.[13,14] This can 

be utilized for thermal and hydraulic actuators.[15] The main expansion occurs during phase 

transformation when going from a solid to a liquid, i.e. the melting point.[13,16] 

 

2.2.2 Blending paraffin 

Mixing two or more polymers produces a so-called polymeric blend. This blend can enhance 

some of the polymer’s properties but also balance them.[17] For instance, the melting point, 

where the two different paraffins' melting temperature depends on the ratio of each paraffin. 

 
There are two ways of mixing polymers. One way is to dissolve and mix the polymers in the 

same solvent and then let the solvent evaporate over time. The other way is to heat up the 

polymers to a melted state and mix them together until a homogenous blend is created.[17,18] 

Their miscibility with each other will affect the result of the blend and it depends on both 

their rheological behavior and the energy of mixing. A miscible blend is homogeneous and 

only consists of one glass transition temperature (Tg) and one melting point (Tm) which is 

intermediate between the two mixed polymers. An immiscible blend is inhomogeneous and 

consists of at least two different Tg and the polymers are separated into its own phases. [17] 

 
In order to predict whether two polymers will blend, one can analyze the molecular structure. 

It is more likely to achieve a miscible blend of two polymers if they are both aliphatic since if 

they had enclosed aromatic rings, they would be more stable and harder to break apart. It is 

also beneficial if they have similar side groups, linearity and density.[17] However, pure 

paraffin polymers should not have any different side groups since they only consist of one 

straight chain of hydrocarbons. Instead, it can be more important to think about the number of 

carbons of the paraffin chain. A blend of two different paraffin polymers that either both have 

an even or odd numbers of carbons mix better than if one of them have an even number and 

the other one an odd number of carbons.[18] 

 
Even though the paraffins create a miscible blend they might not bind strongly to each other. 

This will affect the balance between their properties by for example decreasing the expected 

melting point.[19,20] 

 

2.4 Stress-strain curve 

A stress-strain curve presents some material properties from its correlation between the stress 

and strain. These properties include: 

 
- The Young’s modulus, which describes the stiffness of a material. 
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-  The tensile strength, which is the highest measure of stress, σ, that the material can 

withstand before it breaks. 

- The elasticity of a material and when it starts to harden. 

 
One way to achieve this stress-strain curve is to let a material sample go through a tensile 

test. This means that the sample is pulled with an increasing force until it breaks. Figure 5 

shows an example of an ideal stress-strain curve of a metal, but similar curves are obtained 

for most materials.[21] First (1), the material undergoes an elastic deformation linearly until it 

reaches its Yield strength, meaning that within that area the stretched-out material will return 

to its original length when the pulling stops. The second area (2) shows when the material 

starts to deform plastically, meaning it will not go back to its original length and its shape has 

started to change. At the end of the curve (3), the material has reached its breaking point and 

breaks. Throughout this whole test the stress and strain are measured.[21] These measurements 

are described mathematically below. 

 

Figure 5: An example of a Stress-strain curve, (1) shows the elastic deformation, (2) shows the plastic 

deformation and (3) shows where the material fractures. [21] 

 
The stress, σ, comes from which force, F, that is used when pulling a sample with the 

cross-sectioning area, A. This can be presented as an equation (3). 

 

 

(3) 

 
The strain, ε, comes from the change in length, Δl, of a sample where l0 is the initial length 

when no stress is applied. This can be presented as an equation (4). 

 

 
 

(4) 
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Young's modulus, E, can be extracted from the stress-strain curve by calculating the slope of 

the region where the material is still under elastic deformation, using Hooke's law, equation 

(5). 

 

 
 

(5) 

 

 

3. Experimental 

This project is divided into two parts. The first part is to find a manufacturing process for the 

HASEL-actuators and the second part is to find a suitable oil as the media. 

 
The general concept is to have an oil filled channel constituting the HASEL-actuator. At one 

end of the channel there were two electrodes separated by the oil. This part will be called the 

“electrode side”. The placement of the electrodes is important. They must overlap but not be 

in contact with each other since there will be a short circuit. At the other end of the oil 

channel, the movement or actuation occurred. This part will be called the “actuator side”. 

Dividing these two sides were the “middle channel” that worked as a transporting channel for 

the oil. Figure 6 shows an example of the oil channel. 

 

Figure 6: An example of the shape of the oil channel (red). 

 
Paraffin oils and waxes were used, as well as coconut wax in some cases. The coconut wax 

has a melting temperature at 25 °C, which makes it convenient to use at room temperatures. 

 
The electrodes were made either by spraying a flexible silicone-based silver paste (125-19FS, 

Creative Materials, United States) diluted with a solvent (127-05, Creative Materials, United 

States) 1:1 with the use of a handheld airbrush, or from spraying a gallium-indium-tin alloy 

called Galinstan (Geratherm Medical GA, Germany), which is a liquid metal at room 

temperature. During all spraying, a stencil mask was used to expose or protect the surface, cf. 

Figure 7. Copper foil was used to extend the electrodes and to facilitate the use of crocodile 

clips during the voltage tests. 



 

8 

 

 

 
 

Figure 7: a) The substrate (grey) b) The substrate is covered with a mask with a specific shape (white) and then 

sprayed with a spray (blue) c) The mask is removed revealing a part of the substrate, clean from the spray. 

 
The body of the robots is supposed to be elastic and soft so materials such as 

polydimethylsiloxane (PDMS) and polyurethane (PU) films were used. Also, more stiff 

materials (from manual inspection) such as polyethylene terephthalate (PET) and PU tape 

were used as a base material of the actuator. 

 
When mixing the paraffin blends, three different paraffins were used. These paraffins are 

tabulated in Table 1. The melting points are taken from their data sheets but all of them were 

tested with thermal analysis to confirm it. Their molecular structure can be seen in Figure 8. 

 
Table 1: The paraffins name, melting point and chemical formula. 

 

Product name 

 

Name in this project 
Melting point from 

data sheet [°C] 

 

Chemical formula 

Pure Paraffin Soft yellow, 

Fisher Chemical 

 

Soft paraffin wax 

 

38 C10H21 

Pure paraffin wax pastillated, 

Fisher Chemical 

 

Hard paraffin wax 

 

57 C21H27NO3 

Pure paraffin liquid water 

white, Fisher Chemical 

 

Liquid paraffin 

 

-6 C16H10N2Na2O7S2 

 

 
 

a) b)    c)  

Figure 8: Molecular structure of a) soft paraffin wax [22] b) hard paraffin wax [23] c) liquid paraffin.[24] 

 
All height measurements were done with a Vertical Scanning Interferometry instrument (VSI, 

Zygo, Nexview NX2, US) at Myfab at Ångström. 
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The oven used for curing and melting was always set to about 60-70 °C. 

 
3.1 The three-layered actuator 

The principle of the three-layer prototype was to have three layers of PDMS films. The top 

and bottom layer would provide substrates for the electrodes and the middle layer would 

contain a cavity, defining the oil channel, see Figure 9. 

 

 

 
Figure 9: A cross section of the three-layered actuator (not according to scale). The blue parts represent the 

three different layers. The red is the oil in the oil channel. The black and orange represent the silver electrodes 

and copper foil, respectively. 

 

3.1.1 Bonding with diluted PDMS spray 

Diluted silver paste was sprayed onto two square pieces (top and bottom layer) of 100 µm 

thick PDMS films (Ultra Thin Silicone Film, Silex Ltd, U.S.), using an airbrush. After 

deposition, the silver was cured in an oven for 30 minutes. A strip of Galinstan was sprayed 

on, overlapping the silver electrode and a small piece of copper foil which was placed at the 

end of the Galinstan line. Uncured PDMS (Elastosil RT 601 A/B, Wacker, Germany) was 

prepared by mixing its two components A and B so it can be cured. This mixture of uncured 

PDMS was then dispensed with a syringe on top of the Galinstan to encapsulate it and then 

cured in the oven for about 10 minutes. Figure 10 shows a schematic step by step of the 

process of making the top and bottom layer. 

 

a)   b)  c)  

Figure 10: a) The silver electrode with a square area of 4x4 mm on top of one of the PDMS layer, b) the silver 

electrode and the Galinstan stripe at the end, c) the copper foil and Galinstan was encapsulated with PDMS 

(the written backwards “B.” stands for bottom layer). 

 
For the middle layer, a square piece of 100 µm PDMS film was used. Using a cutter 

(CAMM-1 GS-24 Desktop Vinyl Cutter, Roland DG, U.S.) a channel for the oil and two 

holes for the encapsulated Galinstan was cut out, see Figure 11 a) for the design made in 

Autodesk Inventor. 
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To bond all layers, a mixture of PDMS and a solvent (Wacker + isobutyl acetate, 1:1), was 

sprayed on. First, one side of the middle layer was sprayed and then placed over the bottom 

layer according to Figure 11 b). The bonded layers were then cured in the oven for about 10 

minutes. While it cured, the coconut wax (Kung Markatta, Sweden) melted into an oil and 

dyed with a red powder (Sudan III, Sigma-Aldrich, U.S.). 

 

a)  b)  

Figure 11: a) Design of the oil channel (middle) and the holes for the sealed Galinstan. The dimensions are in 

mm. b) Bottom and middle layer bonded together. 

 
Afterwards, the oil channel was filled with the coconut oil by dispensing it with an automatic 

pipette, 0.5 µL at a time. The total number of pipetting varied between 3-4 µL for each 

prototype. The oil was then allowed to solidify in the freezer (-18 °C) for about 5 minutes. 

Finally, the top layer was sprayed with diluted PDMS and placed on top of the middle layer, 

letting them bond by curing it at room temperature to keep the wax solid. 

 
During this procedure, two other thicknesses of the PDMS layers were tested for their ability 

to bond with the help of the diluted PDMS spray. The thinnest available PDMS film had a 

thickness of 20 µm and the thickest 250 µm. The 250 µm was bonded to one piece of 20 µm 

and then two pieces of 250 µm were bonded to each other. 

 

3.1.2 Bonding using plasma 

Instead of using the diluted PDMS spray as a bonding method, a handheld corona discharge 

(BD-50E Heavy Duty Generator, ETP, U.S.) was used to properly bond all the layers 

physically with plasma. This was done by holding the corona treater 3 cm above both of the 

surfaces and exposing them with the plasma for about 30 seconds each. After plasma 

exposure, the two surfaces were pressed against each other to complete the bonding for 30 

minutes. As before, the bottom and middle layer was bonded first, after which the oil was 

dispensed into the middle layers channel. After solidifying the oil, the middle layer was once 

again treated with plasma. During the plasma treatment of the top layer, the middle layer was 

kept cold on a cooling plate so the wax tended to melt since the plasma could heat up the 

surfaces. The top and middle layer was pressed against each other for 30 minutes to ensure a 

complete bonding. 
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Finally, the top and bottom layer was changed to a PDMS film with a thickness of 20 µm. 

The shape of the oil channel was also changed, see Figure 12. 

 

Figure 12: The new shape of the oil channel. The circles of the actuator and electrode side have a diameter of 3 

mm and the middle channel has a width of 1 mm and a length of 3 mm. 

 

3.1.3 Punching out wax disks 

Instead of dispensing oil with an automatic pipette, punched out wax pieces in the form of 

disks were used. The idea was to manually pick and place the pieces of wax in the oil channel 

according to Figure 13 a). 

 
To get a sheet of 100 µm thick wax, two pieces of fluorinated films were placed on top of two 

identical microscope slides. The fluorinated film was used since it does not adhere to the 

wax. These fluorinated films on the microscopic slides were separated 100 µm from each 

other by using a piece of 100 µm PET film on each end, see Figure 13 b). The coconut oil 

was melted completely and then dropped onto one side of the fluorinated film and then 

pressed and clamped together with the other film like a sandwich. The oil solidified in the 

freezer and lastly, after removing one of the fluorinated films, disks of wax were punched out 

using 3 mm and 1 mm biopsy punches. The equipment (tweezers and scalpels) was 

pre-cooled and kept cooled by placing them on a cooling plate. The wax was also placed on 

the cooling plate during the punching to keep it from melting. 

 

a)  b) 

Figure 13: a) A description of how the wax pieces were going to be placed in the oil channel. b) A cross section 

of the wax sheet (red) between the fluorinated film (white) and microscope glass slides (blue). The film is 

separated with two stripes of PET (black). 

 

3.2 The five-layered actuator 

The five-layer actuator prototype was similar to the three-layer prototype but instead of 

having silver electrodes on the inside, the electrodes were placed on the outside of the top 

layer and the bottom layer, see Figure 14. This would prevent the oil from being in contact
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with the electrodes and a more planar layer around the oil channel would be achieved which 

was believed to prevent leakage after bonding. The two extra PDMS layers called CT and CB 

(enCapsulating Top and Bottom) with the thickness of 20 µm were placed on the bottom and 

top layer for protecting and encapsulating the electrodes. 

 

 

 
Figure 14: A cross section of the five-layered actuator (not according to scale). The blue parts represent the five 

different layers. The red is the oil in the oil channel. The black and orange represent the silver electrodes and 

copper foil respectively. 

 

3.2.1 Electrodes placed on the outside of the oil channel 

The oil channel was first cut out in the middle layer and then bonded to the bottom layer with 

plasma. Then the oil channel was filled with the coconut oil and then left to solidify in the 

freezer for 5 minutes. The middle layer was then bonded to the top layer with plasma. 

 
After bonding, the silver paste was sprayed onto the bottom layer and cured in the oven. 

Afterwards, a piece of copper foil was placed at the end of the silver electrode and a droplet 

of Galinstan was placed at the interface of the copper foil and the silver, similar to the 

three-layered actuator. To encapsulate the electrodes, a PDMS film (CB) was used instead 

and bonded to the bottom layer with plasma. Lastly, the same process was done for the top 

side with a second electrode and encapsulating layer (CT). 

 
Additionally, a second variant was made of the five-layered actuator with PU films with the 

thickness of 15 µm as top and bottom layer. 

 

3.2.2 Casting wax by using PDMS as the mold material 

For this process, the oil was being casted into solid wax pieces in the shape of the oil channel. 

The wax pieces were placed in the oil channel in the middle layer of the five-layer actuator. 

 
A PDMS mold was composed by using an etched copper template. To fabricate this copper 

template, a mask with the shape of the oil channel was made by inkjet printing it on a transfer 

sheet. A Kapton sheet with an 18 µm layer of copper was placed on top of the transfer sheet, 

facing the ink and laminated three times. This process transferred the ink from the transfer 

sheet onto the copper foil. Afterwards, it was submerged in water and the transfer sheet could 

be removed carefully, leaving the ink on the copper, see Figure 15 a). Thereafter, all of the 

copper was etched in a solution (200 g sodium persulfate per 1 L water), removing all of the 

uncovered copper creating the molding template. After the etching, the template was cleaned 

with distilled water to remove any excess etching solution. 
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The remaining ink on the template was removed by submerging the substrate in acetone, 

dissolving the ink. Lastly, the template was placed in a petri dish facing upwards and uncured 

PDMS was poured on top, covering the whole template. The PDMS cured overnight and was 

then cut out, see Figure 15 b). The depth of the mold was 18 µm. 

 

a)                        b)  
Figure 15: a) The ink (black) has been transferred on top of the copper foil. b) The PDMS casting mold. 

 

Coconut oil was poured over the casting mold and solidified in the freezer. The excess 

coconut wax was scraped off using a microscope glass slide. 

 

3.2.3 Casting by using PET and Vinyl tape as mold material 

To create a stiffer casting mold than the PDMS, a PET film was used and to get a softer wax 

piece than the coconut wax, the soft paraffin wax was used. The oil channel was cut out in the 

PET film which had a thickness of 100 µm. Afterwards, the film was attached to a vinyl tape 

creating a mold. Soft paraffin wax was spread over with the help of a microscope glass slide. 

Then, the wax was hardened in the freezer. 

 
Another attempt was also made by using coconut oil, where the oil was spread over the mold 

with a lighter pressure on the glass slide. After, the oil solidified in the freezer and the excess 

wax that was spread outside the mold could be removed using a scalpel. 

 

3.2.4 Casting by using PET and copper tape as mold material 

Two pieces of copper tape with a thickness of 60 µm had the oil channel shape cut out in 

them. The copper tapes were stacked and then they were taped on top of a PET film, creating 

a casting mold with a total depth of 120 µm, see Figure 16 a). The soft paraffin wax was 

spread over, using the microscope glass slide and solidified in the freezer (-18 °C). Another 

attempt was done by dispensing coconut oil into the mold and letting it solidify, see Figure 16 

b). Then the copper tape was removed from the PET film, leaving the coconut wax in the 

PET. 
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a) b) 

Figure 16: a) The copper tape casting mold with the oil channel cut out in the copper. b) The solidified coconut 

oil in the copper tape casting mold. 

 

3.3 The two-layered actuator 

The principle of the two layered actuator is to encapsulate the oil between two layers. To do 

this, the top layer had a cavity made where the oil could be placed. The bottom later was used 

to encapsulate the oil while keeping the cavities shape, see Figure 17. 

 
 

Figure 17: A cross section of the two-layered actuator (not according to scale). The blue parts represent the two 

layers while the red and black part represents the oil and electrode, respectively. 

 

3.3.1 Pushing a PU film down with paraffin wax 

The oil channel shape was cut out in a 100 µm PDMS film with a rigid back substrate on. A 

PU film with the thickness of 15 µm was placed on top of the PDMS film. The soft paraffin 

wax was spread over the PU film with a glass slide pushing down the PU film into the oil 

channel. In the cavity that was created, wax was deposited resulting in an oil channel of wax, 

see Figure 18 for the schematic process. 

 

Figure 18: The process when the soft paraffin wax was being spread over the PU film, spread with a glass slide 

as a doctors' blade. 

 

The shape and the height of the wax pieces' electrode side and middle channel was studied 

with VSI. Afterwards, the excess oil around the oil channel was removed using a cotton
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swab. Finally, a square piece of PU tape was placed and taped to the PU film, encapsulating 

the wax. 

 

3.3.2 Pushing wax down into a cavity by using a suction flask 

To keep the wax down in the PU oil channel while bonding with the tape, a suction flask was 

used to suck down the PU film. For this process, a 3D-printed plastic plate was produced to 

fit the suction flask, which had an opening in the shape of the oil channel, see Figure 19 a). 

The plate was sealed to the suction flask with PDMS. 

 

a)          b)  

Figure 19: a) A top view of the plate where the opening can be seen in the shape of the oil channel. b) The 250 

µm thick PDMS film has been placed to align its own cut out oil channel to the oil channel in the plate. 

 

Square pieces of 250 µm PDMS films with the oil channel cut out were placed to align over 

the hole in the plate, see Figure 19 b). This was to help protect the PU film from the hard 

plastic of the plate. The suction flask was then connected to a water tap using a tube, see 

Figure 20. 

 

Figure 20: The suction flask was connected to the water tap via a tube on its left side. To keep the suction flask 

in place a stand was used on the right side of the flask. On top of the plate a PU film was placed which covered 

the hole. 

 
A piece of PU film was placed and taped down over the PDMS and plate, see Figure 20. This 

PU film will be the top layer of the actuator. PU tape was placed on top of the PU film, 

making the bottom layer. Another attempt was also made by using the plasma discharge on 

the PU film and tape to create an even stronger bond. 
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3.3.3 Dispense liquid oil into the cavity using suction flask: PU tape 

Alternatively, liquid coconut oil was dispensed with the automatic pipette until the cavity was 

completely filled. The total volume varied between 2.5 - 4 µL. To solidify the oil, a cold 

environment was created by placing a cooled down aluminum cylinder with a hole in it over 

the oil, see Figure 21. Due to the reduction of the oil's volume when solidified, the volume of 

oil in the cavity was regularly examined and if deemed too small, more oil was dispensed. 

 

a)  b)  c)  
Figure 21: a) The aluminum cylinder used to create the cold environment. b) The aluminum cylinder was placed 

on top, covering the oil channel. c) The oil has solidified into a hard wax in the cavity of the oil channel. 

 

3.3.4 Dispense liquid oil into the cavity using suction flask: Glue 

To encapsulate the oil and to create a stronger bonding between the PU film and PU tape, 

different glues were tested for this purpose. First, a flexible epoxy glue (EPO-TEK 301-2FL, 

GA Lindberg, Sweden) was used. The glue was spread over with the help of a syringe needle 

on top of the PU film with a cavity containing the solidified oil. The PU tape was placed over 

the glue and with the help of a microscope glass slide as a doctors' blade, the excess glue 

could be spread and pressed out so the excess could be removed. The glue cured in the oven 

for 3 hours. 

 
The second glue was also an epoxy glue (DUALBOND ® GE4910, DELO, Germany) which 

was cured using a handheld UV-lamp (UV-CURE hand-held exposure, APM, Germany). The 

glue was spread out with the help of a dust free cleaning wipe. The PU tape was placed over 

it the same way as before, removing the excess glue with the microscope glass slide. 

Afterwards, the glue was cured, and the assembly could be removed from the plate. 

 
Finally, a silver electrode was sprayed and cured on the bottom of the electrode side of the oil 

channel. The electrode was connected to a copper foil with the help of a conductive epoxy 

glue. The copper foil was cut out into a thin strip with a hole at the rounded end where the 

conductive epoxy glue was placed, see Figure 22 a). The same process was used on the top 

side of the electrode side, see Figure 22 b). 
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a) b) 
Figure 22: a) The copper foil that was used to extend the electrodes. b) The actuator with sprayed on and cured silver 

electrodes. 

 

3.3.5 Evaluating different pressures, materials and placements of electrodes 

In addition to the water tap to create a suction, two different vacuum pumps were used. One 

that could (Ultimus V High Precision Dispenser) be set to different pressures and the second 

one that had a constant high vacuum of 9 kPa (Vacuum Pump N 840.1.2 FT.18, KNF). The 

pressures from the pressure regulator that was tested were 1 kPa, 2 kPa, 3 kPa and 4.48 kPa 

which was the maximum pressure. The total volume of oil varied between 2.5-7 µL. The 

height of the oil channels electrode side, actuator side and middle channel were studied with 

VSI. 

 
Different bottom layer materials were also tested instead of using the PU tape. The materials 

were the 100 µm thick PET film and the other one was a flexible plastic film (FPF) with a 

thickness of 40 µm. Both are more rigid than the PU tape. 

 
The placement of the silver electrodes was also modified since the space between them 

affects the actuation voltage according to equation (2). The first way, which was described in 

the section before, was that the electrodes were placed on the outside of the oil channel at the 

electrode side, see Figure 23 a). 

 

 

 
a) b) c) 

Figure 23: Two-layered actuator (not according to scale) a) Both electrodes (black) are placed on the outside of 

the actuator, b) Both electrodes are placed on the inside of the electrode, c) One electrode is placed on top of the 

top layer while the other one is placed on the inside of the actuator on the bottom layer. 

 

The second way was to place the electrodes on the inside, see Figure 23 b). Here, the silver 

electrodes were sprayed and cured on the PU film and on the PET/PU tape before the oil 

filling process with the suction flask. The PU film had to be placed facing upwards and 

electrodes aligned correctly in relation to the plate, see Figure 24 a). After, the oil and glue 

were dispensed as usual. The PU tape or PET with the other silver electrode, see Figure 24 b), 

was placed so that the silver faced downwards and was aligned proportionately above the 

other silver electrode. 
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a) b) 

Figure 24: a) The PU film with sprayed on silver electrode was placed so the silver covers the part of the 

electrode side. To get the electrode on the inside of the actuator the silver has to be facing upwards. b) The 

sprayed silver electrode on the PU tape. 

 
A third attempted fabrication procedure was to have one electrode placed on the inside of the 

bottom layer and one on the outside placed on the top layer, see Figure 23 c). The PET or PU 

tape used as bottom layers was prepared with silver electrodes before bonding. 

 

3.3.6 Dispense liquid oil into the cavity using suction flask: Galinstan and 

PDMS 

In this fabrication process the electrode material was changed from silver to Galinstan. The 

electrode was placed on the outside of the oil channel and connected to the copper foil. 

Uncured PDMS called Vario (Elastosil ® Vario 15) was used covering all parts with 

Galinstan to encapsulate it. The material used for the top layer was the PU film while the 

bottom layer consisted of PET or the FPF. The pressure used for suction was 2 kPa (for the 

FPF and PET plastic) and 4.48 kPa (for the PET plastic only). 

 
Instead of having PU film as a top layer a 20 µm thin PDMS film was used to make the 

actuator more elastic and softer. One attempt was to use copper foil as the bottom layer and 

another one was to use the PU film. A silicone glue (Elastosil A07 Silicone Adhesive) was 

used to bond the layers and encapsulate the dispensed coconut oil between them. The actuator 

with copper foil was intended to have a Galinstan electrode on the outside of the top layer 

and the copper foil itself would be the other electrode. For the actuator with the PU film as 

the bottom layer, the silver electrode was placed on the inside of the PU film and a Galinstan 

electrode would be placed on the outside of the PDMS film. 

 

3.4 Experimental tensile test 

To gain more knowledge of the stiffness of the different materials for the top layer, a tensile 

test was executed using a dynamometer with the maximum load of 200 g. The sample's width 

was measured and placed between a clamp that was attached to the dynamometer, see Figure 

25. Next to the sample, a ruler was attached so the distance could be measured. On the 

sample a dot was drawn to mark the starting point. Then, from a known length l0, the sample 
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was extended downwards to a specific length, by looking how far the dot travelled. When 

releasing the sample, the dot had to go back to its original position to make sure that the 

sample only had deformed elastically. 

 

a)              b)          c)  

Figure 25: a) The PU film sample placed next to a ruler. b) The same sample hanging on the dynamometer. c) 

The PDMS sample with Galinstan sprayed on it is being pulled. 

 
The materials that were tested were the PU film, PU film with sprayed silver on it, PDMS 

with the thickness of 20 µm and then PDMS film with Galinstan sprayed on. The measured 

distances taken before the test is tabulated in Table 2 below. 

 
Table 2: The measured distances for each sample. 

Sample Width (mm) Thickness (µm) Area (µm) L0 (mm) 

PU film 10 15 0,15 75 

PU film + silver 10 25 0,25 80 

PDMS 20 20 0,4 92 

PDMS + Galinstan 20 42 0,84 87 

 
From each extension, the length of the extension and applied force were extracted and used 

for calculating the stress and strain, equations (3), (4) and (5). These values were plotted into 

the stress and strain curve. 

 
It was expected that PDMS + Galinstan would get a lower Young’s modulus, since Galinstan 

is a liquid and should not affect the stiffness and only the thickness of the sample. To prove 

this, the force and length would have to be the same for both samples. By plotting the error 

measurement for the PDMS sample with an upper and lower limit, one could see if the graph 

line of the PDMS + Galinstan was within these two limits. 
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The relative error (%), ΔE/E, was approximated to the errors of the pull length, l, and load, F, 

for each extension according to equation (6). The margin of error was 1 g for the load, giving 

0.0098 N for the force, ΔF, and 0.5 mm for the pull length, Δl. 

 

 

(6) 

 
3.5.1 Analytical voltage 

By combining equation (2), (3), (4) and (5), a new equation (7) is obtained that describes the 

voltage needed to actuate with a specific strain from which Δl is derived. Here, l0, is the 

height of the oil together with the top layer and the top electrode. 

 

 

 
(7) 

 
To be able to use equation (7), several assumptions and approximations were made. The first 

one is that this equation is made for DEA’s, which only consist of one material of the media 

which has the shape of a box, see Figure 26 a). The electrode side has the shape of a dome, so 

to approximate the dome into a box shape, the height, d, of the dome could be assumed to be 

one third of the maximum height of the dome, dmax. 

 
Also, in this case the media is a bimorph (oil + material of the top layer which includes the 

membrane and the electrode) but only the material of the top layer will be considered, making 

it a media consisting of only one material. The oil lacks stiffness and covers up most of the 

height of the actuator. Hence, the calculated voltage will be higher than the actual needed 

voltage since the calculation sees the media as only consisting of the top material but with the 

total distance with oil and top layer. 

 
There will also be a counter pressure on the actuation side which would instead increase the 

needed voltage, see Figure 26 b). This will not be considered in the equation since the liquids 

compressibility and viscosity is unknown but also, the geometry of the oil channel causes 

different pressure conditions. The top layer is also already deformed elastically, and it is 

difficult to know how much stress the material has already experienced. 

 
Last approximation is εr which is approximated to 1 for the paraffin oil, PU and PDMS.[25,26,27] 

The Young’s modulus used for the calculations was taken from the tensile test, described in 

the results section. 
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a) b) 

Figure 26: a) The actuator for the approximated equation, where only the pressure on the electrode side is 

considered and the media has the shape of a box which is ⅓ of the dmax. The blue arrows indicate the flow of the 

oil during actuation but is not considered in the equation. b) The actuator for the right actuator, where the 

actuation pressure and counter pressure, P1 and P2, the flow of the oil, and the shape of the actuator is in 

consideration. The blue arrows indicate the flow of the oil during actuation. 

 

3.5.2 Voltage test 

The actuators were tested by applying a voltage between the electrodes. A high voltage 

power supply (2301 MacroDrive 1 Power Supply, LKB Bromma) was connected via 

crocodile clips to the copper foils extending from the electrodes. The actuator was taped 

down to avoid any influence from outside movements, see Figure 27 a). To be able to detect 

any actuation movement a handheld digital microscope (Dino Lite Digital microscope) was 

used. The microscope was placed parallel to the actuator from its side, see Figure 27 b) for an 

example of the side view of the actuator from the microscope. 

 

a)                                b)  

Figure 27: a) The setup for the voltage test. b) The view of the actuator from the side during voltage test. 

 
The voltage was increased incrementally until it reached the highest point of 1000 V. All 

actuators which were tested are tabulated in Table 3. They are made from the process with the 

suction flask and with the DUALBOND glue as adhesive and encapsulant, described in 

section 3.3.4. 
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Table 3: The different actuators that went through the voltage test. 

Sample 

number 

 

Top layer 

 

Bottom layer 
Type of 

vacuum 

Type of 

electrode 

Electrode 

placement 

A1 PU film PU tape Water tap Silver Both outside 

 

A2 

 

PU film 

 

PU tape 
High vacuum 

pump, 9 kPa 

 

Silver 

 

Both outside 

 

A3 

 

PU film 

 

PU tape 

 

Water tap 

 

Silver 
Inside of 

bottom layer 

 

A4 

 

PU film 

 

PU tape 

 

Water tap 

 

Silver 
Inside of 

bottom layer 

 
A5 

 
PU film 

 
PET film 

 
Water tap 

 
Silver 

Inside of 

bottom 

electrode 

 
A6 

 
PU film 

 
PET film 

 
Water tap 

 
Silver 

Inside of 

bottom 

electrode 

 

A7 

 

PU film 

 

PET film 
Pressure 

regulator, 2 kPa 

 

Galinstan 

 

Both outside 

 
A8 

 
PU film 

 
PET film 

Pressure 

regulator, 4,48 

kPa 

 
Galinstan 

 
Both outside 

 

A9 

 

PU film 

 

FPF 
Pressure 

regulator, 2 kPa 

 

Galinstan 

 

Both outside 

 

A10 

 

PU film 

 

FPF 
Pressure 

regulator, 2 kPa 

 

Galinstan 

 

Both outside 

 

 

3.6 Paraffin blend 

Three different paraffin waxes and oils were mixed into binary blends. The paraffins were 

melted and mixed under stirring for 10 minutes, see Figure 28. After, the blends were poured 

into separate tubes. The quantities of the paraffins for each sample is tabulated in Table 4 as 

well as their theoretical melting point which is the mean value of their melting points. 
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Figure 28: A flask containing the paraffin blend on a heater set to 100 °C. 

Table 4: Each blended sample and its theoretical melting point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All samples were visually studied to see which state of matter they were in when in room 

temperature, fridge temperature (4 °C) and freezer temperature (-18 °C). From the visual 

studies it was determined that sample S2, S3, S6 and S8 were going through the thermal 

analysis with differential scanning calorimetry (DSC) due to their potential in having the 

suitable melting temperature or if they consisted of two phases. The pure paraffin waxes and 

oil, as well as the coconut oil, were also analyzed. 

 

Sample 

 

Paraffin liquid (g) 

 

Paraffin wax (g) 
Soft paraffin wax 

(g) 

Theoretical Tm 

(°C) 

S1 8.95 1.06 - 0.3 

S2 8.01 2.02 - 6.6 

S3 10.02 0.12 - -5.4 

S4 10.00 0.53 - -3.0 

S5 9.98 0.14 - -5.2 

S6 6.03 - 3.95 11.6 

S7 7.02 - 3.07 7.2 

S8 4.4 - 1.17 3.2 
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3.7 Thermal analysis 

The thermal analysis was used to get the melting point of each blend. 

All eight samples were dispensed into aluminum crucibles fitting the DSC (DSC 3, Mettler 

Toledo). The thermal program started at -10 °C, increasing with 10 °C/minute up to 60 °C, 

where there was a one-minute pause. These first steps helped erase the thermal history of the 

samples. Then the temperature decreased 10 °C/minute to -10 °C where it had a one-minute 

pause until it was increased once more up to 60 °C. 

 

4. Results 
 

4.1 The three-layered actuator 

 
4.1.1 Bonding with diluted PDMS spray 

When bonding the 20 µm thin PDMS film to a thicker PDMS film (250 µm) with the diluted 

PDMS spray it did not stick together when removing the plastic liner on the backside of the 

20 µm film. Bonding two pieces of 250 µm PDMS worked, and the same results were shown 

when bonding two pieces of PDMS with the thickness of 100 µm. However, leakage of oil 

and air bubbles could be seen, see Figure 29. 

 

a)                  b)  

Figure 29: a) The coconut oil leaking from the sides of the oil channel. b) The air bubble inside of the oil 

channel. Observe that this oil was not dyed due to an early process where the dye was not used, hence the lack of 

color. 

 

4.1.2 Bonding using plasma 

When using plasma as a bonding method, similar results were achieved as with the diluted 

PDMS spray. The oil leaked outside the oil channel and air bubbles could also be seen right 

after finishing the prototype. Some of the silver was also removed, which could be seen as 

transparent areas in the electrode surface, see Figure 30. The bonding could also be seen as 

being stronger since the layers were harder to separate than when using the diluted PDMS 

spray but some of the silver got burnt on the edges of the silver electrode during the plasma 

treatment. 
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Figure 30: Some of the silver has been detached from the silver electrode where the substrate (black) is seen, in 

the middle of the electrode. The oil has also leaked out. 

 

4.1.3 Punching out wax disks 

Only one attempt with placement of the wax in the oil channel was achieved. This one ended 

up leaking oil outside the side of the oil channel. The other attempts resulted either in melting 

or cracking the wax during the handling. 

 

4.2 The five-layered actuator 

 
4.2.1 Electrodes on the outside of the oil channel 

The oil channel contained air bubbles and the oil leaked out over time, both through the silver 

and the sides of the oil channel. The silver got burnt and a hole in the PDMS could be seen, 

see Figure 31 a). One attempt where the corona treater was held from a higher distance from 

the surface of the PDMS layer resulted in no burning damages on the silver, see Figure 31 b). 

 
Even when the bonding was successful there were still some air bubbles in the oil channel, 

both for the one only using PDMS films and for the one using PU film for top and bottom 

layer. 

 

a)  b)  

Figure 31: a) A hole (brown) has been burnt in the PDMS film. b) The final product of the five-layered actuator. 
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4.2.2 Casting wax by using PDMS as the mold material 

The excess coconut wax was impossible to remove and resulted in cracking the whole wax 

piece. 

 

4.2.3 Casting by using PET and vinyl tape as mold material 

The soft paraffin wax did not solidify in the freezer so no casted piece could be used. 

When spreading the coconut oil over the cast, it tended to spread outside the oil channel as 

well, see Figure 32. The wax piece itself could not be removed from the tape. 

 

Figure 32: The coconut wax in the PET/vinyl tape casting mold. One clear oil channel wax piece has been 

achieved after scraping off some of the excess wax. 

 

4.2.4 Casting by using PET and copper tape as mold material 

The soft paraffin wax did not solidify into rigid pieces in the freezer so no whole piece of 

wax could be removed. When removing the copper tape where the coconut oil was used, the 

wax pieces tended to stick to the copper tape and ended up cracking. 

 

4.3 The two-layered actuator 

 
4.3.1 Casting by pushing a PU film down with paraffin wax 

This method resulted in dome shapes in the top layer of the electrode and actuator side. The 

domes were higher with a thickness of 145 µm, than the middle channel between the domes 

which had a thickness of 91 µm, see Figure 33. These measurements were done before 

placing the PU tape which had a thickness of 70 µm. There was some wax left around the oil 

channel even after cleaning it. The PU tape did not bond to the PU film with wax on it. 
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b) 
Figure 33: Pictures from the VSI studies of the prototype without the PU tape. a) Height measurement of the 

dome, 145 µm. b) Height measurement of the middle channel, 91µm. 

 

4.3.2 Pushing wax down into a cavity by using a suction flask 

The PU tape and the PU film did not bond. The plasma treatment established the weak 

adhesion, but the layers could still be separated and during actuation with the help of finger 

pressure, the oil tended to leak outside the oil channel. 
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4.3.3 Dispense liquid oil into the cavity using suction flask: PU tape 

The bonding was stronger between the PU film and PU tape when dispensing the coconut oil 

rather when spreading the soft paraffin wax, but the oil channel floated out and lost its shape 

after removing it from the plate which can be seen in Figure 34. Some air bubbles were also 

seen in the oil channel. When actuating it with the help of a finger, a clear displacement of 

the oil within the channel was seen, both during the actuation and when the actuation stops. 

 

Figure 34: The expanded oil channels with air bubbles in them. 

 
4.3.4 Dispense liquid oil into the cavity using suction flask: Glue 

The wax melted and leaked out during the curing of the EPO-TEK glue, see Figure 35 a). The 

DUALBOND glue gave a well-defined shape of the oil channel, see Figure 35 b). No sign of 

leakage or air bubbles could be seen when using the DUALBOND glue. The average 

thickness of the glue could be measured to about 40 µm using a micrometer screw gauge. 

 

a)                                b)  

Figure 35: a) The attempts with the EPO-TEK glue where the oil tended to spread a long way outside the oil 

channel. b) A well-defined oil channel using the DUALBOND glue. 

 

4.3.5 Evaluating different pressures, materials and placements of electrodes 

Figure 36 and 37 demonstrates two examples of a measurement with the VSI where the 

highest point of each measurement is extracted. The rest of the VSI measurements can be 

found in Appendix 1. One of them shows a more irregular height profile of the dome than the 

other. The results from the VSI can be seen in Figure 38 as a bar chart over the different 

suction flask pressures and the averages of their resulting heights. 
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Figure 36: An example of one height measurement from the VSI where the height of the dome is irregular. This 

prototype was made with a pressure of 1 kPa where the highest point is at 261 µm (Y distance). 

 

Figure 37: An example of one height measurement from the VSI where the height of the dome is regular. This 

prototype was made with a pressure of 3 kPa where the highest point is at 433 µm (Y distance). 
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For one sample the dome's height could not be measured. Two samples were measured for 1 

and 9 kPa, four samples for 3 and 4.48 kPa and one sample for 2 kPa. From Figure 38 a bar 

chart can be seen with the mean height of all domes made from each different pressure. A 

sample made with a pressure of 9 kPa gave the highest structure (535 µm). However, in 

Figure 39, which shows a bar chart over three samples made from the water tap, there are two 

samples with even higher structures (651 µm and 558 µm). 

 

 

 
Figure 38: A graph over how the mean height depends on the pressure used for the suction flask. 

 

 
Figure 39: A graph over how the height can vary using the water tap for the suction flask. 

 
The sample with the highest structure had an extra bump on top of the dome which was due 

to the fact that it has been plastically deformed, see Figure 40. The lowest dome (260 µm) 

was for the one made with the pressure of 1 kPa and can be seen in Appendix 1, but the 

lowest average dome was made with the pressure of 2 kPa. The graph clearly visualized that 

the height does not increase linearly to the pressure and there is a big difference in height 

between the sample made from the water tap. 
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Figure 40: The extra bump on top of the actuator side can be seen. 

 
The PET and FPF plastic resulted in a more even actuator instead of curled up actuators when 

using PU tape due to their difference in stiffness, see Figure 41. The actuator with both 

electrodes on the inside (the actuator to the right in Figure 41) got some of the silver removed 

on the top silver electrode where it was in contact with the oil. The rest of the electrodes were 

intact. 

 

Figure 41: On the left side is the actuator with the PU tape as the bottom layer while on the right side the 

bottom layer is made out of PET. 

 

4.3.6 Dispense liquid oil into the cavity using suction flask: Galinstan and 

PDMS to minimize stiffness 

When using the PDMS film as the top layer, bonding it with silicone glue, it was only 

successful when using PU film, not the copper. The oil did not spread as easily in the oil 

channel as when using PU film, see Figure 42. Some of the glue entered the oil channel 

preventing it from actuating the oil with the help of the finger pressure. 

 

Figure 42: The two-layered actuator with PDMS as the top layer and the PU film as the bottom layer. Two 

separated dots of oil can be seen in each dome.
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4.4 Bonding tests 

For future work, refer to Table 5 where bonding methods and material combinations are 

presented for all experimental processes. 

 
Table 5: The bonding methods and material combinations used during this project. 

 
Materials 

 
Diluted 

PDMS spray 

 
Plasma 

treatment 

 
DUALBOND 

glue 

 
PU tape 

 
Silicone glue 

PDMS+PDMS Yes Yes --- --- --- 

PDMS+PDMS 

with silver 

electrode 

 
Yes 

Yes, but mostly 

closest to the 

electrode 

 
--- 

 
--- 

 
--- 

 

PU film + PDMS 

 

--- 

 

Yes 
Yes, with Vario, 

No, with Wacker 

 

--- 

 

Yes 

PU film + PU 

film 

 

--- 
No, only bonds 

in some spots 

 

--- 
 

--- 
 

--- 

 
PU film 

 
--- 

 
--- 

 
--- 

Yes, but not as 

much around 

edges 

 
--- 

PU film + PU 

tape 

 

--- 
 

--- 
 

Yes 
 

--- 
 

--- 

PU film + PET --- --- Yes --- --- 

PU film + FPF --- --- Yes --- --- 

Copper and 

PDMS 

 

--- 

 

--- 

 

--- 

 

--- 

 

No 

 

4.5 Tensile test with a dynamometer 

From equation (3), (4) and (5) the Young’s modulus can be calculated like this in case of the 

PU film:
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For each sample, the values were obtained from the experiments by plotting using MATLAB, 

see Figure 43. From this graph, the linear equation was obtained which shows the Young’s 

modulus as the slope of the graphic line. See Table 6 for all sample’s Young's modulus. 

 
Table 6: The Young’s modulus for each tested sample 

Sample Young’s modulus (MPa) 

PU film 82 

PU film + silver 163 

PDMS 0.77 

PDMS + Galinstan 0.29   

 

 

Figure 43: The plotted values from each tensile test. 

 
PDMS + Galinstan got a lower Young’s modulus than PDMS. From the measurement error 

graph one can see that the graph line of the PDMS + Galinstan is within these two limits, for 

a majority of the strain interval, see Figure 44.
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Figure 44: The green and red dashed lines show the upper and lower limit values for the PDMS values (blue). 

PDMS with Galinstan (purple) can be seen as being in between these limit values. 

 

4.6 Actuation 

 
4.6.1 Analytical voltage 

An example of an analytical calculation for one of the samples can be described like this: 

 
The material used in this case is the PU film with silver electrodes on the outside of both top 

and bottom layers. Its Young’s modulus is 163 MPa, see Table 6. The distance between the 

electrodes is the height of the dome, and when approximated to one third, it is equivalent to 

120 µm. The wanted strain, Δl, of the actuation is set to 20 µm for this example. In this case, 

l0, has a height of 220 µm since the bottom layer has a thickness of 100 µm and 

DUALBOND glue 40 µm. 

 
From the assumptions made earlier and with the help of equation (7) the voltage becomes: 

 

        = 1707 kV. 

If the same calculations are made with the PDMS with the sprayed on Galinstan instead, 

which has a lower Young’s modulus at 0.29 MPa, the voltage becomes 72 kV. 

 

4.6.2 Voltage test 

All of the actuators that were tested showed no sign of actuation. One attempt burned some 

parts of the silver electrode at 1000 V, see Figure 45. 
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Figure 45: The red arrows point out the burned parts of the silver electrode which is a result from the high 

voltage. 

 

4.7 Paraffin blend 

The visual studies are summarized in Table 7 below. From this, samples S1, S2, S5 and S7 

could be excluded for the thermal analysis. 

 

 
Table 7: The visual studies of each blended sample. 

Sample Room temp. 

(~20 °C) 

Fridge temp. 

(4 °C) 

Freezer temp. 

(-18 °C) 

Other comments 

S1 Solid Solid Solid Divides into 2 phases over time 

S2  
Solid 

 
Solid 

 
Solid 

Indication on 2 phase, small droplets are 

visible on top of the wax, see Figure 46 

a). 

S3 Liquid Liquid Solid Contains small grains, see Figure 46 b). 

S4 
 

Liquid 

 

Liquid 

 

Solid 
Divides into 2 phases over time. 

Becomes more viscous in the fridge. 

S5 
 

Liquid 

 

Liquid 

 

Solid 
Melts quickly when removed from the 

freezer. Contains small grains. 

S6 
 

Solid 

 

Solid 

 

Solid 
Contains a lot of bubbles in it, see Figure 

46 c). 

S7 Solid Solid Solid Contains a lot of bubbles in it. 

S8 Liquid Solid Solid Very viscous in room temperature. 
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a) b) c) 

Figure 46: a) Small droplets can be seen on top of sample S2. b) Sample S3 contained small grains, making the 

sample look turbid, c) Sample S40 contained bubbles in it. 

 

4.8 Thermal analysis 

The provided melting points from the DSC measurements of the samples and their theoretical 

melting points are presented in Table 8 below. The DSC graphs of the samples heat profiles 

where the melting point is displayed can be found in Appendix 2. The heat profile shows the 

temperature interval (°C) on the x-axis and the heat flux (mW) on the y-axis. 

 
Table 8: The samples melting point from the DSC measurements and their theoretical melting point. For the 

pure oils and waxes the theoretical melting point is extracted from their technical data sheets. 

 
Sample 

 

Coconut 

wax 

 

Paraffin 

liquid 

Soft 

paraffin 

wax 

 

Paraffin 

wax 

 
S2 

 
S3 

 
S6 

 
S8 

Tm (°C) 24.8 -8.2 37.5 54.9 32.9 -8.2 26.7 19.1 

Theoretic 

al Tm 

[°C] 

 
25 

 
-6 

 
38 

 
57 

 
6.6 

 
-5.4 

 
11.6 

 
3.2 

 
An immense difference can be seen when comparing the theoretical melting points for the 

samples, to the melting points achieved from the DSC measurements, see Figure 47 of S2. 

Only coconut wax was close to its theoretical melting point, see Figure 48. 
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Figure 47: The heat profile of S2 where the peak for the melting point is at 32.9 °C. 

 
 

Figure 48: The heat profile of coconut wax where the peak for the melting point is at 24.77 °C. 

 

5. Discussion 
 

5.1 The three-layered actuator 

 
5.1.1 Bonding with diluted PDMS spray 

The 20 µm thin PDMS would not bond as strongly to the 250 µm thick PDMS film as to the 

plastic liner on the back of the 20 µm film. 250 µm on 250 µm worked but so did it for 100 

µm on 100 µm and since it was wanted to make the actuator as thin as possible, 100 µm was 

chosen as the thickness for all three layers. 

 
The problem with the leaking had several reasons behind it. One was that when the sprayed 

on PDMS cured in the oven the wax melted and leaked before the PDMS had cured. This 

could be solved by letting the PDMS cure at room temperature since at this temperature the 

coconut oil stays solid. The other reason was that when bonding two surfaces together they 

need to be as clean and even as possible. Since there are holes cut out for the encapsulated 

Galinstan in the middle layer and the fact that the wax might not be completely filled or 

overfilled, an uneven surface was achieved. 

 
The air bubbles in the oil probably comes from the same reason for why the oil tends to leak. 

The oil channel was either overfilled leading to poor bonding near the edges leaving air gaps 

exposed. Alternatively, the oil channel has too little oil in it also leaving air gaps exposed 

over the channel. The reason why the air bubbles are not wanted was due to making a more 

complex and less predictable system since the media now consists of two different materials. 
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The reason why the total volume varied between each prototype was because when the oil 

was dispensed with such small amounts, 0.5 µL at a time, the variance of the volume for each 

pipetting was large meaning it was hard to pipette with a high accuracy. 

 

5.1.2 Bonding using plasma 

The reason behind the leakage of the oil is the same as mentioned for the actuator that was 

bonded with diluted PDMS spray. The bonding was not complete due to irregularities of the 

surface. The bonding was stronger than the diluted PDMS spray and this was due to the 

plasma creating a strong chemical bond since it modifies and cleans the surface, so it gets a 

higher surface energy.[28] The diluted PDMS spray has a weak physical bonding, van der 

Waal, which were easier to break. 

 
There was also a problem with burning on the edges of the silver electrode. The reason was 

that the plasma discharges are drawn to conductive materials such as the metallic silver 

particles. Hence, there was a higher concentration of plasma at the silver electrode creating 

local heating spots. This also affects the plasma treatment further away from the electrode, 

meaning that less or none of the surface there gets treated leading to weak bonding. 

 
Some of the silver was also removed which could be due to it being sensitive to the oil. This 

is uncertain so it has to be further investigated in the future. 

 

5.1.3 Punching out wax disks 

The idea of using punched out wax was to get a more even surface near the oil channel since 

that could affect the bonding and the existence of air bubbles. As one can see in Figure 13 in 

the experimental section 3.1.3, the disks with the diameter of 1 mm will create air pockets in 

the middle of the channel. The design of the oil channel could be changed to complement the 

shape of the disks, but since the wax pieces were too fragile to move into the right place, the 

method was turned down quickly. 

 

5.2 The five-layered actuator 

 
5.2.1 Electrodes on the outside of the oil channel 

A hole was burnt in the silver which made the oil leak through the bottom layer due to the 

local heating, mentioned in section 5.1.2. The problem with leakage to the sides of the oil 

channel remains as well as for the air bubbles which were due to the same phenomenon 

mentioned in section 5.1.1. 

 
When using the PU film instead, the wax partially melted during the plasma treatment and 

leaked outside the oil channel during bonding the top layer to the middle layer. Even when 

letting the oil freeze for a longer time it melts during the plasma treatment. In addition, when 

putting the plasma treated middle layer in the freezer while treating the top layer, no bonding 

occurs. This was due to the middle layer being exposed by particles in the air for a longer
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time in between and the bonding closes, leading to a decreased surface energy. Instead, it was 

preferable to keep a longer distance between the treater and the film when bonding the 

middle layer to the top layer. 

 
It was unclear if it was the PU film that affected the oils tendency to melt during the plasma 

treatment since the same results were not seen when only using PDMS films. One thought 

was that the PU film has a higher thermal conductivity than PDMS which would accelerate 

melting the wax. 

 

5.2.2 Casting wax by using PDMS as the mold material 

This technique was believed to help reduce the amount of air bubbles and was easier to 

handle since there would not be any small wax pieces. 

 
The cracks that occurred during the scraping was due to the wax being too hard and the 

PDMS casting mold being too soft. The depth of the molds was shallow, being only 18 µm 

deep. Meaning that the resulting wax pieces were 18 µm thin, making them very fragile and 

tend to melt fast during handling. This made them impossible to place in the oil channel. 

 

5.2.3 Casting by using PET and vinyl tape as mold material 

The soft paraffin wax does not have the ability to transform into a harder paraffin wax by just 

freezing it, hence no casted wax pieces were obtained. For the coconut oil it was difficult to 

create an even cast since the oil tended to follow with the doctors' blade when the oil was 

spread. This was solved by having a lighter pressure on the glass slide, but this tended to 

spread oil all over the casting mold. The excess wax could be scraped off but when removing 

the wax piece, it was strongly adhered to the vinyl tape causing them to break. This was a 

problem since it was wanted to place them on another material. 

 

5.3 The two-layered actuator 

 
5.3.1 Casting by pushing a PU film down with paraffin wax 

The dome shapes that were created were desired since it could potentially help with the 

zipping motion during actuation. The reason why the PU tape could not bond correctly to the 

PU film was because of the excess oil around the oil channel. The PU film contains a lot of 

pores which makes it easier for the wax to be absorbed to its surface and hard to remove. 

 

5.3.2 Pushing wax down into a cavity by using a suction flask 

The same reason as to why the PU tape and PU film did not bond well was because there was 

still some excess oil around the channel. Even though the plasma treatment increased the 

bonding partially, there was no sign of full covered bonding when separating the bonded 

layers. 
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5.3.3 Dispense liquid oil into the cavity using suction flask: PU tape 

The PU tape does not enclose the oil enough which leads to a wider oil channel with air 

bubbles in it. The PU tape seemed to bond weakly around the edges of the oil channel on the 

PU film. Since the surface was even, no disturbance by irregularities was present the 

conclusion can be drawn that the tape has a weak adhesive. 

 

5.3.4 Dispense liquid oil into the cavity using suction flask: Glue 

Curing mechanism of EPO-TEK glue is by addition of heat which was the problem for this 

process since the oil needed to be solid until everything was bonded properly. Removing the 

actuator from the plate before everything was sealed affected the oil as well since there was 

no suction keeping the oil channels shape and cavity. 

 
The DUALBOND glue worked better since it could be cured at room temperature and while 

the suction was on so no wax melted, and it kept its shape throughout the whole process. 

 

5.3.5 Evaluating different pressures, materials and placements of electrodes 

The big difference between the heights for the samples made with the water tap can be 

explained that it was difficult to keep the flow of water consistent. 

 
It was expected that the height would increase linearly to the pressure but from the results one 

can see that it is an irregular trend. This could be due to the fact that some of the actuators 

already had sprayed on electrodes which increased the height by tens of micrometers. Most of 

the samples had irregular shapes of the dome, meaning that the highest point might not be the 

average height of the dome. 

 
The reason why some domes were not measured was because they were not reflective enough 

to measure with VSI. So, no data was collected for those measurements. 

 
The reason why the PET and FPF gave more flat actuators was due to the fact that it was 

stiffer than the PU tape. This could help to direct motion of the oil during actuation. With PU 

tape as substrate the oil would also push on the bottom layer, instead of concentrating on the 

top layer. 

 
The reason why the silver was removed on the top layer of the actuator could be the same as 

mentioned in section 5.1.2. 

 

5.3.6 Dispense liquid oil into the cavity using suction flask: Galinstan and 

PDMS 

The reason why the silicone glue did not cure when using copper was because the glue needs 

air to cure and the bulk copper is a dense solid material, hence no air can encounter the glue 

in between the PDMS and copper. 
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The oil seemed to have less ability to wet the PDMS than the PU film. The oil did not wet all 

the way to the edges of the oil channel, it only stayed as a spherical drop in the middle of the 

dome cavities. To solve this problem, the wettability could potentially be increased by 

experimenting with the substrate's surface. 

 

5.4 Bonding tests 

The diluted PDMS spray was not chemically bonding to anything, it was just creating a thin 

coat that sticks well to a surface with van der Waal forces. 

 
The surface energy on the samples affects the ability to bond when exposed to plasma 

treatment. The PU film tends to have a too low surface energy after the treatment for bonding 

and can therefore not reach an evenly distributed high surface energy. This leads to bonding 

on only some small spots. 

 
In one case, only Vario 15 worked as the uncured PDMS for encapsulation when bonding 

with the DUALBOND glue. The reason why Wacker did not work was probably because 

both Wacker and DUALBOND have their own curing processes which likely affected each 

other by canceling out one another. The glue itself was not affected since it had already cured 

but when curing the PDMS on the outside of the PU film for the two-layered actuator with 

Galinstan as electrode, it never fully cured. 

 

5.5 Tensile test with a dynamometer 

The results from the tensile test show, not surprisingly, that the PU film is stiffer than the 

PDMS film and when adding the silver electrode on the PU film it increases the Young’s 

modulus significantly. 

 
The reason why the bottom layer materials were not tested was because the actuation will 

only occur by moving the top layer since the bottom layer is stiff. The same goes for the 

different glues, they are placed under the oil channel so they will not affect the actual 

actuation. 

 
Since the graph line of the PDMS + Galinstan was within these two limits, it could be 

concluded that Galinstan does not affect the stiffness. This was due to the fact that Galinstan 

is a liquid that can’t have a stiffness, even though Galinstan has a nanometer thin oxide film 

on it. 

 

5.6 Actuation 

 
5.6.1 Analytical voltage 

Both PU with silver and PDMS with Galinstan showed too high voltages for actuation even 

though the value for PDMS with Galinstan was 4% of the voltage calculated for PU with 
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silver. Here, the distance between the electrodes needs to be changed, down to a few 

micrometers. Equation (7) also needs to be improved to represent the reality of the actuator 

with the counter pressure and that it is in fact a bimorph media. 

 

5.6.2 Voltage test 

There are several reasons why there was no actuation for any of these actuators. All of them 

had a top layer of a PU film which very likely was too stiff for this actuation. The silver 

electrode doubles the stiffness which was shown in the dynamometer test. Using PDMS with 

Galinstan would decrease the voltage due to its low Young’s modulus. The distance between 

the electrodes was also too high. A distance below 10 µm would decrease the voltage to 

below 1 kV. 

 
The reason why the silver burned was due to discharges because of the high voltage. 

 
5.7 Paraffin blend and DSC 

The reason why the theoretical and measured melting points differ was because of several 

reasons as mentioned in the theoretical section 2.2.2. The chemical formula and structure of 

the liquid paraffin shows that it has a large side group as well as aromatic rings. This was not 

likely to blend when mixing it with the other paraffins since they do not have similar side 

groups and due to it not being aliphatic. However, the soft paraffin wax is the only one that is 

aliphatic with no side groups. The hard paraffin wax has a side group but is not an aliphatic 

molecule. 

 
The number of carbons also affected the paraffin's ability to blend. The liquid paraffin has an 

even number of carbons just like the soft paraffin wax, while the hard paraffin wax has an 

odd number of carbons. 

 
All of these paraffins seemed in theory to be difficult to mix into a miscible blend, or at least 

that they would bond less strongly to each other, which would in fact affect the Tm, making it 

lower than expected. By looking at Table 8 one can see that this was only true for one sample, 

S3. But when looking at the DSC measurements one can see that the melting often starts 

earlier than the specified Tm and continues to melt during a long temperature interval. For 

example, sample S2 has a melting point at 32.9 °C but it actually starts to melt at about 0 °C, 

which is below the theoretical melting point. 

 
Hence, to keep in mind is that the peak of the curves in the graph does not necessarily need to 

be the specific melting point since the melting can start at an earlier temperature and keep 

melting during a long temperature interval. The peak from the “Coconut wax” measurement 

is more representative to a common melting peak. 

 
The measurement for the hard paraffin wax was too short. Since the peak comes from the 

integration of a specified interval it is necessary to cover the whole temperature interval for 
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one peak. This measurement stops as soon as it reaches 60 °C which does not allow the graph 

line to go to a higher value of heat flow. This would have given a more horizontal integration 

and the melting point would have been close to 56.5 °C which is the theoretical value. The 

same goes for the liquid paraffin and sample S3 which would have needed to go to a 

temperature below -10 °C. S3 can also almost be seen as being the same as the liquid paraffin 

with small amounts of contaminants since the amount of hard paraffin wax was 

insignificantly low. 

 
Sample S8 was the most interesting sample when doing the visual studies. It was in a liquid 

state at room temperature and when keeping it in the fridge and freezer, it was solid. This 

meant that the melting point was somewhere between 4-25 °C. According to the DSC, the 

melting point was at 32.9 °C which does not correspond to the visual study. But as one can 

see in the DSC graph, it actually starts to melt earlier, around 5 °C and continues to melt 

through a long temperature interval. This could be the reason why it seems so viscous at 

room temperature since it was not completely melted. 

Sample S6 was solid at room temperature and its melting point is at 26.7 °C which is fair 

even though it starts to melt a little bit earlier. 

 

6. Conclusion 

The aim was to find a suitable automatic process for making the HASEL-actuators and 

suitable materials. It is concluded that the best manufacturing process is the two-layered 

actuator using a suction flask where the oil was dispensed with an automatic pipette and the 

layers were bonded with the DUALBOND glue. This gave a smoother encapsulation of the 

oil channel, so it kept its shape without any leakage. 

 
The most promising material was to have the top layer being PDMS with Galinstan as the 

electrode since this combination had the lowest stiffness. It is also concluded that having a 

stiffer bottom layer will help amplify the actuation at the actuator side since the oil will push 

upwards. 

 
The best pressure for the suction would be the one at 1 kPa since it gave the lowest height 

difference between the electrodes which is sought for but an even lower pressure would be of 

greater benefit since the distance between the electrodes should be of just a few micrometers 

so the actuation can occur below 1 kV. 

 
Different paraffin oils and waxes were mixed into blends to achieve a melting point around 8 

°C. The most interesting polymer blend was sample S8 since it could solidify at low 

temperatures (below 5 °C) and be in a liquid state at room temperature. 
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7. Future outlooks 

The most promising process was the two-layered actuator which was bonded with the 

DUALBOND glue. This process can be modified in many ways to improve the actuator. The 

whole oil channel could be designed differently with more sharp edges since it could improve 

the zipping motion, but also have less change in structure, meaning less difference in width 

between the domes and the middle channel. The size of the oil channel should also be 

minimized by minimizing the hole in the plate and by using a low pressure on the suction. 

The middle channel could also have a stiffer material on both sides since it would concentrate 

the actuation movement in the domes only. 

 
The materials for the top layer where the actuation takes place should be done with the 20 µm 

PDMS film or something which is thin and stretchable. Here, the glue needs to be changed to 

the silicone version. The application method of this glue has to be improved so a thinner layer 

is achieved. The bottom layer should still be flexible since the robots are going to swim 

around in close-packed environments but a little less stretchable than the top layer to help the 

oil move upwards, creating the vertical actuation. Here a thin PU film can be used but one 

that is less porous than the one used in this project. If the electrode is placed on the inside of 

the bottom layer the thickness of the layer is not so important but if the electrode is supposed 

to be on the outside a thinner film should be used. 

 
Galinstan as electrodes instead of silver had a great effect on the stiffness by lowering it so a 

continuous usage of that would be of great benefit for the low voltage actuator. To keep in 

mind is to find a way to encapsulate it without making the electrode part stiffer. 

 
The two-layered actuator could also be modified to minimize the problem with the counter 

pressure by heating the top layer during the suction so that the material deforms plastically. 

This will make the cavity maintain its shape when turning off the vacuum and the cavity can 

then be half filled before bonding it to the bottom layer. This will reduce the effect from the 

counter pressure and therefore reduce the voltage needed for actuation. 

 
In this project the coconut oil was used mostly for all actuators. It would be interesting to use 

one of the paraffin blends such as sample S8. New paraffin blends could also be tested using 

other paraffin waxes and oils where both have an even/odd number of carbons, no or more 

similar side groups and being aliphatic to increase the bonding. 

 
Some other equipment such as a cold room might be needed to always keep the wax solid 

while curing the glue if the paraffin blend has a low melting temperature. The lower the Tm 

the more quickly it starts to melt at room temperature. 

 
The dispensing method can also be improved. Instead of using an automatic pipette, a robotic 

dispenser made for dispensing small amounts of liquid could be used. 
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Appendix 1. VSI 

 
1 kPa: 

Sample 1: 
 

Figure 49: VSI measurement of actuator side of sample 1 made with a pressure of 1 kPa. The highest height is 

261 µm. 

 

Figure 50: VSI measurement of electrode side of sample 1 made with a pressure of 1 kPa. The highest height is 

345µm. 
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2 kPa: Sample 1 
 

Figure 51: VSI measurement of actuator side of sample 1 made with a pressure of 2 kPa. The highest height is 

288 µm. 
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3 kPa: 

Sample 1: 
 

Figure 52: VSI measurement of actuator side of sample 1 made with a pressure of 3 kPa. The highest height is 

388 µm. 

 

Figure 53: VSI measurement of electrode side sample 1 made with a pressure of 3 kPa. The highest height is 433 

µm. 
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Sample 2: 
 

Figure 54: VSI measurement of actuator side of sample 2 made with a pressure of 3 kPa. The highest height is 

452 µm. 

 

Figure 55: VSI measurement of electrode side of sample 2 made with a pressure of 3 kPa. The highest height is 

377 µm. 
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4.48 kPa: 

Sample 1: 
 

Figure 56: VSI measurement of actuator side of sample 1 made with a pressure of 4.48 kPa. The highest height 

is 346 µm. 

 

Figure 57: VSI measurement of electrode side of sample 1 made with a pressure of 4.48 kPa. The highest height 

is 327 µm. 
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Sample 2: 
 

Figure 58: VSI measurement of actuator side of sample 2 made with a pressure of 4.48 kPa. The highest height 

is 312 µm. 

 

Figure 59: VSI measurement of electrode side of sample 2 made with a pressure of 4.48 kPa. The highest height 

is 315 µm. 
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9 kPa: 

Sample 1: 
 

Figure 60: VSI measurement of actuator side of sample 1 made with a pressure of 9 kPa. The highest height is 

512 µm. 

 

Figure 61: VSI measurement of electrode side of sample 1 made with a pressure of 9 kPa. The highest height is 

558 µm. 
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Water tap: 

 
Sample 1: 

 

Figure 62: VSI measurement of actuator side of sample 1 made from the water tap. The highest height is 661 

µm. 

 

Figure 63: VSI measurement of electrode side of sample 1 made from the water tap. The highest height is 643 

µm. 
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Sample 2: 
 

Figure 64: VSI measurement of actuator side of sample 2 made from the water tap. The highest height is 573 

µm. 

 

Figure 65: VSI measurement of electrode side of sample 2 made from the water tap. The highest height is 544 

µm. 
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Sample 3: 
 

Figure 66: VSI measurement of actuator side of sample 3 made from the water tap. The highest height is 380 

µm. 

 

Figure 67: VSI measurement of electrode side of sample 3 made from the water tap. The highest height is 496 

µm. 
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Appendix 2. DSC 
Sample “Coconut wax”: 

 
 

Figure 68: Heat profile of sample “Coconut wax” where the peak is at 24.77 °C. 

 
Sample “Paraffin liquid”: 

 

 

Figure 69: Heat profile of sample “Paraffin liquid” where the peak is at -8.23 °C. 

Sample “Soft paraffin wax”: 

 

Figure 70: Heat profile of sample “Soft paraffin wax” where the peak is at 37.54 °C. 
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Sample “Hard Paraffin wax”: 
 
 

Figure 71: Heat profile of sample “Hard Paraffin wax” where the peak is at 54.85 °C. 

 
Sample S2: 

 

 

Figure 72: Heat profile of sample “S2” where the peak is at 32.88 °C. 

Sample S3: 

 

Figure 73: Heat profile of sample “S3” where the peak is at -8.22 °C. 
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Sample S6: 

 

 

 

 

 

 

 

 

Figure 74: Heat profile of sample “S8” where the peak is at 26.68 °C. 

Sample S8: 
 

Figure 75: Heat profile of sample “S8” where the peak is at 19.11 °C. 


