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Abstract
This PhD thesis concerns the development of superhydrophobic surfaces fabricated by injection molding. Today, injection molding is the prevalent production method for consumer plastic products. However, concerns regarding the environmental impact of a plastic production
are increasing, especially because the use of potentially toxic self-cleaning coatings is used
worldwide in a larger and larger scale.
In this context, the work in this PhD project could be seen as a scientific effort towards reducing toxic compounds in manufactured plastic parts by developing injecting molded surfaces
that are superhydrophobic based on topography rather than chemical compounds.
Therefore, a novel method for fabricating superhydrophobic polymer surfaces with excellent
water-repellant properties is developed. The method is based on microstructure fabrication
and superposed nanostructures on silicon wafers. The nano- and microstructured silicon is
electroplated with nickel and the resulting nickel shim with inverse polarity is used in an injection molding process.
A versatile injection molding process capable of producing different nano- and microstructures on areas larger than 10 cm2 is developed. Variotherm mold heating is used to ensure
complete filling of the mold and a mold cavity-depacking process step is introduced. The depacking step increases polymer shrinkage allowing the nano- and microstructures to be successfully demolded.
A systematic wetting study on injection molded polymer surfaces is performed on periodic
hierarchical structures with nanograss and holes. Water wetting tests are carried out using a
pressure cell to control the water pressure. Microscopic wetting behavior of the structures is
studied by optical transmission microscopy. Interestingly, it is found that the surface chemistry of the polymer changes over time causing a decrease in hydrophobicity. It is concluded
that the material properties of the polymer is critical for maintaining superhydrophobicity under water exposure.
A range of different structures with and without the hierarchical nanograss, pillars, micro cavities (holes), spruce like micropillars and pyramid shaped structures are examined. By employing deep ultra violet (DUV) projection lithography for mold fabrication, polymer surface
feature sizes in the nanometer range could be realized over large surface areas. The superhydrophobic surfaces were fabricated from the amorphous polymer TOPAS 8007-S04 (COC) and
the semi crystalline polymer PP HD601CF. An overview of the different types of structures in
relation to applications is given. In particular, spruce like micropillars seems interesting. Here,
the contact angles increase from 102° for unstructured polymer surfaces, to 172° for structured surfaces with a drop roll-off angle of less than 2°. Thereby, it is shown that an extremely
water repellant surface can be injection molded directly with clear perspectives for more environmental and healthier plastic consumer products.

Dansk Resumé
Denne PhD-thesis beskæftiger sig med udviklingen af super-vandafvisende overflader fabrikeret ved hjælp af sprøjtestøbning, som er den vigtigste metode til at producere forskellige plastikprodukter. I dag er der fokus på plastikprodukters miljømæssige konsekvenser, specielt
fordi brugen af potentielt giftige selvrensende belægninger over hele verden er stigende.
I denne sammenhæng skal dette PhD-projekt ses som en videnskabelig indsats for at reducere
anvendelsen af giftige stoffer i plastikprodukter ved at udvikle sprøjtestøbte overflader, som
er super-vandafvisende og baseret på topografi i stedet for kemiske stoffer.
Der er udviklet en metode til at fabrikere super-vandafvisende overflader i plastik. Metoden
er baseret på fabrikation af nano- og mikrostrukturer på siliciumskiver. Nano- og mikrostrukturerne i silicium er elektroplateret med nikkel, og den fremkomne nikkel-støbeform med omvendte strukturer er brugt i sprøjtestøbeprocessen.
Der er udviklet en sprøjtestøbeproces der kan producere forskellige typer af nano- og mikrostrukturer på arealer større end 10 cm2. I processen er der taget hensyn til at sprøjtestøbeformene fyldes helt således at nano- og mikrostrukturerne bliver præcist gengivet. De supervandafvisende overflader er lavet i to forskellige plast-typer: TOPAS 8007-S04 (COC) og polypropylen HD601CF.
Det er vigtigt at de plastikstøbte overflader kan tåle vand, så derfor er der udført en række
forsøg for at undersøge hvordan de forskellige strukturer påvirkes af vand og tryk. Overfladerne er blevet undersøgt ved hjælp af optisk transmissionsmikroskopi, hvor de enkle strukturers påvirkning af vand og tryk blev observeret. Forsøg har vist at overfladen af plastikken
ændres ved vandpåvirkning og at dette fører til ringere vandafvisning.
Forskellige strukturer med og uden hierarkisk nanogræs: søjler, mikrohuller, grantræs-lignende mikrosøjler og pyramider er blevet undersøgt og sammenlignet. De grantræs-lignende
mikrosøjler er specielt interessante, fordi de har ekstremt gode vandafvisende egenskaber.
Forsøgene viser at det er muligt at producere ekstremt vandafvisende overflader ved hjælp af
industrielbaseret sprøjtestøbning i plastik. Disse resultater har perspektiver til en fremtidig
produktion af mere sundheds- og miljøvenlige plastikprodukter.
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Introduction
Injection molding is among the most prevalent methods to fabricate plastic parts and components used in everyday life, ranging from the smallest components for hearing aids to entire
body panels for the automotive industry. However, the efficiency and low cost of injection
molding has led to a consumption-based society with environmental impact. Requirements
from the end user often create a need to functionalize the plastic surface. Therefore, many
plastic parts are often decorated by paint or coated in order to obtain the desired properties.
The ink and coatings are often unhealthy and have large environmental impact. There is no
doubt that the trend now and even more in the future will be to produce sustainable plastic
products. The produced parts must be environmentally friendly and recyclable. In this context,
the work described in this PhD thesis should be seen as a basic scientific effort towards reducing the use of foreign coatings on plastic parts.
In everyday life many plastic items are used in situations where they become dirty and thus
detergents and soap are often required to clean the items. Adding a functionalized surface
with self-cleaning properties could reduce the amount of soap used, resulting in a less environmental impact. Traditionally chemical coatings have been used to functionalize surfaces.
Coatings can produce a wide range of different surface properties such as hydrophobic/hydrophilic, self-cleaning surface properties, antireflective, or color effects. However, chemically
treated surfaces might be toxic, therefore, their use is limited. The potential toxicity of coatings may cause problems when used in the food and medical industry. Coated or dirty polymer
items are also harder to recycle; a clean piece of polymer with no coatings is much easier to
recycle since the polymer can be melted straight away with no contaminants from dirt or coating.
Furthermore, the production of coatings is time consuming and often expensive. For example,
hearing aids are coated with a chemical agent for making a self-cleaning surface. The coating
process can be a large contribution to the production cost. When engineered nanoparticles
(particles with at least one dimension less than 100 nm) are used for surface coatings, their
risk for humans and the environment must be evaluated. These particles present much smaller
sizes and substantially higher surfaces to volume ratio per mass than larger particles of similar
composition. These physical properties may be associated with increased toxicities which
should be assessed.
The basic principle of injection molding is simple, a melted polymer fills a predefined mold and
the part is removed once the polymer has solidified. An injection molding machine transforms
thermoplastic granular into usable parts, the process requires almost no supervision and is
fully automated. In reality, the injection molding process is complex with multiple parameters
involved. The basic process comprises injection of hot melted polymer into the mold cavity
followed by a cooling step so the polymer solidifies. Finally, the cold part can be removed and
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the process can start again. An injection mold is also known as a tool, and often has an exchangeable cavity called an insert. This extends the life of the tool and improves versatility
since different inserts can be used with same tool case. Furthermore, compared to an entire
tool the insert can be replaced at a lower cost when worn out. Nanostructures are already
injection molded on a big scale and with very low cost by the industry on flat surfaces; such as
everyday items like DVD and Blu Ray discs. In the laboratory, it is possible to injection mold 50
nm structures1.
Structures in the nano- and micrometer range can functionalize surfaces for a variety of different effects with the advantage that no toxic compounds are used. Examples of functionalized nanostructured surfaces that can be fabricated are anti-reflective, self-cleaning, hydrophobic/hydrophilic, and color appearance. Today, all these effects have the potential to be
injection molded from flat injection molding inserts produced by lithography and electroplating of metal (normally nickel). If these effects can be realized the practical use of injection
molded functional surfaces would be enormous. Surfaces with self-cleaning effects that
mimic, e.g. the lotus flower, are of huge relevance for the medical and packaging industries.

1.1 Nanoplast Project
One of the largest research projects in Denmark is the Nanoplast Project. Nanoplast has a total
budget of 91 million DKK. The partners in Nanoplast, Technical University of Denmark (DTU)
and several private Danish companies have developed a process for nanostructured free form
injection molding tools. These tools have been used in the production of injection molded
plastic parts with different functionalities such as structural colors or self-cleaning properties
(the so called Lotus Effect). The Nanoplast Project is funded by Danish National Advanced
Technology Foundation (now InnovationsFonden) and several Danish companies with LEGO®
being the largest. The Nanoplast protocol is based on conventional silicon wafers for the production of nanostructures, which are later transferred to injection molding tools.
The silicon wafer is used as a mold for a flexible stamp. The flexible stamp transfers the structures to a resist coated tool with nanoimprint lithography. Finally, the structures are defined
in the tool steel by etching or electroplating. Injection molding is subsequently performed for
the mass production of polymer2, the process is shown in Figure 1.1. Alternatively, the structures are imprinted directly into a hard coating on the tool steel. The potential is a new type
of polymer materials with functional surfaces, such as a structural color instead of painted
surfaces that never needs cleaning.
This PhD project is part of the Nanoplast Project with one of the major goals to develop selfcleaning surfaces that can be produced (and hopefully sold) by the partners in the Nanoplast
Project. Finally, this project contributes to the development of injection molding of nano- and
microstructures with high replication quality for different polymers.
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Figure 1.1. The Nanoplast protocol for fabrication of functional nanostructures on injection
molding tools: Imprint on injection molding tool, 1) Etching or electroplating of nanostructures,
2) Tool ready for injection molding, 3) Injection molding of nanostructured parts, 4) Finished
parts with nanostructures. (Modified from ing.dk3).

1.2 Potential applications for self-cleaning and superhydrophobic surfaces
If self-cleaning surfaces can be cost-effectively produced on an industrial scale and made environmentally friendly, they would be useful for many everyday life situations. Self-cleaning
packaging of food could prevent bacterial growth. In yoghurt, approximately 10% of the yogurt
remains in the container. A yoghurt container with a self-cleaning surface could reduce food
waste, and make recycling of the polymer less resource demanding as shown in Figure 1.2.
Furthermore, it has been brought to public attention by the media that fluorine based coatings
are often used. Fluorine residues may in some cases be transferred to the food, making it
unhealthy to eat. The Danish Minister for Food, Agriculture and Fisheries, Dan Jørgensen
promised in 2014 that a Danish ban of flour in food packaging would be introduced as soon as
possible4. The injected molded self-cleaning surfaces could be the first step in developing an
alternative to the use of fluorine in food packaging.
1.2.1 Medical applications
Medicine and medical equipment is often very expensive, and patient health depends on the
precise dosage of medicine. If medical containers possess self-cleaning surfaces, the containers could be completely emptied allowing for a precise dosage. Furthermore, the medicine
packaging can be burned or recycled as regular polymer waste. Normally special and more
expensive circumstances are needed to dispose medicine packaging since it might retain residues from medicine which may be avoided by applying self-cleaning packaging. Another application is laboratory equipment such as pipette tips, syringes, etc., as shown in Figure 1.2.
Self-cleaning surface may also reduce bacterial growth on medical equipment, thereby making
biological and medical laboratories cleaner.
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Figure 1.2. a) In the future items like this yogurt container may benefit from self-cleaning surfaces, b) Today op to 10% yogurt is left in the container, c) In the future a self-cleaning surface
on a similar container could eliminate food waste, d) In the future similar effects would benefit
medicine packaging and laboratory equipment (shutterstock.com).
1.2.2 Optical applications
Self-cleaning coatings are used for optics, e.g. Nikon uses fluorine based coatings on the front
lens element on e.g. some of their professional lenses5 (Figure 1.3a) and binoculars. If transparent self-cleaning nanostructures could be fabricated by injection molding, self-cleaning
properties can be incorporated in more cost effective optical systems such as cell phone cameras.
1.2.3 Military applications
The interest for military applications with self-cleaning surfaces is increasing, polymers are
becoming more and more used in military equipment, e.g. magazines, gun parts, and other
equipment6 (Figure 1.3b). It can be difficult to keep dirt away from critical equipment in field
operations and many types of equipment must be clean and dirt free in order to function
reliably. Furthermore, military personel operating in nuclear, biological, chemical zones are
exposed to highly dangerous compounds. Therefore, it is highly important that military equipment can be kept clean in order to minimize exposure, in which self-cleaning properties may
aid.

Page 4

Injection molded self-cleaning surfaces

Emil Søgaard

Figure 1.3. Application for self-cleaning surfaces, a) Nikons fluorine coat prevents the adhesion
of dirt on the front lens element5, b) More and more military equipment is made from polymer
such as this AR-15 front grip from Magpul. It would be beneficial if such items could become
self-cleaning6.
1.2.4 Anti-fouling and drag reduction
The growth of biomaterials on ships possesses a significant challenge, as the biomaterial attached to a hull can increase drag and fuel consumption dramatically as shown in Figure 1.4.
This increases both cost and environmental impact. Commercial anti-fouling paints for ships
exist, but some have been prohibited, due to their toxic environmental impact and nonspecific
targeting of bio organism. Self-cleaning surfaces may provide inexpensive environmentally
friendly solutions and reducing fouling and thereby the drag7.

Figure 1.4. Example of bio-fouling8. Drag will be increased dramatically.
Self-cleaning surfaces may prevent this.
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1.2.5 Discussion of commercial uptake
In general, the introduction of injection molded self-cleaning surfaces is more likely to be implemented in high value applications, where the increased production cost required to make
the self-cleaning surface will be a small percentage of the overall fabrication cost. The military
sector and medical sector will probably be among the first where products with injection
molded self-cleaning surfaces will be marketed.
In contrast, it will be difficult to maintain the low price on mass produced food containers
when adding nano- and microstructures to the mold. Instead, a special injection molding technique called in-mold labeling can be used. In in-mold labeling a structured foil with superhydrophobic properties is wrapped around the injection-molded part. The foil would be produced by a roll-to-roll embossing method, similar to the principle of a Danish research project
called Large Area Nanostructuring Initiative (LANI)9. Such a process is already available for
other functionalized surfaces based on nanostructures such as holograms. As an example the
company Unifoil produced different kinds of custom food containers with holograms fabricated with in-mold labeling10, see Figure 1.5.

Figure 1.5. a) Holographic Cups fabricated in mold labelling11,
b) Foil with nanostructures produced by LANI.
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1.3 Goal for the project
The overall goal for the PhD project was to fabricate injection molds with a novel method for
superhydrophobic surfaces and subsequent produce polymer parts. A key property of the injection molded superhydrophobic surfaces is the ability to withstand submersion into water,
from these considerations, one main hypothesis was set up in the beginning of this project:
Is black silicon etching a viable option for production of superhydrophobic polymer parts based
on hierarchal nano- and microstructured silicon masters?
During the first part of the project, analyses of submerged samples indicated a collapse of the
Cassie State with a loss of water repellency on the polymer part; therefore, another hypothesis was set up.
Can a stable Cassie State be obtained and characterized for the injection molded superhydrophobic parts?
These hypotheses lead to the following investigation plan for the project:






Nanostructuring of superhydrophobic surfaces in the cleanroom of DTU Danchip, including state of the art electron beam lithography and nanoimprint lithography.
Experimental study for obtaining self-cleaning properties of injection molded surfaces.
Development of automated characterization setups, e.g. contact angle measurements,
roll-off angles on inclined planes, and drop-bouncing properties.
Mapping of polymers regarding their wetting and de-wetting properties of relevant
liquids.
Developing a method to observe the superhydrophobic stability of the injection
molded samples.

As the work progressed during this PhD study some changes in the investigation plan were
made as new issues became apparent and new opportunities occurred. E-beam and nano imprint lithography (NIL) were discarded in favor of DUV lithography because of its much larger
production rate and useability.
The development of an automated characterization for contact angle was canceled in favor of
an optical tensiometer with tilting stage and high-speed camera. The equipment was bought
during the project. The canceling of the development liberated time to develop the experimental process for the injection molding of the superhydrophobic structures and to perform
wetting experiments.
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1.3.1 The proposed fabrication method
The proposed fabrication method is based on a LIGA derived process where a silicon master
is electroplated and used as injection mold for the fabrication of superhydrophobic polymer
parts. Microstructures are defined by lithography and etched into the silicon, the etched microstructures are covered with a nanostructures in a hierarchical order composed of black
silicon fabricated by dry etching. The finished silicon wafer is electroplated leaving a nickel
shim with inverse polarity and injection molding is subsequently carried out for the production
of polymer parts. This fabrication method was patented in 2013 (Appendix 6).

1.4 Issues
In order to successfully produce superhydrophobic surfaces on an industrial scale, many issues
have to be overcome. In order to get a clear overview, an issue tree was made so each issue
could be addressed in a systematic manner and the challenges in the project could be overcome. The issue tree presented in Figure 1.6 is divided into three main categories;




Surface properties
Injection molding
Mold fabrication

The work done for this thesis was focused primarily on surface properties and the injection
molding process, while other project partners in the NanoPlast project focused on insert fabrication and mold design.

Figure 1.6. Issue tree to give an overview of the issues for industrial fabrication
of superhydrophobic surfaces.
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1.5 Thesis outline
The first part of the thesis is an introduction with a motivation, description of the Nanoplast
Project, and potential applications.
Chapter 2 covers basic wetting theory required to understand the principle of self-cleaning
surfaces.
Chapter 3 presents state of the art of 1) superhydrophobic surfaces, 2) injection molding and,
3) injection molded superhydrophobic surfaces.
Chapter 4 covers design of the different structures and choice of polymers.
Chapter 5 presents clean room fabrication and injection molding together with results and
discussion.
Chapter 6 presents characterization methods of topography/morphology.
Chapter 7 presents results of contact angle measurements.
Chapter 8 presents the background experiment for the paper on the pressure cell.
Chapter 9 covers a summary of the fabricated structures.
Chapter 10 is the overall discussion.
Finally, conclusion and outlook, references, and appendixes are presented.
Appendix 1: Fabrication recipes
Appendix 2: Work performed on external stay at NTU
Appendix 3-5: Papers
Appendix 6: Patent
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2 The theory of wetting properties
The study on the behavior of droplets on surfaces is a large research field. This chapter will
provide the elementary theory and formulas in order to understand hydrophobic and superhydrophobic surfaces.

2.1 Principle of a self-cleaning surface
Most surfaces known in everyday life collect dirt over time, and intensive cleaning is needed
to remove it. This can be seen especially on everyday items such as cars and bicycles. On the
other hand a plant placed in the middle of a city will never become dirty. Many plant surfaces
are self-cleaning.
As a general rule the initial properties can be amplified by increasing roughness. A surface that
is initially hydrophilic will become even more hydrophilic if the surface is rough, and the same
effect applies for a hydrophobic surface12. An example is shown in Figure 2.1, if the roughness
is increased extensively, the surface will eventually become superhydrophobic or self-cleaning.
In this thesis a surface is assumed self-cleaning when the surface becomes extremely water
repellant, so-called superhydrophobic. A superhydrophobic surface is defined by the following
criteria; the surface must have a contact angle above 150°13 and roll-off angle and hysteresis
below 10. Overall, there exist two methods to produce a superhydrophobic surface 1) making
a rough surface from a material with high intrinsic contact angle such as Teflon 2) modifying
or coating an already rough surface with a hydrophobic material.

Figure 2.1. a) Smooth hydrophilic surface, b) Rough hydrophilic surface; contact angle is decreased by roughness, c) Smooth hydrophobic surface, d) Rough hydrophobic surface; contact angle is increased by roughness.
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The idea behind a self-cleaning surface is that the surface is washed with water and is left
spotlessly clean. Water will often stick to normal surfaces and thereby the dirt will stay on the
surface. Most self-cleaning surfaces share the same principle; if the surface become sufficiently repellant towards a liquid e.g. water, then droplets will roll off the surface. Particles
and dirt will be collected by the rolling drop, leaving the surface clean. On a regular surface
dirt will be trapped inside the drop as is it slides off, often the collected dirt is re-deposited on
the surface as shown in Figure 2.214.

Figure 2.2. a) The particles on a smooth surface are redistributed by water, b) The particles
adhere to the droplets on rough super hydrophobic surface and are removed when the droplets
roll off the surface. Modified from14.

The fundamental physical principle of a hydrophobic surface is that materials often have the
lowest energy when binding to themself. Thus, it will cost energy when a surface is increased,
or when an interface between two materials is created. For example a drop will try to obtain
a spherical shape in order to minimize the free surface area and thereby its energy.
The energy required for forming a surface is measured as J/m2 or as force per length N/m and
is known as surface tension for a liquid-gas interface. When a drop is placed on a surface,
three surface energies are present. The surface tension acting where surface (S), gas (G), and
liquid (L) meet is called the triple line and the three surface tensions define the drop’s shape.
When the projected surface tensions (γ) at the interfaces between the solid-gas, solid-liquid,
and liquid-gas are summed and equated to zero one obtains Young’s equation which he derived in 180512,
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0 = 𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺 cos(𝜃0 )

2.1

When the drop is at rest and the forces have reached equilibrium the contact angle 𝜃0 is defined. 𝜃0 is also known as the equilibrium contact angle. The surface tensions and contact
angle are shown in Figure 2.3.

Figure 2.3. The capillary forces acting where surface (S), gas (G), and liquid (L) meets. Their
intersection is called the triple line and the three surface energies define the drop shape.

Young’s equation describes a perfectly flat surface, but in reality, flat surfaces rarely exist.
Surfaces often have some form of roughness either naturally or artificially made. The roughness can influence the triple line and pin it, which causes the drop to be fixed either slightly or
completely. When a drop moves on a surface, the pinning of the triple line influences the
contact angles. At the advancing part of the drop, the contact angle increases (advancing contact angle, 𝜃𝐴𝑑𝑣 ) and for the receding part of the drop the contact angle decreases (receding
contact angle, 𝜃𝑅𝑒𝑐 ). Normally drop movement can occur in two ways. One way is when the
surface is tilted and the drop is moved under the influence of gravity, the angle where the
drop starts to slide/roll is known as the roll-off angle (𝛼). The other way is when the drop’s
volume is charged by injecting or sucking out small amounts of liquid (Figure 2.4). The advancing contact angle is always larger than the equilibrium contact angle and the receding always
smaller. The difference between the advancing and receding is known as the contact angle
hysteresis H15,16,
𝐻 = 𝜃𝐴𝑑𝑣 − 𝜃𝑅𝑒𝑐

2.2

When doing wetting experiments the chemical composition of the liquids and solids have a
large influence on the results, ideally the liquid should be pure and nonvolatile. Surfaces with
water contact angle less than 90° are considered hydrophilic, and surfaces with water contact
angles above 90° hydrophobic. As a general rule surfaces enhance their properties if the
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roughness is increased: A rough hydrophilic surface will become even more hydrophilic and a
rough hydrophobic surface will become even more hydrophobic. The lowest surface energy
of any flat solid surface is obtained by regularly aligned and closely packed CF3 groups. For
this surface the contact angle is 120°, which is the highest contact angle a smooth surface can
reach. Superhydrophobic surfaces with contact angles exceeding 120° can only be produced
by increased roughness.
The roll-off angles relate to the contact angle hysteresis and can be described as a force balance between the projected gravity force and the projected line force along the triple line.
This relationship between hysteresis and roll-off angle can be calculated by the following
equation17,18,
𝜌𝑔𝑉 sin(α) = 2γar (cos(𝜃𝑅𝑒𝑐 ) − 𝑐𝑜𝑠(𝜃𝐴𝑑𝑣 ))

2.3

where ρ is the density of the liquid, g the acceleration of gravity, V the volume of the drop, γ
the surface tension, and ar the radius of the interface area between the drop and the surface.

Figure 2.4. Definition of advancing and receding contact angles, a) Tilting of a surface will
cause the drop move, b) A deposited drop on a surface, c) Advancing contact angle is observed
when drop is enlarged, d) Receding contact angle is observed when drop size is reduced.
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2.2 Chemically homogeneous surfaces: The Wenzel equation
Real life surfaces always have roughness. When roughness is increased on surfaces of chemically homogenous materials the surface-liquid contact area increases causing a changed surface energy. A drop on the surface will always try to minimize its energy by obtaining a new
form. For hydrophobic materials a drop will form a larger contact angle and a smaller contact
area.
An equation describing the relation between roughness and contact angle was published in
1936 by Wenzel. The Wenzel equation describes how a surface with the intrinsic smooth contact angle 𝜃0 changes contact angle 𝜃 when roughness increases. A non-dimensional roughness factor (Rf) is introduced. Rf is defined as the ratio between the total liquid area in contact
with the surface ASL to the projected area AF. ASL will always be larger or equal to area AF,
hence Rf ≥1, the Wenzel equation can be written as19,

cos 𝜃 = 𝑅𝑓 cos 𝜃0

2.4

where
𝑅𝑓 =

𝐴𝑆𝐿
𝐴𝐹

2.5

A drop or liquid in the so-called Wenzel State will completely wet all the surface roughness.
The wetted surface roughness will cause the drop to have a large contact angle hysteresis or
the drop will be completely pinned to the surface. The Wenzel State together with 𝐴𝑆𝐿 and AF
is shown in Figure 2.5. The figure also shows different intrinsic contact angles plotted as function of roughness factor to illustrate how the roughness relates to the contact angle. The plot
shows that large contact angles can be achieved for drops in the Wenzel State. However, the
drops will be pinned (stick to the surface) by the roughness and the surface will not have selfcleaning properties.
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Figure 2.5. Wenzel State where the drop completely wet the surface roughness (which is schematically drawn as periodic structures). This is also known as the pinned state. ASL are the total
surface area and AF the area projected by the drop. The plot shows the Wenzel equation with
contact angle as function of roughness for different intrinsic contact angles.

2.3 Chemically heterogeneous surfaces: The Cassie equation
The Wenzel equation only describes how a rough homogenous surface influences the contact
angle. In real life heterogeneous materials often occur. The contact angle of a heterogeneous
surface composed of two materials with different contact angles was published by Cassie and
Baxter in 194420. The contact angle is calculated from the surface fraction of material 1
(𝑓1 ) with contact angle 𝜃1 and surface fraction of material 2 (𝑓2 ) with contact angle 𝜃2 . Here
𝑓1 + 𝑓2 = 1 which corresponds to the total surface Cassie’s Law is given by the equation below20,
𝑐𝑜𝑠𝜃 = 𝑓1 𝑐𝑜𝑠𝜃1 + 𝑓2 𝑐𝑜𝑠𝜃2
2.6
A composite interface with a surface liquid fraction 𝑓1 = 𝑓𝑆𝐿 and a liquid air fraction 𝑓2 =
𝑓𝐿𝐴 = 1 − 𝑓𝑆𝐿 will occur if air replaces one of the two surface materials. The contact of angle
of air is defined as 180° and the result is the Cassie Baxter equation20,
𝑐𝑜𝑠𝜃 = 𝑓𝑆𝐿 𝑐𝑜𝑠𝜃0 − 1 + 𝑓𝑆𝐿

2.7

In the Cassie State, drops or liquid will be at the top of the structures with air pockets beneath
liquid (Figure 2.6). The roughness factor Rf must be included since surfaces in contact with the
liquid will always have a roughness. Furthermore, 𝑅𝑓 can be used to describe the effect of
hierarchical structures were the smaller structures are in the Wenzel State. By combining
equation, 2.5 and 2.7 one can end up with,
𝑐𝑜𝑠𝜃 = 𝑅𝑓 𝑓𝑆𝐿 𝑐𝑜𝑠𝜃0 − 1 + 𝑓𝑆𝐿

2.8

The above equation is plotted in Figure 2.6. Here the contact angle is dependent of roughness
factor, the intrinsic contact angle, and solid liquid surface fraction for the Cassie State. From
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equation 2.8 it can be deduced that even a hydrophilic surface can become hydrophobic when
𝑓𝑆𝐿 goes towards 0, however, the required 𝑓𝑆𝐿 may be impossible to achieve because the pockets will become unstable and collapse into in the Wenzel State for a hydrophilic material. A
drop in Cassie State will have a reduced surface contact since some contact area is replaced
by air. The reduction in contact area causes drops to have a low hysteresis, a large contact
angle, and a low roll-off angle. A stable Cassie State is important for a superhydrophobic surface.

Figure 2.6. Cassie State where the drop rests on top the structures, this is also known as the
superhydrophobic state. The plot of the Cassie Baxter equation with roughness compensation
shows contact angle as function of roughness for different intrinsic contact angles and solid
liquid surface fractions. The roughness factor shows the effect on the contact angle for hierarchical structures or surface roughness.
2.3.1 Limitations of Cassie and Wenzel equation
The Wenzel and Cassie equation cannot always predict the contact angles compared to those
measured in experiments. One of the issues with the Cassie Baxter equation is that the contact
angle is defined as a local force balance at the triple line, as described by Young’s equation.
The Cassie Baxter equation uses only the surface liquid fraction to determine the contact angle. The Cassie Baxter equation was originally derived for porous random surfaces, where the
surface liquid fraction along the triple line was equal to the surface liquid fraction for the area
beneath the drop. For ordered structures, this may not be the case, and the contact angle will
depend entirely on the surface liquid fraction along the triple line. Contact angle calculated
from the Cassie Baxter equation may therefore deviate from experimental measurements21.
In experiments, the meniscus may not be completely on top of the structures (Cassie State) or
completely wetted in the Wenzel State. A transition state, called the Cassie-impregnating
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State, can occur where the menisci are somewhere between the bottom and top of the structures, this will influence the liquid surface contact area and will result in a different drop shape
and contact angle16.
A composite state can also occur where a percentage of the structure is in Cassie State and
the rest of the structures in Wenzel. The equations cannot, however, be used to determine
the contact angles for surfaces in the composite state. The reason for the composite can be
that the structures are slightly irregular, small defects can either stabilize the Cassie State or
cause the liquid to go directly into Wenzel State16. The composite state will change the degree
of surface wetting and result in a different contact angle.

Figure 2.7. Limitation of the Wenzel and Cassie Baxter equations, partially filled structures can
occur, the liquid is not completely in Wenzel or Cassie State, a) The transition state where the
structures are partially wetted, in the Cassie-impregnating State, b) The composite state where
some structures are in Wenzel and other are in Cassie State.
2.3.2 Stability of the Cassie State
If the Cassie State collapses and water penetrate into the structures, the drop will transfer
into the Wenzel State. A drop in the Wenzel State will be difficult to move because of the
increased adhesion force from the increased liquid surface contact area and the hysteresis
would be much larger than for drop in the Cassie State. A superhydrophobic surface requires
that the water drops are always in the Cassie State. Many factors can influence the collapse
of the Cassie State. The rate at which water penetrates into the structures will vary for different materials and geometries. Water on some surfaces will have a completely stable Cassie
State, while on other surfaces may collapse quickly into the Wenzel State.
Some of the important design parameters for Cassie State stability are: 1) Choice of material,
the used material must have a large intrinsic contact angle. Drops with larger contact angles
have less surface contact and therefore a lower adhesion to the surface. 2) The pressure of
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the liquid, if a surface is submerged in water the pressure will increase. At higher pressures
liquid can be forced into the air pockets in the Cassie State and the liquid will start to transition
into the Wenzel State. Closed structures may prevent this since a counter pressure will be
formed by the enclosed air. 3) Geometry of structures influence the stability of the Cassie
State, e.g. the Cassie State is more stable when small structures are packed closely. However,
the overall surface liquid fraction must still be small in order to achieve a contact angle above
150°, which is the requirement for a super hydrophobic surface. The design parameters are
summarized below.
1) Advancing contact angle
a. Contact angle of the material
b. Sidewall roughness
2) Liquid pressure
a. Open structures
b. Closed structures
3) Geometry of structure
a. Size
b. Height
c. Period
If a liquid is in the Cassie State and is resting on top of a porous surface, the meniscus will start
to move down into the structures when the contact angle between the meniscus and the surface is larger than the advancing contact angle. A more hydrophobic material will have a larger
contact angle and as a result also a larger advancing contact angle. Sidewall roughness can
further increase the contact angle and the meniscus will therefore have difficulty moving into
the structures and thereby a more stable Cassie State22. However, structures on the sidewall
are very difficult to injection mold since they will be broken off during the demolding of the
polymer part.
If a pressure is applied to the liquid, e.g. when the surface is submerged, then the meniscus
will change shape. The shape of the meniscus is spherical as long as the dimension is smaller
than the capillary length of water ≈2.7 mm. The shape of the meniscus can be calculated from
the Young Laplace equation for a given pressure12,
1
1
∆𝑝 = 𝛾 ( + )
𝑅1 𝑅2
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Where 𝑅1 and 𝑅2 are radii of curvature, ∆𝑝 is the change in pressure over the liquid-gas interface, and 𝛾 the surface tension. For drops or structures with circular cross section the equation
reduces to,
2𝛾
2.10
∆𝑝 =
𝑅
An increase in pressure will decrease the radius of curvature for the meniscus and therefore
the meniscus will penetrate deeper into the structures. During this process, the sidewall contact angle will increase as well. From a geometrical perspective, the radius of curvature for the
meniscus will be a function of structure diameter and contact angle,
𝑅=

𝑎
cos(𝜃)

2.11

Thereby equation 2.10 can be rewritten into,
∆𝑝 =

2𝛾 cos(𝜃)
𝑎

2.12

If no external pressure is applied, the sidewall contact angle of the structures will dictate the
penetration depth; note, that the contact angle is always smaller than the advancing contact
angle otherwise the meniscus will start to move. A schematic drawing of a meniscus at a given
contact angle is shown in Figure 2.8. From basic geometry considerations the penetration of
the meniscus into a structure can be calculated from an applied pressure (equation 2.10) or
for a material with a given contact angle (equation 2.11). The penetration of the meniscus into
the structures for circular hole can be calculated from sphere shape with radius of curvature
R defined by the hole diameter a with the following equation,
ℎ = 𝑅 − √𝑅 2 − 𝑎2
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Figure 2.8. Cross-section of the meniscus inside a circular hole; a is the radius of
the hole, R is the radius of curvature of the meniscus, h the penetration of the
meniscus and 𝜃 is the contact angle.

Thereby the structure size becomes an important factor when designing superhydrophobic
surfaces. Smaller structures will have lower penetration of the meniscus, and thereby perform
better than larger structures, providing height and surface fractions are kept constant. Figure
2.9 shows penetration as function of the structure radius for different pressures and contact
angles.

Figure 2.9. Plot of meniscus penetration, a) As a function of hole radius for different pressures b) As function of contact angle for different hole radii; Note, how meniscus penetration
is less for holes of with smaller diameter.

Emil Søgaard

Injection molded self-cleaning surfaces

Page 21

Closed structures with holes will have a larger stability in the Cassie State than compared to
open structures. In an open structure air can escape as the meniscus moves down the sidewalls. Air cannot escape from closed structures, and as the meniscus moves down, the trapped
air will form a counter pressure and the overall change in pressure will decrease leading to
smaller deflection of the meniscus and a larger radius of curvature according to the Young
Laplace equation 2.9). Over time the trapped air will be absorbed by the liquid. The solubility
of gas is proportional to the partial pressure of the gas according to Henry’s Law, where P is
partial pressure, kH is a gas specific constant with units of (L bar/mol), and c the molar concentration of gas in water,
𝑃 = 𝑘𝐻 𝑐

2.14

When gas molecules are absorbed as Δp increases, and the meniscus again moves down the
sidewalls until the counter pressure increases again and the penetration stops. This process
will continue until the liquid is completely in the Wenzel State. The absorbed gas forms a gradient and diffuses from the liquid-gas interface into the rest of the liquid. The absorption of
gas will be a limiting factor for the penetration rate.
Structure height is another important factor when designing superhydrophobic structure. Low
structures can be problematic since the meniscus might touch the bottom of the structures,
and thereby lead to a transition into the Wenzel State. As a general rule, higher structures will
perform better than lower since the meniscus will have to penetrate deeper into the structures, before the liquid transits into the non-recoverable Wenzel State.
In the case of hierarchical structures, such as nano- and microstructures a special situation can
occur were water only penetrates the microstructures and air is trapped in the nanostructures
(Figure 2.10). This state has several names and is known as: Nano Cassie State23, or Cassieimpregnating State24. In this thesis, the term Cassie-impregnating State will be used. The red
rose petals have hierarchical nano- and microstructures designed specifically to wet largely
spaced microstructures, but not the smaller nanostructures. As a result water will be in the
Cassie-impregnating State, and water drops are strongly pinned to the surface even when rose
petals are placed upside down24. Liquid in the Cassie-impregnating State can be recovered
back into the superhydrophobic state23. The addition of nanostructures can thus provide a
more stable superhydrophobic surface.
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Figure 2.10. Cassie-impregnating State, also known as the Nano Cassie State. The liquid only
wet the microstructure on hierarchical nano- and microstructures. The drop in Cassie-impregnating State will have high adhesion to the surface.

When designing and fabricating a superhydrophobic or water repellant surface, it is important
to achieve a minimal hysteresis, since this will result in a lower drop pinning and thereby a
lower drop roll-off angle. A high contact angle is in itself not enough to obtain a water repellant surface, since large roughness in the Wenzel State will cause a large hysteresis and make
the water pin. This is important for water repellant surface structures, which ensure a stable
Cassie State.
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3 State of the art
This section covers the origin of superhydrophobic surfaces, the advances in research, and
manufacturing methods in general with an emphasis on injection molding. The limitations of
standard manufacturing of injection molding tools and inserts are described, along with more
advanced fabrication methods needed for the nano- and microstructures required to create
superhydrophobic surfaces. Finally, some papers concerning superhydrophobic surfaces together with wetting stability studies are discussed.

Figure 3.1. Pictures and SEM images of the Lotus plant. a) Lotus plants, b) Drops on leafs has
excellent superhydrophobic effect25, c) SEM images of Lotus leaf, d) Higher magnification show
hierarchical nano- and microstructures, e) Even high imaginations show the delicate
nanostructures.

Superhydrophobic or self-cleaning surfaces have been found in nature for millions of years.
Most plants have some water repelling effect on their leaves and the repelled water will collect dirt and other particles, leaving the plant clean so it can absorb light needed for photosynthesis. Particular water plants like the Lotus plant (Nelumbo) family are known for excellent
self-cleaning properties and superhydrophobic effect (Figure 3.1 a,b). The self-cleaning effect
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is therefore known as the Lotus Effect. It is reported that the Lotus Effect origins from a combination of surface chemistry and surface topography14 (Figure 3.1 c,d,e). Leaf cells on the
lotus plant produces hierarchical micro- and nanostructure from a hydrophobic wax layer that
increase the contact angle to 160°14. Other plants have similar effects and structures26. Overall, the Lotus plant is an excellent benchmark for comparing with artificially made super hydrophobic surfaces. Nature has already perfected the properties required for self-cleaning
surfaces and these properties could be useful for many industrial applications.
A number of studies have been carried out in order to replicate the Lotus Effect for a wide
range of applications. Some studies have pure scientific value and are focused on improving
the understanding and knowledge of the superhydrophobic effect, while others are closer to
applications. Depending on the types of superhydrophobic surfaces, the cost and manufacturability may vary. Overall two main concepts for fabrication of superhydrophobic surface have
been used, 1) A top down approach defines the surface topography of a bulk material by etching, embossing, etc. The surface will become more rough and obtain the superhydrophobic
effect, 2) Material can be deposited to modify the roughened and/or chemical properties of
the surface to obtain the superhydrophobic effect, e.g. fluor based coating or nanoparticles27.

3.1 Top down approaches
Many studies have tried to replicate the Lotus Effect, some have simply made polymer replica
of a Lotus leaf or leaves from other plants. However, the nanostructures on the Lotus leaf
were too delicate for good replication. Casting or imprinting with the Lotus leaf require at least
two imprints, a single imprint is simply not enough since the polarity of the structures are
inversed in the imprinting or casting process. A second imprint will return the structures to
the original polarity. Contact angles on a replicated Lotus leaf are reported to be 158° with a
drop roll of angle at 8°28.
3.1.1 Semiconductor based methods
The toolbox from the electronic industry can easily fabricate micro- and nanostructures
needed for a superhydrophobic effect. Structures down to 18 nm can be fabricated with UV
lithography on large areas29. Even smaller structures (below 10 nm) can be fabricated with
electron beam lithography (E-beam). E-beam is a slow process and only suitable for small areas30. A wide range of etching and deposition systems can modify the surface and make high
aspect ratio or hierarchical structures, such as microstructures combined with black silicon
structures31. The fabricated semiconductor structures can subsequently be used as master for
imprinting or embossing to increase the production rate and lower the cost for the superhydrophobic surface.
3.1.2 Roll-to-roll embossing
Roll-to-roll fabrication is an alternative to injection molding. Structures are embossed in foil
with a structured master roll, and the finished foil is rolled and collected. The advantage of
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roll-to-roll is that very large areas can be mass-produced. Roll-to-roll fabrication is a promising
method for industrial micro- and nanoscale fabrication although information, particularly regarding processes and stability control, is still limited. The structures on the master roll can
for instance be fabricated with the lithography-based method and then be transferred to the
roll32.
The Danish research project LANI works on fabricating self-cleaning surface on industrial
equipment, here a variant of roll-to-roll called extrusion coating are used to manufacture
nano- and microstructures on foils9.
The advantage of roll-to-roll is its low cost and high production rate, although it can be difficult
to transfer the structures onto the curved roll. Roll-to-roll fabrication has the limitation of flat
surfaces. Although a process known as in mold labeling can transfer parts to injection-molded
surface, and is widely used to decorate polymer items such as plastic cups and food containers, even structured foils e.g. holograms can be fabricated with this method10.
3.1.3 Plasma and laser based methods
If polymer material is exposed to plasma, the surface chemistry and/or topography will be
changed by the plasma exposure. It is reported that different power levels of oxygen plasma
can control surface properties33. High power plasma will increase the contact angle on Polytetrafluoroethylene (PTFE) making the surface more hydrophobic, and low power will decrease the contact angle changing the properties of PTFE to hydrophilic33. Plasma can also be
used to deposit different superhydrophobic coatings34. Chemical modification can also be performed by laser exposure, here the laser beam can change both surface topography and
chemistry, a polymer material like TOPAS can be exposed, and by adjusting power and focus
of the beam the surface properties can be anything from hydrophilic to superhydrophobic 35.

3.2 Bottom up methods
In a bottom up method, material is added to make the superhydrophobic surface; examples
are self-assembled surfaces or nanoparticle coatings.
3.2.1 Electro spinning
Electro spinning is a method to fabricate tiny polymer fibers, these fibers form webs of nano
and micro sized fibers in the 10 nm to 10 µm36 scale. Superhydrophobic surfaces are reported
from both fluorinated and unfluorinate polymers such as PP37. The principle of electro spinning is that a dissolved polymer or a polymer melt is sprayed through a nozzle and pulled by a
strong electric field, the polymer is collected as thin fibers on an electrically grounded target38.
The common thing for electro-spun materials is that they have a very large surface to volume
ratio. An advantage of electro spinning is that the method can produce excellent superhydrophobicity with standard industrial polymers such as PP and PVC37. Electro spinning is marked
as a low cost method where up to 20 000 000 m2 can be produced with a single production
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unit per year 39. Although this high production rate is achieved by another fabrication method
where the web is collected from a cylinder instead of a nozzle40.
Contact angles are reported to be 178° for electro spun fibers combined with nanoparticles41.
Contact angles from pure polypropylene webs are reported to have lower connect angle at
150°42.
3.2.2 Coatings
Coating is a widespread method for the fabrication of superhydrophobic surfaces. The advantages of coatings are that they can be applied to a wide range of both flat and freeform surfaces. Furthermore, coatings can modify both surface topography and chemistry in one step.
This make coatings a relatively cheap and easy method of fabricating superhydrophobic surface.
One method to fabricate a superhydrophobic coating is to apply nanoparticles43. The particles
can be deposited layer by layer. If different sizes of particles are used, multistate roughness
can be fabricated. Layers of particles can form a mechanically stable surface that is self-healing
when damaged44. When one layer of particles is worn, the next layer of particles will simply
take its place leaving the superhydrophobic effect intact. Alternatives to nanoparticles are
fluorocarbons and silicone based materials with high intrinsic contact angles 43. Several commercial companies produce superhydrophobic coatings such as the ones made by TC Nano 45.

3.3 Combined methods
The above mentioned methods can all fabricate superhydrophobic surface. Combinations of
the different methods can be used to further enhance the superhydrophobic effect. Coatings
can be used in combination with rough structures fabricated lithography, e.g. perfluorodecyltrichlorosilane (FDTS) can perform a thin (monolayer) flour carbon covalently bound to the
silicon and other materials. This is useful since the high resolution and reproducibility of the
lithography based method can be used to define the roughness, as the mono layer thickness
will not influence the dimensions of the defined structures. What is common to the bottom
up methods is that true 3D structures can be fabricated; spongelike materials will increase
durability of the superhydrophobic surface. When exposed to wear some of the material may
be removed. In a sponge like material a new layer would simply be exposed and the superhydrophobic effect preserved. Furthermore, a spongelike material produce overhangs which further improve superhydrophobic properties of the surface22.
The research in superhydrophobic surfaces is a huge field with an increase in publications each
year. To list all the methods described in literature would be difficult in this section. The main
types of fabrication and principles are listed. The most common mentioned techniques is that
they cannot match the potential of injection molding regarding manufacturability and cost.
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3.4 Surface wetting
The superhydrophobic criteria are not enough to fully describe a water repellant surface.
When a surface is submerged into water for either a short or prolonged time, the superhydrophobic state often collapses and water would be pinned to the surface. If pinning occurs, then
the surface cannot be utilized effectively and the application range will be limited, this can be
a problem for food containers, medical containers or other applications.
It is reported that Lotus leaves lose their superhydrophobic properties when submerged into
water for even a few minutes or if the water pressure is increased, although the superhydrophobic effect is recovered when the leaves dry again46. Other plants and some insect have the
possibility of trapping a thin layer of air with hairlike structures. This trapped air layer is called
a plastron; a surface with plastron may effectively retain the superhydrophobic state after
submersion47.
Therefore, it is important to study the long-term effects of superhydrophobic surfaces when
exposed to water. Studies show that different methods have been used to characterize the
stability of superhydrophobic surfaces. Most methods are based on indirect optical methods
that measure average wetting over larger areas. A few papers report direct measurement on
individual structures. Some of the important papers are listed here:
Lei et al. (2010)48 show a diffraction based method to characterize submerged PDMS gratings,
where the diffraction pattern from a laser changes as PDMS structures are filled, they report
that an almost filled structure can reverse to the Cassie State as long as the structures are not
fully wetted. The diffraction patterns were projected on a screen and changes were recorded
as function of pressure with a CCD camera48.
Bobji et al. (2009)49 describe an optical method based on total internal reflection to determine
the Cassie to Wenzel transition for different structure types. When the superhydrophobic Cassie State collapses on a single structure, the water air interface is no longer present and the
condition for total internal reflection disappears. Bright spots on the microscope image become dark when a structure has transitioned into the Wenzel State. The disappearance of dark
spots was plotted as function of water depth. The smallest feature size to be imaged is 20 µm.
The paper reports a correlation between mean transition time and water pressure. Thereby
showing the degree of stability for different structures types49.
Sakai et al. (2009)50 describe another method based on total internal reflection to measure
the amount of trapped air on a superhydrophobic sample, here the intensity of a reflected
laser beam is used to determine the amount of air trapped in the structures. Two different
sample types are used for experiment; one with low roughness and one with large roughness.
The surface energy of the water is changed by adding ethanol. As more ethanol is added, the
water air interface will penetrate deeper into the structures. The addition of ethanol shows a
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decreasing intensity for large roughness sample and vice versa for the low roughness. The
method is described as effective for various superhydrophobic surfaces50.
Lv et al. (2010)51 show how the air pockets in circular micro cavities (holes) collapse. The sample was placed inside a pressure cell and detailed studies with confocal microscopy show how
the meniscus moves inside micro cavities. As a result, the transition from Cassie State to Wenzel State was monitored for different pressures and compared with relevant theory. The shape
of the meniscus is monitored as it moves down along the structure sidewall. Furthermore, the
contact angle can be determined relative to the sidewall while the meniscus moves down.
Sidewall roughness will influence how fast the meniscus moves and the transition time from
Cassie State to Wenzel State. The transition time as function of pressure is shown and as expected a hole will collapse faster at higher pressures51.
3.4.1 Cassie-impregnating State
Verho et al. (2012)23 show the Cassie-impregnating State that can be controlled locally with
over and under pressure from a syringe, the Cassie-impregnating State is fully reversible to
the Cassie State. However, if the liquid is forced into the Wenzel State, it will be impossible to
go back to the Cassie State or Cassie-impregnating State. To verify that the microstructures
were wetted a confocal method was developed, this confocal method used fluorescent nanoparticles which could be detected inside the microstructures23.
Potetes et al. (2010)52 characterize air layers on submerged aluminum surfaces coated with
Teflon and on Lotus leaves. The surfaces were submerged at different depths and the collapse
of the air layer/plastron was characterized by measuring relative reflectivity from the water
air interface. Larger pressures were found to significantly decrease the air layers’ lifetime. Furthermore, the decay was studied with confocal microscopy, and the mechanism behind the
decay studied in detail. Several factors were found to have influence such as water pressure,
Laplace pressure, and diffusion from the air into the water (Henry’s Law). After air layer collapse a small reflection remained; the authors suggest that the small reflection may be based
on air trapped on the hierarchical nanostructures, in the Cassie-impregnating State52.

3.5 Injection molding
In order to fabricate effective molds for injection molding of superhydrophobic structures, the
basic tool manufacturing methods must be known. The traditional mold fabrication has several limitations when it comes to fabrication of molds suitable for superhydrophobic surfaces.
The traditional mold fabrication methods simply do not have the required accuracy for nanoand microstructuring, this section lists the main industrial methods and their limitations for
fabrication of nano- and microstructures needed for superhydrophobic surfaces.
3.5.1 Traditional mold fabrication (Micro machining)
The standard manufacturing methods for injection molding tools are milling and electric discharge machining (EDM). These methods have especially been developed for the fabrication
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of microstructures and are known as micro machining. Micro milling is a high precision CNC
milling. A machine can produce structures down to 100 µm in steel53. EDM removes material
by short electric discharges in an insulating fluid. EDM can cut all materials regardless of hardness, as long as the material is electrically conductive54. Conventional EDM can fabricate structures down to at least 100 µm54,55.
3.5.2 Laser ablation
A pulse laser, typically in the nano to femto second range, can with its high pulse energy be
used to evaporate metals such as steels. Under the best circumstances structures can be fabricated smaller than 10 µm56. Molds for superhydrophobic surfaces are produced in titanium
and transferred to hydrophobic materials57. Other superhydrophobic surfaces defined by laser
are reported58,59. Laser ablation has the advantage of being relatively fast and can structure
freeform molds and inserts.
3.5.3 Insert based methods
In order to reduce the smallest feature size of an injection mold, parts of the tool can be designed as a removable insert. The advantages are that the entire tool does not need to be
replaced when the structures are worn out, and planer inserts have the possibility to be fabricated with small features in the double digit nanometer range. Two insert fabrication methods are described below, which can both produce extremely small structures.
1) Silicon wafer
Injection molding with a silicon wafer is possible. Nanostructures can be injection molded although the lifetime of a silicon wafer is short due to the brittleness of silicon. The technique
is limited to produce small amounts of parts for research purpose.
2) Lithography, Electroplating, Molding (LIGA)
A LIGA derived process can be used to fabricate thin sheets of flat metal for the injection
molding of CDs, DVDs and Blu-ray discs. These flat sheets are often called shims. In a traditional LIGA process, the first step is the coating of a conductive metal layer for the subsequent
electroplating process onto a substrate (glass or silicon wafer). A thin layer of resist is coated
and UV or X-ray lithography is used to define the required structures. This produces a polymer
replica on top of the substrate. Electro plating, typically with nickel, is subsequently carried
out. The substrate and resist are removed and the shim is ready for placement in an injection
molding tool60. Furthermore, the electroplating process can be carried out on an etched silicon
wafer with a thin conductive coating. The advantages are that LIGA is based on conventional
semiconductor fabrication and well defined structures of 50 nm are reported on substrates 1.
3.5.4 Companies that work with micro structuring of molds
Worldwide several companies produce micro- and nanostructured injection molding tools or
inserts. Four important companies are listed here NIL Technology and InMold Biosystems are
project partners in the Nanoplast project.
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NIL Technology sell nanostructured nickel shims that has the potential for super hydrophobic surfaces, the fabrication of these nickel shims are based on conventional
clean room fabrication and electroplating61. Furthermore NIL Technology is the co-inventor on one of the patents in the Nanoplast project, more specifically the patent
describing imprint on steel molds with a flexible stamp and subsequent etching or electroplating of nanostructures2.
InMold Biosystems claim that they can fabricate nanostructured steel molds on
freeform surfaces with low surface roughness down to 3 nm (Rz). The structures are
defended in a ductile coating, which is later hardened. The mold can withstand 300°C
and 1500 bar for at least 66 000 injection molding cycles62.
Hoowaki fabricate functional microstructure surfaces on stainless steel and other metals. Self-cleaning metal mold surfaces, which can be used to process polymer parts are
sold. Contact angles are not reported but videos that demonstrate the effect can be
seen63.
Lightmotif fabricate microstructures on steel by laser machining, Lotus effect is reported with structures down to 10 µm on steel and injection molded super hydrophobic surfaces are demonstrated59.

The small scale of the nano- and microstructures can prove hard to replicate in a conventional
injection molding process, especially for larger aspect ratios.
In order to injection mold parts with nano- and microstructures it can be required to use a socalled variotherm process in the injection molding process were the mold is preheated above
the polymer melt temperature, after polymer injection the mold is cooled before part ejection. Such systems are commercially available64, but will add to production costs due to a
longer process time.

3.6 Injection molded superhydrophobic surfaces
The scientific community has for some time reported polymer superhydrophobic surfaces, and
many papers are published. Most of the methods described are not compatible with conventional large scale fabrication methods and therefore have limited value outside the scientific
world. Different kinds of injection molded superhydrophobic structures are reported.
An EU funded project, named Nanoclean project, from 2009 to 2012 focused on fabricating
injection molded parts for the automotive industry. The fabrication method used in the Nanoclean project was short laser pulsed structuring of steel molds by the company Lightmotif.
Molds with microstructures, with nano roughness were fabricated. Superhydrophobic polymer parts were produced on both flat surface and complex freeform parts. In order to improve
the superhydrophobic effect polymer, companies worked on developing new types of polymer that was optimal for water repellency and mechanical properties required by the automotive industry59.
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In Hopmann et al. (2013)65 superhydrophobic surfaces made from liquid silicone rubber is injection molded. Here cold liquid silicone rubber is injected into a preheated mold, cured and
ejected. The structures consist of conical pillars 5 µm to 20 µm made from steel inserts fabricated by pico second laser. The intrinsic contact angle of the flat liquid silicone rubber was
reported to 115°. After structuring the contact angle was increased over 40°. It is reported
that the softer liquid silicone rubber is more durable than similar structures made from thermoplastic. Liquid silicone rubber can be molded over other materials such as thermoplastic
and metals, and thereby durable superhydrophobic items can be fabricated 65.
Michaeli et al. (2011)58 show a method to have a fast laser based variotherm injection molding
process, with a heat up rate up to 300 K/s, with no overshoot, the advantage is that only small
parts of the tool are heated. In order to implement the method an insert is made from pressure resistant glass. To test the laser heated variotherm process, a mold with superhydrophobic structures were tested with laser heating versus a traditional injection molding process.
Results from the paper are clear and the variotherm process is required in order obtain the
replication quality required for the superhydrophobic effect.
A Finish research group led by Prof. Tapani A. Pakkanen has carried out extensive research in
polymer superhydrophobic surfaces, fabricated by injection molding. A selection of their papers are presented below.
One of the first papers describing superhydrophobic surface fabricated by injection molding
is Puukilainen et al. (2007)66 Superhydrophobic polyolefin surfaces: controlled micro- and
nanostructures. Here, aluminum molds were fabricated with a microstructuring robot that
punched micro holes in the aluminum mold, hierarchical nanostructures were added by an
oxidation process of the aluminum. Injection molding was carried out and hierarchical nanoand microstructures were fabricated with superhydrophobic properties; contact angles larger
than 165° and roll of angle below 2.5°66. This paper is extremely important since it is a proof
of concept that polymer superhydrophobic surfaces can be injection molded.
Nanostructures are often very fragile and easily damaged, In Huovinen et al. (2012)67, a more
durable superhydrophobic surface was injection molded in polypropylene. A series of hierarchical micro-micro structures were fabricated, and compared to traditional hierarchical nanoand microstructures, similar superhydrophobic surface effects were measured for both structure types before pressure and wear test. After testing the contact angle was measured again
and the micro-micro hierarchical structures were reported to have better resistance to pressure and wear up to an order of magnitude67.
In Huovinen et al. (2014)68 large microstructures are used to protect smaller nano/microstructures, it is shown that the superhydrophobic effect remains even after the surface is exposed
to extensive wear. Only the large protective microstructures are damaged during the mechanical wear. Superhydrophobic effect was retained after a wear test consisting of 10 cycles with
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a pressure of 120 kPa68. This paper is important because it shows that superhydrophobic surfaces can be injection molded with resistance to mechanical wear, thereby expanding the application range.

3.7 Additives in injection molding
When superhydrophobic or self-cleaning surfaces are injection molded, the correct polymer
choice is important. Additives are often used to improve the performance in the injection
molding process. When a polymer is used for injection molding, additives with different properties are typically added, e.g. lubrication, antioxidants, nucleating agents to improve crystallization etc.69,70. A list and a short description of typical polymer additives are shown in Table
3.1 modified from Preeti Singh et al.70.

Additive type
Antiblocks
Antifogs
Antioxidants
Antistatic agents
Biocides
Chemical blowing agents
Flame retardants
Heat stabilizers
Impact modifiers
Light stabilizers
Lubricants
Mold release agents
Nucleating agents
Plasticizers
Processing aids

Slip agents
Fillers

Effects
E.g. talc, silica, clay, mica, ceramic spheres – prevent a
film sticking to itself and make separation of film easier
Prevent the formation of fog (water vapor) on the plastic
surface
Prevent oxidization
E.g. carbon, metallized fillers and carbon fibers – reduce
buildup of static
E.g. preservatives and fungicides
E.g. sodium bicarbonate – produce gases on polymerization to produce foam
Halogenated compounds, phosphorus compounds, metallic oxides and inorganic fillers – reduce flammability
Maintain color quality at high forming temperatures
Improve ability to absorb and dissipate impact forces
E.g. mica powder – reduce degradation from UV light
Help the molecules to flow during forming
Prevent material from sticking to molds
Improve hardness, elasticity, optical properties and
transparency
E.g. epoxidized vegetable oil, butadiene – make material
soft and pliable
Improve the production rates at manufacture by removing the “sharkskin” or “orange peel” effect produced by
molten polymer sticking to the die
Agents amides: reduce the coefficient of friction, thus
helping the molecules to flow
E.g. talc, chalk, clay – improves stiffness, strength and
electrical properties (clay)

Table 3.1. A list and a short description of typical polymer additives modified from70.
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Some specific additives, often used, are listed here,





Stearate is an often used lubricant and antisticking agent added to polymers 71. A lubricant can decrease the polymer viscosity, and thereby reduce the required injection
pressure in the injection molding process or lower the adhesion between polymer part
and mold. The stearate molecule is an amphiphile as shown on the chemical formula
Figure 3.2. The hydrophobic part of the stearate molecules will influence the intrinsic
contact angle of the material, making it more hydrophilic.
Crystallizers or nucleating agents can polar molecules based on benzoates or phosphates69, which will reduce hydrophobicity of the polymer.
Antioxidants are based on thio-ethers that decompose polymer peroxide. In combination with phenols, antioxidants offer additional long-term stability. Phenolic antioxidants are radical scavengers which prevent thermal degradation of many polymeric
materials69, polar molecules, such as alcohols, can reduce the hydrophobicity.

Figure 3.2. Amphiphile zinc stearate72; note the long unpolar hydrocarbon chain
and polar oxygen molecules.

Many common additives are hydrophilic or polar molecules which reduce hydrophobicity of
the polymer69–71. The smaller additive molecules can migrate to the surface either during polymer processing or at ambient temperature after production of parts70,73. This will cause a
further decrease in hydrophobicity because the concentration of the polar or hydrophilic additives increase at the surface.
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4 Design of structures and polymer choice
Silicon wafers with black silicon (nanograss) coated with fluorocarbons show excellent superhydrophobic properties. This is further increased by the addition of microstructures 31. The
superhydrophobic effect of coated black silicon was used as inspiration to the design and fabrication the injection molded superhydrophobic structures used in this project.
Non-fluor polymers will typically have lower contact angles compared to coatings based on
fluorocarbons such as FDTS which has a contact angle of approximately 110°. The structures
in this project were designed to examine whether hierarchical structures are required for superhydrophobicity when non-fluor polymer surfaces are injection molded. Microstructures
were designed and fabricated and each structure type was produced with hierarchical black
silicon (nanograss) or as pure microstructures. The Lotus leaf was used as inspiration for the
structures, except when no overhanging structures on the sidewall could be reproduced by
the injection molding process.
Black silicon structures can be produced in a wide size range and aspect ratios (Figure 4.1)74,
however, if the black silicon structures are injection molded, large aspect ratio structures are
not suited, because the high thin structures would be difficult to fill and demold during the
injection molding process. Low aspect ratio black silicon similar to Figure 4.1A was used in this
project. Furthermore, the black silicon in Figure 4.1A was suited for injection molding because
it has positive angled sidewalls. Because of the positive angled sidewalls, the black silicon is
easier to demold than, e.g. nanopillars with straight sidewalls.

Figure 4.1. Different types black silicon, a) Side view, b) Top view. Black silicon similar to A is
suited for injection molding because of the low aspect ratio. Figure from74.

The addition of nanograss to the microstructures has two functions; first, the contact angle is
increased by the nanograss induced roughness. If the liquid in contact with the nanograss is
in the Wenzel State the roughness factor will be increased. If the liquid is in the Cassie State,
the solid liquid fraction (surface coverage) will be decreased (higher contact angle and less
drop adhesion), because the solid liquid fraction for hierarchical structures is calculated by the
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surface coverage of the nanostructures multiplied with surface coverage of the microstructures. To estimate the solid liquid fraction of nanograss is a challenge, because the nanograss
are random structures with different height, sizes, and sidewall angles. Due to the sharp tips,
the nanograss is likely to be in a transition state where the structures are partially wetted
between Cassie and Wenzel States. Secondly, a transition into the irreversible Wenzel State
would be prevented, by the Cassie-impregnating State formed by the nanograss on the bottom of the surface.

4.1 Pillars based structures
Surface structures with pillars are often used to fabricate a superhydrophobic surface as either
a single structure or hierarchical structures31,58,67,75–77. Therefore, pillars are a natural starting
point for superhydrophobic surfaces. Some limitations on height and size of the structures are
required for injection molding. Initially, generally aspect ratios of approximately 1 or lower
were chosen, since higher structures would be more difficult to injection mold.
The initial structure design for injection molded superhydrophobic surfaces in this work is
composed of different test areas with micropillars 3.00 µm, 5.00 µm, and 7.00 µm in diameter
each size would have different periods. The test areas were designed to examine stability of
the Cassie State by increasing the space between the pillars from 0 µm to 8 µm. Closely spaced
pillars would have a lower penetrating meniscus and a more stable Cassie State, however,
they would also have a larger surface liquid fraction which would result in a smaller contact
angle. The smaller contact angles will be given by the Cassie Baxter equation (equation 2.7).
As the space between the pillars is increased, surface liquid fraction will decrease with a larger
contact angle. However, the Cassie State will be unstable, since the drop is supported by a
smaller area, due to the decreased surface liquid fraction. Furthermore, the drop will have a
larger meniscus penetration when the distance between the pillars is increased. Therefore, it
would be easier for the drop to move into the Wenzel State. Surface coverage for the pillars
was calculated from the area of one circular pillar divided by the area of a unit cell defined by
the structure period as shown by the equation below,
𝑓𝑠𝑙 =

𝜋𝑅𝑝 2
𝑃𝑝 2

4.1

Here 𝑅𝑝 is the pillar radius and 𝑃𝑝 pillar period. The pillars were designed with a maximum
surface coverage of 0.79 and a minimum surface coverage 0.06. The surface coverage of the
different structures is shown in Figure 4.2. One advantage of pillar based structures is that a
small surface coverage can be achieved with a large structure size making pillar based structures less demanding to fabricate.
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Figure 4.2. Surface coverage of pillars as function of spacing 3.00 µm, 5.00 µm,
and 7.00 µm in diameter.

Two polymer part designs were available for injection molding in this project; a microscope
slide 1 mm thick, and a round disc 50 mm in diameter and 2 mm thick. The test patterns with
pillars were arranged so both part types could be used with the same electroplated nickel
shim. The size of the test areas was 7 mm × 7 mm, otherwise the contact angle measurements
on smaller areas would be difficult. A CAD file for a conventional photolithography mask was
designed with the software L-edit. The layout for the mask together with examples of pillars
are shown in Figure 4.3.

Figure 4.3. Mask design for pillar based structures; a) Mask layout pillars b) Arrangement of
pillars with 3.00 µm in diameter and a spacing of 4.00 µm.
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4.2 Hole based structures
Surface structures with holes will theoretically provide a more stable Cassie State since a penetrating meniscus will form a counter pressure inside the closed holes (Figure 4.4a). The same
effect applies when the holes are injection molded, the nickel shim with inverse structures
would be an open array of micropillars with the same diameter as the holes. Therefore, air
would be able to escape when the polymer melt is injected as shown on the schematic in
Figure 4.4b. To minimize surface liquid fraction, holes were hexagonally arranged. One could
expect that during injection molding the large space between the holes was filled first. Polymer material separating the holes could be filled during injection molding from both top and
side. The surface coverage for material separating the holes (surface liquid fraction) can be
calculated with following equation21,
𝜋

2

Ø
𝑓𝑠𝑙 = 1 −
( )
2 √3 𝑃ℎ𝑜

4.2

Here Ø is diameter of the holes and 𝑃ℎ𝑜 the period of the holes. Surface coverage as function
of hole spacing are plotted in Figure 4.5 for holes with diameter of 3.00 µm, 7.00 µm and 15.00
µm.

Figure 4.4. Advantages of holes, a) A counter pressure forms a more stable Cassie State,
b) Holes requires less pressure to fill during injection molding because air can escape.
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Figure 4.5. Surface coverage of holes as function of spacing.

One disadvantage with hole based structures is that a small surface coverage requires a small
feature size (spacing), this makes holes based structures more challenging to fabricate and
injection mold. Holes with 3.00 µm, 7.00 µm, and 15.00 µm in diameter with a spacing of 0.30
µm, 0.70 µm, and 0.90 µm for a total of 9 test areas 7 mm × 7 mm were designed. The reason
for the different spacing was that the etching of black silicon would reduce some of the structure sidewalls and enlarge the holes. Three different spacings were used to ensure that sidewalls would “survive” the black silicon etch and the holes remained closed. The smaller line
width required DUV lithography and a reticle was designed in the software L-edit 5 times
larger due to the optical reduction in the DUV stepper. Holes with and without black silicon
were fabricated to test the effect of hierarchical structures.

4.3 Spruce like micropillars
Fabrication of pillars with limited sidewall structures was designed by etching away the sidewalls separating hexagonal holes. Scallops from the Deep Reactive Ion Etching (D-RIE) process
were used to etch the holes. The scallops would produce small sidewall structures on the finished parts after black silicon etching. Furthermore, the sprucelike micropillars were designed
with a high aspect ratio of approximately 5. It was expected that the holes with a spacing of
0.30 µm would produce the sprucelike micropillars. Injection molding of the sprucelike micropillars with its overhanging structures was expected to be challenging or impossible due to
results from Michaeli et al.58. The reason for producing these overhanging structures was their
ability to increase water repellency22.
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4.4 Pyramids an pyramid holes
Pyramids and pyramid holes were designed to produce structures which were easier to injection mold. These structures were not optimized for superhydrophobic properties. A positively
sloped sidewall will easier demold in the injection molding process. The reason for using
pyramidlike structures is that the simple method, KOH wet etching of silicon, can produce
pyramids. It was decided that three pyramid sizes were produced; pyramid holes with base
length 6.00 µm, 12.00 µm, and 18.00 µm separated with line width of 2.00 µm. The height of
the pyramid holes could be calculated from the base length of the pyramid and the 54.7° angle
produced by the KOH etching. The height of the pyramids was calculated to 4.24 µm for the
6.00 µm, 8.47 µm for the 12.00 µm, and 12.71 µm for the 18.00 µm. A mask with three test
areas each 10 mm × 10 mm was designed in L-edit.
Both pyramids and pyramid holes were fabricated. Pyramids were fabricated by a structure
inversion of the pyramid holes with an embossing process in polymer foil. Both pyramids and
pyramid holes were fabricated with smooth sides and with hierarchical nanograss. The finished pyramids would have inversed nanograss to the embossing process.

4.5 Polymer materials for injection molding of superhydrophobic surfaces
To produce the superhydrophobic surfaces it was important to select the best suited polymers. The polymer producer Borealis indicated that polymers with few additives would be
best suited for injection molding of superhydrophobic surfaces. They recommend four polypropylenes with as few additives as possible. However, the company provides no specific details on additives. Information was only provided for compounds not added to the polymers,
HD601CF, HD615CF, HC300BF, and HD312BF. These polymers were not designed for injection
molding but for foil extrusion. Polypropylene is often reported to a have a large intrinsic contact angle and is often used as base material for polymer super hydrophobic surface 66–68.
Contact angles were measured for a range of different polymers. The polymer with the largest
contact angle, PP HD601CF, was used as main polymer for injection molding of the different
structures during this project. The TOPAS polymer is a cyclic olefin copolymer (COC) and the
intrinsic contact angle was measured on flat TOPAS parts to 95°. TOPAS is a less hydrophobic
material than PP HD601CF and was used to optimize the injection molding process. Furthermore, TOPAS was used to injection mold structures in amorphous polymer.
Parts made from different types of PP were injection molded in hot (100 °C) and cold (20 °C)
molds. Contact angles for the different parts were measured after static electricity was removed. Contact angles were measured for three samples, plotted in Figure 4.6. The PP
HD601CF had the highest contact angle of 102°. Therefore, it was used as the polymer for
further fabrication of superhydrophobic surfaces. Based on the contact angle of PP and the
maximum span between structures (15 µm), it was decided to use structure heights between
1.8 µm and 6.0 µm due to a maximum meniscus penetration of approximately 0.8 µm.
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Figure 4.6. Contact angle measurement of different PP.
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5 Fabrication
Fabrication of samples for this project can be divided into two major sections, 1) The fabrication of injection molding inserts (shims), 2) The subsequent injection molding process of polymer parts. Both sections were carried out in the Danish National Center for Micro and
Nanofabrication (DANCHIP).
Different types of microstructures were fabricated to test the degree of hydrophobicity and
manufacturability. Some structures were optimized to have an extreme superhydrophobic effect such as spruce tree like pillars. Holes were designed to give a stable Cassie State when
submerged. Pyramid shaped structures were designed to have an optimal geometry for the
injection molding process, especially for demolding of the polymer parts. Furthermore, a series of nickel shims with nano- and microstructures were fabricated for a test production by
Nanoplast partners. Structures with a feature size larger than 1 µm (pillars, and pyramid
shaped structures) were fabricated with standard contact UV lithography. The rest of the
structures requires a smaller feature size and were fabricated with DUV lithography.
Working in a laboratory environment disparate from production in an industrial factory. To
test how nanostructures were injection molding in an industrial setting, an industrial test production was carried out collaboration with a Nanoplast partner. To examine the quality and
replication of injection molded nano- and microstructures, a tool made for nickel shims with
four cavities was used, each cavity had 2 × 2 Lego like brick. The shims were designed so each
cavity had different structures. The structures for the industrial test production were not designed to be superhydrophobic. They were designed to examine how different structures were
filled in an injection molding process with a cycle time as short as possible. This process was
similar to the processes used when large amounts of polymer parts are produced in a factory.
For the test production structures with a single level were primarily used. Four different test
areas were designed as shown on Figure 5.1. The four test areas each had a different structure
type,
a) Topology optimized structures, designed to minimize meniscus bending (developed
by Nis Korsgaard Andersen).
b) Triangular pillars with a side length of 0.6 µm arranged in a similar pattern to the
spruce like micropillars.
c) 3.00 µm holes in hexagonal pattern with a period of 3.60 µm.
d) 0.25 µm pillars with a period of 1.0 µm.
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Figure 5.1. Structure for the industrial test production, a) Topology optimized structures,
b) Triangular pillars with a side length of 0.60 µm, c) 3.00 µm holes in hexagonal pattern,
d) 0.25 µm pillars with a period of 1.00 µm.
To examine the influence of mold filling vs mold height, three shims with different heights
were fabricated. One of the shims would have nanograss. A reticle for DUV lithography was
designed so each test area was at the center of the Lego brick like part in the industrial tool.
The goal of the test production was to examine mold filling with different parameters. The
parameters chosen were similar to those used in an industrial production e.g. short cycle
times/cold mold.

5.1 Etching theory
Reactive ion etching (RIE), is a common dry etching method for fabrication of structures in
semiconductor materials. RIE is a dry etching with gasses, the process is a combination of
plasma, chemical, and physical etching. The principle of RIE is that an RF field between two
electrodes produces plasma. The plasma consists of reactive ions, a bias accelerates the reactive ions towards the wafer, and sputtering will occur as a result. A RIE process can be difficult
to control because the RF power generator controls the energy of the sputtering and the
amount plasma, more specifically the ionization and dissociation into free radicals of the
gases. Physical and chemical etching cannot be adjusted independently. As a result, the sidewall angle can be hard to control, structures for injection molding requires a positive sidewall
angle. High-density plasma etching has been developed to a have a higher degree of etch process control. High-density plasma etching utilizes a more complicated RIE system. A second
plasma generator is introduced, which allows for plasma generation and sputtering to be controlled independently, great control of the sidewall is achieved. A RIE process not only etches
the semiconductor materials, typically the resist is also etched although at a lower rate. The
resist can be etched completely, structure depth can therefore no longer be increased. If deep
structures with vertical sidewalls are required, a process called deep reactive ion etching (D-
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RIE) can be used. D-RIE is also known as the Bosch process. In D-RIE a passivation layer prevents etching of side walls and protects the resist. Passivation and etching is performed in
cycles to obtain the high aspect ratios. Each cycle produces small half circle shaped roughness
on the structure sidewall, this is called scallops. The difference between RIE and D-RIE is shown
in Figure 5.278.

Figure 5.2. RIE principle a) Reactive ion etching produce smooth sidewalls in a semiconductor
material. b) Deep reactive ion etching produces deep structures with almost vertical sidewalls,
D-RIE runs in cycles and periodic sidewall roughness are formed during the process and the
roughness is known as scallops.
5.1.1 Principle of black silicon etching
Black silicon (nanograss) is random cone and/or needle shaped nanostructures etched on a
silicon wafer. Black silicon is fabricated regardless of crystal direction. Black silicon has antireflective properties which cause the wafer to have a flat black appearance when etched. The
fabrication of black silicon is maskless. Etching of black silicon has been performed for many
years and used for wide variety of applications, such as solar cells79,80 or as antireflective structures74. In this thesis, hierarchical nanostructures were fabricated by etching of black silicon
exclusively.
The advantages with black silicon are that nanostructures can be fabricated on large areas
fast. An entire wafer can be processed in less than 15 minutes. The cone shape of black silicon
has a sidewall positive angle that is excellent for replication processes such as nano imprint
lithography, hot embossing, or injection molding. Some of the limitations with black silicon
are that the random nature of the fabrication process makes the dimensions and tolerance of
individual structures hard to control.
A widespread method for fabrication of black silicon is by RIE with SF6 and 02 as reactive gasses. The etched process is based on local and regenerating oxide masking. Initially the silicon
wafer is covered a (< 5 nm) native oxide layer (SiO2), this layer is not perfectly uniform and
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acts as an etch mask in the initial stage of the black silicon etch. The native Oxide layer is
perforated in a random pattern, unmasked areas are etched, and the cone shaped structures
formed. Two chemical reactions take place during the black silicon etch: The fluorine atoms
from the SF6 react with the silicon to produce volatile SiF4, and oxygen react with fluorine and
silicon to produce SixOyFz. The sidewall of the structures are covered with the SixOyFz layer and
are therefore protected against further etching, the high energy ions from the RIE removes
the silicon and SixOyFz layer. By balancing the etching parameters correctly, the perforated
mask can be maintained (Figure 5.3). Protrusions on the surface will be slightly more protected
by the SixOyFz layer compared to the planar regions, and roughness will eventually form the
black silicon structures79,80.

Figure 5.3. Schematic of the black silicon etch, with the self-induced masking and reactive
compounds. Modified from 80.
Hierarchical structures can be made by first defining microstructures with conventional lithography and etching. The layer of hierarchical nanostructures in form of black silicon can be
etched on top the microstructures31.
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5.1.2 KOH etching wet etching of pyramid shape holes
The pyramid structures had a different fabrication process than the other fabricated structures. The pyramid shaped holes were etched with an anisotropic KOH wet etch. KOH etches
specific crystal planes at different etch rates on a silicon wafer. The basic principle is shown in
Figure 5.4, the 110 and 100 crystal planes etches at much faster etch rates (several magnitudes) than 111 crystal plane. The result is triangular cross section of the etched structures. If
an appropriate etch mask is used the pyramid shaped holes are obtained78. Typically etch
mask are made from SiO2 or Si3N4 which has much higher resistance to KOH.

Figure 5.4. Principle of KOH etching of silicon, the (111) crystal plane are etched
at lower rates and pyramid like structures are produced.
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5.2 Cleanroom fabrication of injection molding inserts (shims)
The fabricated structures were divided into five categories, each with a slightly different fabrications process shown in Table 5.1. All fabricated structures were fabricated from silicon
masters and made in a cleanroom.

Pillars

Substrate
preparation
(spin coating)

Lithography

Holes

Nanostructures
for test
production

Spruce like
micropillars

Black silicon
(optional)

×

×

×

×

×

(oxide
growth
before
spin coating)

(oxide
growth
before
spin coating)

×

×

×

×

×

×

(UV)

(DUV)

(DUV)

(DUV)

(UV)

(UV)

×

×

×

×

×

×

×

×

(D-RIE)

(D-RIE)

(RIE)

(D-RIE)

(KOH)

(KOH)

×

×

×

× (required)

×

×

Structure inversion
Electroplating

Pyramids
holes

×

Oxide etch
Structure
etch

Pyramids

×
×

×

×

×

×

×

Table 5.1. The fabrication processes for the different structure types.

To increase the hydrophobic effect, the microstructure roughness was increased by black silicon etching on some of the wafers. This process produced hierarchical nano- and microstructures. The black silicon etch process was carried out in the RIE system. No predefined masks
were used; the black silicon was etched by perforating the native oxide layer combined with
a passivation layer from the etching process80. The black silicon etch process produced roughly
175 nm wide cone-like structures with an aspect ratio of about 1.
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After silicon wafer fabrication and characterization, injection molding inserts were fabricated
by electroplating. A seed metal layer was deposited on the silicon wafer by sputter coating
followed by nickel electroplating. The silicon wafer was subsequently removed by a KOH etch,
leaving a nickel insert with inverse polarity. The overall fabrication process is shown in Figure
5.5, all structures have a similar fabrication process, and deviations will be described separately.

Figure 5.5. The entire fabrication method; 1 and 2) Lithography, 3) Dry etch, 4) Resist strip and
black silicon etch (optional), 5) Electroplating of nickel shim, 6) Removal of silicon wafer with
KOH, 7) Injection molding of polymer parts from nickel shim, 8) Finished parts with super hydrophobic surfaces.

5.3 Fabrication processes and parameters
The process details for nano- and microstructure fabrication is presented below. The used
lithography processes are listed followed by the RIE, D-RIE and black silicon etch parameters.
The fabrication process for the pyramid structures is slightly different when compared to fabrication of the other structures and is described separately in detail.
5.3.1 Conventional UV vs DUV Lithography
The five categories of structures all have the same starting step, a blank silicon wafer. A thin
SiO2 layer formed by atmospheric oxygen called native oxide is always present on silicon wafers. The native oxide layer is removed with buffered hydrogen fluoride (BHF) or coated with
HMDS. There are small differences in the process for conventional UV and DUV lithography,
as listed below.
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UV lithography After native oxide removal with BHF, AZ 5214E (MicroChemicals) photoresist was spin coated onto the silicon wafers using an automated spinning system
(SSE Maximus 804). The photoresist-coated wafers were exposed in EVG 520 Mask
Aligner and vacuum contact mode was used with an Exposure time of 2.0 s. After exposure the wafers was developed for 60 s in a solution diluted from the concentrated
AZ 351B (MicroChemicals), 0.8 L AZ 351B developer and 4 L water. The developed resist in now ready for etching.
DUV lithography. Similar in principle to contact UV lithography but is a more complex
process with advanced hardware called a stepper (FPA-3000 EX4, Canon). The stepper
used a 248 nm krypton fluoride pulsed laser as light source. DUV light is projected
through reticle (mask) onto the wafer, and the pattern is reduced by a factor of five in
size. A back side anti-reflective layer is needed to obtain the higher resolution compared to contact UV lithography. The DUV process start with a monolayer of HMDS
applied to the silicon wafers. Followed by spin coating a BARC (DUV42P, NISSAN CHEMICAL) and 354 nm thick layer photo resist (M230Y, JSR) followed by a 90 ⁰C baking for
130 s. The number of exposures, exposure positions, and UV light dose (exposure time)
is adjusted. After exposure and post bake at 130 °C for 60 s, wafers are devolved with
(MF CD-26 developer, Rohm and Haas Electronic Materials LLC) for 60 seconds. To expose the silicon surface, the BARC is removed in the developed structures with a STS
Pegasus D-RIE using a pure oxygen plasma. After BARC removal the wafer is ready for
the subsequent etching.

5.3.2 RIE process details
A D-RIE process was used to etch the micropillars and holes to different depths, a STS Pegasus
D-RIE system was used. Each etch passivation cycle corresponds to a structure depth of approximately 250 nm. For more process details, see Appendix 1. The different nano- and microstructures for the industrial test production were etched with a RIE process (Appendix 1)
on again with the STS Pegasus D-RIE, different etch time was tested for different structure
depths.

Target etch depth
Etch time

300 nm

600 nm

900 nm

90 s

180 s

300 s

Table 5.2. RIE etch times.

After the structures were etched, the resist needed to be removed; this was done in a barrel
asher with oxygen plasma, the parameters used are listed in Table 5.3. After resist removal,
nanograss was etched with the Pegasus D-RIE using the parameters in Table 5.4. The black
silicon etch process were designed to produce low aspect ratio black silicon suited for injection
molding.
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Time

O2 Flow

N2 Flow

Power

30 min

400 mL/min

70 mL/min

1000 W

Table 5.3. Plasma ashing parameters.
The nanograss etching were optional and only performed on some wafers. For the smaller
structures for the industrial test production the nanograss etch time was reduced from 8:00
minutes to 2:00 minutes. After the nanograss etching, the wafers were ready for characterization and subsequent electroplating.

SF6
(cm3/min)

O2
(cm3/min)

Time
(min)

Chuck
temperature
(°C)

RF platen
power
(W)

RF Coil (plasma)
power
(W)

70

110

8

-10

30

2700

Table 5.4. Black silicon etch parameters.
5.3.3 KOH etching of pyramids holes
The fabrication of the pyramids was as mentioned earlier based on KOH wet etching. Normal
photoresist cannot be used in the etch process since the KOH will react with the resist and
possible change the structure dimensions. A protective oxide layer was used as etch mask.
The protective oxide layer was deposited with thermal wet oxidation in a furnace to a thickness of approximately 500 nm. A monolayer of HMDS was applied with a HMDS vacuum oven
on the oxide to promote resist adhesion; this was followed by a 1 µm photoresist layer. A mask
designed to make pyramid holes was aligned to the crystal plane of the wafer and the resist
exposed and developed. The developed resist structures on top of the oxide were etched
through the oxide layer with a specialized dry etching machine (AOE STS) and the resist layer
stripped leaving structures in the oxide. The oxide structures were thinned in BHF In order to
obtain a smaller spacing between the pyramid holes. Finally, the pyramid holes could be
etched with 30 wt% KOH solution heated to 80 °C. After etching the leftover oxide mask was
removed in BHF. An overview of the entire pyramid fabrication process is shown in Figure 5.6.
Not only pyramid holes were fabricated. Pyramids were fabricated as well. The fabrication of
pyramids was done with a simple change of polarity of the pyramid holes. The etched wafer
with pyramid holes was first coated with anti-sticking coating. The anti-sticking coating consisted of a monolayer of 1H,1H,2H,2H-perflourodecyltrichlorosilane (FDTS) and was deposited
with molecular vapor deposition (MVD). A process with four deposition cycles was used to
ensure complete coverage on sidewalls and bottom of the structures, for more details see
Appendix 1.
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The coated wafer was used as a stamp in hot embossing process into a 50 µm thick foil made
from the polymer TOPAS 8007-S04. After embossing, the foil was glued onto a wafer using UV
glue. The pyramid holes had been inverted and the pyramids were ready for electroplating.

Figure 5.6. Fabrication process for pyramid holes, 1) A new silicon wafer, 2) Oxide growth, 3)
Spin coating of resist, 4) Lithography, 5) Oxide dry etch, 6) Resist strip, 7) Thinning of oxide
structures with BHF, 8) KOH etching, 9) Oxide removal with BHF, 10) Black silicon etch optional.

5.3.4 Etching of spruce tree like pillars
Spruce tree like pillars were fabricated for extreme superhydrophobic effect by etching of
black silicon on micro holes with a diameter of 3 µm and a period of 3.3 µm. The black silicon
simultaneously etched sloped sidewalls until the material separating the holes were away.
This process left an array of sharp pillars with sidewall structures in the shape of horizontal
grooves produced because of the stepwise scallops from the D-RIE. A CAD drawing illustrating
the principle is shown in Figure 5.7.
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Figure 5.7. 3D and top view illustrations of the steps involved in fabrication of the silicon master, a) A D-RIE process was used to etch circular holes 3 µm in diameter in a silicon wafer. The
holes were arranged in a hexagonal pattern with a pitch of 3.3 µm, b) The radius of the holes
was increased with a RIE etch designed to make sloped sidewalls, c) The thin silicon walls between the holes were removed by the RIE etch forming sharp pillars with structures on the side,
composed of residual scallops from the D-RIE process.
5.3.5 Electroplating
Before injection molding can be carried out, an insert of metal has to be fabricated, since silicon is too brittle for the injection molding process. The inserts were fabricated with electroplating of nickel onto silicon wafers. The electroplating process requires a conductive surface,
in order to achieve this, a 100 nm thick seed layer of NiV was deposited with sputter coating.
Subsequently a 300 µm thick nickel layer was electroplated with a deposition time of 12 hours.
After electroplating, the wafer was completely dissolved in KOH (30 wt%) heated to 80 °C. The
result was a nickel shim with inverse polarity.
The depth of the fabricated shims was measured with an optical profilometer and characterized with SEM. The final step in the shim fabrication was deposition of an anti-sticking coating.
The anti-sticking (FDTS) was deposited with MVD with the process in Appendix 1. After FDTS
coating, the shims were stamped to a shape that could be fitted into the injection molding
tool.
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5.4 Injection Molding
The principle of injection molding is very simple. A thermoplastic polymer is heated above the
melting temperature and used to fill up a predefined mold for the production of parts. In reality injection molding is a considerable more complex process with many parameters to adjust81.
5.4.1 The Injection Molding Machine and Process
The basic principle of the process is; Injection of polymer melt into a predefined mold, packaging of polymer melt to reduce part shrinkage, cooling until the polymer melt freezes and
become solid, and finally de-molding of the finished polymer part. An injection molding machine converts thermoplastic granular into finished parts81.

Figure 5.8. Schematically drawing of injection molding machine. Modified from81.

The schematic drawing of an injection molding machine is shown in Figure 5.8. Polymer granular is kept in the hopper. The specified amount of polymer is fed from the hopper into the
barrel with a rotating screw. The polymer will be degassed, compressed, and melted when it
is transported through the barrel. The melted polymer ends in front of the screw, and as the
polymer volume increase the screw will move backwards until the specified polymer amount
is reached. The melted polymer is now ready for injection. The screw moves forward acting as
a plunger pressing the polymer melt into the predefined mold cavity.
The polymer injection is done at high pressures of approximately 1000 bar. After the mold
filling, the pressure is increased to pack the polymer. The packing is done to make sure that
the finished parts are correctly dimensioned and to prevent the part from shrinking too much
during cooling. After packing, pressure is applied until the polymer in the small inlet into the
mold cavity (gate) solidifies. When the gate is solid (frozen) the pressure can be removed and
the mold cooled until solidification of the polymer is complete. The barrel retracts to be ready
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for the next shot. The mold opens for part ejection; ejection pins press the part out of the
mold. The mold closes, and is ready for the next cycle81.
The main parameters for injection molding process are:








Filling time
Packing time
Cooling time
Holding pressure
Mold open time (open, eject, close)
Polymer melt temperature
Mold temperature

The listed parameters are highly depended on the type of polymers used. A polymer with a
higher melting temperature will require to be heated to a higher temperature, with subsequent longer cooling time and an overall longer cycle time. Many other parameters will have
to be changed, and each polymer type must be optimized to each part design; however, this
is not always necessary.
5.4.2 Polymers and injection molding
The type of polymer has a large influence the on parameters required for a stable injection
molding process with a stable high quality production of polymer pats. The polymer chains
easily forms entangled irregular bundles when melted. Some polymers retain this irregular
structure when the polymer solidifies, and an amorphous solid is formed. Polymers with these
properties are known as amorphous polymers. In other polymers, the irregular bundles will
crystalize into an ordered structure where some of the chains align, as the polymers solidifies.
A polymer would have a low energy if all the molecular chains were aligned, however some
entanglement of the polymer chains remains and only some are able to aligning. Therefore,
the solid polymer will have both amorphous and crystalline regions; this kind of polymer is
known as semi-crystalline polymers. The molecular composition of polymer has also an influence such as the structure, chain length and molecular structure e.g. two types of polypropylene (PP); isotactic PP will crystalizes easier than atactic PP, because the isotactic PP has regular
spaced side groups on the same side of the polymer backbone82.
A typical method for characterizing a melted polymer is the so called melt flow index (MFI).
The melt flow index is used to measure how easy a polymer flows and it is defined as the mass
of polymer under a pressure driven flow through an opening with a specific size during a given
time. Typically; the pressure is applied by a piston with a weight, and the whole system can
be heated to the desired temperature above the polymer melting temperature. MFI and viscosity are inverse proportional, and polymers with a high MFI is more suitable to injection
molding82.
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When polymer melt is injected into the mold cavity, the high pressure and flow rate will cause
a thinning of the polymer, this phenomena is known as shear thinning. Here, the polymer
chains start to align and therefore the polymer can flow with less resistance. A fast flowing
polymer has high shear rate and will have substantial different properties than a stationary
polymer at the same temperature.
The polymer viscosity can change in two orders magnitude when injected into the mold as can
be seen on the plot in Figure 5.9. Here the viscosity is plotted as function of shear rate.
HD601CF has a high viscosity in the low shear rate range, and a corresponding low melt flow
index of 8 g/10 min83. The high degree of sheer thinning will cause HD601CF to have a lower
viscosity than for example TOPAS 5013 L10 which has a MFI of 43 g/10 min84.
Therefore, the melt flow index can be misleading when looking for polymers that have low
viscosity (easy to injection mold). The shear thinning depend on the molecular structure of
the polymer, simple polymers such as PP will align more and have a higher degree of shear
thinning. The TOPAS (COC) with its more complex polymer chain will not align to the same
degree as PP. This alignment and stretching are called orientation.
When polymer is sheared, heat is generated, and a polymer at higher temperature will further
decrease viscosity. A polymer with low viscosity will have less resistance when filling nanoand microstructures. A high polymer injection speed can often make filling of small nano- and
microstructures easier. However, at high injection speed the polymer chain may, depending
on polymer type, align to a higher degree. Shear rate will increase when polymer is flowing
through a narrow space such as the injection gate and therefore align. Polymer molecules will
retain alignment after moving through the gate. The increased alignment can cause the polymer to have a viscoelastic effect, and therefore, it will be prevented to flow into the nano- and
microstructures (Figure 5.10). When optimizing an injection molding process, it is important
that the injection speed is optimized to prevent this shear alignment effect85. The shear alignment can especially be problematic for polymers with tendency to align like PP.
The injection molding process can be divided into series of repeated phases, starting with
mold filling.
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Figure 5.9. Polymer melt viscosity (melt temperature 250 °C) as function of shear rate for two
different PP and two different TOPAS grades. Plotted from Autodesk Moldflow Database 86.
Typical injection molding shear rate is 102 to 105 second-1.

Figure 5.10. Fast injection speed can be problematic for some polymers. PP will have tendency
to align, and TOPAS with its more complex polymer chain will not, A) Alignment of polymers
(sheer thinning) will occur at the gate, same principles applies to other narrow part locations,
B) Aligned polymers will have stronger viscoelastic effect and thereby are harder to press into
the nano- and microstructures.
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5.4.2.1 Filling phase
As the mold is filled, polymer is pushed into the mold cavity until the cavity is almost full.
During this process, polymer in contact with the metal mold will solidify in a thin layer between
the mold and the molten polymer. The freezing process is almost instantaneous. Once the
frozen layer is formed the polymer will be static and cannot flow. Figure 5.11 shows how the
frozen layer is formed and the polymer flow front expands. The frozen layer is formed in a
near perpendicular direction to the flow. Heat is exchanged from the moving hot polymer into
the frozen layer and from the frozen layer into the mold. The temperature exchange will cause
the frozen layer thickness to reach an equilibrium, this will usually happen within the first few
seconds of the injection molding process87.
The frozen layer is a big issue when injection molding nano- and microstructures, since the
polymer will have to flow into the mold cavity before the frozen layer is formed. Once formed,
the frozen layer will prevent further nano- or microstructure filling.
The mold temperature becomes an important parameter when optimizing the filling process,
since the formation of the frozen layer will influence the surface quality of the part. A higher
mold temperature will decrease the frozen layer thickness, but increase cycle time. Typically,
in industrial fabrication a compromise between replication quality and fabrication speed is
made. The frozen layer can be avoided if the mold is preheated to a higher temperature than
the polymer melting temperature85.

Figure 5.11. Polymer flow and frozen layer. The red arrows show the flow of molten polymer.
The dark blue layers show the layers of frozen polymer against the cold mold walls. The oranges arrows indicate of heat flow from the polymer melt into the mold. At some point a thermal equilibrium will be reached and the thickness of the frozen layer will stop to increase as
long as there is a polymer flow.
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5.4.2.2 Packing phase
The packing phase starts after the cavity is almost full; during the packing phase, pressure is
increased further forcing more polymer into the mold. Thereby shrinkage of the part will be
uniform and reduced. Furthermore, warpage of the parts is reduced and the quality improved.
When polymer has filled the cavity, and packing begun, material will flow to regions of the
part that are less densely packed, until a uniform packing is achieved. The packing flow will be
influenced by the compressibility and thermal expansion of the polymer melt. Pressure, volume, temperature characteristics of the material can be used to predict the shrinkage of polymer parts87. Typically, semi crystalline polymers will shrink more than amorphous polymer
due to the alignment of polymer chains in the semi crystalline polymer. Over packing of the
mold can occur if a high holding pressure is used, this will reduced shrinkage, and in some
cases, after demolding, the parts can be larger than the mold cavity. Sometimes an over
packed part can be impossible to demold.
5.4.2.3 Holding/Cooling phase
The holding phase ensures that the pressure of the polymer, and thereby the level packing is
at the desired level, until the gate is frozen and pressure can be removed. Once the gate is
frozen, the cooling phase will start. For a conventional injection molding process, the cooling
of polymer will start as soon as the hot molten polymer comes in contact with cold mold (from
beginning of the filling phase).
The cooling phase is the time from end holding phase until the mold opens and the part is
ejected, the rate and uniformity affect stress and cost for parts since cooling is the longest
part of an injection molding process87.
5.4.2.4 Variotherm proses
A variotherm process eliminates the frozen skin, which improves filling and surface quality of
the fabricated parts. Variotherm process has a systematical grated mold temperature over the
cycle time; the mold is preheated to a temperature higher than the melting temperature of
the polymer. After mold filling (and packing) cooling is started until a specified demolding
temperature is reached, the part is ejected and the mold is preheated before the next cycle
starts. There are several advantages of a process with variotherm temperature control vs a
conventional constant temperature mold process64.






Longer packing and holding pressures can be applied, even on complex parts and in
cavity area located far away from the gate.
Requires a smaller injection molding machine (less injection pressure and clamping
force).
More accurate reproduction of nano- or microstructures, and very smooth surfaces.
Better reproduction of functional surfaces such as self-cleaning or anti-reflection.
Better dimensional stability and shot-by-shot consistency.
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A variotherm process is often avoided in industrial production because of the increased cycle
time and overall more complexity of the tool. Commercial systems for fast cooling rate exist
that switch between pressured hot and cold water/oil64.

5.5 The Injection molding method
Injection molding of polymer parts was in this project primarily done for polypropylene, since
it has a high intrinsic contact angle among the non fluorinated polymers. PP is an excellent
based material for superhydrophobic surface. TOPAS 8007 S04 was used as alternative polymer to show that superhydrophobic surfaces could be fabricated from both semi crystalline
and amorphous polymers.
TOPAS was chosen as material for the initial optimization of the injection molding process,
because of its low Tg (80 °C), which meant a mold temperature well above Tg, could be used if
required. Furthermore would TOPAS, being an amorphous polymer, be easier to predict in the
injection molding process and TOPAS was readily available in large quantities. A single cavity
injection molding tool, designed for research purposes, was used for the production of polymer parts. The tool was designed with copper based insert to ensure a homogenous mold
surface temperature. The used injection molding tool consist of a tool case made from tool
steel (HASCO K-Standards) with a removable insert from made from beryllium copper
(AMPCO). The fabricated nickel shims were mounted on the stationary side of the tool. Both
tool case and insert were designed with separate cooling systems for independent temperature control. 4 × 1200 W heat cartridges were used to heat the cooper inserts and a thermocouple was used to measure the inserted temperature and provide feedback to PID controller
that adjusted the heat cartridges. This ensured an accurate variotherm processing with a heating and cooling rate in the order of magnitude of 1 °C/s. A hook ejector was used to demold
the finished part from the shim. In addition four pins with grooves assisted the demolding.
The pins and hook fixed the polymer part to the moving tool part. A robot collected the finished part from the moving tool part and placed is on a conveyer belt.
A fan type gate with a 250 µm opening was used to inject polymer into cavity from the sprue.
A CAD drawing of the tool and polymer part is shown in Figure 5.12. Two different copper
inserts were used to produce the parts. An insert that produced 1 mm thick microscope slides
and an insert that produced circular discs 2 mm thick with a diameter of 50 mm. Both inserts
used the same nickel shim design.

Page 62

Injection molded self-cleaning surfaces

Emil Søgaard

Figure 5.12. CAD drawing of tool, a) The beryllium copper inserts for the stationary and moving tool parts. Note, how the shim is mounted by the clamping plate, b) Circular disc polymer
part with sprue (inlet) and fan gate.
5.5.1 Process Optimization
The initial parameter for injection molding was performed on a shim that produced micropillars with nanograss. The mold would be completely filled when the delicate nanograss structures on the bottom of the top of the pillars were filled. The polymer used was TOPAS 8007S04. TOPAS 8007-S04 has a low Tg of 80 °C, furthermore TOPAS 8007-S04 is an amorphous
polymer, with no crystallization, and little polymer alignment. These properties will make
TOPAS 8007-S04 a suited material for the injection molding optimization. Since viscosity,
change of the material will depend less on polymer injection speed and gate size, as can be
seen on the plot on Figure 5.9. The copper insert with microscope slide was used for the initial
optimization.
The injection molding optimization process was started with a constant mold temperature of
65 °C, which is 15 °C under the Tg of TOPAS 8007-S04 (80 °C). With an injection speed of 30
cm3/s and constant packing/holding pressure of 600 bar for 40 s, the packing pressure was
gradually increased to 800 bar where microstructure filling started to occur. This was not
enough to replicate any significant part of the microstructures. It was decided to increase the
mold temperature, instead of optimizing other parameters such as injection speed, holding
pressure etc. In order improve the microstructure replication a variotherm process with a
mold temperature above Tg was used. Before polymer injection, the mold was preheated to
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120 °C and a constant holding pressure 800 bar for 40 s was used. This caused the micropillars
to partially reproduce.
To improve structure replication the mold temperature was further increased to 130 °C, which
is 50 °C above the melting temperature of the TOPAS. Micropillars were successfully replicated
with an injection speed of 30 cm3/s, and holding pressure of 800 bar, some micropillars even
showed replication of nanograss at the top, indicating a complete filling of the mold. 130 °C
was the mold temperature limit for a reliable and continuous polymer part production.
To further increase nano- and microstructure replication, packing/holding pressure was increased to 1200 bar. At 1200 bar the polymer part adhered completely to the nickel shim. The
part ejection system broke the polymer part instead of demolding it. The polymer part adhered completely to the nickel shim. Even with the shim removed, the adhesion was similar
in strength to glue, and the polymer parts still adhered even when strong mechanical force
was applied.
To demold the polymer part a pair of pliers and hot plate was used. To make sure no polymer
residues was left, the shim was boiled in toluene for 2 hours. The main issue in the injection
molding process was no longer to fill the structures but to demold the polymer parts. To decrease the mold adhesion an antistick FDTS coating was applied to the nickel shim, and the
part type changed from 1 mm thick microscope slide to the circular round disk, 2 mm thick
with a diameter of 50 mm. Extractor pins would aid demolding in the flat disc insert and the
thicker part would be more rigid, so a larger demolding force could be applied. The above
described steps was not enough for a fully automated injection molding process. The polymer
parts need to be forced from the nickel shim with a pair of pliers and the demolded polymer
parts would often bend and crack in the process. An extra depacking phase was introduced to
the injection molding process in order to both fill and demold the part from the nickel shim.
5.5.1.1 Depacking step
One of the advantages of a variotherm process is that polymer can remain melted for longer
time. In order to completely fill the structures and to be able to demold the nano- and microstructures a new step in the injection molding process was introduced. Normally an injection
molding process consists of filling, packing, holding, and cooling phases. In order to demold
the polymer parts, a depacking phase was introduced. The difference between a normal variotherm process and the special type with polymer depacking can be seen in Figure 5.13.
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Figure 5.13. a) A normal variotherm injection molding cycle, b) The special variotherm cycle
with cavity depacking developed for this work.

During the depacking phase polymer flowed backward from the mold cavity into the barrel.
This coursed lower amount of polymer inside the cavity. Therefore, polymer shrinkage would
increase during the cooling phase and the polymer structures would have smaller contact area
with the shim and could easily be demolded. The principle can be seen in Figure 5.14.
The depacking was implemented by using a graduated holding pressure. A high initial pressure
made sure that a complete structure filling, followed by a reduction in holding pressure, until
the desired depacking had been achieved. As soon as the pressure was decreased, polymer
would start to flow backward out of the mold. After depacking a holding pressure ensured the
level of packing remained constant as the gate was cooled. The polymer parts could now be
cooled and demolded in a fully automatic injection molding process.
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Figure 5.14. Principle of the depacking phase. A high packing pressure fills nano- and microstructures. Depacking ensures that the part can be demolded.
5.5.2 Scratching of polymer samples
Small scratch marks were present on the nano- and microstructures on the demolded parts.
The scratching could be caused by two effects. One effect is the shrinkage of the polymer, due
to thermal exaptation and from when the polymer shift from melted to solid form. Shrinkage
is especially a problem for semi-crystalline polymers that shrink approximately 5% compared
to amorphous polymers that on shrinks approximately 1%. The polymer shrinkage will affect
both the overall part and the nano- and microstructures. The overall shrinkage of polymer
parts can be predicted with commercial software such as Autodesk Moldflow. However, no
suited method for predicting the shrinkage of nanostructures exits.
The other effect that can cause scratching of the nano- and microstructures occurs when the
tool opens for part demolding. Typically, clamping forces are measured in tens or hundreds of
tons. The used machine is an Engle Victory 45 with a maximum clamping force of 45 tons. A
45 tons machine is considered as a small industrial machine. If the tool does not open straight
scratching of the nano- and microstructures can occur. The used injection molding machine
(Engle Victory 45) is a tie bar less machine. The lack of tie bars causes a movement in the
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machine structure of approximately 1 cm which further can add to a non-straight opening of
the tool. The alignment when mounting the tool is critical for straight tool mounting
A solution was found that solved the scratching problems. During the holding phase, the
clamping pressure was removed when the polymer near the mold surface interface was below
melting temperature of the polymer. The nano- and microstructures would be frozen while
the rest of the polymer part was molten. The applied clamping force caused an elastic deformation of the tool steel of a few µm. The steel would return to its original form when the
clamping force was removed. This movement would demold the nano- and microstructures
either completely or partly before the overall polymer part froze and shrinkage occurred.
Straight opening of the tool thus become less of an issue, since the nano- and microstructures
already was demolded before the moving tool part was opened. The polymer part would also
have room to shrink since the nano- and microstructures had limited or no contact with the
nickel shim. The principle to avoid structure damage by shrinkage is shown in Figure 5.15. The
timing of the clamping pressure removal was a critical parameter in order to avoid scratching
the of the polymer parts.

Figure 5.15. Demolding of nano- and microstructures by removal of clamping pressure when
the polymer surface are frozen, only nano- and microstructures are demolded.
5.5.3 Polymer leakage
When molten polymer was injected at pressure over a 1000 bar polymer leak occurs in gaps
in the tool e.g. between inserts and tool case, or between clamping plate and shim. Polymer
would leak when PP (HD601CF) was injection molded. Polymer would gradually fill gaps and
venting channels. Furthermore, polymer would leak between the clamping plate and the shim.
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The leak became a problem after a few injection molding cycles. Polymer would block the
moving parts in the tool, and frozen polymer would protrude from the mold surface. Mold
protection was engaged automatically by the machine and the injection molding process
stopped. The leakage continued after clamping pressure had been increased to the maximum
of 45 tons. The increased clamping pressure did not solve the leaking of polymer. Thicker
shims (330 µm) were used to reduce leaking between shim and clamping plate.
The problem was finally discovered, the clamping plate was slightly lower than the surface of
the beryllium copper insert. This meant the clamping force was not applied to mold areas with
polymer flow; therefore, polymer would leak into the tool. In order to solve the problem a
new clamping plate 50 µm thicker with no venting channels was ordered from a machine shop.
The higher clamping plate ensured that clamping pressures was against the clamping and not
the beryllium copper insert. Small amounts of polymer flash were still present. The lack venting channels could sometimes produce diesel effect. If diesel effect occurred, venting could
be added be simple placing a small Post-it® on the insert. A schematic shows the difference
between the new and old clamping plate (Figure 5.16).
All issues for producing high quality injection molded parted with good structure replications
have been solved and the final injection molding process can be presented.

Figure 5.16. Thickness of the clamping plate was increased to prevent polymer leaking.
5.5.4 The final injection molding process
Before injection molding both polymer types of granular, TOPAS 8007-S04 (50 °C) and
HD601CF (100 °C), were dried for two hours, this removed potential water inside the polymer
ensuring, reproducibility in the injection molding process. Polypropylene HD601CF and TOPAS
8007-S04 were injection molded with the same parameters except the polymer melt temperature. Difference in viscosity required the polypropylene melt temperature to be lowered to
220 °C while the 8007-S04 was 250 °C. Table 5.5 shows the temperature of different heater
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zone in the barrel. The volume of the injected polymer was 11.5 cm3, which was injected with
a speed of 30 cm3/s. This required a maximum injection pressure of 840 bar. A switch over to
packing pressure was applied at 99% molding filling.

Nozzle
(°C)

Zone 4
(°C)

Zone 3
(°C)

Zone 2
(°C)

Zone 1
(°C)

HD601CF

220

210

200

180

30

TOPAS 8007-S04

250

240

230

220

30

Table 5.5: Temperature of barrel for TOPAS and PP. Polymer granular enters
the barrel from zone 1 and it’s melted when passes through zone 2 to 4.

A variotherm injection molded process was used. The mold was heated during injection and
cooled for demolding. Here, the mold temperature was 125 °C on the movable side of the tool
and 130 °C on the stationary (shim) side of the tool. Even though the mold temperatures were
below the melting temperature of HD601CF (164 °C)88 1. The lower temperature on the moveable side was used to increase polymer shrinkage and thereby increasing the friction on the
ejection pins and hook.
A total holding pressure time of 30 s was used. A decreasing holding pressure was used to
ensure that structures where completely filled. The lower pressure caused larger part shrinkage and made demolding possible Figure 5.17 shows the profile of the holding pressure. Before demolding, the part was cooled for 30 s to ensure that the polymer was below the melting
temperature. Clamping force was removed when the mold temperature was measured to approximately 10 °C below the melting temperature of the polymer.
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Holding Pressure Profile
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Figure 5.17. Holding pressure profile. High pressure is used to fill the nano- and microstructures. Low pressure ensures the demolding of the part.

The produced polymer parts were after injection molding inspected in an optical microscope
to verify a uniform microstructure replication. The nanograss was below the diffraction limit
and could not be viewed by the optical microscope. Height of the produced structures where
measured for each shim with the Sensofar Neox Optical Profiler (combined optical profilometer and confocal microscope). Finally, the fabricated structures were inspected in Field emission SEM and images were recorded. An AFM was used to verify Sensofar measurement on
some structures.
5.5.5 Industrial test production of polymer parts
Four different parameters for each shim were used in the injection molding of parts. The process parameters were similar to those used in industrial fabrication. Two different injection
pressures (800 bar/1300 bar) were set on the injection molding machine, along with two different mold temperatures (25 °C/70 °C) measured with a temperature probe on the mold surface. The process was without any holding pressure, and overall cycle time was less than 25 s.
In addition, the shim with hierarchical black silicon was injection molded with a longer process
time where holding pressure was applied; the duration of the holding pressure was over 50 s.
Here, the fastest filling time of the machine was used by setting the injection pressure to the
maximum of 2300 bar.

5.6 Fabrication results
This section presents the results from clean room fabrication and injection molding. First the
results from the injection molding optimization are presented here. SEM images from different steps in the optimization process are shown. Furthermore, the degree of mold filling is
presented for each shim. This is followed by representative SEM images of all the fabricated
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structure types. Images from the structured silicon master are shown with their corresponding
nickels shim (inverse polarity) and finally the injection molding polymer parts. Optical microscope image of the injection molded parts are also shown together with some 3D confocal
images. The last fabrication result is those from industrial test production
5.6.1 Optimization of injection molding
SEM pictures from different points in the injection molding optimization are shown in Figure
5.18. The gradual replication of structures can be seen as mold temperature and holding pressure are increased. The initial parameters 800 bar for 40 s and a mold temperature 65 °C
showed nanograss replication but micro structures was not replicated (Figure 5.18a), Micro
structures replication was seen when a variotherm injection molding process was used with
maximum mold temperature of 120 °C (Figure 5.18b). Complete structure filling and
nanograss was observed for some pillars when the mold temperature was increased to 130 °C
(Figure 5.18c) holding pressure increased to 1200 bar for 40 s, antistick coating and depacking
step complete nano structure filling for all structures was observed, however the structures
were slightly stretched (Figure 5.18d). The final injection molding process for process with all
optimization steps, note, no elongation of structures (Figure 5.18e). Even higher structures
(5.8 µm) could be perfectly replicated in PP (Figure 5.18f).
An optical microscope was used to inspect large areas of the injection-molded structures. Images of polymer parts injection molded with the final parameters are shown in Figure 5.19.
Holes 3.5 µm, 7.5 µm and 15.5 µm and pyramids with nanograss can be seen, only the microstructures are visible in the optical microscope.
Filling of shims was characterized with Sensofar. The height of the injection molded polymer
structures in PP and TOPAS are compared with height of the nickel shims, each structure type
was measured and plotted in Figure 5.20a and an example image of a polymer part (Figure
5.20b).
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Figure 5.18. SEM images during the optimization of the injection molding process, a) The initial
parameters 800 bar for 40 s and a mold temperature 65 °C, b) Microstructure replication was
seen when a variotherm injection molding process was used, c) Complete microstructure filling
when mold temperature was increased to 130 °C, d) Complete filling of all structures with antistick coating and depacking step, e) The final injection molding process, f) Even higher structures (5.8 µm) could be perfectly replicated in PP.
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Figure 5.19. Sample images from quality control with optical microscope after
injection molding optimization.
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Figure 5.20. a) Mold filling in % measured with optical profilometer/confocal. Nickel shims
were measured and compared with the injection molded polymer parts. All structure types was
injection molded in PP and 3.2 µm high pillars and holes was injection molded in TOPAS 8007S04, b) Sensofar showing image 3 µm polymer pillars used to determine mold filling.
5.6.2 Nanograss
The fabricated nanograss was characterized with SEM and AFM. SEM images of silicon master,
nickel shim and injection molded polymer are shown Figure 5.21. An AFM image of the silicon
master showed a typical structure height of 181 nm ± 81 nm with 60.5 spikes/µm2. Furthermore, the roughness factor 𝑅𝑓 (defined in equation 2.5) was determined from an AFM image
by measurement of the total surface area to 3.39 µm2 and the project area to 1.70 µm2. The
roughness factor was calculated to 𝑅𝑓 = 1.99. A profile from the nickel shim made with FIB
SEM is shown in Figure 5.22. Average nanograss on the shim was measured to 200.2 nm ± 62
nm.
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Figure 5.21. Nanograss, a) The silicon master after black silicon etching,
b) Nickel shim, c) Injection molded polymer (PP).

Figure 5.22, a) AFM image of silicon master, b) FIB SEM profile of nanograss on nickel shim.
5.6.3 Micropillar
The results from the fabrication of micropillars for both hierarchical nano- and microstructures
and pure microstructures are shown in Table 5.6 for PP and in Table 5.7 for TOPAS. Here structure size was measured with SEM. Three measurements were performed for each sample. If
the standard deviation on the measurements was smaller than the resolution of the SEM, the
resolution of the SEM was used instead (pixel size of 20 nm, which corresponds to a resolution
of 20 nm × 2.3 = 46 nm ≈ 50 nm).
Representative SEM images of silicon masters together with nickel shims and polymer parts
(3 µm in diameter) are shown in Figure 5.23. A reduction in the size of microstructures occurred during the black silicon etch; the micropillars were reduced approximately 0.5 µm in
diameter. An AFM was used to measure the height of a single silicon pillar with black silicon
and of a similar hole on the nickel shim. The height was measured to approximately 3.2 µm
for the hierarchical nano- and microstructures and 3.0 µm for the pure microstructures. Replication of black silicon in the nickel shim is clearly visible. Injection molding replicated both
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nano- and microstructures in the polymer. 5.00 µm and 7.00 µm pillars were successfully injection molded, again the diameter was reduced with approximately 0.5 µm for the pillars
with nanograss.

a) 1.8 µm high pillars
Diameter on mask (µm)
Shim diameter (µm)
PP structure size
(in % of shim)

3.00

5.00

7.00

2.70 µm ±0.05

4.85 µm ±0.05

Ø 6.73 ±0.05

94.1 ±4.1

95.7 ±4.0

94.4 ±1.8

3.00

5.00

7.00

2.75 ±0.05

4.80 ±0.05

6.77 ±0.05

95.7±2.3

96.4±2.0

93.9±1.3

b) 3.0 µm high pillars
Diameter on mask (µm)
Shim diameter (µm)
PP structure size
(in % of shim)

c) 3.2 µm high pillars with nanograss
Diameter on mask (µm)

3.00

5.00

7.00

Shim diameter (µm)

2.33 ±0.05

4.35 ±0.05

6.23 ±0.05

PP structure size
(in % of shim)

96.5 ±3.1

95.5±1.5

94.4 ±1.6

d) 5.8 µm high pillars with nanograss
Diameter on mask (µm)

3.00

5.00

7.00

Shim diameter (µm)

2.31 ±0.05

4.15 ±0.05

6.13 ±0.05

PP structure size
(in % of shim)

96.2 ±2.3

97.9±1.65

95.7 ±1.3

Table 5.6. Lateral measurements of injection molded micropillars (PP) based on
SEM images for four different shims with different heights, a) 1.8 µm, b) 3.0 µm,
c) 3.2 µm with nanograss, d) 5.8 µm with nanograss.
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3.2 µm high pillars with nanograss
Diameter on mask (µm)

3.00

5.00

7.00

Shim diameter (µm)

2.33 ±0.05

4.35 ±0.05

6.23 ±0.05

TOPAS structure size
(in % of shim)

97.7 ±2.1

93.8 ±1.6

95.9 ±1.3

Table 5.7. Lateral measurements of injection molded micropillars (TOPAS) based on SEM
images for the shim with nanograss and a height of 3.2 µm.

Figure 5.23. SEM images of micropillars designed to be 3.00 µm, a) Silicon master with
nanograss, b) Nickel shim with nanograss, c) Injection molded PP with nanograss,
d) Silicon master, e) Nickel shim, f) Injection molded PP.
5.6.4 Holes
The results from the fabrication of holes for both hierarchical nano- and microstructures and
pure microstructures are shown in Table 5.8 for PP and TOPAS. Here structure size was measured with SEM. Three measurements were performed for each sample. If the standard deviation on the measurements was smaller than the resolution of the SEM, the resolution of the
SEM was used instead (pixel size of 20 nm, which corresponds to a resolution of 20 nm × 2.3
= 46 nm ≈ 50 nm).
Representative SEM images of the silicon master (7.00 µm structures) are shown together
with nickel shim and polymer parts of TOPAS and PP in Figure 5.24. Again the black silicon etch
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has removed some of the sidewall, and the diameter of the holes were increased with approximately 0.5 µm. The sidewalls separating the holes were reduced to a thickness of 100 nm at
the narrowest part. The structure height was measured with AFM to 3.2 µm on the silicon
wafer. The height of the polymer parts was measured with optical profilometer (Sensofar) to
3.4 µm for PP and 3.2 µm for TOPAS. The TOPAS height was verified with AFM to 3.2 µm.

a) 3.2 µm high holes with nanograss (TOPAS)
Designed size/period (µm)

3.00/3.60

7.00/7.60

15.00/15.60

TOPAS period

3.58±0.05

7.59 ±0.05

15.59 ±0.05

Shim diameter (µm)

3.38 ±0.05

7.50 ±0.05

15.37 ±0.05

TOPAS structure size
(in % of shim)

99.9±1.5

99.4±0.7

100.0 ±0.6

b) 3.2 µm high holes with nanograss (PP)
Designed size/period (µm)

3.00/3.60

7.00/7.60

15.00/15.60

PP period

3.60 ±05

7.62 ±0.05

15.58 ±0.05

Shim diameter (µm)

3.38 ±0.05

7.50 ±0.05

5.37 ±0.05

PP structure size
(in % of shim)

98.3 ±1.5

98.6 ±0.7

99.2 ±0.75

c) 3.0 µm high holes (PP)
Designed size/period (µm)

3.00/3.60

7.00/7.60

15.00/15.60

PP period

3.57±0.05

7.55 ±0.05

15.56 ±0.05

Shim diameter (µm)

3.01 ±0.05

7.05 ±0.05

15.37 ±0.05

PP structure size
(in % of shim)

98.3 ±1.5

98.6 ±0.7

99.2 ±0.75

Table 5.8. Lateral measurements of injection molded holes based on SEM images,
a) TOPAS with nanograss, b) PP with nanograss, c) PP.
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Figure 5.24. SEM images of holes, a) Si master with nanograss (diameter 7.5 µm),
b) Nickelshim, c) Injection molded PP, d) Injection molded TOPAS, e) Holes with
no nanograss (diameter 7 µm) (PP).
5.6.5 Spruce like micropillars
The results from the fabrication of spruce like micropillars are shown on representative SEM
images of the silicon master together with the nickel shim and a polymer part (TOPAS) (Figure
5.25), note, the small overhanging sidewall structures. Both TOPAS and PP were successfully
injection molded. Size measurements were not performed for the spruce like micropillars, because the electron beam from the SEM melted the structures (Figure 5.25c), and the structure
height was too large for AFM.

Figure 5.25. SEM images of the spruce like micropillars, a) Micropillars etched in silicon with
structured sidewalls, b) Nickel shim, c) TOPAS polymer pillars fabricated by injection molding.
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5.6.6 Pyramid holes and pyramids
Pyramid holes was successfully produced and representative SEM images of silicon master,
nickel shim and injection molded PP part, with and without nanograss are shown in Figure
5.26, note, scratching on the PP part from the injection molding process.
Pyramid structures are shown in Figure 5.27 here the embossing to invert the structures nickel
shim and injection molded polymer can be seen. Again, the PP part is scratched by the injection molding process.
SEM images showing the result of the BHF etching to reduced line width (Figure 5.28), lines
down to 120 nm was produced. The designed line width was 2 µm.

Figure 5.26. SEM images of 12 µm pyramid holes, a) Silicon master with nanograss,
b) Nickel shim with nanograss, c) Injection molded PP with nanograss, d) Silicon master,
e) Nickel shim, f) Injection molded PP.
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Figure 5.27. SEM images of 12 µm pyramids, a) Structure inversion of pyramids holes with
nanograss, b) Nickel shim with nanograss, c) Injection molded PP with nanograss, d) Structure
inversion of pyramids holes, e) Nickel shim, f) Injection molded PP.

Figure 5.28. Line with reduction with BHF etching, the original sidewall was 2.0 µm, a)
Smooth pyramid holes, b) Pyramid holes with nanograss.
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5.6.7 Industrial test production
SEM images of silicon master, which was used to produce the polymer parts for the industrial
test production, is shown in Figure 5.29. Nanopillars, triangular pillars, holes and topologyoptimized structures were fabricated for the test production.

Figure 5.29. SEM images of the type of structures. Nanopillars, triangular pillars, holes, and
topology-optimized structures were fabricated for the test production.

When the injection molded parts were observed with the naked eye, uneven filling of the
nanostructures can clearly be seen as a change in the diffraction. This effect is present on all
fabricated parts, except those made with holding pressure and fast injection speed. Examples
of varying degree of replication are shown in Figure 5.30.
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Figure 5.30. Filling of nanostructures Left: uneven filling (1400 bar/25 °C), Center: moderate
filing, Right: even of filling (holding pressure and cycle time of 60 s).

To further characterize the injection-molded parts, AFM and SEM images were obtained for
the center area of each part. Height measurements on the injection molded parts were compared with the structures of the silicon master. Polymer flash could be seen on all parts made
with 1300 bar, the effect was less on the cold mold, but larger and quite severe on the hot
mold. This flash might influence the pressure inside the mold, and therefore the structure
filling on the Lego like bricks (Figure 5.31).

Figure 5.31. Polymer flash were present on all parts of the Lego like bricks
made with 1300 bar.
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The structure volume and height was compared. However, volume estimation is not trivial,
since the shape of the AFM tip influence the measurement as structure height increases. The
tip will be imaged together with structures and the results are a combination. This is not the
case for the height measurement, which have little uncertainty. The triangular pillars were
chosen for the detailed analysis of the mold filling. One image was obtained for each part and
six structures were measured on each image. Example AFM images are shown in Figure 5.32.
Results of the statistical measurements are shown in Figure 5.33.
a

b

Figure 5.32. AFM images of polymer parts, a) Moderate replication at 1300 bar/25 °C,
b) Poor replication 1300 bar/70 °C.

Figure 5.33. Filling of shims compared to the silicon master for three shims.
On the y-axis 1 will be a completely filled mold and 0 will be empty.
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5.7 Discussion of fabrication results
Overall, the cleanroom fabrication and electroplating in this project produced an excellent
replication of fabricated structures and no issues were observed. A perfect inverse replica of
the silicon wafers was produced. This can be seen in the figures and measurement data in the
result section 5.6. No significant change in dimensions was observed between the silicon master and nickel shim.
Few earlier studies have presented injection molded structures with superhydrophobic properties66–68,. However, in these studies a desktop microinjection molding machine was used
with process parameters fundamentally different from those used in industrial injection molding. One paper reports a superhydrophobic surface but here structure replication was poor
and the structures were stretched58.
5.7.1 Injection molding optimizations
The optimization of the injection molding process shows that a variotherm process is required
for any significant structure filling. Structure replication occurs after an increase in mold temperature to above the polymer melting temperature. Stretching of the microstructures was
observed during the demolding. Studies shows that the filling of nano- and microstructures
can be performed by a variotherm processes similar in principle to one used in this PhD project54,58,89–91.
In this work the optimization of the structure filling was as expected. Higher temperature and
increased pressure improved the filling, until the structures were completely filled at a constant pressure at 1200 bar. However, the filled structures were impossible to demold. Demolding of nano- and microstructures are reported to be difficult or impossible without antistick
coating; broken structures or stretching/scratching is reported 58,89,90.
This is in agreement with the results of this work observed for the TOPAS parts produced with
a holding pressure of 1200 bar with a mold temperature of 130 °C. At this pressure demolding
of the polymer parts were impossible. The depacking step combined with antistick coating
made both filling and demolding of the polymer parts possible, although limited stretching
was observed. The removal of clamping pressure in the cooling phase combined with finetuning of the injection molding parameters produced polymer parts similar to those in the
silicon master. Almost no scratching was observed on the polymer parts, except on the pyramids and pyramid holes.
In this work the mold temperature was increased and a variotherm process used instead of
attempting to optimize other parameters such as injection speed, holding pressure etc. The
mold temperature has a large influence on structure replication, since the injection molding
process is primarily driven by heat exchange. Heat will be transferred from the hot polymer
melt into the tool, and the cooling rate will greatly influence freezing time of the polymer.
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5.7.1.1 Pillars and holes
All measured pillars and holes have complete mold filling as shown in the plot in Figure 5.20a,
because the nanograss has been replicated on the top of the structures. The height measurement of the polymer parts was less than 4% lower than the corresponding nickel shims. A
similar reduction in size is observed for the lateral measurements of the structures (Table 5.6,
Table 5.7, and Table 5.8). Here, the structure size reduction was below 6%. Polymer shrinkage
is a possible explanation of the reduction in size on the injection molded polymer parts. No
significant difference was found between TOPAS and PP. This was not expected since TOPAS
is an amorphous polymer and PP semi crystalline. It would be expected that PP had a larger
shrinkage81. The explanation could be that fast freezing of PP occurred in the nano- and microstructures and therefore, the PP did not have time to crystalize due to increased surface to
volume ratio of the nano- and microstructures85. Measurement of the structure period on the
injection molded holes showed no significant deviation of the designed period.
In this work a slight stretching of the PP parts with holes was observed (105 percent of the
shim height), although PP has a larger material shrinkage, PP is also less viscous than the
TOPAS at high shear rates as seen on Figure 5.9. The origin of the stretching could be that the
PP would flow, into small overhanging nanodefects on the shim. When demolding the part
the PP structures would have a larger adhesion force, and be more difficult to demold with
stretching as a result.
The structures with black silicon were better replicated than the pure microstructures, e.g.
the pure micro holes showed some sidewall deformation even though the sidewalls was 500
nm thicker. This deformation is properly caused by the scallops from the D-RIE process, the
overhanging scallops on the shim would adhere strongly to polymer part and the circular holes
would be deformed during demolding. The black silicon etch removed most of the scallops
and produced a positive slope angle, which would ensure a better demolding.
The injection molding of the nanograss showed some stretching which resulted in slighter
higher nanograss structures on some polymer parts.
Overall, the optimized injection process produced good replication of all fabricated micropillars and holes. An excellent uniformity of the sample was observed when the sample was inspected with the naked eye and in an optical microscope. Furthermore, complete mold filling
was observed for all pillars and holes.
5.7.1.2 Spruce like micropillars
The fabrication process for the sprucelike micropillars showed good replication in each step.
The SEM images (Figure 5.25) shows the structures at the main steps of the fabrication process; the holes in silicon after D-RIE etching, the electroplated nickel shim and the injection
molded polymer. It is clear that the black silicon etch removed the 300 nm wide walls separating the holes. From the image of the nickel shim it is clearly visible that the polarity of the
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structures is inverted. Many of the sidewall structures which can be observed at the silicon
pillars have an overhang, which will improve superhydrophobic properties. However, structures with overhang can be problematic during injection molding, since the overhanging polymer sticks to the mold. It is clear that the injection molded polymer has fewer and less protruding structures on the sidewalls than the silicon master. This damage of the sidewall structures may be caused by one of the following effects; 1) the removal of the silicon wafer with
KOH, 2) incomplete polymer filling of the nickel shim during injection molding or 3) damage
during demolding. It is difficult to assess if the sidewall structures are present on the nickel
shim, since imaging of whole structures by SEM is difficult, FIB SEM was attempted, but provided no concrete results, since structures could not be imaged and milled in the same microscope.
Michaeli et al. 201158 reports that ductile material behavior is required for the injection molding of structures with overhang. Parts from brittle polymers like poly(methyl methacrylate)
(PMMA) would be destroyed during the demolding process and clogging of the mold was observed, and more ductile materials would be stretched58. The spruce like micropillars in this
work were replicated in both TOPAS and PP. Stretching was observed, even when the depacking step was used. Overhanging structures were still present on the finished polymer parts.
5.7.1.3 Pyramids
The pyramids proved difficult to characterize, since no flat surfaces for light reflection were
present, this meant that optical methods could not be used and even the smallest pyramids
(6 µm base length) was too high to be measured with AFM.
The reason for designing and fabricating pyramids and pyramids holes in this work were that
the sloped sidewalls with an angle of 54.7° would lower adhesion between the polymer part
and the shim and thereby reduce the force required for demolding. However, for the optimized injection molding process, all injection molded pyramids showed significant defects.
For the pyramid structures, it seems that the tip of the pyramids was stuck in the bottom of
the shim during demolding. The pyramid tips were pulled and deformed during the demolding
process.
For the injection molded pyramid holes the structures was scratched by the tip of the harder
nickel shim. The scratching of the pyramids was reproduced all over the polymer parts. Although the pyramids were supposed to be theoretical easy to fabricate, this was not the case
when they were injection molded.
5.7.2 Tools
The problems with polymer leaking remained throughout the project period although leaking
was reduced by the new clamping plate. For PP the melt temperature was limited to 220 °C.
Otherwise, the PP would leak through the entire tool. The leaking of PP compared to TOPAS
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was increased because HD601CF has a high degree of shear thinning as shown from the plot
in Figure 5.9. The leaking tool made optimization of the injection process difficult since the full
range of parameters on the injection machine could not be used. Mold temperature, melt
temperature, injection speed, and holding pressure all had to be limited. A higher demand on
precise tool tolerances is required, when nano- and microstructures are injection molded with
a variotherm process.
Injection molding literature write that a good mold temperature is 40 °C lower than the polymer melt54. Kim et al. (2007)90 reports full structure replication when mold temperature is
equal to the melt temperature90. A tool with vacuum in the mold cavity would make filling
easier and since no air could be compressed and prevent filling. Furthermore, an overall increase in structure quality is reported when vacuum is applied 92.
It possible that a better tool with no leakage and a higher mold temperature would make
optimization on other part design faster, and that the tool could produce structure of better
quality faster.
5.7.3 Industrial test production
The uneven filling is a problem for the injection molding of structures with self-cleaning properties. Overall, none of the molds has been completely filled. As the structure height, increased filling becomes less. This indicate the polymer will flow a certain distance and then be
cooled to under the melting point and therefore become solid. The maximum structure height
of 400 nm shows that it is possible to injection mold small structures with an industrial like
process. However, the uneven filling will have to be solved. The parameters with low mold
temperature seems to have a higher degree of filling, than those with high temperatures, this
might be related to air trapped in the mold. A polymer will be cooled slower in a hotter mold
and will have a larger shear thinning when injected at higher pressures. Therefore, the viscosity will decrease and the polymer will have a higher flow rate in the mold cavity. The polymer
may fill the sides of the Lego like brick first, because the sidewall is thicker than the top of the
part with the structures (Figure 5.31). Air might be trapped in the center of the part and prevent filling of structures. At high flow rates the air will not have time to escape, and therefore
the trapped air will prevent structure filling. The trapped air could properly be reduced by
changing the gate location and type. An optimized fan gate with even flow front of polymer,
placed close to the structure, could reduce the trapped air and produce even replicated structures. The results show that more parameters such as gate location and size is needed to be
considered when more complex parts with nano- and microstructures are injection molded.
5.7.4 Discussion summery
The injection molded superhydrophobic structures made by Tapani A. Pakkanen’s group are
reported to have a high replication quality, which is showed in the SEM images in their papers
where no stretching or scratching of structures are visible66–68. The used injection molding
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machine is not a standard industrial machine with lower injection and holding pressures 66–68.
It is possible that the lower injection and holding pressure produce less mold adhesion and
larger shrinkage making demolding without stretching or scratching possible.
In this work the developed optimized injection molding process was extremely versatile since
it could replicate a range of different structures with good quality. Sidewalls 100 nm wide at
the narrowest part was reproduced for 3.2 µm high structures. The injection molding machine
used in this project is a standard machine for large-scale industrial fabrication. Therefore, the
described fabrication method can easily be converted to industrial fabrication as long as the
longer cycle time of a variotherm process is acceptable.
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6 Characterization methods
In this PhD project characterization can be divided into two parts: 1) Morphology/topography
characterization of fabricated nano- and microstructures during the entire fabrication process.
2) Characterization of wetting properties of the injection molded samples. A new optical characterization method based on transmission microscopy and pressure cell was developed.
Three optical based methods were used for structure characterization together with SEM and
AFM. Here is a brief description of the used equipment and their advantages and disadvantages, with emphasis on materials and structure types. Since injection molding was performed, a larger number of samples needed to be characterized. Fast characterization methods with a large field of view was preferred. The large field of view is important when characterizing injection molding samples. If a narrow field of view is used structure variation and
defects might be overlooked. To successfully fabricate superhydrophobic surfaces, samples
with few defects are needed, because the liquid can pin on the defects.
What is common for optical methods is that they are fast, easy to use and has a large field of
view. Furthermore, more complex optical characterization tools such as confocal microscope
and optical profilometer can provide accurate height information down to a few nm. Common
to all optical methods is a transverse resolution limit to approximately 300 nm in air.

6.1 Optical microscope
Optical microscope is a quick and simple tool for viewing samples beyond size of the human
vision. A modern optical microscope often uses a white light source, the resolution is diffraction limited by the selected objective, and adjustment of the microscope apertures. High resolution requires high numerical aperture. The resolution (R) of an optical microscope can be
approximated by equation 6.1, where λ is the wavelength of illumination light and NA is the
numerical aperture for the objective and the condenser93.
R=

1.22𝜆
𝑁𝐴(𝑜𝑏𝑗)+𝑁𝐴(𝑐𝑜𝑛𝑑)

6.1

An often-neglected error in optical microscopy is illumination adjustment. For an optical microscope to perform optimally (with good contrast, high resolution) and provide reliable
measurements, proper illumination adjustment is required. The emitted light from the lamp
must be focused correctly, and the numerical aperture of the condenser adjusted for each
objective. For a perfectly adjusted microscope the resolution becomes optimal and equation
6.1 reduces to equation 6.293.
R=

0.61𝜆
𝑁𝐴

6.2

As widespread method of microscope illumination is called Köhler illumination. It was discovered by Dr. August Köhler in the late 1900s. Köhler illumination ensures that the specimen
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plane is bright, even, and with good contrast. In Köhler illumination the illumination light is
adjusted to match the focus plane of the microscope objective and the numerical apperature
of the illumination matched to the microscope objective.
One property of an optical microscope is that the depth of field (DOF) is limited by numerical
aperture. DOF can be approximated by equation 6.3. A high resolution cannot be obtained
simultaneously with a large DOF94.
DOF =

𝜆
𝑁𝐴2

6.3

An optical microscope is excellent for providing fast limited information on small well-defined
features in regular patterns even when the structures are smaller than the resolution of the
microscope. Potential areas with defects and irregularities are quickly located in the different
fabrication process steps; few other characterization methods can rival the optical microscope
for simplicity and fast measurements.
Optical microscopy was used extensively in this PhD project for quality control during the fabrication process and especially for optical transmissions measurement of wetting states in the
pressure cell setup. In the pressure cell setup an AX10 Observer A1 made by Zeiss was used
with a halogen lamp for sample illumination. The images were recorded by a CCD camera
(AxioCam IC made by Zeiss). A Nikon L200 optical microscope was used for quality control
during the cleanroom fabrication. At each process step the samples were inspected for uniformity, correct structure size, defects in the fabrication process and contaminations. A similar
optical microscope produced by Leica was used to inspect polymer parts during the injection
molding process. Microstructures could quickly be inspected and corrections to the injection
molding parameters performed. Furthermore nickel shims with suspected polymer residues
could quickly be characterized before additional polymer parts were produced.

6.2 Confocal microscope
A confocal microscope is a versatile method for obtaining true 3D measurement of a sample
using florescence, or in reflectance accurate 2½D topographic information. A confocal microscope is similar to an optical microscope in many ways. The main difference is sample illumination and light collection. In a confocal microscope, the illumination of the sample is achieved
by scanning one or more point light sources across or inside the sample. Sample illumination
and light collection is from a single diffraction limited point on the sample95. By acquiring data
from different focus planes. The collected data can be combined into a 3D image and topographic information determined. Overall, a confocal microscope is a fast and versatile characterization tool. Due to the diffraction limit, confocal microscope is limited to characterization
of large nano- and microstructures.
A Zeiss model LSM 5 confocal microscope was used to characterize the Cassie and Wenzel
States on an injection molded TOPAS 8007 S04 sample. Both fluorescence and reflectance
measurement were acquired. Here, the confocal microscope was required, because the light
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could be collected from either top or bottom of the structures, any light from the meniscus
would in theory be reflected, light from reflected from the bottom of the structures would be
out focused and be dark on the acquired image.

6.3 Sensofar
The PLu Neox 3D produced by Sensofar combines a high quality confocal microscope and optical profilometer. It has a possibility for both white and blue sample illumination. The confocal
microscope is based on a digital micro mirror display, similar to that in a DLP video projector,
to scan the light across the sample. The digital micro mirror display increase the scanning
speed significantly, compared to tradition confocal microscopes. The obtained topographical
accuracy of the confocal microscope mode in the Sensofar is limited by the numerical aperture
of the used objective. The vertical accuracy is reported down to 2 nm for 150X objective with
a numerical aperture of 0.95. If higher vertical accuracy are required, the optical profilometer
function can be used96.
An optical profilometer combines an optical microscope and an interferometer. An image of
the interference pattern is recorded by a camera and is used to determine the sample topography. The advantage is a vertical resolution regardless of numerical aperture. Two different
methods can be used to obtain topographical information: 1) Vertical scanning interference
with a resolution down to a few nm 2) Phase shift interference can only be used for surfaces
with low step heights (less than 100 nm)97. An optical profilometer is a fast method to determine accurate surface topography. Measurement time is typically less than two minutes per
measurement, which make is excellent for measuring a large number of samples quickly. The
low reflection of polymer materials can cause problems and errors in the measurement process. To overcome this, polymers surfaces may require deposition of a metal layer such as
gold/palladium or iridium to increase reflectivity of the surface.
The Sensofar was used to measure the etch depth on the fabricated silicon wafers and after
electroplating the degree of molding filling for the injection molded structures were measured. The height of the structures on nickel shim was first measured. These measurement
were later compared with height measurements of the injection molded polymer samples and
the mold filling could be compared in percent. The Sensofar microscope was used as the primary method for obtaining topographic information in this PhD project, it a fast versatile tool,
with excellent accuracy when used correctly.

6.4 Scanning electron microscope (SEM)
A scanning electron microscope (SEM) is a type of electron microscope that can resolve features much smaller than a conventional optical microscope. The electron beam is focused and
penetrates into the top layer of a sample, scattering of electrons produce an electron cloud in
the material. A long the electron path secondary electrons are exited, the secondary electrons
can only escape from the first few nanometers of the surface. Typical the number of secondary
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electrons are detected while the beam is scanning, intensity is the plotted for each position
and the image is generated98.
The smallest features that can be distinguished in a SEM is typically a few nm. Furthermore, a
SEM has a large depth of field. Due to the electron flow SEM is limited to picturing conductive
materials e.g. metals. The incoming electrons will charge insulators and consequently the image is distorted. This happens especially for polymer materials. This can be overcome by coating the sample with a thin layer of metal e.g. gold/palladium or iridium. The easiest process to
overcome the charging issues is applying 5-10 nm of metal to polymer samples. SEM is an
excellent tool for characterization of wafers, nickel shims, and injection molded parts. SEM
provides fast method for obtaining 2D sample information and the field of view can be adjusted from a wide field to a very narrow field, this allows for a good all round characterization
of samples. If the sample is tilted qualitative 3D information can be obtained.
Two different field emissions SEMs (FEI Nova NanoSEM and a Zeiss Supra VP40) were used to
characterize, nano- and microstructures on silicon wafers and their corresponding nickel
shims. The injection molding samples were also characterized with these microscopes. Before
SEM characterizations the samples were sputter coated with a 5 nm thick layer of gold palladium. Some polymer samples was characterized directly without any conductive coating in
high vacuum mode, here an elevated pressure in the microscope conduct electrons away from
the surface, however some resolution is lost in the process. So the metal coating was preferred. SEM was used to measure precise lateral structure dimensions of fabricated samples,
and to get an overall impression of the quality of the fabricated samples, especially those with
nanograss. SEM was used extensively during optimization of the injection molding process to
characterize the effect when different injection molding parameters were changed.
6.4.1 Focused ion beam SEM
Focused ion beam (FIB) SEM is a versatile tool with many different applications for high value
task. The FIB can locally sputter a surface to fabricate micro and nanostructures or deposit
materials. When FIB and SEM are combined the fabrication can be monitored. A standard SEM
can only view surface structures, if characterization off bulk material or true 3D sample is required, the FIB can remove material to perform cross-sections of the sample. An image with a
plane perpendicular to the surfaces becomes visible. This process is also known as slice and
view. Scanning of the beam makes FIB a serial process, only one structure can be milled at a
time, FIB is therefore a slow process and not suited to fabricate micro or nanostructures, or
to perform slice and view over large areas. This could easily take days in time. The ion beam
removes material so slice and view will destroy imaged area on the sample. The imaged area
is impossible to view later on. Even with the slow speed and destructive nature of the sputtering do FIB has advantage of provide true 3D sample information, even when objects are
embedded in bulk material. A quality FIB SEM can easily obtain a voxel size of 10 nm. Few
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other tools are capable this. Confocal microscope with fluorescence can provide similar information at a lower resolution if the sample is transparent.
FIB SEM is an excellent tool for obtaining cross-sections of fabricated nickel inserts, which
otherwise are hard to obtain. Cross-sections are hard to acquire for polymers because the
material may melt during the FIB process. FIB SEM is relative slow and expensive technique,
and is limited to a few samples and small areas.
A Tungsten filament FIB SEM (FEI Quanta 200 3D SEM-FIB) was used to obtain cross-sections
of nanograss and the spruce like micropillars on the nickel shims. After FIB milling a Zeiss supra
VP40 was used for imaging, since the VP40 produced images at higher resolution when imaging the magnetic nickel shim. The shim with spruce like micropillars is hard to characterize
with other methods, since the structures are small holes with high aspect ratio.

6.5 Atomic force microscope
An atomic force microscope (AFM) is based on a physical scanning technique where the surface is physically probed with a small tip mounted on a flexible cantilever. A high resolution
image is generated from the recorded data. AFM can perform measurements on all types of
surfaces regardless of conductivity and other material properties, which makes it excellent for
the characterization of polymers99. One of the limitations in AFMs is that the shape of the tip
influences the measurement. This phenomenon is called tip convolution. Tip convolution is
more problematic for small structures with high aspect ratios. Tip convolution can be seen by
a widening of protrusions and shrinkage of holes100.
In this project, AFM was used to obtain topographic information shallow nanostructures
(lower than 2 µm) that is too small to be detected by the Sensofar microscope. Overall AFM is
a slow method with a small field of view, so an AFM is of limited use when characterization
many samples and large areas. An AFM (Dimension 3100 manufactured by Veeco) was used
to verify the height measurements made by the Sensofar, and to characterize the fabricated
nanograss on silicon wafers.
A Park Systems XE-150 AFM was used to measure the structure filling on the nanostructure
produced by the industrial test production. These structures were below the diffraction limit
of the Sensofar and could therefore not be characterized by confocal microscope or optical
profilometer.
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6.6 General concepts on characterization of superhydrophobic surfaces
Wetting on surfaces is often characterized with an optical tensiometer also known as contact
angle goniometer. For measuring contact angles a technique called the sessile drop method is
typically used. Here a drop consisting of known probe liquid is placed on the surface, and a
camera records a sideways image of the drop. The drop shape is determined by software and
fitted to various theoretical models. The contact angle is calculated from the drop shape. Dynamic contact angle data can be acquired by either tilting the entire machine or enlarging/reducing the drop on the surface.
Wetting properties of a surface is related to oleophobicity, hydrophobicity, easiness of coating
and surface adhesion. Characterization of the wettability is fundamental study for any polymer surface. Wetting measurements are common and simple method for surface analysis, the
most useful method for characterization of solid polymer like injection molded parts is contact
angle measurements, it provides quantitative data, are relatively low cost, and instruments
can be acquired as off the shelf products with simple operating procedures. Characterization
of contact angles is a wide spread method for both academic research and industrial production15. However, errors in the measurement process often occurs and the result in the collected data over interpreted101.
When the drop is placed on a surface, it will always have a contact angle, regardless of liquid
and surface type. As contact angles are characterized, it will become apparent that a drop can
have a range of contact angles on a specific solid surface. The contact angle range has a maximum called the advancing contact angle and minimum called the receding contact angle.
The advancing contact angle is measured at the triple phase line when liquid moves towards
an unwetted area, and the receding contact angle is measured at the triple phase line when
the liquid moves from a previously wetted area. If drops is placed on an ideal surface (atomic
flat, chemical homogenies, and with no liquid surface interaction) the advancing and receding
contact angle will be identical and equal to the equilibrium contact angle. In real life ideal
surfaces are extremely rare; most surfaces have some sort of roughness and/or chemical variation15.
Real life polymer surface always have some hysteresis, due to roughness or chemical variation
of the surface. Very low hysteresis can in some cases be observed and a hysteresis above 50°
is often observed. When measuring the contact angle both the advancing and receding contact angel should always be measured so the hysteresis can be calculated. Many scientific papers report that is possible to put a drop on a surface and measure the contact angle, this is
normally called static contact angle. A static contact angle provides little information of the
surface since the contact angle can have any value between the advancing and receding contact angle. The advancing and receding contact angle provide information on the roughness
and chemical homogeneity off the surface15.
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One of the often overlooked errors when measuring contact is electric charging of the surface,
a charged surface can induce variations in the contact angles measurement for polymer surfaces. Therefore, the surface must be discharged prior to placing the drop on the surface 102.
Discharging can be a challenge for a nonconductive surface, but it is reported that alpha radiation can neutralize all surface charging such as Po210 alpha source15.
Researches often want to estimate the surface energy of a sample; here contact angles are
used to estimate solid surface energies with one of the different theories. Researchers often
focus on Young’s equation (equation 2.1), and solid surface energy estimates, and the researches often overlook the limitation of the contact angle data. It makes little sense to calculate the surface energy components for most polymer surfaces since it’s very hard to obtain
the equilibrium contact angles required for Young’s equation on real life polymer samples. It
is much more important to acquire high quality contact angle data where one or two test
liquid is used to measure advancing and receding contact angles. The exact method used
should be thoroughly described15, for example the way the drop is deposited on the surface
influence the measured results. A drop can be compressed when the drop is detached from
the needle in an optical tensiometer; the drop will be deformed and flatten, after some time
it may relax, during the deposition the meniscus may be pushed deeper into the structures.
Alternatively, the drop may fall a short distance from tip of the needle onto the surface, the
drops distance must be considered carefully so the kinetic pressure from the impacting drop
is limited. The drop will be deformed by the impact and in some cases bounce, the kinetic
pressure will cause the meniscus to penetrate into the structures16.
Water is good probe liquid for contact angle measurements; because aqueous systems are
used, many place in industry and in the scientific world. Furthermore, does water has the
highest surface tension of normal test liquid. Therefore, water has a measurable contact angle
for most polymer materials. A critical examination of interactions between probe liquid and
surface are required for accurate contact angle measurements, such interaction can be: water
adsorption, swelling, and change of surface chemistry. If liquid surface interactions are present they can affect the contact angle results and the performed measurement become inaccurate15.

6.7 Method for measuring contact angles
Hydrophobic properties of the injection-molded polymer parts were characterized by determination of static contact angles, contact angle hysteresis, drop roll-off angle, and bounce
experiments with water. Before contact angle measurements static electricity were removed
on all samples with an antistatic gun (Milty ZeroStat 3). An Attension Theta Optical Tensiometer with high-speed camera (3000 fps) was used to perform the measurements using a sessile
drop method. Static contact angles were measured by fitting drop shapes both with polynomials and the Young Laplace equation, whereas dynamic contact angles only were fitted using
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polynomials. For all contact angle measurements the baseline was determined by the auto
baseline function in Attension Theta Software Version 4.2.
The contact angles measurements were performed with a drop size of 10 µL. The drops were
deposited on the surface by hanging the drops from the deposition needle in the tensiometer,
as the drop expended it would come in contact with surface. After a drop volume of 10 µL was
reached the deposition needle was raised and the drop would now rest on the surface. Five
frames were a for static contact angle calculation. The entire tensiometer was tilted with a
speed of 0.7° per second while recording one frame per second. The advancing and receding
contact angle were recorded just before the drop would begin to slide or roll.
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7 Results of contact angle characterization
7.1 Results from pillars

Drop roll-off angle (°)

Initial results from investigation of the pillars are presented in the conference paper in Appendix 5. However, it was discovered that the superhydrophobic effect was due to static electricity on the polymer surface. The super hydrophobic properties of the structured parts were
characterized by contact angle and drop roll-off measurements. Results indicate a contact angle increase from 95° (TOPAS) for the unstructured polymer to a maximum 150°, obtained for
3.0 µm pillars with a spacing of 8.0 µm. Roll-off angles were measured as a function of pitch
size for different pillar diameters and the results are plotted in Figure 7.1. After removal of the
static electricity all drops on TOPAS pillars were pinned. Static contact angles were measured
between 130° and 150° for pillars with nanograss.

Figure 7.2. Static surface charge will push
Figure 7.1. Drop roll-off due to static electricity. drops away before they touch the surface.
Roll-off angles plotted as function of pitch on Even negative roll-off angles were obTOPAS pillars with nanograss.
served for some samples.

PP pillars without nanograss were similar to the TOPAS pillars and drops were pinned to the
surface even when the surface was tilted to vertical (90°). Pillars with in PP showed slightly
better performance with contact angles between 130° and 155° and drops had roll-off angles
from 20° to 90° (pinned). The hysteresis was similarly large and above 25°. The pillar structures
were therefore not superhydrophobic.

7.2 Results from holes
Results from the contact angle measurement of the holes are presented in Table 7.1. Contact
angles were measured for three different samples. PP holes with nanograss showed superhydrophobic properties with contact angles up to 164° and roll-off angles down to 7°. TOPAS
holes showed high static contact angles up to 158°, but all drops were pinned. The smooth
structures without nanograss made from PP pinned the drops on the 3.0 µm and 7.0 µm holes;

Emil Søgaard

Injection molded self-cleaning surfaces

Page 99

however, the holes with a diameter of 15.0 µm had a drop roll-off angle at 48° with a hysteresis of 45°.
Material

TOPAS
(nanograss)

PP
(nanograss)

PP (smooth)

Micro-cavity
diameter (µm)

Contact angle (˚)

Hysteresis (˚)

Roll-off angle (˚)

3.5

145 ± 5

Pinned

Pinned

7.5

158 ± 1

Pinned

Pinned

15.5

153 ± 6

Pinned

Pinned

3.5

156 ± 3

22 ± 3

15 ± 4

7.5

164 ± 3

11 ± 1

7±1

15.5

162 ± 2

12 ± 2

7±1

3.0

126 ± 10

Pinned

Pinned

7.0

146 ± 2

Pinned

Pinned

15.0

151 ± 1

48 ± 6

45 ± 3

Table 7.1. Contact angles measured on holes after removal of static electricity.

Figure 7.3. Images from the optical tensiometer, a) PP nanograss holes 7.5 µm in diameter
show superhydrophobic effect with drop roll-off at 7˚, b) TOPAS nanograss holes 7.5 µm show
strong adhesion with pinned drops even when tilted 90˚.
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7.3 Results from spruce like micropillars
Results from the contact angle measurement of the sprucelike micropillars are presented in
Table 7.2. Images from the optical tensiometer, where sprucelike micropillars made from
TOPAS were compared with flat TOPAS, are shown in Figure 7.4. The arithmetic mean value
of the contact angles were calculated to 170° ±4° and 173° ±2° both TOPAS and PP showed
extreme superhydrophobic properties and it was almost impossible to deposit drops on the
surface for contact angle measurements.
A drop bounce experiment was made with an optical tensiometer (Figure 7.5). Here a 6.5 µL
drop impacts the structured polymer surface. At time zero, the drop is hanging from a needle,
after 51.9 ms the drop has reached its maximum altitude after impact. During impact, the drop
shows very little adhesion to the surface, resulting in the high altitude of the rebound. The
drop bounced more than 10 times before it finally rested on the surface.

Material

Contact angle (˚)

Hysteresis (˚)

Roll-off angle (˚)

TOPAS

170 ± 4

5±4

4.6 ± 0.6

PP

173 ± 2

6±5

<2

Table 7.2. Contact angles of spruce like micropillars after removal of static electricity.

Figure 7.4. Images from the optical tensiometer, a) TOPAS with spruce like micropillars
contact angle 170°, b) Flat TOPAS a as reference.
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Figure 7.5. Image sequence showing a 6.5 µL drop impacting the structured polymer surface.
At time zero, the drop is hanging from a needle, after 51.9 ms the drop have reached its maximum altitude after impact.
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7.4 Results from pyramids and pyramid holes
Contact angle measurements of pyramids and pyramid holes were measured for three samples (Table 7.3). None of the fabricated pyramids showed superhydrophobic properties and
drops were pinned on all test areas except on the pyramid holes with nanograss, which
showed roll-off angles between 18° and 39°.

Material

Pyramids
PP (smooth)

Pyramids
PP (nanograss)

Pyramids holes
PP (smooth)

Pyramids holes
PP (nanograss)

Base length (µm)

Contact angle (˚)

Hysteresis (˚)

Roll-off angle (˚)

6

128 ± 10

Pinned

Pinned

12

140 ± 3

Pinned

Pinned

18

140± 5

Pinned

Pinned

6

149 ± 11

Pinned

Pinned

12

144 ± 12

Pinned

Pinned

18

152 ± 3

Pinned

Pinned

6

145 ± 5

Pinned

Pinned

12

148 ± 2

Pinned

Pinned

18

144 ± 1

Pinned

Pinned

6

156 ± 4

35 ± 8

27 ± 2

12

164 ± 1

35 ± 5

18 ± 3

18

163 ± 2

48 ±8

39 ± 5

Table 7.3. Contact angle measurements.

7.5 Polymer degradation
During this work, it was discovered that the polymer became less hydrophobic when exposed
to water. Superhydrophobic properties of all samples, except the sprucelike micropillars,
would disappear within 1½ hour when the samples were submerged in water. The drops were
pinned complete to the samples. This was a non-recoverable effect even when drying of samples on hotplate at 100 °C or in the polymer dryer on the injection molding machine at 100 °C.
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Drops would continue to be pinned. Only the sprucelike micropillars retained their superhydrophobic properties. To further characterize this effect PP nanostructured (flat) PP parts
were floated (HD601CF) on water so one side was in contact with the water. Parts were removed in batches of three and dried for 2 hours on a 100 °C hotplate with increasing submersion times and contact angles were measured (Figure 7.6). The measured contact angle
dropped from 101 to 59. This showed that PP became hydrophilic.

Figure 7.6. Contact angle measurements on flat PP samples, after water submersion
and drying on hotplate, performed for different submersion times.
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8 Pressure cell experiments
During this work, it was observed that the wetting state of microstructures was observable in
an optical microscope. A method for studying the transition between wetting states was developed. This method was able to study the influence of time and pressure on submerged
samples. It was decided to characterize the stability of the injection molded superhydrophobic
structures when they were submerged in water and systematically study the Cassie State to
Wenzel State transition at elevated pressures (0-400 mbar). Open structures (pillar based) collapsed immediately to the Wenzel State (even at atmospheric pressure) and closed structures
had a stable Cassie State. The stability of the fabricated holes (micro cavities) with nanograss
was studied systematically in order to observe how long the superhydrophobic Cassie State
could be maintained. For this experiment, a pressure cell was designed and fabricated in clear
polycarbonate by micromilling. A schematic and image of the pressure cell is shown in Figure
8.1.

Figure 8.1. The pressure cell, a) Schematic side view of the pressure cell,
b) Photo of the assembled cell with PP sample.

The pressure cell experiment is described in the paper; Study of Transitions between Wetting
States on Micro-cavity Arrays by Optical Transmission Microscopy (Appendix 3). In this paper,
a simple and fast optical method, based on transmission microscopy, is presented. The purpose was to study the stochastic wetting transitions on nano- and microstructured polymer
surfaces immersed in water. The influence of immersion time and the liquid pressure on the
degree of water intrusion in individual micro-cavities on these surfaces, as well as the lifespan
of their superhydrophobicity is presented. The transitions between the different wetting
states can be explained by taking into account both the Young Laplace equation for the water
menisci in the cavities and the diffusion of dissolved gas molecules in the water. In addition,
the wetting transitions had a stochastic nature, which resulted from the short diffusion distance for dissolved gas molecules in the water between neighboring cavities.

Emil Søgaard

Injection molded self-cleaning surfaces

Page 105

The transition between the different wetting states are shown in Figure 8.2. Here, the number
of filled holes is plotted as function of time and compared to a theoretical model. The three
wetting states (Cassie, Cassie-impregnating, and Wenzel) are observed with a certain pressure
threshold (300 mbar for a hole diameter of 7.5 μm). Below this threshold, the transitions between the Cassie and the Cassie-impregnating States are reversible, above this threshold, irreversible transitions to the Wenzel State start to occur. Furthermore, the experiment shows
that a Cassie State is maintained for the holes for at least 24 hours at atmospheric pressure
for both PP and TOPAS Samples.
The experimental observations indicate that both the diffusion of gas molecules in water, and
the wetting properties of nanostructures are important for understanding the sustainability
of superhydrophobicity of surfaces under water, and for improving the structural design of
superhydrophobic surfaces.

Figure 8.2. a) Transitions between wetting states over time at different Δp: 150, 225, 300, and
400 mbar. The model data (until saturation at about 3 min) were based on the degree of intrusion of a single cavity using the 1D diffusion model, b) Recovery of the Cassie-impregnating
to Cassie State after the reduction of Δp to 0. Error bars in both a and b are obtained as the
standard deviation for measurements on three different samples.
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8.1 Adjustment of the microscope and image processing
This section describes how the microscope was adjusted, and how the optical microscope images were adjusted necessary to observe the Cassie-impregnating State.
In order to make interpretation of the optical microscope images easier. Contrast and brightness where adjusted in the optical microscope camera software (Zeiss AxioVision) by performing an intensity remapping of the image (Figure 8.3) to further enhance the contrast a gamma
correction was applied of approximately 1.2. Time-lapse series of images were recorded in 16
bit tagged image file format. The recorded images were later processed with a MATLAB script,
here the script performed an auto remapping of the images to ensure even tonality of all images, tunable background correction. Finally, fine adjustment of contrast was applied. Structures with different wetting states were counted and the number of holes in Cassie State,
Cassie-impregnating State, and Wenzel State recorded.

Figure 8.3. Intensity remapping of the microscope images, the red arrows indicate the new
intensity range. Intensities smaller than the new range is set 0 and intensities larger than the
range are set 1.

Images from an initial test experiment are shown in Figure 8.4. Here, the liquid starts in Cassie
State, when pressure is applied the microstructures starts transition to the Wenzel State and
a hybrid state was formed. Structures in the Wenzel State had a higher intensity on the image
due to the smaller difference in refraction index of polymer and water compared with polymer
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air interface the Cassie State. By adjusting on the optical microscope with a perfect Kölher
illumination the Cassie-impregnating State was also observed as third intensity level (Figure
8.5) when the focus plane of the objective were matched with the focus plane of the illumination and a fine adjustment of the condenser aperture was performed.

Figure 8.4. Initial result from test experiment wetting state on a microstructure surface could
be seen in an optical microscope, a) Sample submerged in water inside the pressure cell, b)
Micro cavity filling occurred when pressure was applied, c) Intensity profile from b) showing a
clear difference in intensity, d) The different wetting states.

Figure 8.5. The Cassie-impregnating State was observed after optimal microscope adjustment.
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8.2 Validation of the microscope observation
Prior to performing the experiments in the paper as a series of initial validations were performed to ensure accurate data. The validation consisted of 1) a confocal experiment where
intensity was compared for the Cassie and Wenzel State 2) an optical transmission calculation
to model the three wetting states and corresponding intensities observed in the optical microscope. To validate the observation in the optical microscope a TOPAS sample with holes
were characterized with a confocal microscope (Zeiss model LSM 5). A coverslip with a drop
of rhodamine solution was placed on the sample with doubled sided tape so a cavity of approximately 10 mm × 10 mm was formed. Pressure from mounting the coverslip caused some
micro cavities to transit into the Wenzel State. A reflectance image was acquired together with
a fluoresce image (Figure 8.6). Air bubbles can be seen in the reflectance images showing the
Cassie State. As expected an inverted image was observed for the fluorescence image, here
micro cavities in the Wenzel State are bright, because the filled holes has a larger amount of
fluorescent dye. The confocal images support that the intensity difference observed in the
optical microscope is the Cassie and Wenzel State.

Figure 8.6. Confocal validation experiment. a) Reflection image dark areas are in Wenzel
State, b) Corresponding fluorescence image bright red micro cavities are in Wenzel State.
Note, how the two images are inverted.

8.3 Theory of the optical setup
The basic theory needed to understand the optical effects observed in the experimental setup
is presented in this section. The three different wetting states (Cassie, Cassie-impregnating
and Wenzel) will influence the transmittance and reflectivity of light. The interface and an
intensity difference can be observed in the optical microscope when there is a transition between the wetting states. A MATLAB script was used to calculate the transmission for the
different stages.
Light will be reflected at the interface between two materials with different refraction index.
The reflection and transmittance coefficients for the interface can be determined by the Fresnel equation, which for normal incidences is given by,
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𝑛1 − 𝑛2 2
𝑅=(
)
𝑛1 + 𝑛2

8.1

Here R is the reflectivity n1 and n2 refraction index of the two materials.
Studies in literature shows that nanograss-like structures will have antireflective properties31,74. Because of that, nanograss will influence the transmission through the pressure cell
and therefore the transmission coefficient is increased. The anti-reflective effect can be described by effective medium theory; here, the conical shape of the nanograss eliminates the
abrupt change in refraction index at the interface between the two materials. This causes a
larger amount of light to be transmitted through the polymer part. Effective medium theory
eliminates the need for calculating transmittance of individual nanograss structures and replace them with a layer composing of a gradual refraction index. In order for the effective
medium theory to be valid, the characteristic length scale of the nanograss needs to be smaller
than the diffraction limit, otherwise scattering and diffraction will have an effect, which will
cause the effective medium theory to be invalid103. Only 0th order propagation is allowed. As
long as the light cannot resolve the individual nanograss structures, the light will not “sense”
any sudden change in refraction index, but only a layer with graduated change.

Figure 8.7. Example of effective medium theory, a) Nanograss structures smaller than the diffraction limit, b) Nanograss divided into layers, c) Refraction index calculated as a volume fraction for each layer, d) The effective refraction index as a function of layer number, showing the
graduated change in refraction index.
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By applying Maxwell equations the total transmission of the pressure cell can be calculated.
The electromagnetic wave equations are used to describe electric fields.

𝜀 𝜕2
∇ 𝐸(𝑟, 𝑡) = 2 2 𝐸(𝑟, 𝑡)
𝑐 𝜕𝑡
2

∇2 𝐻(𝑟, 𝑡) =

𝜀 𝜕2
𝐻(𝑟, 𝑡)
𝑐 2 𝜕𝑡 2

8.2
8.3

Where E is the electric field, H the auxiliary field, c the speed of light and ε the permittivity of
the material. The operations performed by the MATLAB script are presented in the short list
below. Followed by a more detailed description of each step:
1. Calculations of Fresnel coefficients for each interface.
a. (+) from surface to bulk.
b. (-) Internal reflection from bulk to surface.
2. Calculation of incident and reflected electric fields moving from bulk to surface at
each interface using the above Fresnel Coefficients and the phase to account for interference effects.
3. Finally, the reflection and transmission for the entire surface can be calculated from
the electric fields at the top interface.
1) The script first calculates the Fresnel Coefficients for each interface for both polarization
types: Fresnel Coefficients for parallel polarization p are given by equations 8.4) and 8.5) and
polarization perpendicular to the plane s by equation 8.6) and 8.7). In the general the four
Fresnel Coefficients f are given by:
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𝑓𝑅,𝑝 ≡

𝑛1 cos(𝜃𝑇 ) − 𝑛2 cos(𝜃𝐼 )
𝐸̃0,𝑅
=(
)
𝑛1 cos(𝜃𝑇) + 𝑛2 cos(𝜃𝐼)
𝐸̃0,𝐼

8.4

𝑓𝑇,𝑝 ≡

2𝑛1 cos(𝜃𝐼)
𝐸̃0,𝑇
=(
)
𝑛1 cos(𝜃𝑇) + 𝑛2 cos(𝜃𝐼)
𝐸̃0,𝐼

8.5

𝑓𝑅,𝑠 ≡

𝑛1 cos(𝜃𝐼) − 𝑛2 cos(𝜃𝑇 )
𝐸̃0,𝑅
=(
)
𝑛1 cos(𝜃𝐼) + 𝑛2 cos(𝜃𝑇 )
𝐸̃0,𝐼

8.6

𝑓𝑇,𝑠 ≡

2𝑛1 cos(𝜃𝐼 )
𝐸̃0,𝑅
=(
)
𝑛1 cos(𝜃𝐼) + 𝑛2 cos(𝜃𝐼)
𝐸̃0,𝑇

8.7
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Where θ is the angle (in this case θ = 0), the subscript T, R and I marks transmitted, reflected,
and incident respectively.
Since internal reflection occurs between the layers two sets of Fresnel Coefficients are
needed; one set going from surface to the bulk (+) and one set from the bulk to surface (-).
The difference between (+) and (-) is simply a switch of the refraction index for each interface
when calculating the Fresnel Coefficients, due to the opposite direction of the internal reflected electric field.
2) The next step of the MATLAB script is calculation of the incident and reflected electric fields.
The script compensates for interference between layers by applying the phase φ given by
𝜑̃ =

2𝜋
𝜆

𝑛𝑗−1 (∆𝑧)𝑗−1 cos(𝜃𝑇,𝑗 )

8.8

Here λ is the wavelength, Δz layer thickness, and j the layer number. Note that the phase is
different of the one presented in103 and instead the phase given in Born M. & Wolf (1999) is
used104.
3) Once all the electric fields are calculated, the transmittance T and reflection R of the entire
sample can be determined from the top layer with equation 8.9 and 8.10. Because the light in
the microscope is unpolarized, s and p polarization are weighted equally.

2
‖𝐸̃0,𝑅 ‖
𝐼𝑅
𝑅≡ =(
)
𝐼𝐼
‖𝐸̃0,𝐼 ‖

8.9

2
𝑛2 cos(𝜃𝑇 )
‖𝐸̃0,𝑇 ‖
𝐼𝑇
𝑇≡ =(
)(
)
𝐼𝐼
𝑛1 cos(𝜃𝐼)
‖𝐸̃0,𝐼 ‖

8.10

Overall, the method is widely used in optics and further details can be found in the original
paper Stephens, R. B. & Cody, G. D. Optical Reflectance and transmission of a textured surface
(1977)103.

8.4 The modelling of optical setup
In order to validate the optical part of the pressure cell, the transmission of the different wetting states were calculated. Transmission coefficients for the Cassie State, Cassie-impregnating State and Wenzel State were calculated. The measured superhydrophobic surface consisted of a hexagonal array with micrometer-sized holes. In order to simplify the calculations
for the optical transmission coefficient of the pressure cell, a number of assumptions are required: 1) The diffraction and scattering of the micrometer-sized holes are ignored. 2) A single
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hole is modeled and potential cross talk between holes is ignored. 3) Normal incidence of light
is assumed. 4) No dispersion in TOPAS is present, since the material has excellent optical properties in the visible wavelength range. 5) The single hole is modeled as layers consisting of
water, air, nanograss and bulk. Here, the transmission coefficient can be calculated for the
water, air, and bulk layers, however, the nanograss layer need to be simplified, since the individual structures of the nanograss is difficult to model. The nanograss layer can be described
by effective medium theory.
The region with graduated refraction index can be described by a series of layers each with a
small change in refraction index, due to the non-linearity of the Fresnel equation the overall
transmission will be higher compared to a planar surface. The total transmission of the system
can be calculated by summing the transmission and reflectance of each layer.
A script in MATLAB was written to simulate the three wetting states of the holes. The overall
model was based on Maxwell equations and the method described in Stephens, R. B. & Cody,
G. D. Optical Reflectance and transmission of a textured surface (1977)103.
1. 500 µm layer water (thickness of pressure cell).
2. 3 µm layer with air in the Cassie State and water in the Cassie-impregnating State and
Wenzel State.
3. The nanograss layer is divided into sub layers each 1 nm thick, with graduated change
in refraction index, the refraction index for air and TOPAS is used for Cassie and Cassie-impregnating States. For the Wenzel State a refraction index for water and TOPAS
is used. The refraction of each layer is determined by effective medium theory. The
transmission of all the sub layers are summed and used to calculate the overall transmission for the nanograss layer.
4. 2000 µm layer of polymer (TOPAS).
The graduated nanograss layer is approximated by a volume fraction of polymer and water or
air interface. The nanograss was assumed to be a circular conelike structure, the half angles
of the cones were approximated from SEM images to a mean angle of 25° ±6°. The model was
configured so it calculated the transmission spectrum for each wetting state. In order to improve accuracy of the model, the microscope lamp and camera must be taken into account; a
spectrum of the lamp was obtained and used to correct the calculated data from the model.
The calculated data were multiplied with a normalized emission of spectrum of microscope
lamp as shown in Figure 8.8. The greyscale CCD in the camera has a nonlinear wavelength
sensitivity, and Zeiss provided a correction data105. The data were normalized and multiplied
with illumination corrected spectrum. After the correction, the mean intensity was calculated
for each wetting state. The mean intensities should now correspond to the intensities measured with the microscope camera.

Emil Søgaard

Injection molded self-cleaning surfaces

Page 113

Where the meniscus intruded gradually into the micro cavities a transmission calculation was
made. A series of 60 corrected transmission spectrums similar to the ones in Figure 8.8 were
calculated for different meniscus heights. The mean intensity of the spectrums where calculated and plotted as function of meniscus penetration in Figure 8.9a (microstructures) and
Figure 8.9b (nanograss). The calculated transmissions assume a flat-water air interface (meniscus). To compensate for the hemispherical shape of the meniscus the real system the intrusion depth was smoothed by averaging over intervals of 400 nm, corresponding to the order of magnitude of the meniscus protrusion for 7.5 µm micro cavity (Figure 8.9c).

Figure 8.8. Spectra from the model, a) Raw spectra, note, the stong interference effect for the
Cassie State, b) Spectra after illumation and camera sensitivity correction.
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Figure 8.9. Calculated mean transmission as function of filling, a) Filling of the micro cavities,
note the interference, b) Filling of the nanograss, c) Combined plot a) and b) with smoothing
to account for the meniscus shape.
8.4.1 Transmission changes during structure filling
The model shows an almost constant transmission for the Cassie State while the meniscus
moves down a micro cavity. At 80% filling interference effects will change the transmission. A
peak value of 0.99 at 95% filling was observed. The microscope measurements were performed with 12-bit camera with the intensity resolution to measure intensity changes of
0.0002. The calculated difference 0.01 is therefore well within the camera sensitivity and can
easily be distinguished.
The model shows that when the meniscus moves closer to the nanostructures destructive interference effects will reduce the transmission to 0.95 (impregnating Cassie State). The transmission for the Cassie-impregnating State is at an overall minimum. As the antireflective
nanograss was filled, the transmission gradually increases and at 40% nanograss filling the
transmission was equal to the transmission of the Cassie State. The filling only has to increase
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10% or 20 nm before the transmissions become clearly different. When observed in the microscope switching between transmissions are fast (<5 seconds) and appear in one-step, both
from Cassie State to Cassie-impregnating State and from Cassie-impregnating State to Wenzel
State.
A raw microscope image was used to determine the different transmissions of each wetting
state in the pressure cell. Three intensity profiles with length of 6.7 µm were measured over
the center of three different micro cavities, each in a different wetting state. The mean intensity of each profile was calculated and normalized to the Wenzel State. Difference between
model and experiment is shown in Figure 8.10. The experimental data has a lower transmission than the model, this is expected since scattering and absorption will occur.

Cassieimpregnating
Figure 8.10. Experimental transmission compared to the model.
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9 Summary of fabricated structures
An overview of the hydrophobic properties for the different structures is presented in Table
9.1. Here, five different wetting criteria are listed. 1) The used polymer type, 2) Does the surface pin drops? 3) Is the surface superhydrophobic? 2) Does the surface have a stable Cassie
State when submerged in water? (This is required for drop roll-off), 5) Is the effect of polymer
degradation observed when the sample is submerged in water within 1½ hour?

Structure type

Material

Drop
pinning

Pillars (Smooth)

PP

Pillars (nanograss)

PP

Pillars (nanograss)

Topas

X

Holes (smooth)

PP

(X)

Holes (nanograss)

PP

Holes (nanograss)

TOPAS

Pyramids (smooth)

PP

spruce like
micropillars

Superhydrophobicity

Stable Cassie
when submerged

X

Observed
effect of
polymer
degradation
X
X
X

(X)

X

X

X

X

X

X

X

Topas/PP

X
X

Pyramids (nanograss)

PP

X

Pyramid holes PP
(smooth)

PP

X

Pyramids holes PP
(nanograss)

PP

(none)

X
X

X

X

X

Table 9.1. Summary of the different structures and their properties. X indicate positive effect,
X indicate negative effect, regarding water repellency.
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10 Discussion
In this section the wetting results (contact angle measurements) of the fabricated structures
are discussed. The discussion of structures that were superhydrophobic is given main priority
together with the effects of static electricity and degradation of the polymer. Discussion of
fabrication of structures is already presented in Chapter 5.7, page 185. Discussion of the pressure cell is presented in the paper in Appendix 3.
Static electricity has a profound effect on the superhydrophobic properties on the injection
molded polymer parts. With static electricity present, all samples with nanograss showed superhydrophobic properties. After removal of the static electricity, only the PP holes with
nanograss and sprucelike micropillars remained superhydrophobic. It is reported that electric
charge can cause variations of the measured contact angles15. However, this study shows that
a structured polymer surface will have a dramatic reduction in hydrophobicity, and drops are
likely to be pinned when static electricity is removed. The effect of static electricity is not reported for other injection molded super hydrophobic surfaces 58,59,66–68.
In this study, only the sprucelike micropillars and PP holes with nanograss and a diameter of
7.5 µm and 15.5 µm showed superhydrophobic properties. The hysteresis of the holes was
12°, which is 2° above the superhydrophobic criteria. Roll-off angles were measured to 7° making the surface water repellant and practically superhydrophobic.
Overall, the fabricated surfaces can be divided into three categories, superhydrophobic, hydrophobic with drop roll-off, and hydrophobic with drop pinning. The different structures are
grouped below,


Hydrophobic with drop pinning
o Pillars PP (smooth)
o Holes TOPAS (nanograss)
o Pyramids PP
o Pyramids PP (nanograss)
o Pyramid holes PP
o Holes PP, 3.0 µm and 7.0 µm



Hydrophobic with drop roll-off
o Pillars PP (nanograss)
o Holes PP, 15.0 µm
o Holes PP (nanograss), 3.5 µm
o Pyramid holes PP



Superhydrophobic
o Spruce like micropillars both PP and TOPAS
o Holes PP (nanograss), 7.5 µm and 15.5 µm
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During this work, the addition of nanograss to the microstructures has shown two effects that
will influence the wetting properties of the samples, 1) The change in dimension of approximately 0.5 µm of the fabricated structures; the decrease in structure size reduced the surface
liquid contact area in the Cassie State and increased the contact angle as described by equation 2.7. 2) The nanograss increased the roughness on the surface and thereby the overall
contact angle. It is difficult to determine if the liquid in contact with nanograss is in the Wenzel
or Cassie State. Most likely the liquid is in a transition state where the top of the nanograss is
wetted and air pockets are trapped in cavities below. The likeliness of this transition state
makes determination of the surface liquid contact area difficult. Therefore, theoretical values
cannot be accurately calculated with Wenzel and Cassie Baxter equation. Nanograss showed
an improvement of water repellency compared with the smooth structures.
All smooth structures shows drop pinning except the 15.0 µm PP holes. It is difficult to characterize the effect of nanograss when the drops are pinned. Measurement of the nanograss
effect with static contact angles on pinned drops provide little information, since the static
contact angle is dependent on how the drops are deposited on the surface, dynamic properties are needed for accurate characterization15. However, drop roll-off on the 15.0 µm holes
at 45° ±3° with a hysteresis of 48° ±6° was observed. On similar holes with hierarchical
nanograss drops roll-off at 7° ±1° with a hysteresis of 12° ±2°. This corresponds to an improvement of drop roll-off angle of 38° and an improvement on the hysteresis of 36°.
Other injection molded superhydrophobic surfaces made from PP, can show an improvement
of approximately 30° for both hysteresis and drop roll-off angle when hierarchical structures
are introduced. Hysteresis and drop roll-off angles of 2° and 1° are reported67. Studies in the
literature show improvement for both hysteresis and drop roll-off of water repellency for hierarchical structures which were fabricated with other methods than injection molding and
from wax materials106. Hysteresis and roll-off angles are improved by approximately 30° for
both hysteresis and drop roll-off 106.
It is reported that hierarchical structures are required for obtaining superhydrophobic surfaces from non-fluorine based polymers59,66–68. Except in Michaeli et al. (2011)58 were the injection molding structures have been stretched to high aspect ratios 58. However, the structures presented here, are all based on open pillar designs. Based on the results obtained during this work the Cassie State of open structures made from polymer will collapse to a hybrid
or Wenzel State immediately. Therefore, it is likely that the presented structures would not
have a stable Cassie State when submerged into water58,59,66–68. Furthermore, the effect of
polymer degradation is not reported for any of their presented surfaces 58,59,66–68.
In this work both pyramids and pyramid holes showed significant defects in the injection molding fabrication process. The defects were shown as scratch marks on the pyramid holes and
stretching of the pyramid tip. These defects made it difficult to determine the exact reason
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for drop pinning. The addition of nanograss caused the pyramid holes to have a high static
contact angle 164° ±1° with a hysteresis of 35° ±5° and drop roll-off angle of 18° ±3°. The static
contact angle fulfills the superhydrophobic criteria of 150°13. However, the hysteresis of 35°
±5° and drop roll-off angle of 18° ±3° is not in the superhydrophobic range. The poor wetting
performance can be explained by the meniscus moving down the sloped sidewall (slope angle
54.7°). This will increase surface liquid adhesion and cause drops to pin. In general, the pyramids and pyramid holes showed poor wetting performance and there were difficulties in the
fabrications process.
Practically identical structures made from different materials were here used to study the effect of surface chemistry. Contact angles of different samples made from TOPAS 8007-S04 and
PP HD601CF were compared. Pillars with nanograss, holes with nanograss, and sprucelike micropillars were injection molded in both PP and TOPAS. Common to all structure types, surfaces made from PP have higher static contact angles than those made from TOPAS. This can
be explained by the higher intrinsic contact angle of PP HD601CF (102°) compared to the intrinsic contact angle of TOPAS 8007-S04 (95°). The difference in hydrophobicity of the polymers caused different dynamic properties. Drops on TOPAS holes and pillars were pinned to
the surface; even when the sample was tilted 180°, while the PP samples had relatively low
roll-off angles (below 20°).
It could be interesting to injection mold samples made from the polymer fluorinated ethylene
propylene (FEP). The fluorine groups in the polymer would cause a higher intrinsic contact
angle (112°)107. It is likely that drop pinning would be completely eliminated and that extreme
superhydrophobic surfaces could be obtained. The use of fluorine-based polymers was
avoided in this PhD project due to the toxicity of fluorine compounds 108. The idea in this project was to produce superhydrophobic surfaces that were environmental friendly.

10.1 Superhydrophobic structures
The two different superhydrophobic structure types (PP holes with nanograss and sprucelike
micropillars show different superhydrophobic effects. The sprucelike micropillars has static
contact angles of approximately 170° with drop roll-off and hysteresis of approximately 5°.
The contact angle, hysteresis and roll-off angles show that structures are above the superhydrophobic criteria (contact angle above 150° and contact angle hysteresis below 10°). The
static contact angle is only 10° from the maximum achievable contact angle of 180°. These
results demonstrate that the produced polymer parts with sprucelike micropillars have excellent superhydrophobic properties. Native PP polymer is only moderate hydrophobic with a
contact angle of 102°. The increase in contact angle caused by the sprucelike micropillars is
therefore approximately 70°, which is quite extraordinary. Often, highly superhydrophobic
structures are made with more hydrophobic base-materials, e.g. fluorine based37,43.
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In general, the sprucelike micropillars have higher static contact angles and lower roll-off angles than the structures composed of holes with nanograss (contact angle of approximately
163°, hysteresis 12°, and roll-off angles 7°). The difference in the wetting properties can be
explained by the difference in structure design, which was designed with different surface
coverages. Disregarding the roughness originating from the nanograss, the different surface
coverages were estimated from SEM images to approximately 4% for the sprucelike micropillars and 14% for 3.5 µm holes, 12% for the 7.5 µm holes, and 10% for the 15.5 µm holes. The
larger surface coverage of the 3.5 µm holes increase adhesion between water and surface,
which explains why the 3.5 µm holes is not superhydrophobic. The difference in surface coverage also explains why the static contact angles of surfaces with sprucelike micropillars were
higher than surfaces with holes. Although sprucelike micropillars exhibited higher static contact angles and lower hysteresis than polymer hierarchical holes, their superhydrophobicity
was rather unstable. The hierarchical pillars are interconnected by open channels. When one
pillar turns into Wenzel State, other pillars will turn to Wenzel State, due to the inter-connected open space between the pillars whereas holes with nanograss do not contain open
space. Even when the wetting state of one hole changes to Wenzel State, the rest of the holes
could remain superhydrophobic, which results in co-existence of the Cassie and Wenzel State.
The closed structures caused liquid to be maintained in the Cassie State when the samples
were submerged in water.
Closed structures consisting of narrow lines (approximately 400 nm) similar to the ones presented in the paper in Appendix 4, may produce surfaces with excellent superhydrophobic
surfaces with a stable Cassie State and potentially better resistance to polymer degradation.
However, narrow line structures could be difficult to fill during the injection molding process
and the narrow lines are likely to be damaged in the demolding.
Here, the results from this work are compared with other mass production methods for fabrication of superhydrophobic polymer surfaces. Contact angles from pure polypropylene webs
fabricated by electro-spinning are reported to have a contact angle at approximately 150° 42.
The study does not include dynamic characterization of wetting properties such as hysteresis
and drop roll-off angles42. Therefore, it is unclear if the presented electro-spun webs are superhydrophobic. Superhydrophobic electro-spun webs made from other non- fluorinated polymers than PP show superhydrophobic properties37. The webs are reported to have contact
angles above 150° and drop roll-off angles below 10° and contact angles up to 170° with rolloff angles below 5° are reported37.
Injection molded superhydrophobic surfaces produced in this work, show similar wetting
properties compared to the best electro-spun fibers and with the leaves of Lotus plant which
have contact angle of 160° with roll-off angle less than 5°14.
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10.2 Polymer degradation
Several factors can influence the decrease in hydrophobicity of the polymer when exposed to
water; for instance migration of hydrophilic additives, water absorption, and oxidation of the
polymer. Polar or hydrophilic additives can be present on the surface70,73. Hydrophilic or polar
additives may migrate faster to the surface when the polymer is exposed to water. Therefore,
the chemical properties of the additives rather than the polymer will dominate the hydrophobic properties of the surface.
The lack of information from the polymer producing companies causes some issues, because
they only provide information on which additives they do not add in a polymer grade. As an
example, the company Borealis only provide the following information on HD601CF; it is a
homopolymer designed for metalizable cast film, and it does not contain slip, antiblock, and
calcium stearate88. Therefore, one cannot exclude the presence of unknown additives in the
polymer.
Additives can, in general, change many parameters in polymers and they can enhance certain
properties81. One of the possibilities to overcome degradation of the polymer could be to design a certain composition of additives for producing a polymer grade, optimized for hydrophobicity. Such a polymer grade could have little or no reduction in contact angle when the
polymer is exposed to water. This needs some collaboration with the polymer producers.
Absorption of water into the polymer could be a possible explanation for the loss of hydrophobicity. It is commonly known that polymers absorb water and need to be dried before
processing81. If water is trapped in the polymer surface the hydrophobicity of the sample will
be reduced, and this could be the explanation for the observed drop pinning. Presence of water on the surface is unlikely because the polymer parts were dried for two hours at 100 °C
either in a polymer drier on the injection molding machine or on a hotplate, e.g. decrease in
contact angle is observed even for parts which were exposed to water for 10 min.
Oxidation of the polymer can occur. The oxidation process will form polar groups on the surface. Polymer oxidation is well known to have a degradation effect on polymers109,110. The
oxidation process is reported to be slightly faster in humid conditions 111. The reason for the
decrease in hydrophobicity could also be a combination of the mentioned effects additive migration, water absorption, and/or oxidation. The Danish book “Plast Teknologi” states on page
70 that polypropylene is easily oxidized and all commercial grades contain antioxidants81. Even
if antioxidants are present, oxidation cannot be totally stopped109. Therefore, it is likely that a
combination of oxidation and additives is responsible for the reduction in contact angle shown
in Figure 7.6 when the polymer is exposed to water for prolonged periods.
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11 Conclusion
This study concerned the development of superhydrophobic surfaces fabricated by injection
molding. It was shown that superhydrophobic polymer surfaces can be fabricated by an industrial injection molding method.
First, using Deep UV Lithography combined with black silicon etching and electroplating for
mold fabrication, large mold areas with well-defined topographies including nanoscale features were produced. The topographies were used to develop an injection molded process
resulting in excellent replication quality with a typical tolerance less than 6% in all dimensions
between polymer part and nickel shim. Materials included the amorphous polymer TOPAS
8007-S04 (COC) and the semi crystalline polymer PP HD601CF. An overview of wetting properties of different structure types and their wetting properties are shown in Table 9.1. Polymer
surfaces made from PP exhibited a higher degree of hydrophobicity and water repellency compared with those from TOPAS.
The effect of the hierarchical nanograss shows an improvement of hydrophobicity in both
drop roll-off and hysteresis of approximately 30° compared to pure microstructures. Contact
angle properties of two structured polymer surfaces with moderate hydrophobicity (TOPAS
and PP) were measured and a difference in water repellency observed. The difference in water
repellency most likely originated from the difference in the wetting of nanostructures
(nanograss). For smaller contact angle materials like TOPAS, water droplets pinned on the
nanograss on top of the surface. The pinning of the nanograss on top of the structures was
not strong enough on PP surfaces with similar structure types and instead a drop roll-off was
observed. This study indicates that both nano- and microstructures are important to the wetting properties of superhydrophobic surfaces.
Two types of injection molded structures showed superhydrophobicity; sprucelike micropillars (PP and TOPAS) and holes with hierarchical nanograss (PP). The sprucelike micropillars
showed excellent superhydrophobic properties with contact angles up to 173° ± 2° and rolloff angles below 2°. PP surfaces with sprucelike micropillars exhibited the strongest superhydrophobicity while the surface with holes covered with nanograss exhibited the weakest. In
addition, the TOPAS surfaces with holes and nanograss showed strong drop adhesion. Although the surfaces with sprucelike micropillars showed stronger super hydrophobicity than
holes with nanograss, these surfaces could not retain a stable Cassie State when immersed in
water. Surfaces with holes were found to be more stable and remained in the Cassie State at
moderate water pressures. After increasing the liquid pressure, transitions between the wetting states (Cassie, Cassie-impregnating, and Wenzel) were observed. For applied pressure below 300 mbar for 7.5 μm cavities, only a few transitions from the Cassie State to the Wenzel
State occurred, and the transition between Cassie State to Cassie-impregnating State was reversible. For pressures larger than 300 mbar irreversible transitions from the Cassie-impregnating to the Wenzel State occurred.
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Thus, it was concluded that to fabricate a superhydrophobic surface with stability against water pressure, it is necessary to isolate the microstructures and reduce the surface coverage.
These findings indicate that rather deep cavity structures will perform better over shallow
cavities because of the larger entrapped air pockets.
It was found that two effects reduced water repellency; removal of static electricity and
changes of surface chemistry over time. Water exposure of the polymer caused a decrease in
hydrophobicity. It was therefore concluded that the material properties of the polymer was
critical for maintaining superhydrophobicity under water exposure and after drying.
Altogether it can be concluded from this PhD project that;







It is possible to fabricate superhydrophobic polymer surfaces by an industrial injection molding method.
the effect of the hierarchical nanograss shows an improvement of hydrophobicity in
both drop roll-off and hysteresis of approximately 30°.
sprucelike micropillars show excellent superhydrophobic properties.
enclosed structures such as holes has a stable Cassie State and can form plastrons
when submerged in water.
static electricity has a major influence on drop roll-off and need to be removed to examine the native properties of the surfaces.
polymer degradation is a major issue that needs to be solved before injection molding of self-cleaning surfaces can be commercialized.
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12 Outlook
There are different routes for continued research based on the work presented in this thesis.
Polymer degradation is a major issue that needs to be studied further. Most of the structures
developed in this work have a reduced hydrophobicity when immersed in water. The effect of
oxidation, water absorption and additives need to be characterized and the cause for the polymer degradation determined. Additives present in the bulk of the polymer have little effect
on hydrophobicity, while additives in the surface can cause loss of hydrophobicity. Spectroscopy methods such as X-ray photoelectron spectroscopy or infra-red spectroscopy can be
used to determine different types and locations on chemical compounds in the polymer. Two
possible approaches to study the polymer degradation are listed here,
1. A study on a range of existing commercial polymers’ types and grades to determine
the polymers with high intrinsic contact angles and with low loss of hydrophobicity.
For example, contact angle measurement can be performed for different submersion times combined with spectroscopy to characterize the change in surface chemistry.
2. Development of a new type of polymer specifically designed for injection molded
superhydrophobic surfaces. Such a polymer should be developed in collaboration
with polymer producers and polymer chemists. The new polymer must have a large
intrinsic contact angle and no or little loss of hydrophobicity when exposed to water. As an alternative, an additive can be developed to reduce or eliminate the loss
of hydrophobicity in a standard commercial polymer.
Polymer degradation and loss of hydrophobicity are not the only issues. If injection molding
of superhydrophobic surfaces are to be implemented into commercial products, then the cycle time of the injection molding process must be reduced. This can be done by applying vacuum or by rapid heating and cooling of the mold, or perhaps use injection compression molding, which is used by Blue Ray and DVD industry. Furthermore, many applications require free
form surfaces, which have to be produced in more durable free form steel molds.
Many issues remain before it is possible to produce superhydrophobic parts on a larger commercial scale.
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Appendix 1 Fabrication recipes
All informations from DanChip.
D-RIE process for microstructure etch
D-RIE process with where etch passivation cycle corresponds to a structure depth of approximately 250 nm, used to etch microstructures.

Nanostructure RIE parameters for the industrial test production

MVD Multi Layer stamp Recipe






Initial Plasma treatment: O2 200 sccm, RF 250 W, Time 300 s
Water: Pressure 6.000 Torr, Vapor 2
FDTS: Pressure 0.500 Torr, Vapor 1
Reaction time total: 900 s
Repeated four times
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Appendix 2

Work performed on external stay at NTU
The goal of the external stay was to study water condensation on nano- and microstructured
structured polymer samples. For this purpose a small environmental chamber was designed
and fabricated during my 3½ months external research stay at Nanyang Tecnological University (NTU). Condensation experiments were performed. A test of the environmental chamber
is presented, together with a description of the experimental setup and results from test on
polymer samples are presented. The idea was to test different parameters such as sample
temperature and relative humidity while recording videos with a camera for later analysis.
Experimental setup
The environmental chamber setup was fabricated and assembled from different parts showed
in Figure 1 and the setup is schematically shown in Figure 2 except that compressed air was
used instead of nitrogen. The chamber lid, made from polycarbonate, was coated with a commercial anti-fog coating (M ESSENTIALS SEA QUICK) before use. This prevents water from condensing on the lid, and makes observation of the sample with a microscope or camera possible. A fresh layer of anti-fog coating on the lid will have to be applied before every experiment;
otherwise, fog may form on the lid. A reduction valve on the compressed air was used to ensure a constant flow rate for different experiments. The valve was adjusted to 0.5 bar. The
humidity inside the chamber can be adjusted from 10% up to approximately 80% by having a
mixture of dry and humid air. The adjustment of the valves is time-consuming because the
chamber has to reach a steady state before a new adjustment can be made. Mass flow controllers would make this process faster, easier and more accurate. Since mass flow controllers
were not available the simple valves were used for all experiments.
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Figure 1. CAD drawing of the individual parts of the environmental chamber and the
assembled chamber.

Figure 2. Left, schematic drawing of setup, humid and dry air are mixed to obtain a specific
relative humidity between 10% and 80% while a peltier element controls the sample temperature. Right, the setup with high speed camera, note the powerful metal halide lamp for sample
illumination.
Preliminary test
Two flat pieces of PMMA were used to test the environmental chamber. One piece was left
untreated while the other was coated with a commercial anti-fog coating agent (M ESSENTIALS SEA QUICK). The temperature on the copper plate was set to 0 ⁰C and the chamber
temperature was at room temperature (measured to 20 °C). The samples were first cooled for
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10 min. while purging the chamber with dry air with a relative humidity (RH) of 10%. Humid
air at 70% RH was introduced to the chamber and the fog formation was observed on the two
samples. The untreated sample fogged within a few seconds while the anti-fog treated sample
show no sign of fogging even after 10 min. Frame grabs from recorded videos are shown in
Figure 3.

Flat PMMA at 10% RH

Flat PMMA at 70% RH

Flat antifog treated PMMA at 10% RH

Flat antifog treated PMMA at 70% RH

Figure 3. Frame grab from recorded videos the untreated flat PMMA fogged immediately
while the anti-fog treated PMMA shows no sign of fog.
Sample test
A nano- and microstructured TOPAS samples with holes were used to test droplet formation
and anti-fogging properties of the injection-molded samples. The image in Figure 4 shows condensed water drops on the surface after 10 min. A video was recorded and the droplet formation could be observed over time frame grabs from the video are shown in Figure 5; the
images show the dry sample, after exposure to humid air after 5 min and after 30 min. After
30 min the droplet size had increased, which is to be expected since more water is condensed
on the surface.
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3.5 µm

7.5 µm

15.5 µm

Figure 4. Photo of TOPAS sample after 10 min at 70% RH.

10% RH

70% RH 5 min

70% RH 30 min

Figure 5. Video frame grabs from different times in a video, note how the drop size is larger
after 30 min.

Condensation experiments high speed
A high-speed camera was used to characterize the first two minutes during water condensation. Condensation experiments were carried out with the same parameters and sample type
as for the preliminary test. A high-speed camera set to 500 frames per second with a 10 ×
optical magnification lens was used to characterize how water condensed on the surface.
Three frames with 15.5 µm holes at different condensation times are shown in Figure 6. Initially holes showed an increase in light intensity when the sample was exposed to water. This
intensity change may indicate that water condensed first on the bottom of the holes. Condensation experiments were carried out on different hole sizes (3.5 µm, 7.5 µm, and 15.5 µm
Figure 7. Surfaces with larger structure density (smaller structures), had an increased number
of condensed drops. There might be a relation between droplet size and structure size. More
experiments are needed before any kind of solid conclusions can be made.
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Figure 6. Frame grabs at different times on 15.5 µm holes.

Figure 7. Condensation of drops on different structure sizes.
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Study of Transitions between Wetting States on Micro‐cavity Arrays by Optical Transmission
Microscopy. Langmuir. Published online (2014).
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ABSTRACT: In this article, we present a simple and fast optical method based on
transmission microscopy to study the stochastic wetting transitions on micro- and
nanostructured polymer surfaces immersed in water. We analyze the inﬂuence of
immersion time and the liquid pressure on the degree of water intrusion in individual
microcavities on these surfaces as well as the lifespan of their superhydrophobicity. We
show that transitions among the three wetting states (Cassie, Cassie-impregnating, and
Wenzel) occur with a certain pressure threshold (300 mbar for a microcavity diameter of
7.5 μm). Below this threshold, the transitions between the Cassie and the Cassieimpregnating states are reversible, whereas above this threshold, irreversible transitions
to the Wenzel state start to occur. The transitions between the diﬀerent wetting states
can be explained by taking into account both the Young−Laplace equation for the water
menisci in the cavities and the diﬀusion of dissolved gas molecules in the water. In
addition, the wetting transitions had a stochastic nature, which resulted from the short
diﬀusion distance for dissolved gas molecules in the water between neighboring cavities. Furthermore, we compared the contact
angle properties of two polymeric materials (COC and PP) with moderate hydrophobicity. We attributed the diﬀerence in the
water repellency of the two materials to a diﬀerence in the wetting of their nanostructures. Our experimental observations thus
indicate that both the diﬀusion of gas molecules in water and the wetting properties of nanostructures are important for
understanding the sustainability of superhydrophobicity of surfaces under water and for improving the structural design of
superhydrophobic surfaces.

■

INTRODUCTION

gas interface, leading to a loss of superhydrophobicity of the
surface. This state, when the liquid completely wets the
structures and no air pockets are left, is referred to as the
Wenzel state.31 Transitions from the Cassie state to the Cassieimpregnating state are reversible under certain conditions: by
reducing the applied liquid pressure,8 introducing additional gas
and vapor,24,32 or vibrating the system.33 However, except for
some electrochemically induced surface treatments,34,35 transitions from the Cassie state to the Wenzel state (complete
wetting) are in most cases irreversible.36,37 Hence, prolonging
the lifespan of the Cassie and Cassie-impregnating states is the
key to sustaining the superhydrophobicity of surfaces immersed
in water.
Though much attention has been focused on studies of
superhydrophobic surfaces, few studies were focused on direct
noninvasive observations of wetting transitions from the Cassie
to Wenzel states on superhydrophobic samples immersed in
water.21−23,25,30,38−41 Among these studies, some either tracked
the wetting transitions macroscopically using experimental
techniques with less control21,23,25,40,41 or used complex

Superhydrophobic surfaces made with artiﬁcial structures have
high technological importance for applications such as selfcleaning textiles,1−3 antifogging or antireﬂection coatings,4−6
microﬂuidic devices,6,7 information storage,8 and underwater
applications such as drag reduction.9−13 Typically, surfaces with
water contact angles larger than 150° are considered to be
superhydrophobic. These surfaces usually possess rough and
irregular topography and hydrophobic (water contact angle
larger than 90°) surface chemistry.5,14 In addition, biomimetic
surfaces with regular hierarchical structures from the micro- to
nanoscale present stable and relatively robust superhydrophobicity.4,15−20
The stability of superhydrophobic surfaces under water has
attracted much attention because of their potential applications.8,21−27 When a superhydrophobic surface is immersed in
water, air pockets can be trapped between the surface
structures. This wetting state is considered to be a special
case of the Cassie wetting state.28,29 However, with increasing
liquid pressure and time, the volume of trapped air may
decrease, leading to an intrusion of the liquid/gas interface into
the structures. This metastable wetting state is often referred to
as the Cassie-impregnating state.4,8,19,30 Further increases in the
liquid pressure can result in the complete collapse of the liquid/
© 2014 American Chemical Society
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experimental setups and numerical calculations.
Salvadori et al. reported on the wetting properties of
microcavity arrays but did not consider the diﬀusion of gas
molecules in water.44 Lv et al. reported a quantitative study of
the air/water interface in single microcavities submerged in
water.30,45 However, the system used was ideal, and they did
not consider deviations caused by manufacturing defects or the
random diﬀusion of gas molecules between adjacent microcavities. A systematic study of stochastic wetting transitions on
superhydrophobic surfaces under water is still missing.
In this article, we present a simple and fast method of
studying the stochastic wetting transitions on injection molded
polymer surfaces immersed in water. We carried out water
wetting experiments on these surfaces using a pressure cell to
regulate the liquid pressure applied to hierarchical surface
structures consisting of microcavities superimposed with
nanograss and observed their microscopic wetting behavior
by optical transmission microscopy. We also compared the
superhydrophobicity of two polymers with moderate hydrophobicity, i.e., polypropylene (PP) and cyclic oleﬁn copolymers
(COC). We will show that a minor diﬀerence in surface
chemistry and surface structures can result in very diﬀerent
wetting conditions and stabilities of their superhydrophobicity.

■

EXPERIMENTAL SECTION

Figure 1. Experimental setup of water wetting tests: (a) schematic
sketch of the experimental setup and (b) photograph of a sealed
pressure cell with a sample inside.

Fabrication of Polymer Hierarchical Structures. Cyclic oleﬁn
copolymers (COC, TOPAS grade 8007-s04, Advanced Polymers,
USA) and polypropylene (PP, HD601CF, Borealis, Austria) discs (50
mm in diameter and 2 mm thick) were injection molded using an
industrial injection molding machine (Victory 45, Engel, Austria)
facilitated with a prestructured nickel mold. The microcavities were
etched in a hexagonal pattern by deep UV lithography and reactive ion
etching on a silicon origination master, and the nanograss was
subsequently fabricated by a CF6 + O2 plasma etching process. The
nickel mold was electroformed on the silicon master, and the silicon
was subsequently removed by KOH wet etching. The detailed
fabrication procedure of the silicon template and the nickel mold can
be found in the Supporting Information.46 The depth of polymer
microcavities H was 3.2 ± 0.1 μm, as measured by scanning probe
microscopy (Nanoman, Digital Instrument, USA).
Water Wetting Experiments. The experimental setup used for
the wetting tests is shown in Figure 1. The polymer sample was placed
inside a transparent water pressure cell made of polycarbonate. The
pressure cell was sealed with an O ring. Compressed dry nitrogen gas
with a regulated pressure Δp above atmospheric pressure p0 was
applied with a pressure controller (VEMA 8, FESTO, Germany) that
was connected through a gas pressure interface, as shown in Figure 1.
The absolute liquid pressure in the pressure cell was thus pl = p0 + Δp.
The dimensions of the pressure cell were approximately 130 mm × 90
mm × 20 mm (length × width × height). These dimensions are small
enough for the water pressure cell to be ﬁt into an inverted optical
microscope (AX10 Observer A1, Carl Zeiss AG, Germany). Prior to
each measurement, the pressure cell was ﬂushed with dry nitrogen gas
and subsequently ﬁlled with Milli-Q water for the wetting experiments.
Incident light from a halogen lamp was connected to the light path in
the microscope. The images were recorded with a 12 bit CCD camera
(AxioCam IC, Carl Zeiss AG, Germany) and processed by ImageJ and
Matlab.46 For all water wetting tests, each experiment was repeated on
three identical samples from the same injection molding batch.
Contact Angle Measurements. Contact angles were measured
using an optical tensiometer (Theta, Attension, Finland) with a highspeed camera (3000 fps, MotionXtra N3, IDT, USA). Shapes of
droplets were ﬁtted by both a polynomial and the Young−Laplace
ﬁtting method for the static contact angle measurements and by the
polynomial ﬁtting method for the dynamic contact angle measurements. For all contact angle measurements, droplets of 6.5 μL volume
were used. The baseline was determined using an auto baseline

function in the Attension Theta software (version 4.2). For each
sample, three measurements were made at diﬀerent spots on the
surface.

■

RESULTS AND DISCUSSION

The Wenzel model describes a situation in which a surface is
completely wetted by a liquid (Figure 2a),31 and the Cassie
model describes the wetting of a chemically heterogeneous
surface.28,47 A special case of the Cassie model occurs when the
chemical heterogeneity stems from air patches between the
solid area fractions for a surface that is only partially wetted by a
liquid. In this state, air pockets are trapped between the liquid
and the microcavities. Recently, a special Cassie state, the
Cassie-impregnating state, has been introduced for hierarchical
surfaces comprising a superposition of nano- and microstructures. In this state, air pockets are trapped between the
liquid and the nanostructures, and the microstructures are
impregnated by the liquid.19,48 In other words, the volume of
air pockets trapped between micro- and nanostructures of a
rough surface, when this surface is immersed in liquid,
determines the wetting situation, e.g., the total volume of air
pockets is zero for the Wenzel state. As can be seen in Figure
2a, for the three wetting situations (Cassie, Cassie-impregnating, and Wenzel), light transmits through diﬀerent materials,
each with a diﬀerent index of refraction and geometry.
Therefore, the transmittance and reﬂectance of light will be
diﬀerent for the three wetting states. This diﬀerence will result
in an intensity diﬀerence of the transmitted light in the optical
microscope when there is a transition between wetting states.
The nanograss structures have antireﬂective properties,49 and
the spikes have characteristic dimensions smaller than the
diﬀraction limit of light. Hence, in order to compute the
contribution of the nanograss layer to the transmittance, an
“eﬀective medium” theory50 was applied such that the
nanograss layer was approximated by a graduated volume
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normalized spectral density of the lamp and the normalized
spectral sensitivity of the camera CCD chip and ﬁnally averaged
over all wavelengths. Furthermore, to account for the
experimental uncertainty associated with the choice of focus
depth during the experiment, the resulting intensity curve
versus intrusion depth was smoothed by averaging over
intrusion intervals of 400 nm, corresponding to the order of
magnitude of the meniscus protrusion. This procedure resulted
in a theoretical transmitted light intensity of the whole stack
consisting of bulk polymer, nanograss, air, and water, according
to the considered wetting state as a function of the water
intrusion depth (Figure 2b). The intensity is at its maximum for
the Wenzel state, where all air pockets, including the ones in
the nanostructure at the bottom of the cavities, are absorbed by
the intruding water. At this position, we have good index
matching between water and polymer and hence the highest
transmission of light. However, the intensity has its minimum
for the Cassie-impregnating state, where the intruding water
has reached the top of the nanograss. It is worth mentioning
that the calculated intensity is practically indistinguishable for
intrusion from 0 μm up to about 2.4 μm (∼75%). Because of
the simpliﬁed 1D geometry of the transmission model, we
expect the experimental transmission data to deviate somehow
from the curve obtained in Figure 2b. The experimentally
estimated normalized intensity (before contrast and brightness
adjustment) thus fell in a larger intensity range span of 0.90 to
1.00 when compared to the intensity range span of 0.95 to 1.00
in Figure 2b. Experimentally, we thus practically distinguished
the wetting states when they fell into the following estimated
transmitted intensity ranges: 0.90 < ICassie‑I < 0.94, 0.94 ≤ ICassie
< 0.97, and 0.90 ≤ 1. Because of the negligible variation of
transmitted intensity for partial intrusion until 75% obtained
from the model calculation, we should expect counting errors
resulting in an underestimation of the number of cavities in the
Cassie-I state if this state is dominated by only partial intrusion.
However, if the Cassie-I state is dominated by full intrusion
with the menisci touching the nanograss at the bottom of the
cavities, we should expect fewer counting errors. Nevertheless,
the model clearly supports the three wetting states being
distinguishable in a transmission microscopy experiment, at
least with deep intrusions for the Cassie impregnating case.
The air pockets trapped in the microcavities build up a
protective layer that can sustain the superhydrophobicity of a
surface for a certain time when the sample is immersed in
water. The sustainability of this superhydrophobic surface
under water depends on the pressure diﬀerence at the water/air
interface in the cavities. In our control experiment (Supporting
Information Figure S1),46 all polymer samples were able to
sustain superhydrophobicity under water for at least 24 h when
no external pressure was applied (Δp = 0). When we applied a
certain pressure to the system, transitions from the Cassie to
the Cassie-impregnating and ﬁnally to the Wenzel state started
to occur. Figure 3 is a series of representative optical
transmission microscope images of a COC sample immersed
in water at Δp = 225 mbar. During this experiment, optical
images were captured every 10 s on the same position. The
intensity of each microscope image was adjusted so that the
contrast of each image became comparable. Details of this
adjustment process can be found in the Supporting
Information.46 Each spot on the image corresponds to one
microcavity. The intensity of the spots ﬁrst decreased and then
increased with time, indicating wetting transitions from the
Cassie to the Cassie-impregnating and ﬁnally to the Wenzel

Figure 2. (a) Schematics of the three wetting states (Cassie, Cassieimpregnating, and Wenzel) and the corresponding materials stacked in
each microcavity through which light passes in the three situations. (b)
Normalized transmitted intensity as a function of water intrusion into
microcavities, with nCOC = 1.53 and nwater = 1.33.

fraction of polymer and water when in the Wenzel state and by
a graduated volume fraction of polymer and air when in the
Cassie state. This graduation is attributed to the cone shape of
the individual spikes, with an estimated characteristic opening
angle in the range of 20−50° for the cones. The contribution of
the nanograss layer was then obtained by dividing the layer into
slices of 1 nm thickness and calculating the transmission and
reﬂection of light waves at each slice interface.
To model the transmittance through the whole sample, we
assumed normal incidence for simplicity and divided the
sample into a stack of layers according to the appropriate
optical medium (air, water, or polymer), each with its
respective refractive index. For each interface, the Fresnel
coeﬃcients for the reﬂected and transmitted ﬁeld strengths
were calculated and applied to track the ﬁeld strength from the
last interface to the ﬁrst interface with appropriately picked-up
phase factors along the way of the light. This procedure
produced the reﬂected and transmitted ﬁeld strength
amplitudes for the ﬁrst interface and consequently also for
the total stack. The transmission and reﬂection coeﬃcients as a
function of the wavelength are then given by R = (∥Ẽ R∥/∥Ẽ I∥)2
and T = (∥Ẽ T∥/∥Ẽ I∥)2, where Ẽ R, Ẽ T, and Ẽ I are respectively
the reﬂected, transmitted, and incident ﬁeld strength
amplitudes for the ﬁrst interface (and consequently for the
whole stack) obtained from the numerical calculation. A more
detailed calculation can be found in the Supporting
Information.46 To obtain the normalized transmitted light
intensity, the transmission coeﬃcient was multiplied by the
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molding batches at diﬀerent Δp values. The normalized
intensity of each image could be readily divided into three
categories as described above. For each transmission microscopy image taken in a given time frame, we manually counted
the number of dots Ni whose intensity fell into one of the three
categories and normalized the number of counted dots
attributed to each wetting state by dividing by the overall
number of dots Ni/N. To minimize counting errors, we
conducted this set of experiments only on COC samples
because COC has a higher transparency than PP and thus a
higher transmitted light intensity. For experiments taken at
each applied pressure Δp (150, 225, 300, and 400 mbar), we
plotted the normalized ﬁlling of each wetting state NCassie‑I/N
and NWenzel/N versus time, as shown in Figure 4a. For

Figure 3. Optical transmission microscopy images of microcavities
during water wetting experiments at Δp = 225 mbar. The colored lines
indicate examples of diﬀerent wetting states on the micrographs. To
distinguish one state from the other visually on the images, the
contrast on the images was increased (Supporting Information).40

state (Figure 3), IWenzel > ICassie > ICassie‑I, which is consistent
with the intensity variation predicted by our theoretical model
in Figure 2b. On the image taken after 5 min, the three wetting
states coexist. Similar coexistence of the Cassie and Wenzel
states was theoretically studied by Koishi et al.51 and
experimentally observed.23,36 The transition from the Cassie
state to the Cassie-impregnating state was reversible, after Δp
had been reduced to zero, and the transition from the Cassieimpregnating state to the Wenzel state was irreversible
(Supporting Information).46 The irreversible transition from
the Wenzel to the Cassie state was also observed by
Nosonovsky et al.15 as an increasing condensation of water
droplets on a patterned surface. Because of the curvature of the
menisci and reﬂections from the side walls of the cavities, the
light intensity exhibited some variations across the cavities with
a dark spot in the center. To minimize this eﬀect, we chose
always to average the intensity over the same central area of the
cavities, and we compared their intensity accordingly.
The results in Figure 3 proved the experimental feasibility of
observing the transition between wetting states using transmission optical microscope in our experimental setup. To
understand the wetting dynamics better, we conducted a series
of water wetting tests on samples from the same injection

Figure 4. (a) Transitions between wetting states over time at diﬀerent
Δp: 150, 225, 300, and 400 mbar. The model data (until saturation at
about 3 min) were based on the degree of intrusion of a single cavity
using the 1D diﬀusion model. (b) Recovery of the Cassieimpregnating to Cassie state after the reduction of Δp to 0. Error
bars in both a and b are obtained as the standard deviation for
measurements on three diﬀerent samples.

comparison, we also used a Matlab script to estimate Ni/N
automatically using the normalized average intensity in the
central area of each cavity to minimize the inﬂuence of the
potential curvature change of the menisci at diﬀerent Δp values,
which yielded results that were similar to our manual counting.
In Figure 4a, when Δp < 300 mbar, only transitions from the
Cassie to the Cassie-impregnating state occurred, and further
transition to the Wenzel state occurred on only one microcavity
that was defective. We thus conclude that at Δp < 300 mbar,
NWenzel/N ≈ 0, whereas when Δp ≥ 300 mbar, both transitions
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pg (t ) = kHc(x = 0)

from the Cassie to the Cassie-impregnating and the Cassieimpregnating to the Wenzel states occurred. However, when
looking at the wetting dynamics at Δp < 300 mbar, we found
some diﬀerences: at Δp = 150 mbar, NCassie‑I/N ≤ 0.15, even
after the sample had been immersed in water for 60 min
(Supporting Information Figure S2), whereas at Δp 225 mbar,
NCassie‑I/N ≈ 1 after the sample had been immersed in water for
60 min. There were also diﬀerences at Δp ≥ 300 mbar: at Δp =
300 mbar, NCassie‑I/N ≈ 0.73 and NWenzel/N ≈ 0.23 after the
sample had been immersed in water for only 10 min, and at Δp
= 400 mbar, NCassie‑I/N ﬁrst increased to ∼0.85 after 2 min and
then decreased to almost 0 after 15 min. At this point in time,
NWenzel/N increased to 1, indicating that at Δp = 400 mbar
complete transitions from the Cassie-impregnating to the
Wenzel state occurred.
The intrusion of water into individual cavities can be
modeled by a very simple model resembling the Epstein−
Plesset model52,53 for gas bubbles in a liquid. However, in this
case we consider a simpliﬁed 1D diﬀusion scheme. The
phenomena we observe happen on a time scale of minutes.
Walls inside the 3-μm-deep cavities are relevant to a diﬀusion
time scale of (3 μm)2/D ≈ 5 ms. The side walls of the pressure
chamber are roughly 30 mm away from the sample area. This
corresponds to a diﬀusion time of (30 mm)2/D ≈ 133 h. The
relevant time scale for diﬀusion corresponds to the thickness b
= 0.5 mm of the water layer above the micro/nanostructured
surface and amounts to τ = b2/D ≈ 2 min. The opposing wall is
parallel to the structured surface, and hence we should expect a
1D diﬀusion model to suﬃce for studying phenomena on the
time scale of minutes. The above argument also allows us to
disregard the curvature of the meniscus of water in the cavity
and the eﬀect of neighboring cavities when solving the diﬀusion
equation. However, the volume of the meniscus is taken into
account when calculating the volume of gas in the cavity. In this
model, the x direction is taken perpendicular to the surface.
Prior to each experiment, the pressure cell was ﬂushed with dry
nitrogen gas. Hence, when the surface is immersed in water, the
nitrogen gas pressure pg(t) in each of the cavities is a function
of time and is given by the ideal gas law.
pg (t ) V (t ) = n(t )RT

Here, kH = 1640 L bar mol is the Henry’s law constant for
nitrogen in water at room temperature, and c(x = 0) is the
concentration of dissolved nitrogen in water at the interface. In
water, the nitrogen molecules will diﬀuse along the
concentration gradient away from the interface. This diﬀusion
process in water is governed by Fick’s second law
∂ 2c(x , t )
∂c(x , t )
=D
∂t
∂x 2
−5

2γ cos θa
a

(4)
−1

where D = 1.88 × 10 cm s is the diﬀusion coeﬃcient of
nitrogen in water, t is the time, and x is the distance from the
interface. It is when this diﬀusion process is taken into account
that the entrapped air volumes V and the associated gas
pressures pg in each of the cavities become functions of time,
whereas the concentration of nitrogen molecules c in water
becomes a function of both time and position x.
By employing a simple Matlab script in an iterative approach
(Supporting Information) to solve eqs 1, 2, and 4 numerically
using eq 3 as the boundary condition for the diﬀusion process,
we were able to model the degree of water intrusion as a
function of time (Figure 4a).46 No ﬁtting parameters were
required in the calculation. In the calculation, we deﬁned the
relative degree of intrusion h(t)/H, where H is the depth of the
cavities and h(t) is the depth of water intrusion at time t. When
a microcavity is ﬁlled completely (Wenzel state), h/H = 1,
whereas h/H = 0 when the water−gas interface is at the
entrance of the cavity (Cassie state) and 0 < h/H < 1 when a
microcavity is partially ﬁlled (Cassie-impregnating state). In the
ideal case, wetting transitions should happen in all cavities
simultaneously and identically. However, in reality, because of
unavoidable minute geometrical irregularities, the intrusion
over time is rather a stochastic process, where the degree of
wetting transitions follows a normal distribution.23 Hence, the
condition for the model to allow a comparison with the light
transmission data is that the dissolved volume of gas is the same
in both. A conﬁguration with 10% impregnation can be
considered to be either a 10% ﬁlling of each cavity or 1 in 10
cavities ﬁlled completely. In both cases, the same number of gas
molecules is dissolved in water. Furthermore, the depth of a
microcavity is only around 3 μm, which is much smaller than
the thickness of the water layer on top of the polymer surface, b
≈ 0.5 mm. This conﬁguration makes it easier for the gas
molecules to diﬀuse between the neighboring microcavities by
crossing over the wall in the middle (100 nm thin) from one
cavity to another cavity than through the entire water layer.
This situation further enhances the stochastic nature of the
wetting process. From Figure 4a, we can see that our simple 1D
model is capable of predicting the normalized ﬁlling of the
Cassie-impregnating state NCassie‑I/N versus time for higher
applied pressures Δp of 300 and 400 mbar, whereas at lower
Δp values of 150 and 225 mbar there are some deviations. To
summarize, the experimental transmission data were obtained
by discrete counting of the three wetting states, whereas in the
diﬀusion model shown above, the degree of intrusion into a
single cavity was calculated. The optical transmission
calculations indicated that the optical transmission data
predominantly allows counting of the number of cavities in
the Cassie-I state that are completely ﬁlled to a degree where
the menisci touches the nanograss (Figure 2b). If the cavities
are ﬁlled gradually, then we should expect counting errors in
the optical transmission data for the number of cavities in the

(1)

where V(t) is the volume of gas at any instant in time in each
cavity, R = 8.31 J mol−1 K−1 is the gas constant, T is the
absolute temperature, and n(t) is the number of moles gas
trapped in each cavity. The pressure applied to the cell by the
pressure controller was applied relative to the atmospheric
ambient pressure in the laboratory. The absolute pressure
applied to the liquid is thus given by pl = p0 + Δp, where p0 is
the atmospheric ambient pressure and Δp is the applied
pressure. Because the diameter of the cavities is much smaller
than the capillary length (∼2.7 mm), the menisci of the water
gas interfaces will achieve the shapes of spherical caps with radii
of curvature given by the Young−Laplace equation
pg (t ) − pl =

(3)
−1

(2)

where γ = 72 × 10−3 N m−1 is the surface tension of the water/
gas interface, θa is the advancing contact angle, and a is the
radius of the cylindrical microcavities. In addition, gas exchange
at the water/gas interface should not be neglected.24 This
process can be described by Henry’s law:
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Laplace equation: 173 mbar for 2a = 3.5 μm, 81 mbar for 2a =
7.5 μm, and 39 mbar for 2a = 15.5 μm. The measured Δp
values were larger than the calculated ones, which is expected
because (1) the onset of the Cassie−Wenzel transition requires
at least a higher pressure than the Young−Laplace pressure
given by eq 3 and (2) the characteristic time scale for the
diﬀusion process is given by the thickness of the water layer
above the polymer surface b ≈ 0.5 mm and the diﬀusion
constant and results in τ = b2/D ≈ 2 min, which is comparable
to the time it took to reach the onset pressures and comparable
to the time scale obtained by Lv et al.30 The Δp discrepancy
also emphasizes the importance of taking the diﬀusion of gas
molecules in the water into account.
To study the eﬀect of surface chemistry, we compared
contact angles of surfaces with practically identical structures
but made of diﬀerent materials. Table 1 summarizes the contact
angle results of COC and PP surfaces with microcavities of 7.5
μm diameter. PP surfaces have higher apparent contact angles
than do COC surfaces because of the fact that the Young
contact angles θY for the two materials follow 90° < θYCOC < θYPP.
Furthermore, COC surfaces have higher contact angle
hysteresis than PP surfaces. In addition, droplets were pinned
on COC surfaces even when the sample was tilted up to 180°
(Supporting Information), whereas the PP samples have
relatively low roll-oﬀ angles.
To understand the diﬀerence in contact angle hysteresis of
COC and PP surfaces, it is necessary to discuss the formation
threshold of air pockets in nanocavities (nanograss) along the
rims of the microcavities. According to the results of the water
wetting experiments and contact angle measurements, the
pinning of a water droplet on a COC surface indicates a
situation in which nanostructures were wetted while the
microcavities remained unwetted. Similar to the situation for
the microcavities, the intrusion of water into the nanocavities is
governed by a balance between the Young−Laplace pressure of
the water menisci and the dissolution of the tiny gas pockets
trapped between the nanograss spikes in the water. According
to Henry’s law, gas molecules will continue to dissolve in water
as long as the partial gas pressure is pg > kHc. In other words,
gas molecules will continue to diﬀuse into water until
equilibrium is reached or the gas pockets are completely
empty. If the gas pockets disappear before equilibrium is
reached, then the droplet will reside on the nanograss spikes in
the Wenzel state, leading to the pinning of a droplet. The
curvature of the menisci is, however, also inﬂuenced by the
water contact angle of the substrate material. At equilibrium, θa
= α + 90°, where 2α is the characteristic opening angle of the
nanograss spikes and θa is the advancing water contact angle.
This relationship can explain the observed diﬀerence in droplet
pinning for the two materials, PP and COC. In Table 1 we see
that droplets are pinned on the COC samples having θa ≈ 102°
(for unstructured ﬂat surfaces) but not pinned on the PP
samples with θa ≈ 110°. Assuming the same characteristic
opening angle 2α for the two sets of samples, we see that 2α
must be in the interval of 24−40°. This interval appears
plausible when looking at the SEM image of the nanograss in
Figure 6b, where the characteristic opening angle was estimated
to be in the range of 20−50°.

Cassie-I states and notable deviations between NCassie‑I/N and
h(t)/H. Indeed we do see deviations at low Δp. At higher
pressures, when some cavities also begin to populate the
Wenzel state, we should compare (NCassie‑I + NWenzel)/N to
h(t)/H. For the higher pressures, we see a somewhat better ﬁt
and our data thus indicate that cavities are not ﬁlled evenly and
gradually by the intruding water but rather abruptly one by one
in a stochastic manner such that the dissolved volume of gas
roughly corresponds to the gradual ﬁlling predicted by the 1D
diﬀusion model.
Transitions from the Cassie-impregnating state to the Cassie
state were reversible after Δp was reduced to 0 mbar from
pressures below a threshold of approximately 300 mbar, as can
be seen in Figure 4b. However, the 1D diﬀusion model was
unable to reproduce the recovery curve. This shortcoming is
expected because in this case the 1D diﬀusion model does not
suﬃce to describe the process once the nitrogen molecules
have been fully distributed over the whole 3D volume of the
pressure cell.
The radius of the cylindrical microcavities plays a role in the
gas pressure pg in the microcavities, as explained in eq 3. We
therefore conducted similar wetting experiments at increasing
Δp on surfaces with microcavities of diﬀerent radii and plotted
NWenzel/N versus Δp (Figure 5). Here, we considered only the

Figure 5. Plots of NWenzel/N versus Δp measured on COC surfaces of
microcavities of diﬀerent diameters: 3.5, 7.5, and 15.5 μm. The applied
pressure Δp was increased at a rate of 25 mbar/min.

transition from the Cassie to the Wenzel states because this
transition indicates a ﬁnal loss of superhydrophobicity of a
surface under water. In this set of experiments, the applied
pressure Δp was increased at a rate of 25 mbar/min. The
transition from the Cassie state to the Wenzel state was thus
inﬂuenced by both t and Δp. In Figure 5, we can see that the
applied pressure Δp required for the Cassie to the Wenzel
transition was larger for smaller microcavities. The onset Δp
was in the range of 220−300 mbar for 2a = 3.5 μm, 150−220
mbar for 2a = 7.5 μm, and 100−150 mbar for 2a = 15.5 μm. By
inserting the advancing contact angle θa = 102°, we obtained
the following calculated Δp for the three radii from the Young−

■

SUMMARY AND CONCLUSIONS
We have presented a simple optical transmission microscopy
method to study transitions between the wetting states on
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Table 1. Static and Dynamic Apparent Contact Angles of PP and COC Surfaces with Microcavities of 7.5 μm Diameter

Figure 6. (a) SEM image showing nanograss on the rim of microcavities. (b) Model for the wetting situation of the nanograss showing the
characteristic opening angle 2α of the nanograss spikes and the contact angle θ. (c) Scanning electron micrograph of the nanograss as it appears on
one of the polymer samples (COC after the injection molding process). The micrograph was taken with the stage tilted by 30°.

on the nanostructures at the rim of the microcavities, but this
pinning was not strong enough on the PP surfaces with similar
surface structures. Our study indicates that both micro- and
nanoscale structures are important to the wetting properties of
superhydrophobic surfaces. This importance applies both to the
case of surface repellency from liquid droplets and to the
sustainability of the liquid repellency of immersed surfaces. For
the immersed surfaces, our ﬁndings indicate that rather deep
cavity structures will perform better over shallow cavities
because of the larger entrapped air pockets, although the
Young−Laplace equation dictates the same initial curvature of
the menisci for both structures.

polymer hierarchical surface structures when exposed to various
liquid pressures. By increasing the liquid pressure, we observed
stochastic transitions between the wetting states (Cassie,
Cassie-impregnating, and Wenzel) in the microcavities. When
the applied pressure is below a certain threshold Δp < 300
mbar (for 7.5 μm cavities), only a few transitions from the
Cassie state to the Wenzel state occurred, and the transition
was reversible, and for Δp ≥ 300 mbar, irreversible transitions
from the Cassie-impregnating to the Wenzel state occurred. We
employed a theoretical model based on both the Young−
Laplace equation and Henry’s law to explain the degree of
water intrusion h over time at diﬀerent applied pressures Δp.
Our model ﬁt the experimental data well for Δp ≥ 300 mbar
and with some deviations at lower Δp. We attribute the
deviations to counting errors resulting from insigniﬁcant
intrusion depths h at low Δp. The experimental results thus
conﬁrm that the transition between the Cassie and the Cassieimpregnating states is reversible. Furthermore, our data provide
experimental evidence for the stochastic nature of water
intrusion into the microcavity arrays. This stochastic nature
of the intrusion is primarily caused by the short diﬀusion
distance between neighboring cavities for dissolved gas
molecules in the water. This eﬀect, we believe, is the key to
understanding the sustainability of the superhydrophobicity of
surfaces under water and the structural design of superhydrophobic surfaces. Furthermore, we compared the contact
angle properties of two polymeric materials with moderate
hydrophobicity, COC and PP, and found that the diﬀerence in
the water repellency of the two materials probably originates
from the diﬀerence in the wetting of their nanostructures. For
lower contact angle material COC, the water droplets pinned
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Structure Irregularity Impedes Drop Roll-Oﬀ at Superhydrophobic
Surfaces
Simon Tylsgaard Larsen, Nis Korsgaard Andersen, Emil Søgaard, and Rafael Taboryski*
Department of Micro- and Nanotechnology, Technical University of Denmark, DTU Nanotech, Building 345E, DK-2800 Kongens
Lyngby, Denmark
ABSTRACT: We study water drop roll-oﬀ at superhydrophobic surfaces
with diﬀerent surface patterns. Superhydrophobic microcavity surfaces
were fabricated in silicon and coated with 1H,1H,2H,2H-perﬂuorodecyltrichlorosilane (FDTS). For the more irregular surface patterns, the
observed increase in roll-oﬀ angles is found to be caused by a decrease of
the receding contact angle, which in turn is caused by an increase of the
triple phase contact line of the drops for those more irregular surfaces. To
understand the observation, we propose to treat the microdrops as rigid
bodies and apply a torque balance between the torque exerted by the
projected gravity force and the torque exerted by the adhesion force acting
along the triple line on the receding side of the drop. This simple model
provides a proper order of magnitude estimate of the measured eﬀects.

■

INTRODUCTION
Inspired by the water-repellant properties of many plant
leaves,1 artiﬁcial superhydrophobic surfaces have received much
attention in the past decade.2,3 Superhydrophobicity is often
achieved by applying micro- and nanostructures to a ﬂat and
chemically hydrophobic surface. The surface structures will
keep a drop resting on the surface in a suspended state, only
touching the top of the structures. In this case, the contact
angle is traditionally described in the framework of the Cassie
equation4,5 and depends only on the hydrophobicity of the
surface material and the fractional area of contact between the
water and the solid surface. Some recent work has however
stressed the importance of the conditions along the triple-phase
line of the droplets resting on the surface.6 A common design
for superhydrophobic surfaces is nanometer-sized, random
surface roughness applied to regularly distributed, micrometersized pillars. A range of silicon microfabrication techniques have
been used to fabricate surface structures,7−12 including
advanced pillar structures with undercut13 and sidewall
roughness.14
In many practical applications like underwater friction
reduction15, and low-biofouling materials,17 water repellency
is not the only important property. Also, the surfaces have to be
stable in their superhydrophobic state when immersed in water.
The superhydrophobic nature of the surface relies on the
existence of a thin layer of air pockets between the solid surface
and the liquid. If the air layer is not stable, the liquid will wet
the entire surface irreversibly, resulting in a transition from the
Cassie state to the so-called Wenzel state and an associated
abrupt decrease in contact angle. Structures made of pillars or
other protrusions are especially vulnerable to this transition,
since a local collapse of the Cassie state will spread out to the
remaining surface.18 In contrast, superhydrophobic surfaces
© 2014 American Chemical Society

made of microcavities are relatively stable underwater due to
the existence of many separate, conﬁned air pockets. However,
for droplets moving across the surface, microcavity surfaces
have been shown to possess diﬀerent wetting properties from
pillars even for similar surface coverage.19 Microcavity surfaces
have been fabricated in silicon20,21 and polymer18,22,23 with
static contact angles in the same range as for pillar surfaces.
Superhydrophobic surfaces are often characterized by their
contact angle. In terms of water repellency though, another
interesting property of the surfaces is the roll-oﬀ anglethe
angle which the substrate should be tilted to make the drop roll
oﬀ. This angle depends not only on the contact angle but also
on the diﬀerence between the advancing and receding contact
angles of the drop, the so-called contact angle hysteresis.24 In
fact, surfaces can exhibit large equilibrium contact angles and
still pin droplets at 90° tilting of the substrate.11 Since drop rolloﬀ is determined by the pinning of the triple-contact line of the
drop,25 it must depend on the local conﬁguration of this line
and thus the geometry of the surface microstructures. The
pinning of the triple-contact line is caused by adhesion forces
acting on the microscale by formation of capillary bridges along
the triple-contact line on the receding side of the bridge.26 For
superhydrophobic surfaces made of round and square pillars, it
was shown that the contact angle hysteresis was larger for
square pillars.27 This was explained by pinning of the drop to
the sharper edges of these structures. In this paper, we present a
systematic study of drop roll-oﬀ at superhydrophobic cavity
surfaces with varying degree of regularity. Moreover, we
provide a simple model to explain the often observed
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etched with a D-RIE process (STS Pegasus DRIE) to a target depth of
3.0 μm. The photoresist was removed by an oxygen plasma process
(ashing), and the hydrophobicity of the structured silicon surfaces was
increased by applying a monolayer of 1H,1H,2H,2H-perﬂuorodecyltrichlorosilane (FDTS) by molecular vapor deposition with an Applied
Microstructures MVD 100. Three identical wafers were fabricated, and
all measurements were carried out within 1 week after FDTS coating.
Scanning electron microscope (SEM) images were performed with a
LEO 1550 scanning electron microscope. An Attension Theta optical
tensiometer was used to measure roll-oﬀ angles and contact angles.
Drop volumes were always 5 μL.

relationship between contact angle hysteresis and surface
structure irregularity. In this model the eﬀect is caused by
adhesive forces with action predominantly along the triplecontact line on the receding side of the moving drop. Although
demonstrated for cavity types of surface structures in this paper,
we believe this eﬀect is general and applies to any superhydrophobic surface.

■

EXPERIMENTAL SECTION

The silicon wall structures shown in Figure 1 were fabricated from a
photomask using photolithography and dry etching. A Python

■

RESULTS AND DISCUSSION

Figure 1. SEM images of wall structures in silicon. From (a) to (d) the
imposed irregularity increases, going from square-shaped wall
structures to a chaotic grid of walls. Irregularity factors are (a) 0,
(b) 0.4, (c) 0.8, and (d) 1.2. (e) S′ = ⟨x′⟩/x0 plotted vs the
irregularity factor. ⟨x′⟩ is the average side length of the perturbed
structures. The irregularity factor is deﬁned as the side length Δx0 of
the square in which the points could be moved to a random position
divided by the distance between points in the original array Δx0/x0.

Figure 1 shows SEM images of increasingly irregular wall
structures starting from a regular grid with a square side length
of 10 μm. Static contact angles were measured for all 14
diﬀerent surface geometries on three diﬀerent wafers, giving an
average static contact angle of 158.6 ± 1.7°. For ﬂat FDTScoated areas on the same wafers over eight droplets, the contact
angle was 113.7 ± 3.1°. The errors reported in our
measurements are the standard deviations on each set of
measurements. The increase in contact angle implies that the
water drops are in the Cassie−Baxter state, only touching the
top of the thin wall structures. Since the variation in static
contact angle of the structured surfaces is very small, we can
conclude that the static contact angle does not depend on the
shape of the wall structures but rather on the surface coverage
area fraction (which is constant for our surfaces) as predicted
by the Cassie−Baxter equation.
Next, we studied the eﬀect of pattern irregularity on the rolloﬀ angle, i.e., the angle which the surface should be tilted for
the drop to roll oﬀ. While pattern irregularity has little eﬀect on
the static contact angle, the eﬀect on roll-oﬀ angles is
signiﬁcant. As seen from Figure 2, the angles at which a drop
rolls completely oﬀ the surface (black lines) increase
dramatically for more irregular structures. Also, for the smaller
structures (10 μm, solid line) roll-oﬀ angles are higher than for
larger structures (20 μm, dashed line). An interesting
observation is made when we compare the tilting angles for
complete roll-oﬀ with the angles where the drop makes its ﬁrst

program was used to deﬁne the photomask text ﬁle. First a regular
square-shaped array of (x, y) points was deﬁned with side a length x0.
Next, irregularity was introduced by moving each point to a random
position in a square centered on this point. The level of irregularity
was adjusted by increasing the side length Δx0 of the square in which
the points could be moved to a random position and quantiﬁed by an
irregularity factor deﬁned as the side length of this square divided by
the distance between points in the original array Δx0/x0. An
irregularity factor of 0 thus represents an ordered square array while
1 represents an almost completely irregular array (see Figure 1). Grids
were fabricated from arrays starting with respectively x0 = 10 μm and
x0 = 20 μm side length and with irregularity factors of 0.0, 0.2, 0.4, 0.6,
0.8, 1.0, and 1.2. Finally the points were connected with thin rectangles
deﬁning the wall structures. The width of the walls is adjusted to
ensure that the total projected area of the wall structures is constant
and ranges from 400 nm for the ordered structures to 354 nm for the
most irregular structures. The average length of the lines ⟨x′⟩ however
increases with the irregularity factor Δx0/x0 and can readily be
calculated from the photolithography mask layout ﬁle. This is shown in
Figure 1e, where we calculated and plotted the quantity S′ = ⟨x′⟩/x0 .
We note that S′ is an injective function of the irregularity factor.
A thin layer of photoresist was applied to 4 in. silicon wafers, and
the photomask pattern was transferred to the photoresist using a
Canon FPA-3000 EX4-Deep UV Stepper. Next, the wafers were

Figure 2. Water drop roll-oﬀ angles plotted against the irregularity
factor of the microstructured surfaces. Red lines represent the tilted
angle at which the drop makes the ﬁrst sliding movement. Black lines
represent the angle at which the drop rolls oﬀ the surface completely.
Green lines represent complete roll-oﬀ angles for surfaces that are
rotated 45° relative to the roll-oﬀ direction. Solid and dashed lines
represents structures with x0 = 10 μm and x0 = 20 μm, respectively.
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in between the two limits, ﬁrst movement and complete roll-oﬀ,
calculated using eq 1.
However, eq 1 only predicts the relationship between contact
angle hysteresis and tilt angle but provides no explanation why
contact angle hysteresis increases when the structures become
more irregular. A deeper understanding of the behavior of the
roll-oﬀ angles can be obtained by studying the advancing and
receding contact angles of the surfaces, measured as the front
and rear contact angles just before drop roll-oﬀ. Recent
environmental scanning electron microscopic studies of contact
line depinning from textured surfaces26 show that while the
drop on the advancing side simply rolls over the surface, the
receding triple-contact line is pinned to the surface by the
creation of capillary bridges that exerts an adhesion force
between the surface textures and the drop surface.
As shown in Figure 4, this force F is eﬀectively strongest at
the most rear part of the triple-contact line, where the capillary

movement (red lines, Figure 2). Clearly, the latter remain
relatively constant for the diﬀerent surfaces. In other words, for
the regular wall structures water drops roll oﬀ the surface
completely, shortly after they make the ﬁrst movement, while
for the irregular surfaces they tend to move in steps until they
roll oﬀ at a larger contact angle. Probably this behavior at
irregular surfaces is connected to the many possible local
conﬁgurations of the triple-contact line. For the drop to roll oﬀ
completely, the conﬁguration with the strongest adhesion along
the triple-contact line has to be overcome.
Since the more regular structures are directional of nature,
we repeated the roll-oﬀ measurements with the surfaces rotated
45° relative to the previous roll-oﬀ direction (green lines,
Figure 2). Regardless of rotation of the sample, we observed the
same roll-oﬀ angles, suggesting that pinning of the drop takes
eﬀect on a band at the perimeter of the drop, where the
directional eﬀects averages out, and the important parameter is
the line density per area. Clearly, complete roll-oﬀ angles are
larger for the more irregular structures. The observed roll-oﬀ
angles appear to be closely connected to the contact angle
hysteresis and can be understood as resulting from a force
balance between the projected gravity force and the projected
line force acting along the triple-contact line. This relationship
can be expressed in the well-known equation28
ρ NV sin α = 2γa(cos θR − cos θA)

(1)
Figure 4. Graphical illustration of the model leading to eq 3. (a) Drop
proﬁle recorded with the camera on the contact angle goniometer at a
tilt angle. (b) Sketch showing imagined formation of capillary bridges
between the drop and the surface structure at the triple phase line. (c)
Sketch of the drop geometry in the roll situation; the torque associated
with the adhesion force F at the triple line is balanced by the torque
associated with the gravity force ρgV projected through the tilt angle α.

where ρ is the mass density of the liquid, g the acceleration of
gravity, V the volume of the sessile drop, α the inclination angle
of the plane on which the drop will roll, γ the surface tension of
the liquid, a the radius of the apparent interface area between
the drop and the substrate, and θR, θA the receding and
advancing contact angles, respectively. In Figure 3 we plot the

bridge is most stretched. Because of its small size, a sessile drop
is only slightly perturbed from a round shape even when the
plane is tilted as seen in Figure 4a, and if we further make the
approximation of treating the drop as a rigid body, we may look
at the torque exerted by the adhesion force on the drop that
will prevent the drop from rolling. The numerical value of this
torque will be of order τ⊥ ∼ aF. The numerical value of the
torque that on the other hand will roll the drop will be of order
τ∥ ∼ r sin(θR − π/2)ρgV sin α, where r is the radius of the drop.
We may then express the rolling condition as τ∥ > τ⊥. In order
to relate the receding contact angle to the irregularity factor, we
recall that the surface tension can be expressed as a force per
unit of length and express the eﬀective adhesion force as the
product of surface tension and some length

Figure 3. Contact angle hysteresis, plotted as the diﬀerence of the
cosines of measured receding and advancing contact angles as a
function the irregularity factor. The black full line shows the contact
angle hysteresis calculated by eq 1 corresponding to the roll-oﬀ angles
corresponding to complete roll-oﬀ, while the dashed black line is
calculated using the tilt angles corresponding to the ﬁrst movement of
the drops. Only data for x0 = 10 μm are shown. 2a = 726 μm is used in
the calculation, corresponding to a static contact angle of 160°. The
error bars for the calculated hysteresis stem from the experimental
variation in the tilt angle data.

F = γ S0S′

(2)

where S0 is the characteristic length of the piece of triple-contact
line along which the force eﬀectively acts, while S′ is the
dimensionless relative length plotted in Figure 1e as a function
of the irregularity factor. The justiﬁcation for multiplying with S′
is that the adhesion force acts through the formed capillary
bridge and the longer the structure lines are, the longer will be
the eﬀective piece of triple-contact line along which the bridge
can attach. We should expect that S0 , within a numerical
constant, is of order the radius a of the apparent interface area
but considerably larger than the structure side length x0. By
employing the roll condition and inserting a = r cos(θR − π/2),
we can equate the torques τ∥ and τ⊥ and solve for θR to predict
the critical receding contact angle at which the drop will roll:

diﬀerence of the cosines of measured receding and advancing
contact angles as a function the irregularity factor for our
structures together with the prediction given by eq 1. This is
done using the tilt angles both for the ﬁrst movement of the
drop and for the complete roll-oﬀ. We see that the data ﬁt well
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irregular. Roll-oﬀ angles on the other hand increased for
increasing irregularity regardless of roll-oﬀ direction. Receding
contact angles decreased for increasing irregularity and could be
described by a simple torque balance relationship involving the
gravity force projected in the direction of motion and an
adhesion force acting perpendicular to the direction of motion
and acting along the rear section of the triple-contact line. This
implies that an increased pinning of the triple-contact line at
the rear end of the drop is responsible for larger roll-oﬀ angles
at more irregular surfaces. For the regular wall structures water
drops roll oﬀ the surface completely, shortly after they make the
ﬁrst movement, while for the irregular surfaces they tend to
move in steps until they roll oﬀ at a larger angle. This behavior
at irregular surfaces is probably connected to the many possible
local conﬁgurations of the triple-contact line. For the drop to
roll oﬀ completely, the conﬁguration with the strongest
adhesion corresponding to the longest triple-contact adhesion
line has to be overcome. This work calls for a more exact
theory. Such a theory would involve integration of the adhesion
force from the whole interface area and take into account the
capillary bridge nature of the adhesion. The eﬀective adhesion
force contributing to the torque will depend on the speciﬁc
micro/nano topology of the surface texture, but we expect the
physics to be the same for any superhydrophobic surface
chemistry and surface texture.

(3)

A somewhat similar expression but based on a force balance
and leading to a diﬀerent functional dependence was recently
proposed by Papadopoulos et al.29 for a pillar structure. In
Figure 5, the receding and advancing contact angles are plotted

Figure 5. Receding and advancing contact angles plotted against the
irregularity factor for the microstructured surfaces. The receding and
advancing contact angles were measured as the front and rear contact
angle of a water drop immediately before complete roll-oﬀ. The red
lines are ﬁtted to receding contact angle data using the characteristic
length S0 as an adjustable ﬁtting parameter in eq 3. Solid and dashed
lines represents structures with x0 = 10 μm and x0 = 20 μm, where the
ﬁtting parameters obtained are S0 = 163 μm, and S0 = 144 μm,
respectively.
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against the irregularity factor of the surfaces. While the
advancing contact angles stay approximately constant around
160°, the receding contact angles decrease with increasing
irregularity. This implies that the pinning of the triple-contact
line at the rear end of the drop is the most important factor for
drop roll-oﬀ at these surfaces. This observation can be
explained by a model where the drop depins from the surface
by gradual stretching and eventual snatching of capillary bridges
along the triple line on the receding side of the rolling drop. In
Figure 5, we show the ﬁt of the expression for the receding
angle given by eq 3 to the data using S0 as an adjustable ﬁtting
parameter. S′ is given by the curve in Figure 1e, while the rolloﬀ angle α is taken from the data in Figure 2, V = 5 μL, and γ =
72 mN/m. The ﬁtting results in S0 = 163 μm for the x0 = 10 μm
structures, while S0 = 144 μm is obtained for the x0 = 20 μm
structures. For a sessile drop of 5 μL used in the experiment,
the drop radius is r ≈ 1 mm, and for a static contact angle of
160°, we get a radius of the interface area of a ≈ 363 μm, which
is very roughly within a factor of 2 from the ﬁtted values for S0 .
This seems consistent with the aforementioned averaging of the
pinning force along the perimeter of the drop over a band that
is broad enough to cancel the eﬀect of the 45° rotation.
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Appendix 5
Emil Søgaard, Kristian Smistrup, Nis Korsgaard Andersen and Rafael Taboryski. Injection
molded superhydrophobic surfaces based on microlithography and black silicon processing.
Nanotech 2012 ‐ TechConnect World.
Contribution: Development of the idea for the injection molded hierarchical nanograss struc‐
tures. Participation in the microstructure design. Cleanroom fabrication and injection molding
of all structures. Characterization of samples and data processing. Manuscript preparation.
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,QMHFWLRQPROGHGVXSHUK\GURSKRELFVXUIDFHVEDVHGRQ
PLFUROLWKRJUDSK\DQGEODFNVLOLFRQSURFHVVLQJ
(PLO6¡JDDUG .ULVWLDQ6PLVWUXS

1LV.RUVJDDUG$QGHUVHQ DQG5DIDHO7DERU\VNL 

'HSDUWPHQWRI0LFURDQG1DQRWHFKQRORJ\7HFKQLFDO8QLYHUVLW\RI'HQPDUN'781DQRWHFK
%XLOGLQJ%'..RQJHQV/\QJE\'HQPDUN
HPLOVRJDDUG#QDQRWHFKGWXGN0RELOH
1,/7HFKQRORJ\'LSORPYHM'..RQJHQV/\QJE\'HQPDUN



PHWKRGLVEDVHGRQD89/,*$>@SURFHVVFRPELQHGZLWK
$%675$&7


7KLV ZRUN LV FRQFHUQHG ZLWK WKH GHVLJQ GHYHORSPHQW
DQG WHVWLQJ RI QDQRVWUXFWXUHG SRO\PHU VXUIDFHV ZLWK VHOI
FOHDQLQJ SURSHUWLHV WKDW FDQ EH PDQXIDFWXUHG E\ LQMHFWLRQ
PROGLQJ ,Q SDUWLFXODU WKH VXSHULPSRVHG PLFUR DQG
QDQRPHWHU OHQJWK VFDOHV RI WKH VRFDOOHG /RWXV HIIHFW ZHUH
LQYHVWLJDWHG LQ GHWDLO ZLWK DQ HQJLQHHULQJ SHUVSHFWLYH RQ
FKRLFH RI PDWHULDOV DQG PDQXIDFWXUDELOLW\ E\ LQMHFWLRQ
PROGLQJ 0LFURVFRSH VOLGHV ZLWK VXSHUK\GURSKRELF
SURSHUWLHV ZHUH VXFFHVIXOO\ IDEULFDWHG 3UHOLPLQDU\ UHVXOWV
LQGLFDWH D FRQWDFW DQJOH LQFUHDVH IURP  IRU WKH
XQVWUXFWXUHGSRO\PHUWRDPD[LPXP7KHORZHVWGURS
UROORIIDQJOHVREVHUYHGZHUHLQWKHUDQJHWR

Keywords LQMHFWLRQ PROGLQJ EODFN VLOLFRQ VXSHU
K\GURSKRELFSRO\PHUVXUIDFHIXQFWLRQDOL]DWLRQ


D EODFN VLOLFRQ HWFK )'76 FRDWHG VLOLFRQ PLFURVWUXFWXUHV
ZLWKEODFNVLOLFRQDUHNQRZQWREHVXSHUK\GURSKRELF>@

7KH DGYDQWDJH RI RXU PHWKRG LV WKH LQGXVWULDO
PDQXIDFWXUDELOLW\ DVVRFLDWHG ZLWK WKH /,*$ SURFHVV DQG
LQMHFWLRQ PROGLQJ FRPELQGHG WKH VXSHULRU VXSHUK\GURSKLF
SURSHUWLHVGXHWRWKHKLHUDUFKLFDOPLFURDQGQDQRVWUXFWXUHV
6XUIDFHV ZLWK VHOIFOHDQLQJ SURSHUWLHV WKDW LPLWDWH HJ WKH
ORWXV IORZHU DUH RI  UHOHYDQFH IRU WKH PHGLFDO HTXLSPHQW
DQG IRRG LQGXVWULHV )RRG FRQWDLQHUV FDQ EH GHVLJQHG VR
WKH\FDQEHFRPSOHWHO\HPSWLHGOHDGLQJWROHVVRUQRZDVWH
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0LFURDQGQDQRVWUXFWXULQJFDQEHXVHGWRIXQFWLRQDOL]H
VXUIDFHV WR REWDLQ VXSHU K\GURSKRELFLW\ DQG VHOIFOHDQLQJ
SURSHUWLHV >@7UDGLWLRQDOO\ VXUIDFHV DUH IXQFWLRQDOL]HG IRU
VXFK SURSHUWLHV ZLWK FKHPLFDO RU QDQRSDUWLFOH FRDWLQJV
+RZHYHU FKHPLFDO DQG QDQRSDUWLFOH VXUIDFH FRDWLQJVV DGG
SRWHQWLDOO\ KD]DUGRXV FKHPLFDOV RU QDQRSDUWLFOHV WR WKH
SURGXFWV DQG DUH RIWHQ H[SHQVLYHPLJKW EH WR[LF DQG
WKHUHIRUH WKHLU XVH LV OLPLWHG )XUWKHUPRUH WKH SURGXFWLRQ
LVWLPHFRQVXPLQJDQGRIWHQLVH[SHQVLYH

7KH /RWXV HIIHFW >@ LV XVHG DV LQVSLUDWLRQ IRU WKH
IDEULFDWLRQRILQMHFWLRQPROGHGSRO\PHUVXUIDFHVZLWKVHOI
FOHDQLQJ SURSHUWLHV 6HOIFOHDQLQJ VXUIDFH SURSHUWLHV DUH
RIWHQ REWDLQHG E\ KDYLQJ KLHUDUFKLFDO QDQR DQG
PLFURVWUXFWXUHV>@,QMHFWLRQPROGHGKLHUDUFKLFDOQDQRDQG
PLFURVWUXFWXUHV IURP WKLQ DOXPLQXP IRLOV KDYH EHHQ
GHPRQVWUDWHGE\HJ3XXNLODLQHQHWDO>@+HUHZHSUHVHQW
D QHZ PHWKRG IRU WKH IDEULFDWLRQ RI WRRO LQVHUWV ZLWK
KLHUDUFKLFDO QDQR DQG PLFURVWUXFWXUHV )LJXUH   7KH



)LJXUH  'URSV RQ VOLJKWO\ WLOWHG VXUIDFH H[FHOOHQW
VXSHUK\GURSKRELFSURSHUWLHV
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7HVW DUHDV ZLWK PLFURVWUXFWXUHV LQ WKH IRUP RI FLUFXODU
SLOODUV ZHUH IDEULFDWHG ZLWK VWDQGDUG SKRWROLWKRJUDSK\ RQ
FOHDQ6LZDIHUV7KHHQWLUHIDEULFDWLRQSURFHVVLVVKRZQLQ
)LJXUH  $  P SKRWRUHVLVW OD\HU ZDV VSLQ FRDWHG RQ WR
WKHVLOLFRQZDIHUV&LUFXODUSLOODUVPLQGLDPHWHUZLWK
DSLWFKRIP ZHUHGHILQHG ZLWK89OLWKRJUDSK\DQG
HWFKHG WR D GHSWK RI  P ZLWK D '5,( SURFHVV 7KHVH
PLFURVWUXFWXUHV ZHUH FRPELQHG ZLWK QDQRVWUXFWXUHV
IDEULFDWHGE\HWFKLQJRIEODFNVLOLFRQ

7KH EODFN VLOLFRQ SURFHVV ZDV FDUULHG RXW LQ WKH '5,(
V\VWHP1RSUHGHILQHG PDVNZDVXVHGWKHVWUXFWXUHVZHUH
HWFKHGE\SHUIRUDWLQJWKHQDWLYHR[LGHOD\HUFRPELQHGZLWK
D SDVVLYDWLRQ OD\HU IURP WKH HWFKLQJ SURFHVV +ROHV LQ WKH
QDWLYH R[LGH OD\HU ZHUH HWFKHG :LWK WKH FRUUHFW FKRLFH RI
SODVPDSDUDPHWHUVWKHUHVXOWVEHFRPHFRQHVKDSHVWUXFWXUHV
>@7KHEODFNVLOLFRQHWFKSURGXFHGURXJKO\QPZLGH
FRQHOLNHVWUXFWXUHVZLWKDQDVSHFWUDWLRRIDERXW

7KHLQMHFWLRQPROGLQJLQVHUW VKLP ZDVIDEULFDWHGIURP
WKHVWUXFWXUHGVLOLFRQZDIHUE\GHSRVLWLRQRIDQPWKLFN
OD\HURIQLFNHOYDQDGLXPIROORZHGE\QLFNHOHOHFWURSODWLQJ
7KH VLOLFRQ ZDIHU ZDV VXEVHTXHQWO\ UHPRYHG E\ D .2+
HWFK OHDYLQJ D QLFNHO LQVHUW ZLWK LQYHUVH SRODULW\ $
YDULRWKHUPLQMHFWLRQPROGLQJSURFHVVZDVXVHGWRLQMHFWLRQ
PROGPLFURVFRSHVOLGHVLQF\FOLFROHILQFRSRO\PHU 723$6
  >@ 6(0 $)0 DQG FRQIRFDO PLFURVFRS\ ZHUH
XVHG WR FKDUDFWHUL]H WKH GLIIHUHQW VWHSV LQ WKH IDEULFDWLRQ
SURFHVV

&KDUDFWHUL]DWLRQ RI WKH VXSHUK\GURSKRELF VXUIDFHV ZDV
SHUIRUPHG E\ D FRQWDFW DQJOH WHQQVLRPHWHU 'DWD SK\VLFV
&RQWDFW $QJOH 6\VWHP 2&$ DQG D FXVWRP EXLOW WLOWLQJ
V\VWHPZLWKDQJOHUHDGRXW



XQVWUXFWXUHG SRO\PHU WR D PD[LPXP  REWDLQHG IRU 
PSLOODUVZLWKDVSDFLQJRIP )LJXUH 5ROORIDQJOHV
ZHUHPHDVXUHGDVDIXQFWLRQRISLWFKVL]HIRUGLIIHUHQWSLOODU
GLDPHWHUVDQGSORWWHGLQ)LJXUH
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7KH IDEULFDWLRQ SURFHVV UHVXOWHG LQ JRRG UHSOLFDWLRQ LQ
HDFKRIWKHIDEULFDWLRQVVWHSVDVVKRZQLQWKH6(0LPDJHV
LQ)LJXUH
)LJXUH  $ VPDOO UHGXFWLRQ LQ WKH VL]H RI
PLFURVWUXFWXUHV RFFXUUHG GXULQJ WKH EODFN VLOLFRQ HWFK WKH
PLFUR SLOODUV ZHUH UHGXFHG DSUR[HPDWO\   P LQ
GLDPHWHU $Q $)0 ZDV XVHG WR PHDVXUH WKH KHLJKW RI D
VLQJOHVLOLFRQSLOODUZLWKEODFNVLOLFRQDQGRQDVLPLODUKROH
RQWKHQLFNHOVKLP7KHUHVXOWLQJSURILOHLVVKRZQLQ)LJXUH
 7KH KHLJKW ZDV PHDVXUHG WR EH DSSUR[LPDWHO\  P
DQGUHSOLFDWLRQRIEODFNVLOLFRQLQWKHQLFNHOVKLPLVFOHDUO\
YLVLEOH ,QMHFWLRQ PROGLQJ UHSOLFDWHG ERWK PLFUR DQG
QDQRVWUXFWXUHVLQWKHSRO\PHU )LJXUH' 

7KH VXSHU K\GURSKRELF SURSHUWLHV RI WKH VWUXFWXUHG
PLFURVFRSH VOLGHV ZHUHFKDUDFWHUL]HGE\FRQWDFWDQJOH DQG
GURSUROORIIPHDVXUHPHQWVZLWKZDWHU$PLFURVFRSHVOLGH
ZLWK ZDWHUGURSVLV VKRZQ LQ)LJXUH3UHOLPLQDU\UHVXOWV
LQGLFDWH D FRQWDFW DQJOH LQFUHDVH IURP  IRU WKH





)LJXUH  7KH HQWLUH IDEULFDWLRQ PHWKRG  DQG  
/LWKRJUDSK\   'U\ HWFK    UHVLVW VWULS DQG EODFN VLOLFRQ
HWFK (OHFWURSODWLQJRIQLFNHOVKLP UHPRYDORIVLOLFRQ
ZDIHU ZLWK .2+   LQMHFWLRQ PROGLQJ RI SRO\PHU SDUWV
IURPQLFNHOVKLP ILQLVKHGSDUWVZLWKVXSHUK\GURSKRELF
VXUIDFHV
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EODFN VLOLFRQ &  (OHFWURSODWHG QLFNHO LQVHUW ZLWK LQYHUVH VWUXFWXUHV '  ,QMHFWLRQ PROGHG VHOIFOHDQLQJ VXUIDFH KLHUDUFKLFDO
VWUXFWXUHV


5ROORIIDQJOHVGHFUHDVHIURPDSSUR[LPDWHO\IRUWKH

DUHDV ZLWK FORVHO\ SDFNHG SLOODUV WR EHORZ  GHJUHHV IRU
 &21&/86,21
DUHDV ZLWK ODUJHU SLWFK VL]H RI WKH SLOODUV 6LPLODU UROO RII

DQGFRQWDFWDQJOHVDUHUHSRUWHGIRURWKHUVXSHUK\GURSKRELF
3RO\PHU PLFURVFRSH VOLGHV ZLWK VXSHULPSRVHG PLFUR
VXUIDFHVZLWKKLHUDUFKLFDOQDQRDQGPLFURVWUXFWXUHV>@
DQG QDQRPHWHU VWUXFWXUHV DQG ZLWK D PLQLPXP VWUXFWXUH
7KHORZHVWUROOVRIIDQJOHVREVHUYHGZHUHLQWKHUDQJHWR
VL]H RI  QP ZHUH IDEULFDWHG E\ LQMHFWLRQ PROGLQJ 7KH
 IRU VWUXFWXUHV KDYLQJ WKH  P VSDFLQJ ,W ZDV QHDUO\
PLFURVFRSH VOLGHV VKRZHG VXSHU K\GURSKRELF SURSHUWLHV
LPSRVVLEOHWRGHSRVLWDGURSRQWKHVXUIDFHZKHQWKHUROORI
WKH FRQWDFW DQJOH ZDV LQFUHDVHG IURP  IRU WKH
DQJOHZDVEHORZDVLWUHDGLO\UROOHGRUERXQFHGWRRWKHU
XQVWUXFWXUHGSRO\PHUWRDPD[LPXPRIDQGWKHORZHVW
WHVW DUHDV RU RXWVLGH WKH VWUXFWXUHG VXUIDFH 7KLV FOHDUO\
GURSUROORIDQJOHZDVDSSUR[LPDWHO\
LQGLFDWHVWKDWWKHGURSVGRQRWZHWWKHVWUXFWXUHVDQGDUHLQ

WKHVRFDOOHG&DVVLH%D[WHUVWDWH>@
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7KLV ZRUN LV VXSSRUWHG E\ WKH 'DQLVK $GYDQFHG
7HFKQRORJ\)RXQGDWLRQWKURXJKWKH$GYDQFHG7HFKQRORJ\
3ODWIRUP1DQR3ODVW JUDQWQR 
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%KXVKDQ%<&-XQJDQG01RVRQRYVN\
Lotus Effect: Surfaces with roughness-Induced
superhydrophobicity, Self-Cleaning and low
AdhesionLQSpringer Handbook of
Nanotechnology%%KXVKDQ(GLWRU
6SULQJHUQHZ\RUNS
%DUWKORWW:DQG&1HLQKXLVPurity of the sacred
lotus, or escape from contamination in biological
surfaces.3ODQWD  S
%KXVKDQ%..RFKDQG<&-XQJBiomimetic
hierarchical structure for self-cleaning.$SSOLHG
3K\VLFV/HWWHUV  
3XXNLODLQHQ(HWDOSuperhydrophobic
polyolefin surfaces: Controlled micro- and
nanostructures./DQJPXLU  S

0F&RUPLFN50HWDOMicrochannel
Electrophoretic Separations of DNA in InjectionMolded Plastic Substrates.$QDO\WLFDO&KHPLVWU\
  S
6XQ*HWDOFabrication of micro/nano dualscale structures by improved deep reactive ion
etching.-RXUQDORI0LFURPHFKDQLFVDQG
0LFURHQJLQHHULQJ  
.XPDUDYHOX*HWDOSurface texturing for
silicon solar cells using reactive ion etching
technique&RQIHUHQFH5HFRUGRIWKH7ZHQW\
1LQWK,(((3KRWRYROWDLF6SHFLDOLVWV&RQIHUHQFH

$QGUHVHQ.2HWDOInjection molded chips with
integrated conducting polymer electrodes for
electroporation of cells.-RXUQDORI
0LFURPHFKDQLFVDQG0LFURHQJLQHHULQJ
  
&DVVLH$%'Contact angles.'LVFXVVLRQVRIWKH
)DUDGD\6RFLHW\S
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HOHFWURSODWHGQLFNHOVKLP LQYHUVHSRODULW\ 
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Appendix 6
Emil Søgaard, Kristian Smistrup, and Rafael Taboryski. A method for manufacturing a tool part
for an injection molding process, a hot embossing process, a nano‐imprint process, or an ex‐
trusion process. International Application Number PCT/DK2013/050060. 2013.
Contribution: Development of the ideas behind the patent (injection molded hierarchical
nanograss structures). Proof of concept. Participation in writing of the patent.
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