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Abstract 

Lubricants and lubrication have been of great interest to mankind since the 

introduction of machines with sliding/rolling surfaces into everyday life. With the 

recent trend of miniaturization, Micro-Electro-Mechanical Systems (MEMS) have 

taken centre stage, featuring components with scales in dimensions as small as 

nanometres. At this scale, friction depends less on inertial forces (e.g. gravity), and 

more on surface forces such as surface tensions and free energies, van der Waals 

forces, capillary forces and electrostatic forces. These strong surface influences on the 

phenomena of friction and wear at the micro- and nano-scale have spawned a new 

area of research in micro- and nano-tribology. In this PhD study, two approaches to 

solving MEMS tribology problems have been pursued. In the first approach, a direct 

lubrication method using well-known lubricants such as perfluoropolyether (PFPE) 

and multiply alkylated cyclopentane (MAC) was developed. Extensive tribological 

tests using reciprocating sliding and actual MEMS tribometry were conducted. The 

second approach utilized the concept of hydrodynamic lubrication and selective 

surface modification for MEMS.  Brief descriptions of the two approaches are 

presented below.  

A novel method of lubricating MEMS devices, termed “Localized 

Lubrication” or “Loc-Lub” for short, was investigated and compared to other methods 

of lubricating silicon surfaces. The “Loc-Lub” method involves depositing a small 

measured amount of lubrication onto a specific location of a MEMS device – hence 

the name. The method was found to be not only feasible but also more effective than 

conventional lubrication techniques in preventing wear of the surfaces and reducing 

friction. The technique was then used to compare PFPE and MAC lubricants’ 
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tribological performances and their mechanisms – MAC was found to prevent wear 

more effectively than PFPE due to its cohesive nature. Finally, the technique, having 

been proven to work conceptually, was tested on a custom-made reciprocating MEMS 

tribometer, and found to reduce friction and adhesion of MEMS sidewalls, and to 

extend the device wear life by several orders of magnitude compared to dry, 

unlubricated samples. PFPE was found to be very effective in extending wear life for 

side walls and it was found that a well-spreading lubricant such as PFPE with lower 

surface tension has advantage over MAC when the surface is rough with sharp 

asperities. 

In the interests of fluid-film liquid lubrication of MEMS, MAC was found to 

reduce the hydrodynamic friction of high-sliding MEMS when included as an additive 

in hexadecane at an optimum concentration. Upon investigation, this phenomenon is 

believed to be due to the “half wetted bearing” effect and not due to the change in 

viscosity. A compound blend of octadecylamine and MAC additives in hexadecane 

was found to reduce both boundary and hydrodynamic friction. 

To combat spreading and starvation of lubricants in small contacts such as in 

MEMS, selective modification of the silicon surface with hydrophobic (non-wetting) 

and hydrophilic (wetting) portions was carried out and found to increase the force 

required to move a droplet of lubricant from a designated location on the surface. 

Octadecylamine and dodecylamine were also used as additives to successfully induce 

autophobicity in hexadecane, and the various spreading behaviours investigated. 

In conclusion, several new approaches to tackling tribological problems in 

MEMS have been researched. These methods are easily adapted to suitable MEMS 

devices and greatly reduce adhesion and friction, and increase wear and device life by 

several orders of magnitude. 



Chapter 1 - Introduction 

3 

 

Chapter 1 - Introduction 

This chapter introduces the general concepts of Tribology and an overview of MEMS, 

with references to the combining of the two disciplines, and concludes with a brief 

description of the scope of the thesis.  
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1.1 Introduction to Tribology 

Tribology, the study of contacting surfaces in relative motion and the various 

surface interactions such as friction, wear and adhesion, is a universal issue – either 

preventing friction and surface damage in the case of most machine components, or 

enhancing it in practical ways such as in brakes, material processing, friction drives 

and so on.  In his famous speech “There is plenty of room at the bottom” in 1959, 

Feynman spoke of the potential of micro-machines, and pointed out that the main 

obstacles to the practical and common usage of these machines were adhesion and 

friction. Bhushan also later pointed out that with decreasing scale, the forces that are 

proportional to area such as adhesion, friction, meniscus forces and viscous drag 

forces become much larger than forces proportional to volume, e.g. inertial and 

electromagnetic forces (Bhushan 2007).  

Microtribology refers to the study of such interactions between surfaces at the 

micro-scale. At this level, the interactions as well as the consequences such as friction 

and wear are driven mainly by the magnitude of interfacial adhesion (Bhushan 1990). 

These issues are also the limiting factors for design of reliable and durable MEMS 

components (Mate 2007). 

 

1.2 Introduction to MEMS  

Micro-Electromechanical Systems, commonly abbreviated as MEMS, have 

found their way as miniature sensors, actuators, motors and gears into today’s world. 

As MEMS are used primarily in the integrated circuit (IC) and semiconductor 

industry with silicon as the basic material, polycrystalline silicon is the most common 

material in surface micromachining (Maboudian et al. 2002). MEMS devices are now 

being looked to for integration of sensors, actuators and signal processing units into 
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miniature devices (Patton et al. 2001; Ku et al. 2011), particularly as MEMS devices 

can be mass produced, demonstrating low-cost potential and high throughput. With 

the small sizes, low energy supply required, and comparable performance to macro-

scale counterparts, MEMS technology is a very viable option for many applications 

(Madou 1997). Devices have now found applications as pressure sensors (Eaton et al. 

1997), RF switches (Girbau et al. 2007), gyroscopes (Syms et al. 2004) and have also 

been adopted into airbag systems in the automotive industry (Chau et al. 1998). 

MEMS are fabricated with various methods, one of which is Deep Reactive Ion-

Etching, known as DRIE for short (Figure 1-1). Surface etching and micro-machining 

are also other methods of fabrication.  

 
Figure 1-1: Schematic of deep reactive ion etching (DRIE) fabrication process for MEMS. Protective layers 

(indicated in orange) are coated prior to etching away of the silicon wafer (grey), and the final product is 

coated with pads (shown in gold) for electric conduction for the final device 

 

With MEMS technology advancing at such a fast pace, the industry has also 

faced the bottlenecks to widespread application of MEMS. With the shrinking of 

scale, the methods used against prevention of wear and high levels of friction at the 
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macro scale can no longer be applied effectively and new approaches must be 

undertaken (Kim et al. 2007). Commercially available MEMS sensors and actuators 

often avoid the tribological issues of contact by designing systems and the devices to 

avoid contact, using electrical capacitance for both sensing and actuating purposes, or 

including other methods of detection such as laser diffraction. Due to the low 

tolerances of the designs and the small scale, simple contact between components is 

sufficient to prevent the device from functioning. Any solution of tribological issues 

will require modification of the surfaces, selection of suitable lubricant(s) and 

development of appropriate methods of lubrication that are compatible with current 

MEMS fabrication processes. 

 

1.3 Objectives of study 

The study elaborated in this thesis aims to do the following: 

- Develop a novel method of applying lubricant onto a MEMS device at a 

particular location in sufficiently tiny quantities so as to not affect the 

functionality of the rest of the device (such as the pad for wiring), 

- Compare this novel method of application with other current and common 

methods of lubrication, using both silicon surfaces as well as actual MEMS 

devices for comparison, 

- Investigate possible improvements of liquid lubrication for MEMS and 

friction reduction in both the boundary and hydrodynamic regime, 

- Study possible methods for confining lubricant under MEMS conditions to 

prevent starvation and contamination of other regions of the device, using the 

concept of barrier coatings 
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It is commonly recognised that reliability issues are the main obstacles to 

unleashing the full potential and practical use of MEMS devices. Up till now, 

attempts to improve the reliability of MEMS devices have shown that stiction and 

friction under various conditions can be decreased, but often require hermetic 

packaging (Potter 2005) or some form of replenishment during the use of the MEMS 

devices. This work will cover the progression of an investigation of lubricating 

MEMS devices; from the application of lubricant using a novel technique, the 

verification of its effectiveness under various conditions, and a form of modification 

of the lubricant and/or the surface for local containment of the lubricant. In order for 

these processes to be integrated successfully into the MEMS industry, these methods 

must show a substantial increase in the prolonged wear life of the MEMS devices, and 

also show compatibility with the materials and processes currently in use today.  

Based on previous work involving surface modifications and both film and 

liquid lubrication under linear sliding and rotational conditions, as well as studies on 

hydrodynamic lubrication, the use of hydrophobic and oleophobic coatings, surface 

modifications and other novel methods will be explored. However, lubricant 

containment on MEMS devices as well as the novel technique of application are 

relatively new concepts and a number of studies are necessary to understand the 

underlying mechanisms as well as the practical applications and effects, in order to 

determine if the technology is a viable option for integration into processes and 

extension of the lifetimes of MEMS devices.  

 

1.4 Scope of thesis 

This thesis begins in Chapter 2 with a literature review and introduction to 

MEMS and tribology – including various factors that influence friction and wear 
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properties at the micro-scale, current methods and techniques of lubricating MEMS 

and their drawbacks, the issue of spreading on surfaces, and a brief summary of the 

various concepts which assist in explaining the behaviours in the chapters outlining 

experimental work. 

Chapter 3 details the experimental methods and materials that are used in this 

study, including the reciprocating wear tests for feasibility testing and the various 

MEMS tribometers used in the course of this work. Analytical methods are also 

elaborated. 

Chapter 4 introduces a novel method of lubrication, dubbed “Localized 

Lubrication” or “Loc-Lub” for short, which seeks to overcome some of the issues that 

we currently face with lubricating MEMS. A feasibility test is carried out on 

reciprocating sliding wear, and the friction and wear results are analysed and 

presented. 

Chapter 5 compares the performance of two different lubricants – a 

perfluoropolyether and a multiply-alkylated cyclopentane – in a study of the “Loc-

Lub” technique. The different behaviour of the lubricants are examined and accounted 

for in their varying tribological performances. Chapter 6 implements the “Loc-Lub” 

method on an actual MEMS reciprocating tribometer, and examines the friction and 

wear properties compared with dry conditions. 

Chapter 7 investigates the possibility of using liquid lubrication of MEMS, 

and in particular how to reduce hydrodynamic friction in MEMS contacts to 

manageable values, which is thought to be one of the major drawbacks of liquid 

lubrication in this application. The mechanism of lubrication and lowering of 

hydrodynamic friction via additives is examined and described, and compared with 

other blends of lubricants. 



Chapter 1 - Introduction 

9 

 

Chapter 8 deals with the prevention of spreading of lubricant oils on surfaces, 

which has the potential to directly combat starvation in MEMS contacts by preventing 

loss of lubricant from the zone of interest. Two methods are tested – modification of 

the surface and modification of the lubricant itself to induce autophobicity. 

Experiments are introduced to test the containment ability of these methods, and to 

compare the spreading rates of the liquids. 

Chapter 9 summarizes the conclusions in the thesis, and is followed by some 

suggestions for future research in this area. 
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Chapter 2 - Literature Review 

This chapter presents current literature available at the time of writing, discussing 

tribology as a whole, methods of lubricating micro-devices and the factors affecting 

friction at that scale, in an attempt to understand them and reduce the overall friction. 

The concepts of hydrodynamic, boundary and mixed lubrication are presented, and 

current methods of lubricating MEMS devices are summarized, including novel 

techniques of surface modifications. Other analytical methods used are also 

introduced as a basis for the experimental results in subsequent chapters.  
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2.1 Issues with MEMS reliability and difficulties in lubrication 

Due to the reduction in size, lubrication concepts commonly applied at the 

macro-scale cannot simply be adopted in MEMS devices – as the dimensions grow 

smaller, mass and inertial forces decrease by a cube of the dimensions, while surface 

area, and therefore surface forces, decrease only by the square of the dimensions. The 

increasing dominance of surface forces such as van der Waals forces and capillary 

effects, over inertial forces accounts for the well-known problem of stiction (Kim et 

al. 2007).  

Lubrication of such devices often require advanced techniques such as vapour 

phase lubrication (Asay et al. 2008), as well as specialized packaging and storage of 

devices (Potter 2005). These procedures and processes add to the cost of MEMS 

devices and their manufacturing and usage, and thus cause some potential devices, 

which could involve large amounts of sliding, to become impractical.  

The potential usefulness in practical applications of MEMS along with the 

tribological challenges faced in micro-devices has driven research into discovering 

means by which silicon surfaces can be lubricated, as silicon is the primary material 

used for MEMS device fabrication. One of the methods of creating surfaces where 

stiction and friction are controlled is to modify the surfaces directly with a coating. 

Friction and adhesion reduction has been explored in many areas, in liquid lubrication 

under boundary lubrication and hydrodynamic lubrication (Ku et al. 2011; Reddyhoff 

et al. 2011), as well as under specialized conditions and packaging of MEMS devices 

with vapour phase lubrication (Asay et al. 2008).  
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2.1.1 Release Stiction 

Stiction refers to the adhesion of the microstructures in MEMS devices during 

the release process; this is primarily due to the capillary forces between the 

underlying substrate and the fabricated component surfaces during the final etching 

process of the sacrificial layer. Due to the very large capillary forces that will occur in 

the micro-scale under these conditions, the liquid used in the etching process cannot 

simply be allowed to evaporate on its own (Guckel et al. 1989; Mastrangelo et al. 

1993; Legtenberg et al. 1994; Tanner et al. 1999), and instead the devices are stored 

until other methods can be used to dry them, avoiding the unwanted capillary forces. 

Such forces depend heavily on the hydrophobicity and hydrophilicity of the surfaces. 

Capillary forces can be described using the Laplace Equation below: 

 

             
      

 
   (2-1) 

Equation 2-1: Laplace Equation 

 

Where PL is the pressure difference across the fluid interface (obtained from the 

difference between P1 and P2, which are the opposing interfacial pressures),   is the 

surface tension,   the contact angle between the liquid and the solid, and d the 

distance between the parallel surfaces. Different conditions, depending on the value of 

contact angle, are illustrated in Figure 2-1 and Figure 2-2. 
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Figure 2-1: Direction of Laplace pressure for hydrophobic and hydrophilic surfaces (Ashurst 2003) 

 

 
Figure 2-2: Contact angles of hydrophobic and hydrophilic surfaces (Ashurst 2003) 

 

In the case of a hydrophilic surface, the contact angle is less than 90˚, resulting 

in a net attractive force that pulls the surfaces together, leading to stiction between 

components. Conversely, for a hydrophobic surface with contact angle of more than 

90˚, the pressure calculated from the Laplace equation results in a force that pushes 

the two components apart, preventing stiction.  

12 

 

 

 

 

  
 

Figure 1.7.  Diagram indicating the action of Laplace pressure for hydrophobic 

 

and hydrophilic surfaces (Ashurst 2003). 
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Figure 1.6.  Diagram illustrating the contact angle of a water droplet on 

 

hydrophobic and hydrophilic substrates (Ashurst 2003). 
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These capillary effects are almost unavoidable in the MEMS fabrication 

process since procedures such as cleaning and rinsing with water and other solvents 

lead to oxide layers being formed on the silicon surface.  These layers are able to 

further adsorb water molecules due to their high surface energy (and hydrophilicity), 

which promotes meniscus formation and increases the level and propensity of stiction. 

Hydrophobic coatings or specialized treatments have therefore been used to reduce 

the amount of stiction. 

 

2.1.2 In-use Stiction 

 In-use stiction refers to the adhesion of the components while the device is in 

use. MEMs operation often requires contact between two components. Applications 

such as switches, with regular or intermittent contact, as well as gears, with continual 

contact with each other, are especially prone to this phenomenon. In addition to the 

surface free energies of the surfaces involved, the surface roughness also plays a part 

in increasing or decreasing the real contact area between the components, thereby 

affecting the actual adhesive or stiction force. In-use stiction has a direct effect on the 

friction between components, particularly in the rubbing of MEMS sidewalls. 

 

2.1.3 Friction, Wear and Lubrication 

Due to the very small contact areas that occur typically in micro-devices, their 

components are often subjected to very large contact pressures, despite the very small 

loads involved (Tanner et al. 1999; Williams 2001; Wang et al. 2002). Upon sliding, 

the surfaces, particularly those with asperities, cause energy loss in the form of plastic 

deformation and wear debris generation. Hubs on micro-gears experience large 

amounts of wear (Tanner et al. 1999; Tanner 2000) as shown in Figure 2-3.  Although 
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mechanical contact and environmental conditions such as humidity are known to be 

important, the mechanisms of wear are not entirely understood and are highly specific 

to each application (Tanner et al. 1999; Patton et al. 2002). Friction at the micro-scale 

is largely dependent on the adhesion forces between the components and hence the 

methods of reduction of friction are similar to those of reduction of stiction and 

adhesion.  The adhesion between the surfaces causes one or both of the surfaces to 

wear upon sliding. 

 

Figure 2-3: Failure of a micro-bearing after 91 seconds at 1720 Hz (Tanner et al. 1999). Reprinted with 

permission. 

 

Lubrication of micro-devices is difficult due to the small scale and the very 

finely detailed components.  Conventional methods such as dip-coating often do not 

work on many devices as the evaporation of the liquids under dip-coating cause the 

capillary forces to pull components into mutual contact. Furthermore, it has been 

difficult to lubricate the sidewalls of MEMS, as the gaps between the sidewalls can be 

as small as 10 - 40 nm. It has also been noted that, due to the different exposure to 

processing environments, the behaviour of sidewalls is likely to be very different from 

that of the plane surfaces (Ashurst et al. 2003b). High levels of friction and wear 

occur in such components, which emphasizes the need for proper lubrication. Various 

methods have been utilized to combat friction between MEMS surfaces. Vapour 



Chapter 2 - Literature Review 

16 

 

phase lubrication has been explored as an option (Asay et al. 2008), and also 

hydrodynamic lubrication techniques to both prevent and study friction on MEMS 

(Ku et al. 2010; Ku et al. 2011; Reddyhoff et al. 2011). However, all these methods, 

unless used with particular packaging or in a bath, may undergo starvation of the 

lubricant. 

 

2.2 Surface energy, surface tension and hydro/oleophobicity 

The interfacial surface energies can easily be measured by its hydrophobicity 

and water contact angle, and are directly related by the Young’s Equation as follows: 

 

                    (2-2) 

Equation 2-2: Relation of surface energy with contact angles (Doms et al. 2008) 

 

where θ is the contact angle of the fluid on the surface in question,     is the surface 

tension of the liquid or the interfacial energy between the solid and liquid surface, and 

   and    are the surface energies of the liquid and solid respectively.      can be 

approximately related to    and    by the following equation: 

 

                      √        (2-3) 

Equation 2-3: Approximation of interfacial energy between the solid and liquid interface from respective 

surface energies (Doms et al. 2008) 

 

Based on the above equations 2-2 and 2-3, when the solid surface energy is 

higher than the energy at the solid-liquid interface (i.e.       ), the contact angle of 

the liquid will be less than 90˚ and the solid surface is termed hydrophilic when polar 

liquids such as water are used. As silicon surfaces have very high surface free 
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energies, their surfaces are found to be extremely hydrophilic and have also been 

found to be oleophilic (Hurst 2010). Therefore, one method of modifying the surface 

energies of silicon surfaces is to chemically alter the surface, for example, by 

attaching a monolayer of a suitable molecule onto the surface.  

 The roughness of a surface has also been found to affect its surface energy and 

hydrophobicity.  The real contact angle of the liquid can be measured as that between 

the surface of the asperities and the edge of the droplet (Wenzel 1936). Wenzel was 

the first to investigate this case, and found that if the interface is rough, the actual 

contact angle should be equal to the equilibrium contact angle on a smooth surface 

adjusted by a given roughness factor r, as shown in Equation 2-4, where r is the ratio 

of the actual surface area to the project surface area (i.e. r > 1 for rough surfaces): 

 

                       (2-4) 

Equation 2-4: Wenzel’s equation accounting for roughness effects on contact angles (Wenzel 1936) 

 

Cassie and Baxter later investigated hydrophobicity on rough surfaces, 

examining a model in which air is trapped between the liquid droplets and the rough 

surfaces (Cassie et al. 1944). This newer model builds on the previous Wenzel model 

by accommodating the fraction (φ < 1) of the surface where a liquid droplet comes 

into contact with a surface.  This is less than unity due to the presence of trapped air 

on the rough surface, and is described by Equation 2-5: 

 

                  (   )        (2-5) 

Equation 2-5: Cassie-Baxter model accounting for roughness and surface fraction effect on contact angles 

(Cassie et al. 1944). 
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where θG is the contact angle between the liquid droplet and the gas. Figure 2-4 

illustrates the various models of contact angles and their respective wetting states. 

 

Figure 2-4: Wetting states showing the a) apparent contact angle, b) contact angle from Wenzel’s model, 

and c) contact angle from the Cassie-Baxter model (Hurst 2010) 

  

Hydrophobic surfaces have been used in the MEMS industry to prevent both 

release and in-use stiction via the reduction of adhesion forces between components. 

The same concept can be applied to prevent spreading and to contain lubricants on 

surfaces or sidewalls of MEMS, utilizing surface energy induced by surface coatings 

or self-assembled monolayers. Phenomena such as autophobicity – whereby a liquid 

forms a surface film which prevents the liquid from wetting the surface and hence 

reduces spreading – have been studied (Hare et al. 1955; Wade et al. 1971; Novotny 

et al. 1991; Biebuyck et al. 1994; Waltman et al. 2002) and provide a basis for some 

of the ideas explored in this thesis. 

The interest in hydrophobicity, oleophobicity and the surface free energies of 

contact surfaces in tribology is due to the discovery that surfaces that exhibit a 

hydrophobic property also show low levels of stiction and friction, the former being 

the primary factor for the latter in the micro-scale. Modifying the surface of the 

materials does not interfere with the gap tolerance, and is therefore a viable option for 

improving the tribological properties of devices at the micro-scale. Super-

18 

 

 

 

 

 

 

Figure 1.10.  Wetting states illustrating (a) apparent contact angle, (b) Wenzel contact angle,  

and (c) Cassie-Baxter contact angle. 
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hydrophobic surfaces, where the water contact angle is greater than 160˚, are often 

sought out as potential applications in MEMS tribology – such surfaces typically 

combine textured surfaces with low surface free energy materials (e.g. fluorinated 

compounds) to create this effect (Lacroix et al. 2005), which leads to a great reduction 

in the surface energies. This technology holds great potential in overcoming the 

difficulties faced in MEMS and microstructural surfaces. 

 

2.3 Studies on solutions to MEMS Tribology 

To date, there are three main methods of reduction of friction on MEMS 

surfaces – dry coatings, surface treatments and deposited films (such as Self-

Assembled Monolayers, or SAMs) on the surface, and vapour phase and liquid 

lubrication. These three methods also encompass the different regimes of friction, 

encountered during different speeds of sliding. The different regimes are best 

summarized in a Stribeck Curve illustrating the relationship between sliding speed, 

load and friction (Figure 2-5). Modification of the dry surfaces such as surface 

treatments and vapour deposition influence friction in the boundary regime by 

preventing excessive contact or interlocking asperities between the surfaces. Liquid 

lubrication, on the other hand, has been found to reduce friction in both the boundary 

and hydrodynamic regime (Ku et al. 2011; Ku et al. 2012). 
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Figure 2-5: Stribeck curve, showing coefficient of friction as a function of viscosity, speed and load 

 

2.3.1 Surface Films and Treatments 

 Ultra-thin organic layers have been suggested as possible lubricants for silicon 

MEMS (Bhushan et al. 1995; Komvopoulos 1996; Srinivasan et al. 1997; Srinivasan 

et al. 1998a; Rymuza 1999; Maboudian et al. 2000). Self-Assembled Monolayers 

(SAMs) have also garnered a lot of interest in MEMS application and tribology – the 

reduction of interfacial energies between the surface and liquid allows for a reduction 

in capillary and surface tension forces when liquids are being used, either in 

fabrication (in the case of release stiction) or in lubrication during use (for in-use 

stiction). The ease of deposition of SAMs on three-dimensional surfaces and the 

stronger covalent bonds compared to layers formed by the Langmuir-Blodgett 

method, which only utilizes van der Waals forces, make SAMs a more feasible 

solution to MEMS tribology (Koinkar et al. 1996) . Properties of SAMs such as the 
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degree of crosslinking, the terminal group, hydrophobicity and the length of the 

chains can also be easily varied to a large degree (Ulman 1991).  Such surface 

treatments modify the properties of the material surface and are therefore used to 

reduce both friction in the boundary regime, and release stiction by their various 

mechanisms. 

One particular SAM, octadecyltrichlorosilane (CH3(CH2)17SiCl3), commonly 

known as OTS, has been extensively studied and been found to be both hydrophobic 

and slightly oleophobic (Hurst 2010). This property originates from its behaviour of 

orientating its polar head groups toward the substrate and its non-polar tail groups 

away from the substrate – the tail groups then create a film of closely packed alkane 

chains with methyl termination, giving the film an extremely hydrophobic nature.  

SAMs in general have been studied for possible hydrophobic coatings on 

MEMS components (Doms et al. 2008). These hydrophobic coatings, when integrated 

appropriately into MEMS fabrication processes, can help eliminate release stiction 

and reduce in-use stiction, as well as reduce the coefficient of friction in micro-

machines (Deng et al. 1995; Srinivasan et al. 1997; Srinivasan et al. 1998a; Srinivasan 

et al. 1998b; Cabuz et al. 2000; Maboudian et al. 2000). As friction at the micro-scale 

is highly dependent on the adhesion between surfaces, applications of SAMs have 

been identified to be a possible solution for friction due to their ability to reduce 

adhesion through modification of surface energies. SAMs have also been used to 

provide an interfacial layer for bonding of polymers, utilizing their ability to modify 

the surface wettability of the substrate in promoting adhesion of the polymer coating 

onto the surface (Myo et al. 2008).  

Ionic liquids (ILs) have been studied as ultra-thin films for silicon surfaces 

and MEMS devices (Palacio et al. 2008). ILs have been considered as viable 
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lubricants for MEMS devices due to excellent thermal and electrical conductivity 

(Bhushan et al. 2008; Palacio et al. 2008). Nainaparampil and co-workers have found 

that MEMS devices that have been coated with a thin film of IL have also shown an 

improvement in wear life, based on a developed method using atomic force 

microscopy (AFM) with a liquid cell (Nainaparampil et al. 2005; Nainaparampil et al. 

2007) – these tests conducted show good correlation with the failure life span of 

MEMS motors. In testing two ILs in particular, 1-butyl-3-methylimidazolium 

hexafluorophosphate ([BMIM]PF6) and 1-butyl-3-methylimidazolium octylsulfate 

([BMIM][OctylSO3]), it was found that thermally treated coatings which contained a 

mobile lubricant fraction were better able to protect the Si surfaces, compared to the 

fully bonded coatings – this enhanced protection has been attributed to the 

replenishment of lubricant from the mobile fraction (Bhushan et al. 2008; Palacio et 

al. 2008). 

Another form of lubrication involves the formation of dry, solid films on the 

surface. In particular, diamond-like carbon (DLC) coatings have been shown to 

increase the hardness of the silicon surface and to reduce wear and friction in the 

process (Tagawa et al. 2004; Smallwood et al. 2006).   Hydrogen termination has also 

been used to reduce adhesion (Tagawa et al. 2004).  

These treatments have been effective at reducing adhesion and friction but do 

not provide prolonged protection against sliding wear as there are no means for 

protective film replenishment. As a result, liquid and vapour phase lubrication, as 

self-replenishing methods, have gathered interest for study and investigation. 
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2.3.2 Vapour Phase 

Vapour phase lubrication is achieved when the condensation of a vapour, 

usually a hydrocarbon or fluorocarbon, forms a film on the surfaces (Ashurst et al. 

2003a; Asay et al. 2008). This has been shown to be effective in preventing wear, but 

requires special hermetic packaging (Potter 2005)  and elaborate setups for operation. 

Lubrication and replenishment using vapour phase lubricants can be extremely 

effective for MEMS devices as the gaps between components are in the micron and 

sub-micron scale. Using vapours as lubricants then ensures that the lubricant is evenly 

and efficiently distributed throughout the device, coating even components that are 

not directly accessible. The inflow of the vapour lubricant can also be controlled, 

reducing the amount of excess lubricant present in the system. Studies presenting the 

effectiveness of this method have been conducted (Ashurst et al. 2003a; Asay et al. 

2008), and found to reduce both friction and stiction with only a few monolayers of 

film thickness, as compared to a dry environment. Studies have also shown 

prevention of wear (Asay et al. 2007) with an increase in the wear life of up to 4 

orders of magnitude with introduction of the vapour. MEMS devices that were stuck 

after deliberate lubricant depletion could also be recovered upon re-introduction of 

vapour and continued to run under the same conditions. 

Significant research has since been carried out to investigate vapour phase 

lubrication of MEMS and its feasibility, factoring in geometry of components for 

replenishment and adapting fluid lubricants for use.  

 

2.3.3 Liquid lubrication 

Liquid lubrication, most commonly used in larger machines, provides two 

types of lubrication; hydrodynamic lubrication resulting from liquid entrainment 
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(usually at higher speeds) at the contact interface, and boundary lubrication when 

molecules in the liquid, either of the bulk fluid or of additives, adsorb or react with 

the surfaces to separate the asperity contacts.  Both vapour phase and liquid 

lubrication are considered self-replenishing as fluid is continuously introduced into 

the contact, and have shown to prevent wear (Ku et al. 2011) and give low friction 

(Ku et al. 2012) in a MEMS contact.  Liquid lubrication was initially thought to be 

unsuitable for MEMS due to the high levels of hydrodynamic friction (Mehregany et 

al. 1992; Keren et al. 1994); however, the liquids used in these early studies were of 

high viscosity. Later studies with liquids of sufficiently low viscosity show low 

coefficients of friction at high speeds  - below 0.1 for a MEMS thrust pad bearing 

rotating at 10,000 RPM (Ku et al. 2012). Furthermore, liquid lubrication gives lower 

friction for the same MEMS contact under certain conditions when compared to 

lubrication by vapour (Ku et al. 2011). This is not always the case for all conditions 

since friction in liquid lubricated contact varies strongly with entrainment speed as 

shown previously in the Stribeck curve (Figure 2-5). 

Thin film liquid lubrication, involving both boundary lubrication at low speeds 

and hydrodynamic lubrication at high speeds has been investigated for high speed 

sliding MEMS (Ku et al. 2010; Ku et al. 2011; Reddyhoff et al. 2011). Liquid films 

have been used between the surfaces of MEMS devices and have found to be 

effective in generating a pressured hydrodynamic film in converging contact 

conditions.  In hydrodynamic lubrication the liquid is conventionally considered to 

“stick” to the surfaces and this drives the entrainment of fluid into the contact (Figure 

2-6). This approach has been shown to prevent wear and give low levels of friction in 

a MEMS contact (Ku et al. 2011; Ku et al. 2012) and under certain conditions to give 

lower friction than MEMS surfaces lubricated by the vapour phase method. It should 
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be noted that this would not be the case in all conditions since liquid lubrication is 

strongly dependent on the sliding speed between the two surfaces.  

 
Figure 2-6: Schematic of a stepped pad bearing with stick of lubricant on the surfaces, resulting in 

separation of the contacts due to entrainment 

 

At low speeds, fluid entrainment is not sufficient to separate the contacting 

surfaces and friction has a level almost independent of speed as the load is being 

supported by asperity contacts. Boundary friction dominates in this regime and can be 

alleviated with more viscous fluids or with surface active additives. As speed 

increases, liquid entrainment starts to separates the two surfaces (the hydrodynamic 

effect) and friction is decreased – this is known as the mixed regime. At high speeds 

the entire load is supported by the fluid film, but friction increases with speed as the 

shear rate increases.  At very high speeds, the resulting hydrodynamic friction can 

become very large. This can potentially be reduced by reducing the surface energies 

of one of the surfaces enough to allow the liquid to slip against the surface - this 

phenomenon will be explored in this work. In order for liquid lubrication to be 

effective in MEMS, the friction in all three of these regimes, boundary, mixed and 

hydrodynamic, must be controlled.  Solid coatings, or vapour deposition, operate only 

in the boundary lubrication regime, while fluid lubrication (liquid or gaseous) 

operates in all three – thus, the Stribeck Curve is only relevant when fluids are 

present. 
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2.3.4 The “Half-Wetted Bearing” 

One of the methods of reducing hydrodynamic friction, particularly at high 

speeds, without changing the viscosity of the liquid, is illustrated in the concept of the 

“half-wetted bearing” (Spikes 2003a), in which the conventional boundary conditions 

of no slip at the wall is no longer valid due to partial or even non-wetting of the fluid 

against the surface. This combines the concepts of surface modification and surface 

energies with hydrodynamic theory and liquid lubrication. Spikes and co-workers 

(Spikes 2003a) first investigated this phenomenon by extending Reynolds’ theory to 

show that loads could be supported with very low friction as a result of a bearing in 

which the liquid lubricant in contacts was allowed to slip against one surface but not 

the other.  A schematic of the effect of reduction of velocity profile within the liquid 

film is shown in Figure 2-7. 

 
Figure 2-7: Velocity profiles of fluid-lubricated gaps with the top surface sliding at a velocity, (top) normal 

conditions and (bottom) slip conditions. The velocity of the fluid near the wall with slip is reduced. 
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By extending the Reynolds Equation to take into account slip at a critical shear 

stress (taken to be zero at extreme conditions) at one surface, while retaining no-slip 

conditions at the other surface, hydrodynamic pressure (and therefore the load support 

under such conditions) is reduced by up to half.  This is because when slip occurs on 

one contact surface it affects both the Poiseuille and Couette shear terms – the 

Poiseuille shear is doubled while the Couette shear is eliminated.  Since the friction 

resulting from Couette shear is usually much greater than that of the Poiseuille 

friction, and becomes extremely large in thin film contacts, introducing an element of 

slip would greatly reduce the overall friction compared to a conventional no-slip 

bearing.  The effect of slip on the critical shear stress is shown in Figure 2-8, 

illustrating the reduction of critical shear stress for surfaces showing slip across the 

whole surface as well as regions of partial slip, compared to conditions under which 

no slip occurs. This effect is especially significant for bearings that have low 

convergence ratios. 

This same principle was further extended to low-load MEMS contacts, where 

friction could potentially be reduced (Spikes 2003b) and validated experimentally 

with a low-load tribometer in which hexadecane was made to slip against a smooth 

lyophobized sapphire surface (Choo et al. 2007b). Reduced friction from liquid slip 

was also observed in low load contact where the surfaces were treated with friction 

modifier additives (Choo et al. 2007a), and a number of other experiments have 

shown that liquid slip can occur (Choo et al. 2007b). This happens particularly when 

the surfaces involved are very smooth and the liquid used does not strongly wet the 

surface. Pit and co-workers used fluorescence recovery after photo-bleaching (FRAP) 

to show directly the slip of hexadecane against a smooth sapphire surface made 

lyophobic with a monolayer of OTS (Pit et al. 2000) and further evidence was shown 
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by Zhu and Granick when reduced hydrodynamic squeeze forces were measured 

between mica surfaces coated with a lyophobic monolayer and lubricated with 

tetradecane and water (Zhu et al. 2001). 

 
Figure 2-8: Map of occurrence of slip for a fully flooded, infinitely long linear slider bearing (Spikes 2003a). 

Reprinted with permission. 

 

2.4 Liquid Spreading and Starvation 

In all lubricated contacts, the possibility of starvation of lubricant is a concern 

– even at the micro-scale, the lack of a lubricant to prevent direct and excessive 

contact between two sliding surfaces can cause wear due to insufficiently lubricated 

contacts (Ku et al. 2011). Most previous studies of the liquid lubrication of MEMS 

(Jones et al. 1999; Ku et al. 2011; Reddyhoff et al. 2011; Ku et al. 2012) have been 

conducted with complete submersion of the contact in liquid, which ensures that a 

complete lubricant film is present at the contact area. In commercial applications, 

particularly those that involve vapour phase lubrication, hermetic packaging (Potter 

2005) is implemented to prevent loss of the lubricant layer and replenishment source. 

Non-spreading properties of a liquid also prevent excessive evaporation and avoid 

contamination of the lubricant by reducing the surface area exposed (Cottington et al. 

1964). 
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Fluorinated polymers have been investigated to prevent spreading, and have 

been found to contain oils within a designated area (Bernett et al. 1964). In their 

study, a circle was painted on stainless steel surfaces with the fluorinated compounds 

using a thin brush (Figure 2-9), and this effectively prevented the spreading of most 

oils, containing them within the painted area. The only lubricants that were not 

contained within this painted area were the fluorinated esters, due to the mutual 

attraction of the two fluorine-containing compounds. The painting method presented 

however, would be difficult to perform on the micro-scale, particularly on MEMS 

sidewalls, and thus other methods of application would be needed.  

 

Figure 2-9: Oil droplets on plates of stainless steel, encircled within a fluorinated coating painted on with a 

brush (Bernett et al. 1964). Reprinted with permission. 

 

Non-spreading oils can also be obtained by introducing an additive into the 

liquid – however, the effect depends greatly upon the combination of oil and the 

additive used; some additives that cause a particular oil to be non-spreading can also 

induce rapid spreading in another. Spreading study of various oils with additives on 

stainless steel has previously been conducted (Cottington et al. 1964) and categorized 

into four main classes:  

a) non-spreading liquids,  
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b) liquids that initially spread but retract to form many small drops,  

c) liquids that form a substantial contact angle but where droplets form, 

they skate over the surface without crossing their own paths, and  

d) “catastrophically” spreading liquids which form dendritic patterns on the 

surface.  

The behaviours of the second and third category were attributed to the 

modification of the surface via additives in the droplet forming a monolayer, thereby 

changing the critical surface tension and preventing spreading of the liquid over a 

surface that had been previously spread over by the liquid (i.e. a monolayer had 

already been formed on the surface). Given the large variety of effects observed, it is 

clear that introducing additives to create non-spreading oil requires choosing an 

appropriate additive for the oil and in suitable amounts.  For ideal retraction of the 

droplet, the additive should also be appreciably soluble in the base oil and should 

adsorb promptly from the leading edge to produce the oleophobic film on the surface. 

The additive should also not be more volatile than the base oil.  

When considering modification of the liquid to prevent spreading, three 

approaches can be taken: firstly, the liquid can be inherently non-spreading in its pure 

state, secondly that it can be made non-spreading by addition of carefully selected 

solutes, and thirdly, the solid surface can be modified by coating it with substances of 

low surface free energy (Bernett et al. 1964). Some additives which show reduced 

spreading of refined oils on polished steel, brass, and jewel bearing material are oleic 

or stearic acid, and olive, castor or lard oil (Bulkley et al. 1933). 

Autophobic liquids are a possible candidate in this area, and are characterized 

by the behaviour of the liquid molecules when it comes in contact with a solid surface 

– the first molecules of such liquids adsorb on the surface to form a monomolecular 
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film whose critical surface tension of wetting is less than the surface tension of the 

liquid itself, preventing it from spreading on its own adsorbed film (Bernett et al. 

1964). This description of liquids fits that of the liquids mentioned earlier (Cottington 

et al. 1964) and thus these can be categorized as “autophobic”.  

Another class of non-spreading liquids are those which have surface tensions 

so high and adhesional energies so low that it is thermodynamically impossible for the 

liquid to spread – these liquids differ from autophobic liquids in that they do not leave 

a film behind them when rolled over a horizontal polished solid surface (Timmons et 

al. 1964). However, the use of such additives raises issues of its own – they have a 

limited solubility in oils and only low concentrations of additives can be used so that 

the resultant contact angle will not be so large as to cause inadequate adhesion 

between the formed film and the surface.  

 

2.5 Obstacles with current methods of lubrication 

For MEMS devices to be viable alternatives to current technology, several key 

criteria should be fulfilled: 

1) The devices should be easily produced or replaced, 

2) They should be as effective (if not more effective) than the current 

technology, 

3) Contacting components should exhibit low friction to minimize energy 

losses and wear, and 

4) They should be durable and provide long wear life to the components.  

Understandably, with a theoretical desired infinite wear life, the first two criteria 

would diminish in importance.  
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The current methods of lubrication are not without their own drawbacks or 

difficulties. Self-Assembled Monolayers (SAMs), though shown to have great 

potential and widely studied, have their limitations in the formation of the monolayer 

film and the thickness of the film present on the surface. As SAMs consist of only a 

single layer of molecules on the surface, which make them viable for MEMS coating 

given the small clearances, the wear durability of the monolayer is far too short to be 

of practical use in high sliding velocity MEMS components (Satyanarayana et al. 

2005). It had also been noted that although hydrophobic coatings help to reduce the 

amount of release stiction, in some cases they are found to increase in-use stiction. 

(Cabuz et al. 2000) 

Vapour-phase lubrication requires hermetic packaging (Potter 2005) for the 

presence of the vapour to act as a self-replenishing lubricant. This increases 

production cost and limits the practical usage and design of the MEMS devices 

packaged in such fashion. Replacing such devices would also be inconvenient, 

although the wear life has been shown to extend by a considerable amount. Practical 

and commercial applications of such devices are thus uncommon. 

Although liquid lubrication shows increasing promise in MEMS lubrication, 

the conflict between the boundary and hydrodynamic regimes still exists – a liquid of 

sufficient viscosity to give low boundary friction often causes a large amount of 

viscous drag at higher speeds leading to high hydrodynamic friction. At the same 

time, the scale of the lubricant film accentuates the viscous effect; under conventional 

hydrodynamic lubrication, friction caused by viscous shear increases rapidly with 

decreasing film thickness – with a thickness in the sub-micrometre scale, these forces 

are likely to be huge. On the other hand, low viscosity liquids, while reducing 

hydrodynamic friction, provide less lubrication in the boundary regime and typically 
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have high vapour pressures, which conflicts with the requirement that sliding contacts 

should operate for extended periods of time without confinement.  

Liquid lubrication for self-replenishment also requires a source of lubricant for 

replenishment. In cases where the contacts were starved of lubricant over periods of 

time, particularly during repeated testing, there is an overall increase in the friction 

measured, especially at high speeds in the hydrodynamic regime. Replenishment of 

lubricant is a universal problem for all surfaces, even at the macro scale. This issue 

has been investigated with the use of perfluoropolyether (PFPE) lubricants for 

magnetic hard disc drives, in which PFPE not only lowers surface energy on the 

surface but also is known for both mobile and bound phases being present, in which 

self-replenishment is achieved when both phases are present (Chen et al. 2001; 

Katano et al. 2003; Sinha et al. 2003). 

All methods of lubrication have been tested largely on plane surfaces and 

sidewall characterization of tribological properties have not been properly examined 

(Ashurst et al. 2003b). A universal method of lubrication for both plane surfaces and 

sidewalls, easily implementable into current fabrication practices and applications, 

would be much desired to drive micro-technology forward. 

 

2.6 Lubricants for MEMS Tribology 

2.6.1 Perfluoropolyether (PFPE) 

Fluorinated lubricants have received much attention in recent years for use in 

micro- and nano-tribology because of their low surface free energy, lubricity and 

chemical inertness. Perfluoropolyethers (PFPEs) have been used commonly in hard 

disk lubrication, providing low friction and long wear life (Tani et al. 2001; Wang et 
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al. 2005). PFPE overcoats on other polymers have also been found to improve 

tribology of polymer coatings (Satyanarayana et al. 2005; Satyanarayana et al. 2006; 

Kim et al. 2009; Abdul Samad et al. 2010) and have been studied extensively under 

various conditions. 

The remarkable tribological properties of PFPEs in some applications are 

attributed to the dual phase present within the film – both a mobile phase and bound 

phase are present on the coated surface. This unique property allows for self-

replenishment of the lubricant film. It was also found that a single bound phase of 

PFPE on surface did little to prolong the wear life and reduce friction (Tani et al. 

2001; Eapen et al. 2002). PFPE coatings and overcoats were found to show reduced 

shear stress and increased water contact angle (implying reduced surface energy), 

explaining the improvements in wear and friction properties exhibited (Satyanarayana 

et al. 2006), as well as show a high thermal stability, up to a range of 327 – 477 ˚C 

(Lei et al. 2001), which enables them to withstand the heat generated by friction at the 

sliding interface without degradation of the film. The increased thermal stability along 

with low friction leads to reduced heating and is doubly beneficial for such a system. 

In the case of PFPE as an overcoat on Ultra-High Molecular Weight Polyethylene 

(UHMWPE), Satyanarayana and co-workers also believe that it is possible that the 

PFPE mobile phase molecules are encased in the valleys on the uneven UHMWPE 

film overcoat, which explains the extended wear lives on UHMWPE film with a 

PFPE overcoat, as a ready source of replenishment for the mobile phase is available. 

Its hydrophobic property reduces adhesion between the counterface and the film, 

which explains the reduction in polymer transfer on the counterface contact from 

wear. 
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Along with the abovementioned factors, PFPE can provide uniform films with 

thickness in the nanometre range, overall making this fluid a highly suitable candidate 

for lubricating MEMS components. Their use in MEMS devices have been studied 

and characterized, and they have been found to exhibit significant durability under 

MEMS conditions (Liu et al. 2003). Other factors that were found to affect the 

durability, friction and adhesion of the films include the adsorption of water and the 

formation of the meniscus, changes during sliding (tribochemistry and third-body 

generation), viscosity and surface chemistry properties. Eapen and co-workers have 

also suggested that the common method of dip-coating provides a non-uniform 

coating on contacting device components (Eapen et al. 2002), implying the need for 

the development of a new technique of lubrication on MEMS devices that would 

better suit applications. 

Despite the common use of PFPE lubricants in hard disk tribology, as space 

lubricants, and the unique advantages that it brings, the use of PFPE has been found to 

produce decomposition products under specific conditions (Helmick et al. 1998; Wei 

et al. 1998; Nakayama et al. 2006). Fluorinated compounds, though generally inert, 

can also lead to various undesirable environmental concerns and hazards from the 

decomposition products of PFPE. The eventual decomposition of PFPE then creates a 

concern, driving the need for alternative lubricants for the same use.  A short 

description of the physical properties of PFPE is included in Chapter 3. 

 

2.6.2 Multiply Alkylated Cyclopentanes (MACs) 

Multiply Alkylated Cyclopentanes (MACs) are synthesized hydrocarbon 

lubricants commonly used in the aerospace industry, along with fluorinated 
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compounds such as Z-dol (PFPE). Being developed relatively recently, they are less 

well-known and have been less studied than PFPE lubricants.  

MACs are synthesized hydrocarbons, with molecules that consist of a 

cyclopentane ring with 2 to 5 alkyl attached chains. They are produced by cracking 

di-cyclopentadiene to form cyclopentadiene, which then reacts with alcohols in the 

presence of a strong base (Venier et al. 1991).  Because of the relatively high 

molecular weight they have very low volatility compared to most other hydrocarbon 

liquids. 

MACs have been tested for friction and wear performances under various 

conditions such as a four-ball tribometer, and found to give good durability and low 

wear (Venier et al. 1991; Ohno et al. 2010). The durability and wear properties of 

MACs have also been investigated as an overcoat on SAMs, similar to previously 

mentioned studies for PFPE, and found to have self-lubricating ability (Ma et al. 

2007). MACs have been used in dual-component lubricant films to show improved 

durability and load carrying capacity, as well as to greatly reduce the friction upon 

sliding (Ma et al. 2007; Wang et al. 2011), and have been found to provide lower 

wear rates compared to some PFPE lubricants under vacuum conditions (Jones et al. 

1999), possibly due to the superior chemical stability under those conditions.   

Wettability of MAC-coated surfaces have been studied, and it was found that 

the MAC coating increases the contact angle on the coated surface (Wang et al. 

2010a; Wang et al. 2010b). Wang and co-workers have found that the effect is more 

pronounced for a hydroxylated silicon wafer and hydrogenated silicon wafer than it is 

for a cleaned silicon wafer (Table 2-1), although all three show an increase in 

hydrophobicity (Figure 2-10). This was further shown to be the case as the 

hydrogenated surfaces had adsorbed the most amount of MAC on the surface, with 
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the other two surfaces not easily wetted. Nano-adhesion forces, characterized with an 

AFM/FFM using the contact mode, were also found to be most reduced on the 

hydrogenated surface, and both the reduction in adhesional forces and the 

hydrophobicity increase were thought to be a result of the topological structure 

changes of the surface as MACs have no functional groups on the surface.  Nano-

friction forces measured from the twist of the tip-cantilever assembly and with 

various external loads were tested, with the hydrogenated silicon showing the least 

amount of friction and the hydroxylated silicon with the highest friction, similar to the 

adhesion forces measured.  

 

Table 2-1: Water Contact Angles on various modified silicon surfaces (Wang et al. 2010a) 

Substrates Contact Angle without 

MACs (°) 

Contact Angle with 

MACs (°) 

Cleaned Silicon Wafer 46.8 51.8 

Hydroxylated Silicon 

Wafer 

2 25.9 

Hydrogenated Silicon 

Wafer (H-Si(100)) 

74.9 94.1 

 

 

Figure 2-10: Nano-friction and nano-adhesion forces measured for treated and untreated silicon surfaces 

(Wang et al. 2010b). Reprinted with permission. 
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In addition to its excellent performance, additives have been investigated for 

MACs to further reduce the wear rates and improve performance for space 

applications, using low volatility additives in particular (Peterangelo et al. 2008). The 

friction and wear properties were tested using a four-ball wear test, as per ASTM 

D4172 standards, and stainless steel balls. Vacuum four-ball wear tests were 

conducted to determine the steady wear rates in vacuum, as well as a reciprocating 

tribometer and a vacuum spiral orbit tribometer (SOT) developed by Pepper and co-

workers (Pepper et al. 2003a). SOT tests were also performed to evaluate the 

performance of a linear perfluoropolyalkylether (PFPAE), a branched 

perfluoropolyalkylether and a MAC hydrocarbon, with the MAC hydrocarbon 

showing the longest normalized wear life and lowest friction coefficient (Pepper et al. 

2003b). MAC lubricants were shown to be clearly more robust than PFPAE under 

these conditions despite the statistical scatter in lifetime observed in the SOT. The 

same setup was used again to compare starvation conditions of PFPE and MAC 

lubricants, by dipping the specimens in a dilute solution of the lubricant, and the two 

lubricants were found to exhibit different tribological properties (i.e. friction trends 

and wear lives) due to different spreading and lubricating mechanisms over the 

duration of the tests, which will be discussed. 

MACs have been compared to PFPE lubricants for thermal stability and 

decomposition, and found to not react catalytically with aluminium oxide as the 

fluorine atoms and acetal units which enable Lewis acid attack are absent in MAC 

molecules. PFPE, on the other hand, is observed to have chain scission at both mid- 

and end-chain, resulting in faster weight loss and implying that the thermal stability of 

MACS are superior to that of PFPE lubricants (Chun et al. 2003). Pepper and co-
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workers have also concluded that MACs are more resilient to tribo-chemical attack 

than PFPEs (Pepper et al. 2003b). 

It should be noted that the two additives work differently and show different 

levels of contribution to the improvement of performance (if at all) under different 

conditions (Peterangelo et al. 2008).  This is a strong reminder that tribological 

properties are largely dependent on the conditions under which they are being tested, 

as discussed throughout this chapter; whether submerged in lubricant or tested under 

starved conditions, or even as a thin film or an overcoat.  
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Chapter 3 - Materials and Experimental Methodology 

In this chapter, a brief summary of the general materials used in the work, the 

preparation of solutions and films and various other methods are described. 

Additional information on specific materials, preparation methods, calculations and 

techniques will be provided in the respective chapters if necessary. 
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3.1 Materials 

3.1.1 Silicon 

 Polished n-type silicon wafers, with approximately 455-575 µm thickness and 

hardness of 12.4 GPa, were used as the substrates in surface characterization and 

friction and adhesion measurements. Surfaces were cleaned appropriately prior to 

coating or tribological testing by ultrasonic rinsing in ethanol for an hour, followed by 

air plasma cleaning using a Harrick Plasma Cleaner/Sterilizer. The surfaces were 

exposed to air plasma under vacuum for approximately 5 minutes using an RF power 

of 30 W, and stored in a desiccator overnight prior to testing.  

3.1.2 Perfluoropolyether (PFPE) 

 PFPE was used at various concentrations in H-Galden ZV60, and both were 

purchased from Ausimont Inc. The chemical formulae are as follows: 

 

 PFPE (Zdol 4000):  HOCH2CF2O–(CF2CF2O)p–(CF2O)q–CF2CH2OH 

 H-Galden ZV60:  HCF2O–(CF2O)p–(CF2CF2O)q–CF2H 

 

The ratio p/q was 2/3. The physical properties of PFPE can be found in detail in Table 

3-1.  
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Table 3-1: Physical properties of perfluoropolyether (PFPE) lubricant Fomblin Z-dol 4000 

Properties Units Description/Value 

Functional Group - Alcohol (-OH) 

Appearance Visual Clear liquid 

Colour APHA Colourless 

MW (NMR) Amu 4000 

Difunctional content 

(NMR) 

% 90 

C2/C1 ratio (NMR) - 1 

Kinematic viscosity cSt 100 

Density @ 20˚C kg/m
3 1820 

Vapour pressure @ 20˚C Torr 1 x 10
-8 

Vapour pressure @ 

100˚C 

Torr 1 x 10
-4 

Refractive index @ 20˚C - 1.296 

Surface Tension @ 20˚C mN/m 22 

Polydispersity @ 20˚C Mw/Mn 1.15 

 

3.1.3 Hexadecane 

Hexadecane was used as one of the lubricants or main solvents of lubricants 

for testing of MEMS over a varying number of speeds, primarily in investigation of 

hydrodynamic lubrication (Chapter 7) and liquid lubrication for MEMS.  Hexadecane 

was obtained from Sigma-Aldrich Pte Ltd, and was used as obtained, at more than 

99% purity.  
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3.1.4 Multiply Alkylated Cyclopentanes (MAC) 

MACs were used as both a lubricant and an additive. Details of its use are 

further elaborated in each chapter. The MAC lubricant used was Nye Synthetic Oil 

2001A, obtained from Dulub Pte Ltd, which is a mixture of di- and tri-(2-

octylododecyl)-cyclopentane, a saturated hydrocarbon containing no additives. The 

physical properties of the MAC lubricant are detailed in Table 3-2 and further details 

are provided by Dube (Dube et al. 2003). 

 

Table 3-2: Physical properties of MAC Lubricant, Nye Synthetic Oil 2001A 

Properties Units Description/Value 

Molecular Formula -  C16H34 

Molar mass g/mol 226.44 

Appearance - Colourless liquid 

Density  mg/mL 773 

 

3.1.5 Octadecylamine 

Octadecylamine (ODA), 97 % purity, obtained from Sigma Aldrich, is a long 

chain molecule with 18 carbon atoms in its chain.  It has been studied as a friction 

modifier in liquid lubrication with MEMS since ODA adsorbs to form a film on 

silicon surfaces (Reddyhoff et al. 2011) and has also been found to attach to form a 

monolayer on mica surfaces (Benítez et al. 2002a; Benítez et al. 2002b). 
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3.2 Surface analysis equipment and techniques 

3.2.1 Contact angles 

Contact angles were measured to determine the surface free energies of the Si 

wafer surfaces, as previously described. This was carried out using a VCA Optima 

Contact Angle System (AST Product, Inc., USA) with droplets of 0.5 µl. The liquid 

was dispensed using a syringe and the contact angles between the solid-liquid 

interfaces were observed and recorded using a microscope. An image was taken using 

a video-still capture and the contact angle measured using the provided software. 

Contact angles reported in this work are an average of at least five independent 

measurements across a minimum of three samples with the same surface conditions. 

The variation in the contact angles at various locations while measuring is within ± 2˚, 

and the error of measurement within ±1˚.  

 

3.2.2 Surface Profiling 

3.2.2.1 Optical Profiling 

Optical profiling was performed using a Wkyo NT1100 Optical Profiler 

obtained from Veeco Instruments Inc., to investigate the roughness and topography of 

various polished and unpolished surfaces, and to understand the effects of the 

roughness and topography in lubrication effectiveness. This also assists the study of 

lubrication mechanisms. The measurements from the optical profiler are made with 

optical phase-shifting and white-light scanning interferometry, with non-contact static 

measurements, allowing for surfaces to be scanned prior to testing without affecting 

the surface properties or lubricant. The vertical measurement range is between 0.1 nm 

and 1 mm, with a resolution of less than 1 Å, and vertical scan speeds of up to 14.4 
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µm s
-1

. Profiles were taken with an integrated stroboscopic illuminator and conducted 

in a class-100 clean booth. 

 

3.2.2.2 Ellipsometry 

Ellipsometry was conducted to measure the film thickness of uniform films on 

Si surfaces, using a Variable Angle Spectroscopic-Ellipsometer (VASE, J. A. 

Woolam. Co. USA), using wavelengths from 400 nm to 1000 nm at 10 nm intervals. 

The incident angles used for measurements were 65˚, 70˚ and 75˚. Data analysis for 

the measurements was done using WVASE Windows Version 3.352 software. 

Refractive indexes used for the various materials are given in the relevant sections. 

The ellipsometer uses the refraction of a laser (at a given wavelength) due to the 

presence of a film on the reflective surface to determine the thickness of the film. 

 

3.2.3 Microscopy 

3.2.3.1 Field-Emission Scanning Electron Microscopy 

Surface topography of wear tracks and surfaces both prior to and after friction 

and wear tests were examined using a Field Emission Scanning Electron Microscope 

(FESEM) (Hitachi S4300) machine, coupled with an energy dispersive spectrometer 

(EDS) used to investigate the elements on the surface. EDS was used primarily to 

observe and map the relative concentration of the elements detected on the surface, 

particularly those indicative of lubricant present on the surface in question.  
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3.2.3.2 Optical Microscopy 

Optical microscopy was carried out to observe the surface conditions, wear 

tracks and film morphologies on the various surfaces tested, and to observe droplet 

behaviour, shape and profiles.  

3.2.3.3 Surface Area and Spreading Measurements 

Spreading tests for investigation of spreading of liquids were conducted by 

placing a 5 µl droplet of test lubricant containing the various additives on a cleaned 

silicon wafer, and observing their behaviour until a steady state is reached. This 

behaviour was recorded on video and frames were extracted from the videos for 

manual outlining of the droplet and calculation of the area of the droplet with a known 

scale. Surface areas were calculated using image processing and edge identification in 

MATLAB.  

 

3.2.4 Friction and wear tests 

3.2.4.1 Localized Lubrication – “Loc-Lub” 

A novel method of lubrication was implemented and tested for effectiveness 

as part of this work, both for Si wafers on the reciprocating wear tester as well as for 

the MEMs reciprocating tribometer (Sinha et al. 2010).  A schematic of the method of 

lubrication for reciprocating sliding testing is shown in Figure 3-1. 
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Figure 3-1: Schematic of the Loc-Lub setup for reciprocating sliding wear testing 

The “Loc-Lub” setup for Si wafers consists of a needle and syringe coupled 

with a repeating dispenser to deposit the same amount of lubricant each time. All 

components were obtained from Hamilton Pte. Ltd. The needle was positioned at the 

side of the interface between the two silicon wafers, and a set amount of lubricant was 

dispensed during each experiment, kept consistent within each set and indicated per 

each section. The lubricant is believed to be pulled between the unloaded specimens’ 

interface via capillary action depending upon the surface tension of the liquid.  

 

 
Figure 3-2: A video still capture of the Loc-Lub method applied to a reciprocating MEMS tribometer. 

Approximately 0.1 µl of PPFE was dispensed onto the tribometer in this case. 
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The MEMS device “Loc-Lub” setup consists conceptually of a dispensing 

needle with a syringe filled with the lubricant – a burst of pressure, controlled by an 

air pressure regulator, is able to deposit a tiny drop of lubricant on to a surface close 

to the dispensing needle (Figure 3-2). It is undesirable for a lubricant droplet to 

suspend from the needle and then contact with the surface, bringing both surfaces into 

contact with the liquid at the same time, as the devices can be fragile enough for 

surface tension forces to pull the components out of plane and damage the structure – 

often breaking it. Hence, the concept is to shoot a droplet of lubricant on a designated 

location without the needle and the device contacting at any time or the droplet 

bridging the needle and device. The latter, which is to be avoided, is similar to that of 

putting a drop of water from a pointed object to a flat surface by bringing the point 

into contact with the surface – the small scale of MEMS devices means they have 

very low structural stiffness and the devices would not be able to withstand the 

viscous and capillary meniscus forces when in contact with the liquid upon pull-off of 

the point, thereby breaking the device out of plane. The location at which a droplet is 

deposited can be set by moving the stage on which the MEMS device rests, and 

ascertaining the location via live video microscopy. If necessary, test runs for the 

location of the droplet can be carried out on a separate surface or wafer.  

This method will be tested for efficiency and application as part of this work 

in Chapter 4, 5 and 6. 
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3.2.4.2 Reciprocating Wear Tester 

 

 
Figure 3-3: Images of Loc-Lub setup for feasibility verification a) from the side, b) from the front and c) a 

schematic of the reciprocating wear tester 

 

A custom-made reciprocating wear tester was used to investigate linear sliding 

between two surfaces as a method of verifying the effectiveness of the “Loc-Lub” 

method for application of lubricant, as well as to compare wear rates and friction 

coefficient of different lubricants. A schematic of the wear tester is shown in Figure 

3-3 along with an image of the tester itself.  

The reciprocating wear tester moves the base support in oscillating motion, 

with linear amplitude of 2 mm. The upper silicon piece, measuring 2 mm by 2 mm, is 

set into contact on the lower piece, before the silicon ball held on the cantilever is 

lowered onto the top piece, assuring that the two surfaces are in full contact with each 

Cantilever 
Strain Gauges 

Ball with 
glue 

Ball holder 

Top Si piece 

Bottom Si substrate 

Applied Load 

Area 
lubricated 
(from front) 
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other and are levelled with each other prior to sliding motion. Calibrated strain gauges 

attached to the side of the cantilever measure the strain caused by friction between the 

upper Si wafer and the oscillating lower Si wafer at a sampling frequency of 10 Hz, 

with the stage oscillating at 2.5 Hz. The strain measurements are then converted into 

frictional force, and thus coefficient of friction. The deadweight load applied directly 

above the upper Si wafer is 50 g and is later increased for more severe conditions. 

 

3.2.4.3 Reciprocating MEMS Tribometer 

A custom MEMS tribometer was designed, which consists of two main 

components: a sliding component and a contacting component. A schematic of the 

micro-tribometer is shown in Figure 3-4.  

 
Figure 3-4: Schematic of the reciprocating tribometer (Hongbin et al. 2011) 

 

During the friction test, the contacting component is pressed against the 

sliding component using an actuating voltage to control the force, thereby affecting 

the resultant friction. The contact between sidewalls of the two components is 

controlled from this component. The sliding component is dynamically actuated 
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during the test to oscillate while in-plane and in contact with the other component, 

providing the relative motion required for the friction test and to achieve sidewall 

contact. A novel in-plane displacement detection mechanism is used in this design, 

based on laser beam scanning for in-plane grating rotation first developed by Zhou 

and co-workers for high-speed scanning applications (Guangya et al. 2004; Guangya 

et al. 2006; Yu et al. 2009; Zhou et al. 2009a; Zhou et al. 2009b).  In this 

configuration, a diffraction grating is suspended on two beams (Figure 3-5) with one 

beam connected to the substrate as an anchor and the other fixed to the sliding 

component.  Rotation of the grating, in-plane as shown by the indicated arrows, 

occurs upon movement of the sliding structure.  

 

 

Figure 3-5: Schematic of the displacement sensing mechanism, with rotational grating (Hongbin et al. 2011) 

 

The mechanical deflection of the structure can be summarized by Equation 

3.1: 

     
   ( )

   
         (3.1) 

Equation 3-1: Mechanical deflection of MEMS tribometer 

 

YU et al.: CHARACTERIZATION AND REDUCTION OF MEMS SIDEWALL FRICTION 993

Fig. 2. Schematic of the rotational-grating-based displacement sensing
mechanism.

Fig. 3. Model of the suspension structure during operation.

TABLE I
STRUCTURAL DIMENSIONS OF THE ROTATIONAL

GRATING SENSING MECHANISM

By considering the ends connected to the substrate, movable

platform, and rigid grating plate as fixed (due to the much larger

grating diameter compared to the beam width), the boundary

conditions are

y4 = 0
dy1

dx
=

dy4

dx
= 0

dy2

dx
=

dy3

dx
y2 = y3 +

dy2

dx
·d

(2)

where the number of the subscript denotes the value at the

points, as shown in Fig. 3.

Using the structure design parameters given in Table I, the

mechanical relationship between the platform displacement

(y1 ) under test and the resultant grating rotation (dy2 / dx)
can be obtained by solving (1). It can be seen (Fig. 4) that,

within the measurement range of interest, the rotation angle

of the grating linearly increases to 0.79◦ under a platform

displacement of 10 µm.

During the test, a laser beam, acting as the sensing signal, is

first made incident onto the grating, and one of its diffraction

orders is then chosen and collected by a PSD. If grating

rotation, i.e., displacement of the sliding component, occurs,

the transmission direction of diffraction will be changed, thus

causing spot movement on the PSD, as shown in Fig. 5. The

displacement can be eventually measured by monitoring the

output of the PSD.

Fig. 4. Simulation results about the grating rotation angle as a function of the
platform displacement.

Fig. 5. Schematic of rotational grating during operation.

In theoretical analysis, when the laser beam is normally

incident onto the grating platform, the resultant spot movement

of the mth order diffraction on the PSD arranged at distant a

under the effect of grating rotation can be described by

mY = a·tg(φ) mZ =
a

tg(θm )
·

1

cos(φ)
− 1 sin(θm ) = mλ / d

(3)

where mY and mZ are the spot movements along the Y - and

Z -axes, respectively. Φ is the grating rotation angle about the

Z -axis, θm is the diffraction angle of the mth order diffraction,

λ is the laser wavelength, and d is the grating period.

Considering the design parameters adopted (a = 1 m, d =
4 µm, λ = 632.8 nm, and m = 5), the spot movement with

respect to the grating rotation angle can be obtained, as shown

in Fig. 6. It is clear that, compared with the spot movement

along the Z -axis (mZ ) , mY exhibits much larger amplitudes

under the same grating rotation and has a better linear rela-

tionship (variation slope is 17.493 mm/ ◦ ) with the change in

rotation angle. Since the PSD possesses linear output charac-

teristics with respect to the spot movement on it, the resul-

tant larger spot movement will induce a larger PSD output,

demonstrating higher measurement signal-to-noise ratio as well

as sensitivity. Since a better linear relationship between the

parameter under test and system output is desired, the PSD
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where y(x) is the deflection, F and M are the force and moment applied at the tip of 

the sliding component respectively, E is the Young’s Modulus of the material and I is 

the moment of inertia in the displacement direction, where   
   

  
 with structural 

thickness h and width b. 

The tribometer was first calibrated with known voltages to obtain the 

displacement and force constants for each test, and then subsequently the normal 

force and friction force were obtained, allowing for the calculation of coefficient of 

friction. Further details of the device can be found in the literature referenced above. 

The device was run using a normal loading voltage of approximately 50 V during 

wear tests, resulting in a force of about 0.1 mN, and a sliding driving voltage of 

approximately 40 V with a full sliding distance of approximately 6 µm, at a frequency 

of 50 Hz. The displacement signal was observed periodically, and devices were 

considered to have reached their device life when no movement was observed, i.e. the 

friction became too large for sliding to occur, thereby rendering the device non-

functional. 

 

3.2.4.4 Rotational MEMS Tribometer 

A custom made tribometer (Ku et al. 2010) was used to test the friction and 

wear properties of high-sliding MEMS under rotational conditions at various speeds. 

A schematic is given in Figure 3-6. Frictional forces are measured as the torque 

induced on the lower specimen by bringing the upper specimen into contact (loaded) 

and rotated at varying or a constant desired speed. The upper specimen is mounted 

onto a high speed DC motor, whose vertical position is controlled accurately using a 

computer-controlled z-stage. A laser is used to detect the torque induced by friction 

due to rubbing or viscous drag between the two specimens. 
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Figure 3-6: Closeup schematic of tribometer showing springs and loading 

 

Prior to each test, a drop of lubricant was placed on the lower specimen - the 

axes of the disc specimens were aligned using two video cameras and loaded against 

each other.  The required normal force was adjusted by changing the vertical position 

of the upper specimen and motor, utilizing the spring force of the supporting platform.  

Once loaded, tests can be conducted at a constant speed for a fixed duration for wear 

tests, or with stepwise increasing speeds up to a limit for measuring friction behaviour 

over a range of speeds. Frictional torque and normal load was determined by 

multiplying the relevant platform stiffness by their respective displacement. Data 

acquisition and motor control were automated using LabVIEW software, with a 

screenshot shown in Figure 3-7. 
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Figure 3-7: Screenshot of LabView VI used in motor control and data acquisition 

 

Tests were run against a lower specimen surface – a patterned MEMS disc 

with dimensions shown in Figure 3-8, with patterns similar to that of a thrust pad 

bearing with a step height of 50 µm. These were fabricated from silicon wafers with a 

combination of photolithography and through-wafer Deep Reactive Ion Etching 

(DRIE). 

 

 

Figure 3-8: Dimensions of etched stepped pad bearing used in experiments 

 

 

Recessed by 50 µm 
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surface 

2 mm 

22.5 ˚ 



Chapter 3 - Materials and Experimental Methodology 

55 

 

 This equipment was developed by Ku and co-workers (Ku et al. 2010), and 

has been used in their work to study and quantify lubrication of high-sliding MEMS 

contacts (Ku et al. 2011; Reddyhoff et al. 2011; Ku et al. 2012). A photograph of the 

full equipment set-up is shown in Figure 3-9. 

 

 

Figure 3-9: Picture of the rotating MEMS Tribometer, with the laser path indicated with red arrows 

 

3.2.4.5 Spin Tests 

Spin test were conducted on a spinning plate (Figure 3-10) to determine the 

force required to move the droplet from its original applied position on a silicon 

wafer, thereby simulating starvation of lubricant at a point due to gravity- or other 

force-induced flow.  

 

Extended path length of laser 

(red) increases sensitivity 
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Figure 3-10: Schematic for spin tests conducted on a spinning disc, with a silicon specimen and a drop of 

lubrication placed at the tested distance 

 

Radial distances of 40 mm and 20 mm were used on this spinning plate, to 

provide radial forces. The silicon samples were stuck the designated distance from the 

axis of rotation, approximately at the centre of the wafer. The rotating plate was then 

spun at increasing speed and droplet movement observed. When the droplet was seen 

to occupy almost a completely different area on the wafer, the speed at which this 

occurred was recorded and the centrifugal force on the droplet at that instant was 

calculated using the following formula: 

               (3-2) 

Equation 3-2: Formula for centripetal force exerted on liquid droplet under spin tests 

 

where m is the mass of the droplet, r the distance from the axis of rotation, and ω the 

angular velocity.  This force, called the “throw-off force” is then characteristic of the 

force required to cause the liquid drop to move or spread from its original position, 

and therefore indicative of the ability of various investigated surface modifications to 

contain liquid. Each type of surface was tested at least 5 times with consistent results, 

and the average taken. Tests were conducted with two liquids; water and hexadecane, 

both of which have been proposed as liquid lubricants in MEMS (Ku et al. 2011; Ku 

et al. 2012).  

Axis of rotation 

Rotation at measured speed 
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Chapter 4 - Localized Lubrication (“Loc-Lub”) – A Novel 

Method 

This chapter presents a novel method of lubrication of MEMS devices that is designed 

to avoid the problems of flooding of lubricant over an entire MEMS surface, and to 

overcome the difficulty of lubricating MEMS sidewalls (due to their small scale and 

inaccessibility). Experimental results, typical wear and friction data and analysis are 

presented to verify the effectiveness of the method. 
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4.1 Introduction and Objective 

MEMS sidewalls have been known to exhibit large amounts of stiction and 

friction, for example in micro-gears. The small size and cross sectional area as 

compared to plane surfaces make lubricating the sidewall surfaces more challenging 

as there is a smaller surface area for lubricant containment and it is more difficult to 

access the sidewalls after fabrication of the devices. Furthermore, the sidewalls and 

plane surfaces have different surface characteristics due to the different exposure to 

the environments and fabrication processes. Combined with the small size of the gaps, 

which can be as small as 10 µm, both characterizing and lubricating sidewalls have 

proved a challenge. At the same time, it is undesirable for coatings or lubricant to spill 

over or form a layer over the entire surface of the MEMS device as certain 

components require unmodified surfaces to function optimally, such as electric pads 

for actuation. In order to circumvent this problem, a method of applying the lubricant 

to a very small area without affecting the rest of the device and yet remain effective at 

the contact and sliding points was needed. 

A novel method of lubricating sidewalls – “Localized Lubrication” or “Loc-

Lub” – was invented, and first tested on silicon wafers at the macro scale. The friction 

and wear life was tested using various methods, viz. dry, dip-coated, vapour phase 

and “Loc-Lub” method, to ascertain that the novel method was effective. It was also 

subsequently investigated in an actual MEMS tribometer (Chapter 6).  

 

4.2 Materials and Methodology 

Si wafers were used in macro scale tests on a custom-made reciprocating wear 

tester to investigate the effectiveness of the Loc-Lub method in principle, compared to 

various other common methods of lubrication for Si surfaces. The “Loc-Lub” 
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application method used a syringe to apply a fixed amount of PFPE lubricant at the 

interface between the two Si wafers as detailed in Chapter 3. Both the polished 

(smooth) and unpolished (rough) surfaces of the Si wafer were used and the 

roughness measured. 

The novel method was compared to Si wafers lubricated via dip-coating in a 

solution, and Si with PFPE on the surface via a vapour deposition method in which 

the wafer was functionalized with air plasma before being inverted over a solution of 

PFPE in a vacuum chamber. Dip coated was performed by vertically lowering the 

wafer into a solution, and then vertically lifting it out of the solution at the same 

speed, utilizing a dip-coating machine for this purpose (Myo et al. 2008). All three 

surfaces were analysed for the presence of PFPE before and after testing as part of the 

comparison of the techniques. 

All concentrations of PFPE used in this section were of 4 wt% in H-Galden 

unless otherwise indicated. The surfaces were considered to have failed when the 

average coefficient of friction exceeded 0.3, when the frictional measurements 

fluctuate greatly, or when visible wear debris was observed on the surface, whichever 

happened first. For samples that achieved a stable and sustained coefficient of friction 

without failing, the frictional values were also recorded prior to the gradual increase 

of friction leading to failure. 

Other experimental details are elaborated in Chapter 3. 
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4.3 Experimental Results 

4.3.1 Water contact angle measurements 

Table 4-1: Water contact angles for various Si surfaces. All surfaces were lubricated with 4.0wt% PFPE in 

H-Galden solvent. 

Surface & Method of Lubrication Water contact angle (˚) 

Polished Si (uncoated) 5.5 

Unpolished Si (uncoated) 5.7 

Polished Si, Loc-Lub 55.0 

Unpolished Si, Loc-Lub 38.8 

Polished Si, Vapour deposition 25.2 

Polished Si, Dip coated 38.5 

Unpolished Si, Dip coated 30.4 

 

Water contact angle measurements (Table 4-1) were taken to observe the 

differences in surface conditions between specimens with different surface roughness 

and different lubrication application methods.  The changes in water contact angle 

indicate that the Si surfaces have successfully been modified – this is especially 

evident in samples that were dip-coated and under “Loc-Lub”. Uncoated samples and 

samples lubricated showed little change in the contact angles (and therefore surface 

energy). Vapour deposited samples showed an increase in the contact angle lower 

than that induced by dip-coating and “Loc-Lub”, possibly due to the low density of 

PFPE molecules bonded to the surface via the vapour deposition process – this is later 

investigated in the EDS mapping analysis for the surface conditions. As PFPE is 

known to induce a semi-hydrophobic property on the surface, a higher density of 

PFPE molecules on the surface would lead to a higher water contact angle measured.  
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Dip coated specimens were observed to have a high variation in the contact 

angles recorded, compared to the other methods of lubrication. It was also observed 

that a dewetting effect occurred on polished surfaces for dip-coating and “Loc-Lub” 

processes, in which the lubricant solution was not evenly spread over the surface, and 

dewetting marks and droplets could be seen. These uneven spreading and dewetting 

marks could be due to the high concentration used – 4.0 wt% as compared to 0.2 wt% 

as sometimes used in the lubrication of magnetic hard disks. The same dewetting 

marks were not observed on unpolished surfaces probably due to lower visibility on 

the roughness of the surfaces. The effects on both polished and unpolished surfaces, 

and the conglomeration of PFPE droplets or the dewetting will be discussed shortly as 

effects of texturing. 

 

4.3.2 Optical Profiling and Ellipsometry 

The topography of the surfaces before and after lubrication gives a broader 

perspective of the surfaces prior to wear testing, and also provides insight into the 

lubrication mechanisms, as will be later discussed.  
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Figure 4-1: Optical profile images of a) bare unpolished silicon, b) dip-coated unpolished silicon and c) 

unpolished silicon with localized lubrication, with their respective line profiles taken across the centre of the 

scan. Roughness values (Ra) are given beside each profile image. 

 

Polished surfaces were found to have an increase in roughness due to the 

dewetting effect – this provided positive evidence that lubricant was present on the 

surface in sufficient amounts to form droplets. For unpolished surfaces, the Ra 

roughness prior to lubrication was 616 nm, and after lubrication via dip-coating and 

“Loc-Lub” were 576 nm and 414 nm respectively. The reduction in the surface 

roughness is due to the filling up of the lower portions, or the “valleys”, of the 

asperities with the lubricant. This phenomenon also contributes to the improved wear 
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life and friction properties. The presence of the lubricant in excess amounts in the 

“valleys” is also later found to contribute to the greatly improved tribological 

properties, extending the wear life by several orders of magnitude. The optical 

profiles in 3D plane and 2D line graphs for the various surfaces are shown in Figure 

4-1. 

The PFPE present in these valleys provide self-replenishment during the 

sliding of surfaces, improving the tribological properties (Tani et al. 2001). These 

improvements are also investigated and verified in the reciprocating wear tests, 

optical analysis and surface chemical analysis using EDS. 

Ellipsometry, which requires a highly reflective surface, was only conducted 

on polished surfaces due to this experimental constraint. The thicknesses of the 

lubricant films from the different methods of lubrication were measured, showing an 

average film thickness of 4.07 nm for “Loc-Lub” lubricated specimens, 2.40 nm for 

dip-coated specimens, and 0.15 nm for vapour-deposition lubricated specimens.  The 

thickness and amount of lubricant present at the sliding interface also plays a strong 

role in the durability and the coefficient of friction observed which will be realized in 

the later sections. 
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4.3.3 Friction and Wear Life 

 

 

Figure 4-2: Summary of results from Reciprocating Sliding Wear (R.S.W.) and Ball-On-Disc Tests, showing 

the initial and stable coefficient of friction (top) and wear lives of samples (bottom).  Large fluctuations were 

noted in the CoF (even before failure) for all samples except in the case of 4.0% LL. (DC = Dip Coating, LL 

= “Loc-Lub”, VD = Vapour Deposition) 
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Figure 4-3: CoF data, taken over the duration of the test, with respect to the number of reciprocation cycles 

for different lubrication methods and PFPE concentrations for both a) polished and b) unpolished Si 

surfaces. (DC = Dip Coating, LL = “Loc-Lub”, VD = Vapour Deposition) 

 

A summary of the wear life, initial and stable coefficient of friction, as well as 

the friction versus cycles trends of the surfaces lubricated with different methods are 
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shown in Figure 4-2 and 4-3. Initial tests with 1.0 wt% PFPE were carried out but the 

concentration was later increased to accentuate the differences between the methods 

investigated and to further improve the tribological properties. With the increased 

concentration, the stable measured coefficient of friction between two polished Si 

surfaces lubricated via “Loc-Lub” was 0.2, and lasted beyond both the standard test 

length of 6 hours (54,000 cycles) and extended test length of 60 hours (540,000 

cycles). Less visible wear debris along the edges was observed and the surface was 

less scratched, if at all. Both polished and unpolished Si surfaces showed a great 

improvement in the friction and wear properties. The initial coefficient of friction for 

both lubricated surfaces was slightly higher at 0.45, but reduced quickly before any 

scratching or wear of the Si surface could occur. Once the surfaces reached a steady 

state, there was sufficient lubrication to prevent wear from occurring, and to keep 

friction at low levels. Due to the very thin films in vapour deposited samples, the wear 

life was found to be very low and very high friction was exhibited, akin to that of 

uncoated samples.  This method was therefore not investigated beyond the standard 6-

hour wear test. 

For unpolished Si surfaces tested and lubricated under the same conditions 

with “Loc-Lub”, the steady coefficient of friction was 0.1, lower than that of polished 

surfaces, with the initial coefficient of friction only slightly lower at 0.4, compared to 

0.45. This implies that the lubricant initially is not able to cover the entire area of the 

contacting surfaces and hence the high initial friction is caused by the bare silicon 

surfaces rubbing against each other, as will later be supported by EDS mapping scans. 

Similar to the polished surfaces, the high initial coefficient of friction dropped rapidly 

from the start of the test, avoiding any wear or debris, thus also preventing premature 

failure. 
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Both polished and unpolished Si surfaces lubricated under “Loc-Lub” with 4.0 

wt% PFPE lasted beyond 540,000 cycles (60 hours) of reciprocating sliding wear 

tests, with unpolished surfaces showing a significantly lower stable coefficient of 

friction. The reduced friction in the case of textured samples is due to the presence of 

the asperities, which help to dissipate the capillary forces involved when lubricating 

the interfaces. As the film is broken up into smaller regions in a textured surface, the 

capillary forces are reduced due to the discontinuity of the lubricant. This adhesion 

was observed in separating the polished Si specimens after completing an extended 

test – in some cases the glue between the holding ball and upper specimen broke 

under the adhesion force during attempts to separate the specimens. The same 

adhesion was not observed in unpolished surfaces for the reasons stated above. At the 

same time, the excess lubricant stored in the “valleys” of the asperities readily 

provides a source of self-replenishment of the lubricant mobile phase when the 

original mobile phase between the two surfaces has been depleted due to the 

reciprocating sliding action, allowing for lower coefficient of friction at longer 

durations. 

The same wear tests were conducted with only H-Galden solvent as the 

lubricant to eliminate the solvent effect and ensure that the PFPE component is what 

affects the surface. Figure 4-2 and 4-3 show that the wear life and friction properties 

were not affected significantly by the presence of H-Galden, and therefore the 

improved tribological properties were because of the presence of PFPE in the 

solution.  

A comparison of the three methods of lubrication at the same concentration 

show that the “Loc-Lub” method provides the best tribological properties, showing 

the best combination of lowest stable coefficient of friction, the longest wear life, 
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followed by the dip-coated specimens. There was little observable difference between 

the wear lives of the vapour-deposited samples and the uncoated Si samples. It is 

interesting to note that with PFPE, the rough Si surfaces have a lower amount of 

friction and a longer wear life – this phenomenon will be further investigated in later 

sections in this chapter. 
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4.3.4 Surface analysis and film morphology 

Table 4-2: Optical images for the wear tracks of different surfaces under different lubrication methods, 

after 6 hours of R.S.W test. All lubricant concentrations were held at 4.0 wt% 

Method Polished Si Unpolished Si 

Bare Si 

 

 

Dip Coated 

  

“Loc-Lub” 

  

Vapour 

Deposition 

 

N.A. 

  

100µm 

100µm 

 
100µm 

 

100µm 

 

100µm 

 
100µm 

 

100µm 
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Figure 4-4: Optical images at (a) lower magnification (50x) and (b) higher magnification (200x) for bare 

polished silicon. Extensive wear scratches and debris can be seen on the surface. 

 

 
Figure 4-5: Optical Images for unpolished bare Si at (a) lower magnification (50x) and (b) higher 

magnification (200x). Excessive scratching and wear on surface can be observed on the wear track. 

 

 
Figure 4-6: Optical images for unpolished Si LL 4.0% at (a) lower magnification (50x) and (b) higher 

magnification (200x). There was no obvious scratching except some polymer build-up along the edges of the 

wear track. 

 

100µm 

 

Scratches caused by 
wear 

(a) Debris from wear (b) 

100µm 100µm 

(a) (b) 

100µm 100µm 

Polymer buildup 

Polymer buildup 

(a) (b) 

100µm 
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Optical microscopy (Table 4-2) showed a reduction of wear under both the 

dip-coated and “Loc-Lub” lubricated conditions as compared to uncoated Si and Si 

under vapour deposition. No surface wear was observed on “Loc-Lub” specimens for 

up to 60 hours, whereas dip-coated specimens had no wear initially but started to wear 

as the test continued, eventually being extremely worn as the lubricant film failed. 

Presence of the lubricant could be seen on polished surfaces in marks similar to that 

of an oil diffraction coating, primarily on the perimeter of the wear track for samples 

under “Loc-Lub” – this confirms that the lubricant has been partially swept to the 

perimeter during the sliding wear test. Notable differences between the amounts of 

wear debris for different methods of lubrication were observed in tandem with the 

improvement of the tribological properties investigated earlier in the wear tests 

(Figure 4-4, 4-5 and 4-6). Scratching on the surface was most severe in unlubricated 

surfaces and vapour deposited surfaces, in which the wear and scratches were clearly 

visible even by the naked eye. No noticeable difference could be observed between 

these two surfaces, indicating that the film formed by vapour deposition is insufficient 

to provide any form of protection against wear on sliding.  

Dip coated specimens experienced a small amount of scratching, while the 

“Loc-Lub” specimens had no observable scratches even under optical microscopy. 

The same trend was observed for the unpolished surfaces, although a slight “polishing 

effect” was observed under “Loc-Lub” lubrication. The effect of the removal of 

asperities did not increase the friction, and even seems to have contributed to 

improving the tribological properties. 
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Figure 4-7: EDS element maps of fluorine (F) for unpolished Si samples lubricated with 4.0 wt% PFPE 

under a) dip-coating, b) localized lubrication, and c) vapour deposition. 

 

The different methods of lubrication were found to produce different 

distributions of the lubricant film across the surface. EDS analysis was used to detect 

fluorine, which is representative of the PFPE lubricant solution – the EDS element 

maps are shown in Figure 4-7 and provide information on the correlation between the 

method, the distribution of the lubricant and the tribological properties under the test 

conditions. 

The highest density observed on the Si surface was for “Loc-Lub” specimens, 

followed by dip-coated specimens, and then finally vapour deposited specimens and 

uncoated specimens. The distribution density of the lubricant film prior to sliding is 

directly correlated to the tribological properties.  

The amount of lubricant as well as the distribution density is due to the 

difference between the methods and their respective lubricating or bonding 

mechanism. Vapour deposition relies on a functionalized surface to allow the vapour 

molecules of the lubricant to bond onto the surface, creating a molecularly thin film 

on the surface – the vapour deposition method was specifically designed to control the 

thickness of the films to a molecular thickness. Dip coating relies on the surface 

tension of the substrate with the liquid and its wetting by the liquid – again, only a 

thin film is formed as the bulk of the molecules that remain on the surface are in 
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contact with the substrate. “Loose” molecules on top of this first layer are also present 

when they are entangled among the molecules attached to the substrate surface, or 

when the surface tension or viscosity of the liquid is sufficiently high to bring about a 

thicker layer. In the case of PFPE, with a concentration of only 4 wt% in H-Galden, 

the viscosity is maintained at a very low value, particularly since the H-Galden 

solvent evaporates rapidly in exposure to air. Dip-coating has also been recognized as 

a method in which the thickness of the film is controlled within sub-nanometre to 

nanometre thickness (Buttafava et al. 1985; Streator et al. 1991; Gao et al. 1995). The 

Loc-Lub method, however, does not rely on any of these surface factors, and simply 

utilizes mechanical means to dispense a fixed amount of lubricant at the desired 

location, thereby allowing for a greater amount at the desired location. However, due 

to the nature of the method, surfaces and the surrounding areas are not damaged, and 

only the immediate perimeter of the location is affected due to slight spreading of the 

lubricant solution – this helps to achieve the objectives of the method: to provide 

superior wear protection than other methods particularly in the case of inaccessible 

sidewalls and small gaps, and to locally apply lubricant at the required point without 

affecting other portions of the device or surface. 

Another factor that contributes to the good lubricity of the specimens is the 

bonding mechanism – PFPE is known for its dual mobile/bound layer property which 

aids self-replenishment (Tani et al. 2001).  Due to the nature of the vapour-deposition 

method, only the PFPE bound phase is present on the surface, which has been noted 

and shown in this work to give poor tribological properties (Tani et al. 2001; Eapen et 

al. 2002). 
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Figure 4-8: a) FESEM image and b) EDS mapping for the presence of fluorine (F), which is representative 

of PFPE lubricant. The centre of the contact area between the two specimens (circled), upon application, is 

initially not fully lubricated immediately after lubrication. 

 

EDS conducted across various locations on the surface of “Loc-Lub” 

specimens prior to wear testing showed that certain locations were not as lubricated as 

others, mainly in the centre of the contact interface (Figure 4-8). It was concluded that 

the capillary action was insufficient to spread the lubricant across the entire contact 

area, leaving a section of the contact area of about ≤ 15 µm in diameter not 

completely lubricated. Compared to the overall surface area of 4 mm
2
, this area is 

negligible and the method is still deemed suitable for application on MEMS devices 

as the capillary action will cover micro-contacts easily. 

 

Figure 4-9: EDS mapping of element fluorine (F) for (a) area near wear track that has an overflow of 

lubricant, (b) area in the centre of the wear track, both after 540,000 cycles 

 

The distribution densities of PFPE (Figure 4-9) were compared across three 

different locations on a “Loc-Lub” sample, the middle of the contact between the 
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samples (as mentioned above), at lubricated areas around the contact area, and a 

location further away from the contact area or lubricated area. The highest density 

was found at lubricated areas around the contact area, followed by the area in the 

middle of the contact area, and finally negligible traces of lubricant at locations 

further away from the applied area. This profiling of lubricant distribution density 

explains the initial relatively high coefficient of friction for “Loc-Lub” samples, as 

there is a small section in the contact area that remains unlubricated, contributing to 

initial dry sliding. However, upon further sliding the mobile phase of the lubricant 

slides into the lesser-lubricated areas, providing a more uniform film and reducing the 

friction prior to the onset of premature wear. It was also noted that if the lubricant was 

applied and the setup left to rest for a short period, the lubricant is then allowed to 

spread across the interface and the entire area of the contact, including the middle. 

The density profile would then become the same as that in Figure 4-7(b) as opposed 

to Figure 4-8. 

  

Table 4-3: Levels of Element F detected from EDS scans in Figure 4-10 

Surface Condition Normalised Wt% of F Atom% of F 

Dip-coated (4 wt% PFPE), 

Untested 

9.53 11.36 

Dip-Coated (4 wt% PFPE), 

Tested for  6 hrs 

1.17 1.39 

“Loc-Lub” (4 wt% PFPE), 

Untested 

38.37 36.07 

“Loc-Lub” (4 wt% PFPE), 

Tested for 6 hrs 

28.90 28.51 
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Figure 4-10: EDS fluorine mapping for wear tracks of unpolished dip-coated Si samples (a) before and (b) 

after a 6 hour wear test; and samples undergone localized lubrication (c) before and (d) after a 6 hour wear 

test. The amount of fluorine is higher for the “Loc-Lub” 

 

Dip-coated samples showed a much lower level of PFPE presence upon EDS 

mapping (Table 4-3 and Figure 4-10). However, the EDS mapping done on “Loc-

Lub” specimens after the wear test indicates a high level of PFPE still present on the 

surface after 54,000 cycles – this confirms that the lubricant is still present in 

sufficient amounts and protects the surfaces in contact during the sliding motion, 

resulting in low coefficient of friction and low wear as observed throughout the test. 

The highest distribution across the surface, after the wear tests, were detected on the 

wear track surface, due to the sliding-assisted spreading of the lubricant and direct 

application to that area prior to the wear test. The retention of the high density is 

partly due to the self-replenishing properties of the PFPE lubricant, and partly due to 

the presence of the lubricant in excess in the “valleys” of the rough surface which 

remained even when the top layer of lubricant was removed. 

In comparison, the dip coated samples showed a much lower density of 

lubricant after the wear test, as compared in Figure 4-10 and Table 4-3. It should be 

noted that the initial amount of PFPE on the dip coated surface was already much 

lower than that of the “Loc-Lub” surface – it is therefore expected that the self-

replenishment mechanism would not be as concentrated or as effective as that of 

“Loc-Lub”. As mentioned earlier, the reservoirs of mobile phase PFPE stored in the 

a) b) c) d) 
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valleys of the asperities on textured surfaces also provide ready sources to draw upon 

for the self-replenishment process, thus preventing wear. This is evidenced from the 

sustained presence of PFPE under the “Loc-Lub” method after wear testing for 54,000 

cycles, but a considerable drop in the dip coated samples, which is insufficient to 

prevent further wear. In the case of “Loc-Lub” specimens, the lowered level of PFPE 

after the wear test is still sufficient for it to last 540,000 cycles. 

 

4.3.4.1 Effects of texture on the tribological properties upon PFPE lubrication 

The differences in friction and adhesion forces are clearly visible from the 

experimental wear test results: unpolished silicon under “Loc-Lub” 4wt% PFPE gives 

the lowest coefficient of friction and the longest wear life. Adhesion between the 

surfaces when separating after lubrication and wear testing is only observed in the 

polished surfaces and not in unpolished surfaces, implying that the rough texture 

affects the adhesion properties of the lubricated surfaces. Effects of texturing to 

modify the surface properties have previously been investigated (Talke 2000; Tan et 

al. 2006; Krupka et al. 2009; Marchetto et al. 2010; Singh et al. 2011; Tay et al. 2011) 

and are also thought to reduce the stiction, friction and wear in MEMS devices. 

 

Figure 4-11: a) SEM and b) EDS mapping for fluorine (F) of polished dip-coated Si surface. Droplets of 

PFPE, after the solvent has evaporated, were detected on the surface and are indicated by arrows on both 

images 
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The conglomeration of PFPE lubricant on polished dip-coated surfaces 

previously noted, leaving dewetting marks and micro-droplets on the polished 

surfaces, (Figure 4-11) leads to a non-uniform distribution of PFPE. The extremely 

low roughness of the surface would contribute to the agglomeration of the high 

concentration of PFPE solution as the solvent evaporates – this is avoided in the case 

of unpolished surfaces as the lubricant solution sinks into the valleys between the 

asperities, allowing for a more uniform distribution on the topmost surface layer. This 

is also shown in the optical profiling, where the roughness of the surface is reduced 

upon lubrication – however, due to the transparency of the lubrication solution, only a 

small relative reduction was detected. 

It is therefore proposed in this work that texturing not only provides a lower 

real contact area, thereby reducing stiction, but also physically acts as a temporary 

reservoir or storage for mobile phases of lubricant, allowing for easy access during 

instances of depletion and assisting the replenishment process. Eapen and co-workers 

have shown that PFPE lubrication exhibit good friction and wear characteristics when 

both the bonded and mobile layer are present, and no remarkable improvement when 

only bonded or only mobile layer is present (Eapen et al. 2002). EDS scans on both 

unpolished and polished surfaces also reveal that a greater amount of PFPE was 

detected on unpolished surfaces having been tested for 54,000 cycles, implying that 

the texturing indeed allows for more effective replenishment and therefore lead to 

improved lubrication of the surfaces compared to the polished surfaces under the 

same conditions. 

The unpolished surface also prevents excessive sweeping of the lubricant to 

the edges of the wear track by giving the lubricant enclaves in which to reside, 

allowing for an extended wear life. This also prevents the surface tension forces 
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between the sliding surface and the liquid to draw out too much liquid at one shot. 

The absence of these enclaves on the polished smooth surfaces allow the sliding 

motion to sweep away the lubricant, resulting in a decreased amount of lubricant 

detected on the surface and observed as a build-up around the perimeter of the wear 

track. This removes the mobile layer of PFPE and greatly decreases the wear and 

friction prevention properties.  

This same effect is also present in the “polishing effect” observed in the rough 

surfaces upon sliding. Although asperities have been removed during the wear test, 

the stable coefficient of friction remains low – this is attributed to the release of 

excess lubricant, which prevented third-body abrasion from taking place, effectively 

increasing the thickness of the film or amount of lubricant when required. As a result 

of the combination of effects discussed above, the unpolished surfaces exhibit better 

tribological properties. It is thought that the same effects can be translated to 

relatively rough surfaces on MEMS devices at the smaller scale as well.  

 

4.4 Conclusion 

By comparing various methods of lubrication, the “Loc-Lub” method has been 

proven to be effective in reducing friction and wear against reciprocating sliding 

surfaces, both polished and unpolished. The friction and wear properties were shown 

to be the best among the three compared methods of lubrication. Local application of 

lubricant to the desired point has not only been shown to prevent wear and lower 

friction, but leave the rest of the surface untouched – this can be adapted for 

application on MEMS devices in which the bulk surface of the MEMS device must 

remain unmodified for functionality, and will be particularly useful for lubricating the 

small gaps in sidewalls which are difficult to access. This system has been 
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implemented in actual MEMS devices for further study on the effectiveness of 

reduction of friction and wear of sidewalls under “Loc-Lub”. 

Among the three methods compared, vapour deposition showed no evidence 

of self-replenishment and had the worst friction and wear properties, due to the 

complete absence of the mobile layer.  Dip coated specimens showed signs of self-

replenishment, but insufficient to prevent wear over extended test lengths.  The 

lubricant films eventually failed and caused the surface to exhibit high levels of 

friction.  Although reciprocating sliding wear is thought to assist self-replenishment 

of lubricant due to the oscillatory motion, only “Loc-Lub” specimens show evidence 

of self-replenishment in sufficient amounts to last an extended test at the lowest 

observed friction of the three samples. 

Rough unpolished surfaces showed better tribological properties due to the 

availability of excess mobile phase PFPE, both in the valleys of the asperities as well 

as the surrounding around of the wear track. Unpolished surfaces also exhibited little 

adhesion when the samples were separated due to the alleviation of the surface 

tension forces between the lubricated surfaces caused by the texturing. Textured 

surfaces tend to provide discontinuity in the liquid film between the surfaces and 

hence are easily fractured when the surfaces are pulled apart. 
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Chapter 5  - Comparison of MAC and PFPE Lubricants 

under “Loc-Lub” 

The type of lubricant used varies from material to material, often due to compatibility 

as well as performance issues. Different lubricants exhibit different results under the 

same conditions. This chapter compares the tribological performance of a MAC and 

PFPE lubricant under “Loc-Lub”, and also ensures that the technique can be 

performed using various types of lubricant solution without detrimental effect. MAC 

was found to exhibit lower wear rates and higher wear prevention, even at higher 

loads, when compared to PFPE, and this was largely attributed to its cohesive 

behaviour within the contacts. 
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5.1 Introduction and Objective 

The “Loc-Lub” method has been successfully proved in the previous chapter 

to work with a known perfluoropolyether (PFPE) lubricant, Z-dol 4000, and found to 

reduce the wear life by several orders of magnitude and to lower friction 

considerably. Another kind of lubricant is used with the same comparison techniques 

in this chapter - the purpose in this study is twofold: firstly, to ascertain the versatility 

of the “Loc-Lub” technique in using various lubricants, and secondly to compare the 

performance of a multiply-alkylated cyclopentane (MAC) lubricant against that of a 

PFPE lubricant, for use on MEMS devices. 

 

5.2 Materials and methodology 

The same reciprocating sliding wear tester as introduced in Chapter 4 was 

used, with PFPE and MAC as the lubricants, and with silicon wafers as the substrates. 

Both lubricant solutions were kept at 4.0 wt% for consistency. Surfaces were 

considered to have failed when any of the following occurred: the measured 

coefficient of friction went above 0.3, the coefficient of friction experienced large 

fluctuations, or the surfaces had visible wear and debris pileup.  

 

5.3 Experimental results 

5.3.1 Contact Angle Measurements 

Water contact angles were taken on surfaces coated with various lubricants 

and methods, as summarized in Table 5-1. Bare Si after cleaning in air plasma 

showed water contact angles of 5.5˚ for polished surface and 5.7˚ for unpolished 
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surfaces, while the water contact angles for PFPE shown are the same as those 

presented in the previous chapter. 

 

Table 5-1: Water contact angles for silicon surface lubricated with various methods and lubricants 

Water contact angles (˚) / 

Surface Conditions 

MAC lubricant PFPE lubricant 

Polished, Dip-coated 46.3 38.5 

Unpolished, Dip-coated 56.0 30.4 

Polished, Loc-Lub - 55.0 

Unpolished, Loc-Lub - 38.8 

 

The contact angle measurements for samples lubricated with MAC via the 

“Loc-Lub” method could not be carried out as the lubricant remained as a cohesive 

droplet on the Si surface, making it impossible to deposit a water droplet on top of it. 

As a result, the main points of comparison are that of the dip-coated samples and it 

was observed that the water contact angles taken on MAC lubricant were generally 

higher than that of PFPE samples, implying a surface with lower surface energy when 

using MAC lubricant. 

 

5.3.2 Spreading of lubricant  

The cohesiveness of the MAC lubricant mentioned prompted an investigation 

into the behaviour of MAC lubricant when a small amount (approximately 0.1 µL) 

was deposited on a clean Si surface via the Loc-Lub method. The spreading of both 

lubricants were noted to be very different, with PFPE spreading rapidly upon 

application, forming a film with no discernible shape on the surface after 1 hour, but 
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with MAC remaining as an approximately circular droplet even after 24 hours (Figure 

5-1) 

 

 

 
 

Figure 5-1: Spreading of MAC and PFPE lubricant with droplets outlined, showing the spreading of MAC 

lubricant a) upon dispense, b) 1 hour after dispense, c) 24 hours after dispense and PFPE lubricant d) upon 

dispense and e) 1 hour after dispense with no discernible shape, on cleaned Si surfaces. Approximately 100 

nL of each solution was dispensed on the surface using the “Loc-Lub” method. 

 

Spreading of MAC is thus observed to be very limited, and usually reaches a 

stable state with no further change after the first 6 hours. These observations it can be 

suggest that PFPE, with its much higher propensity and rate of spreading, may 

provide very good self-replenishing properties, but its mobile layer may also be more 

easily spread or swept away from the interface, effectively losing lubricity.  

1  mm 1  mm 

1  mm 

1  mm 1  mm 

(a) 
(b) 

(c) 

(d) (e) 

MAC 0 hrs 
hrs

  MAC 0 hrs 

MAC 1 hrs 

MAC 24 hrs 

PFPE 0 hrs PFPE 1 hrs 
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The cohesiveness of MAC lubricant to itself can be attributed to the higher 

surface tension of the liquid – approximately 32 dynes/cm for neat Nye Synthetic Oil 

2001A, compared to 23 dynes/cm for neat Fomblin Z-dol 4000. This would imply that 

MAC lubricant is less likely to break apart into smaller droplets or spread, and 

therefore be less easily removed from the contacting interface. 

Spreading of lubricants was also investigated by performing Loc-Lub between 

a smaller silicon wafer (the upper piece used in wear tests) and a glass slide cleaned in 

the same manner as the normal, larger silicon counterface; this allows for observation 

of spreading while the surfaces are in contact, and upon removal of contact. The 

optical images are summarized in Table 5-2. 

 

Table 5-2: Spreading of lubricants during and after contact when applied with the “Loc-Lub” method, 

using a glass slide as the larger counterface and a diced silicon wafer as the smaller counterface. The 

surfaces were cleaned in the same manner to mimic the actual performance and behaviour with two silicon 

surfaces as close as possible 

 
During contact between 

Si (lower) and glass 

(upper) surfaces 

Si surface (lower) after 

prior contact and 

separation 

Glass surface (upper) 

after prior contact and 

separation 

4 wt% 

PFPE 

   

4 wt% 

MAC 

   

 

The application of both lubricant solutions with the aforementioned substrates 

revealed great differences between the behaviours of the two lubricants at the 

interface and upon surface separation. PFPE formed a thin, continuous film upon 

500 µm 500 µm 500 µm 

500 µm 500 µm 500 µm 
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application while the two surfaces were in contact with no load applied. This visible 

spread of lubricant on the surface only changed slightly when the two surfaces were 

separated and the movement could be attributed to the meniscus and surface tension 

effects of the liquid. MAC lubricant, however, remained in distinctly discrete droplets 

– merely flattening under contact, and once normal contact was removed, not wetting 

either surface uniformly, as opposed to forming a film over the entire area.  

The differences of the spreading behaviour are believed to cause different 

lubricating mechanisms – the lack of spreading of MAC lubricant will reduce the 

propensity for depletion upon sliding, as the lubricant cohesiveness prevents 

excessive sweeping of lubricant and depletion at the sliding contact. This in turn 

reduces the critical need for self-replenishment, but also implies that self-

replenishment will not be present to the same extent as PFPE should it be required. In 

contrast, PFPE with its dual-layer lubrication mechanism spreads easily and its self-

replenishing effects are well investigated – however, the ease of spreading would also 

imply that the lubricant will be more easily swept aside and expose the surface more 

readily as a thinner layer is formed.  The tribological implications of these differences 

in the lubricants’ final performance depend heavily on the test conditions, and will be 

further investigated when compared in the wear tests and film morphology. 
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5.3.3 Reciprocating Wear Tests 

 
Figure 5-2: Initial coefficient of friction for various lubricated Si surfaces under dip-coating (DC) and “Loc-

Lub” (LL), conducted with the reciprocating wear test machine at a speed of 5 mm s-1 and 50 g load 

 

 
Figure 5-3: Final coefficient of friction for samples that did not fail after 54,000 cycles (6 hour wear test), 

under dip-coating (DC) and "Loc-Lub" (LL) at a reciprocating speed of 5 mm s-1 and 50 g load 
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Figure 5-4: Wear lives (vertical log scale) of various Si samples lubricated via dip-coating (DC) and “Loc-

Lub” method (LL), at a reciprocating speed of 5 mm s-1 and 50 g load 

 

The initial coefficients of friction, final coefficients of friction for samples that 

did not fail during the 6-hour (54,000 cycles) tests and the wear lives of all samples 

are presented in Figure 5-2, 5-3 and 5-4, respectively. Surfaces that did not fail after 

the first 54,000 cycles were further tested to 540,000 cycles for comparison and are 

labelled appropriately in Figure 5-4. The final coefficient of friction for dip-coated 

PFPE polished Si surfaces and dip-coated unpolished surfaces for both MAC and 

PFPE lubricants could not be determined as a stable coefficient of friction could not 

be measured; the measured friction coefficient either had a continual increase or 

experienced great fluctuations - they were therefore considered to have failed. The 

overall view in Figure 5-4 shows a general improvement of wear life when using 

MAC lubricant, and all measured coefficients of friction were lower when tested with 

MAC lubricant as compared to PFPE lubricant.  
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When observing the raw test data at the start of the test, akin to the initial 

coefficient of friction presented in Figure 5-2, the samples that were lubricated with 

MAC lubricant did not have a discernible running-in time, while the samples with 

PFPE experienced a significant amount of time at a higher level of friction before 

stabilizing at a lower level. 

Wear tests were then conducted with the same parameters, but at higher loads 

of 70 and 100 g, for more extreme conditions to compare the properties of MAC and 

PFPE lubricated surfaces. The results are summarized in Table 5-3. 

 

Table 5-3: Initial and final coefficients of friction for wear tests conducted at higher loads and with various 

lubricants under Loc-Lub. Final COF was taken after 540,000 cycles 

Lubricant  Load (g) Initial COF Final COF 

PFPE 0.4 wt% 70 0.195 0.10 

PFPE 4 wt% 70 0.147 0.075 

PFPE 4 wt% 100 0.125 0.073 

MAC 0.4 wt% 70 0.19 0.11 

MAC 4 wt% 70 0.23 0.09 

MAC 4 wt% 100 0.155 0.075 

 

As both PFPE and MAC lubricants showed low friction coefficient at higher 

loads, even after 540,000 cycles, surface analysis via microscopy was carried out to 

investigate the conditions of the surfaces and to compare the two.  
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5.3.4 Optical Microscopy 

 

 
Figure 5-5: Silicon surfaces lubricated via dip-coating before wear test; a) Polished Si dip-coated with MAC, 

b) Polished Si dip-coated with PFPE, c) Unpolished Si dip-coated with MAC, and d) Unpolished Si dip-

coated with PFPE. Due to the roughness of the unpolished surfaces, no discernible differences could be 

observed. 

 

Observations for dip-coated specimens prior to wear testing once again showed 

the propensity for MAC to dewet the surface and form a discontinuous film with 

many micro-droplets, as compared to PFPE, which formed a uniform film over the 

silicon surface (Figure 5-5).  

  

100 µm 

100 µm 

100 µm 

100 µm 

(a) (b) 

(c) (d) 
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Figure 5-6: Optical images of Si samples dip-coated with MAC and PFPE lubricant at 4.0 wt% after 6 

hours (54,000) cycles of reciprocating sliding wear, at a reciprocating speed of 5mm s-1 and 50 g load 

 Unpolished Polished 

MAC 

  
PFPE 

  
 

Figure 5-7: Optical images of silicon surfaces lubricated with “Loc-Lub” method with MAC and PFPE 

lubricant at 4.0 wt%, after 60 hours (540,000) cycles of wear tests, at a reciprocating speed of 5 mm s-1 and 

50 g load 

 Unpolished Polished 

MAC 

  
PFPE 
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Optical microscopy conducted on all tested surfaces (Figure 5-6 and 5-7) 

showed no scratches on polished silicon surfaces for both techniques and both 

lubricants tested, indicating that no visible wear has taken place on the contact 

surface; this is in agreement to the results shown in Figure 5-3, with low coefficient of 

friction observed beyond the duration of the test. Scratches were evident on 

unpolished dip-coated samples using MAC lubricant, and a polishing effect for 

samples under “Loc-Lub” with MAC lubricant, akin to those observed for PFPE - this 

was observed in this study as well as in Chapter 4. No evident scratches were present 

on any of the surfaces lubricated by “Loc-Lub”, regardless of the lubricant used.  
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Table 5-4: Optical images of wear track on polished silicon surfaces for various concentrations and  types of 

lubricants and loads, after 540,000 cycles (60 hours) of reciprocating wear tests at 5 mm s-1 

Conc. 

(wt%) 

Load PFPE lubricant MAC lubricant  

4% 70g 

  
4% 100g 

  
0.4% 70g 

 

 

 
 

 
  

100 µm 

500 µm 

500 µm 500 µm 

500 µm 

500 µm 

500 µm 

500 µm 
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Table 5-4Table 5-4 presents a summary of the optical images of surfaces after 

wear tests had been conducted at higher loads (70 and 100 g), revealing a significant 

amount of build-up around the wear track perimeter for PFPE lubricated surfaces. A 

test conducted at a lower lubricant concentration in solution (0.4 wt%) for both 

lubricants resulted in wear on both the top and bottom surfaces for PFPE lubricated 

specimens, but only polymer build-up on MAC lubricated specimens at lower 

magnifications. Wear scars were observed, but required much higher magnifications 

to appear visible (Figure 5-8). 

 

 

Figure 5-8: Optical image of wear track on polished silicon surface tested at 70g load and lubricated via 

“Loc-Lub” with 0.4 wt% MAC, after 540,000 cycles of wear test at 5 mm s-1 
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Figure 5-9: Optical images of wear tracks for polished silicon surfaces after testing for 54,000 cycles at 5 

mm s-1 and 70 g load for a) 0.4 wt% PFPE, b) 4 wt% PFPE, c) 0.4 wt% MAC and d) 4 wt% MAC 

 

Wear scars were also examined for wear tracks on polished silicon surfaces 

after 54,000 cycles at 70 g, with two different concentrations of each lubricant (Figure 

5-9). Lower levels of wear were observed and expected with high concentrations of 

lubricant, and less debris from the silicon surface was observed when comparing 

surfaces lubricated with 4 wt% MAC lubricant to PFPE lubricant at the same 

concentration. The visible lack of wear and the differences between the resulting 

surfaces suggests strongly that MAC lubricant is more effective at preventing wear.  

The optical images taken after the tests show the same cohesive behaviour for 

MAC and uniform spreading for PFPE lubricant as presented earlier in Figure 5-1, 

Figure 5-5 and Table 5-2. This cohesive behaviour of MAC lubricant has thus far 

shown to be beneficial for maintaining a lubricant layer between the two flat surfaces, 

reducing the need for self-replenishment. The cohesiveness is also thought to 

500 µm 
a) b) 

d) c) 
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successfully prevent direct contact between the surfaces, in particular the smooth 

polished surfaces.  

 

5.3.5 FESEM and EDS analysis 

 

FESEM imaging along with EDS mapping of the surfaces revealed a 

detectable weight percentage of either lubricant on the surfaces – for MAC, the 

characteristic element is carbon, while for PFPE it is fluorine. As the lubricant 

compounds are of different molecular weight and are present in their respective 

compounds in the lubricant in differing amounts, the relative contents and numerical 

values of the element cannot be used as a comparison of the amount of lubricant. 

However, the density at which the element appears in the image mapping can be used 

as a comparative analysis of the extent of the presence of each lubricant and the 

position on the surface. The relative reduction in the individual weight percentages 

can also be used as an indicator of the amount of lubricant removed from the mapped 

area. 

 
 

Figure 5-10: FESEM (left) and EDS mapping (right) for element C on silicon surfaces dip-coated with MAC 

lubricant (4 wt%), untested, and taken at 200x magnification 
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Figure 5-11: FESEM (left) and EDS mapping (right) for element C on silicon surfaces dip-coated with MAC 

lubricant, after 540,000 cycles (60 hours) of reciprocating wear tests at 5 mm s-1 and 50 g load, taken at 200x 

magnification 

 

MAC lubricant was once again noted to form mist-like micro-droplets on the 

silicon surface (Figure 5-10). This was evident on both the upper and lower silicon 

piece, and the EDS mapping clearly shows its tendency to conglomerate and form 

droplets even when coated on a surface with high surface energies such as silicon.  

Even though only a sparse distribution of MAC lubricant was mapped prior to tests 

(Figure 5-10), the layer appears to have sufficiently lubricated the surfaces, as shown 

by the low levels of friction and reduced wear presented in Figure 5-1, 5-3 and 5-4. 

The small droplets are believed to eventually aggregate during the wear tests due to 

the sliding motion before spreading over the surface as shown in Figure 5-11.  

 

5.4 Discussion 

A general comparison between PFPE and MAC lubricant friction and wear 

performance, combined with surface characterization, shows that the MAC lubricant 

exhibits better wear prevention and lower friction for the flat-on-flat geometry 

studied. Compared to PFPE lubricants investigated in Chapter 4, MAC has also been 

shown to provide longer-lasting lubrication on polished silicon, with the prolonged 
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presence of the film.  These improved tribological properties observed are due to a 

number of differences between the lubricants behaviour. PFPE is known to form an 

extremely thin lubricant film, which makes it highly suited for application such as the 

lubrication of magnetic disk drives, where contacting surfaces move very close to 

each other (Sinha et al. 2003; Li et al. 2011). MAC, on the other hand, has been 

discovered to de-wet silicon surfaces, which, combined with its high mobility, enables 

it to replenish itself in depleted areas within the contact by capillary movement along 

with the contact (Ma et al. 2007). MAC therefore shares the same self-replenishing 

property as PFPE, but without the loss to the contact zone.  

However, as PFPE only forms a very thin layer on the surface it is applied to, 

the availability of the lubricant for self-replenishment over a longer period of time is 

lessened compared to that of MAC, possibly also due to the spreading of the lubricant 

outside the wear track. Since MAC droplets have a tendency to stay intact and 

cohesive instead of spreading thinly on the surface (due to the de-wetting effect), they 

create a persistent and comparatively thicker film between the two sliding surfaces. 

This decreases the chances of direct contact and reduces asperity interlocking, and 

avoids depletion due to increasing contact area, which is in contrast to PFPE 

behaviour. 

The absence of running-in friction or a high initial coefficient of friction for 

MAC lubricant under these conditions suggest that the MAC lubricant may show a 

better performance in lubricating MEMS devices under reciprocating sliding. This is 

exceptionally important as a high initial coefficient of friction at the start of the 

movement of the component may provide enough force to damage or wear the 

component from the start. In addition to low initial coefficient of friction, low friction 
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was observed throughout the duration of the test – even after 540,000 cycles, minimal 

wear could be detected on the surfaces.  

FESEM and EDS imaging as well as optical microscopy revealed that the 

surfaces lubricated with MAC lubricant were not evenly coated, even prior to testing, 

and individual droplets of MAC lubricant were discernible either under high 

magnification or EDS mapping of the lubricated surface. At the same time, the low 

volatility and spreading of MAC lubricant would imply the presence of a continuous 

liquid film between the surfaces when sliding occurs, effectively reducing boundary 

friction on contacts. The resistance of the liquid film to flow away from the contacting 

surfaces when the surfaces slide across each other ensures that lubricant is not easily 

swept aside or depleted at the contact – this is a combination of both the capillary 

forces as well as the cohesiveness of the lubricant itself. This behaviour was also 

confirmed with investigation of the spreading of the two lubricants over time.  

Examination of the wear tracks using EDS showed that the lubricant presence 

was still detectable after 540,000 cycles of sliding tests, showing that a persistent film 

does indeed exist between the surfaces during sliding. The effect of the cohesiveness 

and lubricity of MAC lubricant, if present to a sufficient extent, may make it possible 

to eliminate the need for self-replenishing altogether.  

It was believed that the major factor responsible for the lubricants’ differences 

in performance was the volume of the lubricant at the contacting interfaces (i.e. on the 

wear track), especially when comparing the two dip-coated specimens.  The thickness 

of the lubricant layer on the Si surface by dip-coating is known to be affected by the 

withdrawal speed, the duration of the dipping and the concentration of the lubricant 

solution. The density and viscosity of the lubricant also affects the thickness of the 

layer in the coating. As all factors are kept constant for both lubricants, the thickness 
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of the lubricant film, and therefore the volume of lubricant, should theoretically be the 

same. However, it is the differences in viscosity and surface tension that cause MAC 

lubricant droplets to form, thus resulting in differing “film morphology” and 

eventually leading to different tribological properties when compared with PFPE. The 

surface tension also affects the lubricant’s cohesiveness and its ability to form a 

continuous layer under certain conditions, thereby providing better lubricity as contact 

is completely avoided. 

Differences in the polished and unpolished Si surfaces tested between 

lubricants depend on the nature of the lubricant’s cohesiveness, controlled by the 

surface tension in particular. PFPE is believed to show lower friction coefficient on 

unpolished surfaces due to the collection of the lubricant in the valleys of the 

asperities, adding to the effectiveness of the self-replenishment property that PFPE is 

known for. This increases the lubricity of PFPE under these conditions, as there is a 

ready source of replenishment when the thin lubricant layer is swept away.  

MAC lubricant, on the other hand, is extremely cohesive and therefore 

provides a layer between the two surfaces due to the high surface tension. This 

lubricant layer is most effective between two smooth surfaces where the lubricant is 

maintained as a complete layer, separating the surface from solid-solid contact during 

sliding. In the presence of asperities, this layer is broken up, with the tips of the 

asperities on the Si wafer coming into contact with each other. This solid-solid 

contact between the unpolished surfaces causes higher friction compared to smooth, 

polished surfaces as the lubricant layer is interrupted. The advantages of de-wetting of 

MAC on wear life may be reduced for unpolished surface as can be seen in the dip-

coated/unpolished results for PFPE and MAC.  
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The reason why the initial and final coefficients of friction appear to be 

slightly lower at higher loads is unknown and bears further research. 

 

5.5 Conclusion 

With improved friction and wear properties and a slightly differing lubrication 

mechanism, Multiple-Alkylated Cyclopentanes (MAC) lubricants have been shown to 

be a more effective lubricant than perfluoropolyethers (PFPE) under flat-on-flat 

reciprocating sliding wear conditions, particularly when using the “Loc-Lub” method. 

The improvement extends to all three areas of the tribological properties investigated 

– the initial coefficient of friction, the stable (in-use) coefficient of friction, and the 

overall wear life of the surfaces – and shows remarkable improvement on all 

accounts.  Given that MAC lubricants also have very high thermal stability and 

possess the ability to lubricate various surfaces, as well as proven feasibility in the 

Loc-Lub method for application onto a local, small area, it presents itself to be a 

strong candidate for implementation in MEMS devices.  

The use of MAC will then be further investigated in actual micro devices in 

sliding and reciprocating motion, particularly in liquid lubrication. 
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Chapter 6 - “Localized Lubrication” on Reciprocating 

MEMS Contacts 

Having verified the practical use of the “Loc-Lub” method with different lubricants, 

the method is then applied to lubricate custom-made reciprocating MEMS devices. 

This chapter presents the tribological study of the use of the “Loc-Lub” method on 

custom-made MEMS tribometer devices, using both Multiply-Alkylated 

Cyclopentanes (MACs) and Perfluoropolyether (PFPE) lubricants.  The wear lives of 

the devices are studied and the lubricating mechanisms for the two lubricants used 

investigated. 
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6.1 Introduction 

MEMS sidewall lubrication offers a tougher challenge than lubrication of 

plane surfaces in MEMS, due to the difference in surface properties, topography, and 

inaccessibility of the small gaps (Ashurst et al. 2003b). Furthermore, the 

characteristics of sidewalls are not documented in depth because of these restrictions, 

and may vary with factors such as fabrication methods or exposure to environment or 

etching media.  

In addition to the feasibility tests and comparison of MACs and PFPE 

lubricants on silicon wafers described in the previous two chapters, tests were also 

carried out on the custom-designed reciprocating MEMS tribometer detailed in 

Chapter 3 (Figure 3-4 and 3-5) to ascertain the tribological effects of lubrication via 

the “Loc-Lub” method. Devices were tested either dry (unlubricated) or having been 

lubricated under the “Loc-Lub” method with a droplet of PFPE or MAC solution in 

H-Galden or n-hexane respectively. The concentrations of the lubricant solutions used 

were 4.0 wt%. Detailed experimental procedures are presented in Chapter 3. 

The voltage output signal from the device is in the form of a high-frequency 

sinusoidal curve, representative of the frictional force experienced between 

components. As a wear test continues, friction slowly increases to the point where the 

reciprocating component can no longer slide against the contacting component.  

Device lifetime is considered to have been reached when the sinusoidal curve 

observed decreases to a straight line, resulting in a sudden drop in the displacement 

values measured from the diffraction grating. 
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6.2 Results 

6.2.1 Wear Tests 

The friction tests conducted showed varying friction trends, making the 

comparison of the friction trends difficult – the discrepancies and difficulties will be 

discussed in a later section. Comparison of the device life, however, showed a 

consistent and striking increase in the device lifetime when lubricated with PFPE, and 

a slightly lower increase when lubricated with MAC lubricant, as compared to dry 

tests. Data sets for the PFPE and MAC lubricated tribometers are shown in Figures 6-

1 and 6-2, and the results of the lifetimes are summarized in Figure 6-3.  The voltage 

values (y-axis) in Figures 6-1 and 6-2 are arbitrary values and represent a nominal 

displacement of the diffraction fringes.  As the positions of these fringes are not 

exactly the same, these values are not representative of the actual levels of friction, 

and merely indicate that there is motion. A sharp drop in the displacement voltage 

values, as shown in Figure 6-2, serves to indicate a sudden stop in the movement of 

the device (i.e. device failure). 

 

 



Chapter 6 – “Localized Lubrication” on Reciprocating MEMS Contacts 

105 

 

 
Figure 6-1: Graph of PSD displacement voltage versus cycles for a PFPE-lubricated MEMS reciprocating 

tribometer. The device continued to move and therefore had not reached its lifetime even after 13,000,000 

cycles. 

 

 
Figure 6-2: Graph of PSD Displacement voltage versus cycles for a MAC-lubricated MEMS reciprocating 

tribometer. This device suddenly stopped moving, as evidenced by a sudden drop in the displacement 

voltage after a period of approximately 1,800,000 cycles. 
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Figure 6-3: Device life of MEMS Reciprocating Tribometers when under dry conditions and lubricated via 

“Loc-Lub” with PFPE or MAC. Tests were repeated with at least three consistent values, and PFPE 

lubricated specimens did not fail within the duration of the test. 

 

Despite previous work showing an improved wear life of silicon surfaces 

under MAC lubrication compared to PFPE lubrication for smooth flat surfaces 

(Figure 5-2, 5-3 and 5-4) the opposite is evident on the MEMS tribometer devices.  

With PFPE the devices operated for more than 3 days (more than 13,000,000 cycles) 

and experiments were halted without failure, whereas those lubricated with MAC last 

for only approximately 1,600,000 cycles. Tests were repeated with at least three 

consistent values and repeats were close, with scatter much less than the difference 

between the two lubricants, as shown in Figure 6-1. The differences in the behaviour 

of the two lubricants will be discussed shortly.  

Surface analysis was conducted by FESEM and EDS examination of the 

contacts, to provide insight into the conditions of the contacts. 
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6.2.2 Surface analysis 

6.2.2.1 FESEM/EDS 

FESEM images taken of the sidewall contacts after testing are shown in 

Figure 6-4 for PFPE lubrication.  

 

 

Figure 6-4: FESEM images of the MEMS Tribometer device, showing a) contacts lubricated with PFPE 

(x400), b) sidewall of the flat contact at x450 magnification, c) x2000 magnification, and d) x4500 

magnification 

 

The images show clearly that the sidewalls were not uniformly flat and had 

signs of etching from the fabrication and processing of the devices. These grooves 

were visible on dry, untested device sidewalls as well as on the lubricated and tested 

ones. Although not visible or detectable, it is also possible that the sidewalls are not 

perfectly vertical due to uncontrollable factors in the fabrication process, resulting in a 

lower contact area than designed. These features will affect the friction trends and 

possibly cause the variation in friction observed between devices. The effects of the 

a) b) 

c) d) 

100 µm 100 µm 

20 µm 10 µm 
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observed surface features on the tribological properties will be discussed in a later 

section. 

For dry and MAC-lubricated specimens, no visible wear was observed on the 

surfaces, even after failure – this is due to the fact that the friction experienced by the 

device was strong enough to hinder and eventually halt the movement of the devices. 

This leads to a situation of complete stiction where the adhesive force between the 

surfaces is larger than that of the actuating force and all the movements of the actuator 

are accommodated by the elastic deformation of the structure. As such, the onset of 

wear has not occurred within the device lifetime. PFPE specimens also showed no 

wear debris, which is to be expected, as the devices do not fail within the experiment 

limit of 3 days. 

The EDS mapping scans in Figure 6-5 and 6-6 show a significant amount of 

lubricant on surfaces that have been lubricated with PFPE prior to testing – this shows 

that the lubrication method is successful in delivering the lubricant to the sidewall 

surfaces, thereby extending the device life.  

 

 
Figure 6-5: FESEM and EDS imaging scans on untested PFPE lubricated devices, with fluorine as the 

representative element of PFPE 

 



Chapter 6 – “Localized Lubrication” on Reciprocating MEMS Contacts 

109 

 

 
Figure 6-6: FESEM and EDS imaging scans for tested PFPE lubricated devices, with fluorine as the 

representative element of PFPE 

 

After testing, component surfaces that had been lubricated with PFPE had a 

small amount of lubricant left on the surface relative to the amount on untested 

surfaces, as shown by the EDS mapping scans in Figures 6-5 and 6-6. This amount 

was sufficient to prevent device failure as the device did not stop (wear life exceeding 

13 million cycles, Figure 6-1) due to friction/stiction during the duration of the test. 

The distribution and density of the element detected represents the presence of the 

PFPE lubricant on the surface, as explained in the previous chapters. This supports the 

device life measurements on such devices, which were found to not fail even after 3 

days of testing (13,000,000 cycles), indicating that lubricant film did not fail or 

deplete sufficiently to allow adhesion and wear during this time. 

Comparison between surfaces from tested and untested devices lubricated by 

MAC shows a notable difference in the levels and distribution of lubricant detected. A 

comparison of the sidewall images is shown in Figure 6-7. 
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Figure 6-7: a) FESEM image for MAC-lubricated MEMS sidewalls, and EDS imaging scans for MAC 

lubricated devices, b) tested and c) untested 

 

As can be seen in the density distribution map of carbon in Figure 6-7, 

representing the presence of the lubricant, the lubricant was slightly depleted after 

repeated sliding. Untested surfaces had levels of approximately 90 atom% and 80 

wt% carbon while tested samples showed decreased levels of 80 atom% and 65 wt% 

carbon. This leads to one possible explanation of the limited device life when 

lubricated with MAC; that the lubricant film is worn off to levels at which it is not 

able to prevent the onset of friction or stiction. MAC was previously shown to have 

better wear properties and a longer wear life than PFPE when tested with silicon 

a) FESEM Image 

c) Untested MAC sidewall b) Tested MAC sidewall 
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wafers under reciprocation. The discrepancies between the two tests will be discussed 

later. 

It was observed that in all cases, lubricant was detected on the sidewall 

surfaces, despite the small amount of lubricant dispensed. This indicates the 

effectiveness of the “Loc-Lub” method of coating the sidewalls of MEMS devices 

with a liquid lubricant, without affecting the remaining portions of the device such as 

the comb drives and actuating components.  

 

6.2.2.2 Effect of surface roughness  

It is possible that the rough surfaces of the sidewalls may have inhibited the 

formation of a sufficient meniscus bridge thereby reducing the ability of the MAC 

lubricant to sustain a coherent presence between the two contacts without asperity-to-

asperity contact. Loy and Sinha (Loy et al. 2012) have investigated the variation of 

capillary bridges of liquid between surfaces using PFPE and MAC on smooth 

surfaces, so in this study a similar setup was used to investigate the meniscus presence 

between a rough flat Si surface and a point contact. Two types of Si wafer were used, 

one with roughness Ra 616 nm, and the other roughness Ra 16 nm, as measured using 

a Wyko NT1100 white-light interferometer (Veeco Instruments Inc.).  A 2 µl droplet 

of MAC at 4.0 wt% concentration was applied between the rough Si wafer surface 

and a 4 mm diameter silicon nitride ball. Optical images of the conjunctions are 

shown in Figure 6-8. 
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Figure 6-8: Meniscus bridge of MAC lubricant between (left) silicon nitride ball and polished silicon wafer 

and (right) silicon nitride ball and unpolished silicon wafer, both just in contact. A visible meniscus is 

clearly seen on the polished silicon wafer, but none was visible on the unpolished silicon wafer. 

 

As reported by Loy and Sinha, a clear meniscus bridge was formed between 

the polished silicon wafer and the silicon nitride ball, as shown in Figure 6-8. 

However, on the rough silicon surface, the meniscus bridge was not so clearly visible 

at the point of application. This confirms reported literature (Frédéric et al. 2000; Ata 

et al. 2002; Butt et al. 2009; Noel et al. 2012) that the capillary forces between two 

surfaces are lowered when rough surfaces are involved. The lower capillary forces 

and smaller meniscus imply that less MAC is present at the point of contact between 

the two components, allowing for asperity contact in the setup shown in Figure 6-8, as 

well as in the MEMS tribometer contacts, leading to higher levels of friction and 

therefore quicker failure and shorter device life. To test this further, the above-

mentioned ball-on-flat contacts were slid over a distance of 2 cm at a rate of 2 mm per 

sec, under just-in-contact conditions (approximately zero load), after being lubricated 

via “Loc-Lub” with 2 µl of MAC lubricant solution. This sliding causes a lubricant 

trail to form behind the sliding ball, as shown in Figure 6-9. 

 

1 mm 1 mm 
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Figure 6-9: Image of lubricant trails on a polished silicon surface (top) and an unpolished silicon surface 

(bottom), and a comparison of the two trails when placed together with an indicated starting line. 

 

A comparison of the lengths of the lubricant trails on unpolished (rough) and 

polished (smooth) Si surfaces reveals that the lubricant depletes faster in the sliding 

contact on rough unpolished surfaces than on smooth surfaces. This is likely to be 

caused firstly by a smaller meniscus for the rough contact and secondly by the 

seeping of lubricant into the asperity valleys on the rough surfaces, reducing the 

volume dragged by capillary action at the contact point. In contrast, only a thin film is 

deposited on the smooth, polished silicon surface, allowing for a larger volume to 

remain at the contact point due to capillary meniscus and to be continually dragged 

over the entire sliding distance. A schematic of this mechanism is shown in Figure 6-

10. 

 

Starting line for 
sliding  

1 cm 
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Figure 6-10: Schematic of the proposed mechanism of depletion between the ball and flat contact upon 

sliding. The MAC lubricant can seep into or be left in asperity valleys upon sliding, leading to a larger 

volume left in the trail and therefore faster depletion. Sliding upon polished surfaces leaves only a thin film 

as a trail and so is less likely to deplete as quickly. 

 

The effect of roughness on the meniscus bridge (and resulting lubricant layer 

at the interface) will be discussed in the next section. 

 

6.3 Discussion 

6.3.1 Error in friction measurements 

Friction trends were found to vary between device tests – such variations have 

been reported in other studies using MEMS tribometers, and are believed to be due 

primarily to limitations in their designs and manufacturing processes. This leads to 

significant device-to-device scatter, which makes it difficult to draw useful 

conclusions from quantitative friction measurements (Senft et al. 1997; Tas et al. 

2003; Spengen et al. 2007; Timpe et al. 2007; Asay et al. 2008; Timpe et al. 2009; 

Ansari et al. 2012). The large variations in friction observed are considered to be due 
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to a number of factors, the first of which is the design of the tribometer. As the 

springs in the components have a restoring force that changes the sliding parameters, 

the frictional forces recorded often are not representative of the assumed tested 

conditions. Furthermore, the restoring force as well as the spring constant was found 

to vary with the displacement of the component upon actuation with the comb drive, 

and this combination causes unpredictability in the speed and other parameters of the 

device. This variation in parameters and device configuration leads to a repeating 

cycle of increase and decrease of the parameters as the tests are run, leading to 

unpredictability of the instantaneous conditions, which directly affects friction. 

However, the device lives (i.e. when run till the friction forces are too large for the 

driving force to induce further motion) are thought to not be largely affected by the 

variations over the test duration, as the cycles are relatively short compared to the 

lifetime of the devices tested. 

Another cause of the inconsistency of instantaneous friction measured is the 

fact that the conditions of the sidewalls prior to testing are unknown – it has been 

reported that the sidewall conditions are very different from that of the plane 

conditions and the effects of the fabrication and processing/storage environments are 

not well studied at this point of time. The effects of processing can also vary from 

device to device, or from batch to batch (Maboudian et al. 2002; Ashurst 2003; 

Ashurst et al. 2003b; Ansari et al. 2012). It is also observed in the FESEM images 

that the chemical etching in the processing and fabrication of the devices produces 

uneven texture across the sidewalls, both parallel to the sliding motion and through 

the thickness of the silicon wafer. Hence, it is unlikely that the sidewalls are all of the 

same roughness prior to testing, or even of the same condition of cleanliness. It is 

observed that the etched sidewalls have very uneven surfaces with asperities. 
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Despite these difficulties, it is still evident that the device lifetime is 

consistently extended by several orders of magnitude by the “Loc-Lub” method using 

PFPE as the lubricant. The effects of the varying parameters between devices bear 

further investigation. 

6.3.2 Effect of Roughness on Tribological Behaviour 

Butt and Kappl (Butt et al. 2009) showed that with an increase of surface 

roughness, a decrease of capillary forces between surfaces was observed. (Figure 6-

11) 

 

Figure 6-11: Capillary forces due to condensation between surface, plotted for various roughness values and 

over varying humidity levels. Increasing roughness was found to reduce the capillary forces (Butt et al. 
2009). Reprinted with permission. 

 

A similar effect was found by Ata and co-workers– an increase in the RMS 

roughness of a flat surface led to decreasing capillary adhesional forces, even in 

humid air (Ata et al. 2002). This reduction in adhesion forces was noted for both dry 

and humid situations, and the two values approached each other with increasing 

roughness, having almost equal trends at RMS values of 4 nm increasing to 12 nm. 

This was stated to result from the meniscus forming between the asperity and the 
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counterface, rather than the surface and the counterface – a schematic is shown in 

Figure 6-12 for illustration.  

 

Figure 6-12: Schematic for liquid meniscus behaviour against a flat surface and against asperities in a 

rough surface (Ata et al. 2002). 

 

The adhesion force in such a case is then determined by the radius of the 

asperity peak instead of the radius of the interacting sphere, as shown in Equation 6-1. 

 

             (           )   (6-1) 

Equation 6-1: Adhesion force model for a capillary meniscus between a rough sphere and a flat surface 

(Ata et al. 2002). 

 

where Fad is the adhesion force, γ is the surface tension of the liquid, rp is the asperity 

radius, and θ1 and θ2 are the contact angles that the liquid is supposed to form with the 

particle and the flat substrate respectively. The reduction in the thickness of the 

lubricant layer, coupled with the increased pressure exerted from the asperities instead 

of a perfectly flat surface, could have resulted in a lower device lives observed for 

devices lubricated with MAC lubricant, as the lubricant relies on the meniscus volume 

and capillary bridge to maintain a film between the contacts. 

Restagno and co-workers investigated capillary condensation on rough 

surfaces, and found that an additional free-energy cost is required of the liquid bridges 

to overcome the defects in the surface (Frédéric et al. 2000). This free-energy cost 

(   ) is given approximately by the following Equation 6-2: 
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                          (6-2) 

Equation 6-2: Free energy cost required of liquid bridge to overcome defects in a surface in capillary 

condensation on rough surfaces (Frédéric et al. 2000). 

 

where    is the volume of the defect,    is the positive undersaturation in chemical 

potential of the gas, and    is the difference between the bulk densities of the liquid 

and the gas. It can be inferred that, since defects incur an additional free-energy cost 

for formation of a meniscus from liquid condensation, they can also have a similar 

effect for a liquid meniscus (similar to extremely humid conditions), thus reducing the 

volume at the contact point upon sliding. Little research has been published of liquid 

lubrication under round-on-flat conditions of sliding; so further research will be 

required to ascertain the validity of these models in this MEMs application. 

It should be noted that rough surfaces were found to be detrimental only to 

MAC lubrication, which is considered to be due to the differing mechanisms in the 

two lubricant properties. This is discussed in the following section. 

6.3.3 Differences in Lubricant Life and Behaviour 

The work described in chapter 5 investigated the differences between the 

spreading and tribological behaviour of MAC and PFPE lubricant in a macro-scale 

contact.  It was found that the cohesiveness of MAC lubricant improved the wear 

lives between smooth silicon surfaces by maintaining a consistent film between the 

surfaces. However, this depends heavily on the interaction between the surface 

tension of the liquid, and the capillary forces between the contacts. In the MEMS 

reciprocating tests described in the current chapter, the contact between a curved 

surface and a flat, reciprocating surface results in a line contact instead of an area 

contact, and it is possible that the surface area of the contact in the MEMS tribometer 
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is too small to have enough capillary flow to maintain the MAC lubricant film 

between the interfaces, particularly for rough, sidewall surfaces. The smaller contact 

area combined with the higher frequency of oscillation compared to the macro-scale 

reciprocating wear tester would accentuate the lack of a meniscus of liquid at the 

contacts. The volume of the meniscus, if formed, is very small to have any lubrication 

effect. It is also highly possible that the lower capillary forces are unable to contain 

the liquid lubricant film, so the liquid is ejected from the contact. MAC lubricant may 

also be unable to seep uniformly or completely between the device sidewalls, 

resulting in dry contact at certain points within the line contact sliding. This will also 

lead to a quicker depletion of the lubricant film, and reduce the device life duration. 

Thus, the lack of a persistent film (as shown by the quicker depletion of the MAC 

lubricant film on rough silicon surfaces) previously observed in flat-on-flat contacts 

under reciprocating sliding, can be held responsible for the shorter device life in the 

MEMs tribometer.  

By comparison, PFPE is likely to form a coherent film on the sidewall surface, 

as indicated by its spreading behaviour in Chapter 5.  Since the mechanism of 

lubrication using PFPE does not involve a persistent liquid film between the contacts 

and relies instead on the dual-phase film deposited on the surface (Eapen et al. 2002; 

Satyanarayana et al. 2006), the effects previously discussed which will affect the 

film in MAC lubricant will not affect the PFPE lubricant in the same manner. PFPE 

remains as a uniform thin layer throughout the test (only a few nanometres thick). 

While this provided some protection for the surface, under flat-on-flat conditions, the 

PFPE lubricant mobile phase would be more easily swept aside due to a lower 

capillary force and smaller meniscus owing to lower surface tension of PFPE, leaving 

only the bonded layer on the surface, which provided very little wear protection. The 
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mechanisms of lubrication by PFPE have been heavily studied (Tani et al. 2001; 

Eapen et al. 2002; Satyanarayana et al. 2005; Satyanarayana et al. 2006; Ohno et 

al. 2010) and support this conclusion.  A schematic of the different surface conditions 

as well as different mechanisms by which the various lubricants coat the surface are 

shown in Figures 6-13 and 6-14. 

 

 

Figure 6-13: Schematic of lubricant behaviour for PFPE (left column) and MAC (right column) under flat-

on-flat reciprocal sliding. Both MAC and PFPE maintain a lubricant film between the surfaces as the 

surface area and capillary forces are large enough for MAC to form and maintain a film. 
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Figure 6-14: Schematic of point-on-flat sliding for PFPE coated (left) and MAC coated (right) specimens. 

The point of contact is not shown, as it is a line contact. An insufficient contact area, coupled with smaller 

capillary forces, render MAC less effective in maintaining a lubricant film compared to PFPE, which coats 

over the entire surface. 

 

However, in the case of the MEMS tribometer, the contact points are much 

smaller and are considered to be closer to the case illustrated in Figure 6-8 and 6-14, 

in which the contact slides across the surface with an extremely small contact area. 

PFPE then shows a continuous, dual layer lubricant film across the sliding distance as 

the entire surface is coated with a film, providing adequate protection between the 

two surfaces, with a bonded phase on the silicon oxide, as well as a mobile phase 

(Tani et al. 2001; Eapen et al. 2002). MAC, remaining as micro-droplets, may only 

intermittently supply the contact surface due to its dewetting nature on silicon, thus 

providing inadequate protection upon continuous testing. Furthermore, the small 

contact area is unlikely to provide a sufficient contact area for MAC to remain 

cohesive. This effect, coupled with the lower volume of MAC lubricant in the contact 

zones, as observed by the meniscus bridge, leads to a lower device life in the MEMS 

tribometer tests, even more so as there may be no available source for replenishment 
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along the sliding track. This factor would be accentuated in cases where the sidewalls 

were not perfectly vertical or parallel to each other, due to the uncontrollable 

processing environment effects. 

It is therefore worth noting that the mechanisms of the two lubricants in 

reducing friction are extremely different. As the conditions tested in this setup do not 

favour the mechanisms of MAC lubricant, future work may be conducted under 

varying conditions to investigate the effectiveness of both lubricants. 

6.4 Conclusions 

The “Loc-Lub” method that was tested in the reciprocating sliding against flat-

on-flat silicon contacts has now been tested in a custom-made, MEMS reciprocating 

tribometer, with both PFPE and MAC lubricants. The following conclusions could be 

drawn. 

 

1. The Loc-Lub method is effective in extending the device life of 

reciprocating sliding MEMS under the conditions tested. 

2. In contrast to the flat-on-flat macro-scale contact, PFPE was found to be a 

better lubricant than MAC in the MEMS tribometer, exhibiting a 

considerably longer device life. The device did not fail even after 13 

million reciprocating cycles for PFPE lubricated contacts. 

3. The MAC lubricant, which remains as micro-droplets due to its dewetting 

nature on silicon, only intermittently supply the contact surface, thus 

providing inadequate protection. The roughnesses of the surfaces are also 

known to adversely affect the presence of a uniform liquid film between 

the contact surfaces and their asperities. 



Chapter 6 – “Localized Lubrication” on Reciprocating MEMS Contacts 

123 

 

4. The delivery of lubricant using the “Loc-Lub” method is effective for 

MEMS sliding reciprocating devices, and thus may find possible 

application in commercial devices. 
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Chapter 7 - Hydrodynamic Lubrication in MEMS 

Fluid film or hydrodynamic lubrication has been the traditional method of lubrication 

for many modern machines. Recent research has shown the efficacy of this method 

even for micro-machines. However, liquid lubrication of MEMS faces issues of high 

fluid film friction when relatively viscous liquids are used in the contacts, thus making 

it unfeasible. This chapter presents a method to reduce the hydrodynamic friction at 

high speed via additives – allowing for the potential use of liquid lubrication. Blends 

of hexadecane and multiply-alkylated cyclopentane (MAC) are compared to other 

blends of similar composition for verification, and a compound blend is investigated 

to reduce both the boundary and hydrodynamic friction in sliding. 
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7.1 Introduction 

Previous research has shown that boundary friction of liquid-lubricated, 

sliding silicon MEMS can be reduced when an additive is added into the base liquid 

as a friction modifier; studies show that amine additives (e.g. octadecylamine and 

dodecylamine) in particular are effective as their alkalinic amine head group is 

weakly attracted to the acidic silica surfaces of the wafer. (Reddyhoff et al. 2011).  

This chapter illustrates a series of experiments showing the reduction of 

hydrodynamic friction between smooth silicon surface MEMs contacts, lubricated by 

hexadecane with multiply-alkylated cyclopentane (MAC) as an additive. The results 

appear to show liquid slip similar to previously described occurrences described in the 

literature. 

 

7.2 Materials and Experimental Procedures 

Silicon MEMS pads (shown previously in Figure 3.8) were used in the 

rotating MEMS tribometer (details provided in Chapter 3, Section 3.2.4.4), with 

hexadecane as the base fluid. MAC was used as an additive at various concentrations 

and, later, in a compound blend with another previously-tested surface-active additive 

octadecylamine (ODA) mixed in hexadecane and with squalane. The base fluid used 

in this work was hexadecane, a linear alkane with the chemical formula C16H34.  

Concentrations of the various blends are indicated alongside the experimental results. 

Friction tests were conducted on the silicon MEMS pads over speeds ranging 

from 10 to 15,000 RPM using the rotational MEMS tribometer, with friction 

measured continuously during the tests; test rig and method were detailed in Chapter 

3. 
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7.3 Experimental Results 

7.3.1 Test lubricants and additives 

The base fluid hexadecane was mixed with a MAC lubricant at the 

concentrations shown in Table 7-1, which lists the viscosities and densities of the 

blends.   

Table 7-1: Viscosities of mixtures used in tests, measured with a Stabinger viscometer (model SVM 3000, 

Anton Paar, Graz, Austria). All viscosity measurements were taken at 25 ˚C 

 Dynamic Viscosity, η 

(cP) 
Density, ρ (g/cm

3
) 

Hexadecane 3.138 0.7697 

Hexadecane + 0.5 wt% MAC 3.139 0.7698 

Hexadecane + 1.0 wt% MAC 3.162 0.7700 

Hexadecane + 2.0 wt% MAC 3.306 0.7708 

Hexadecane + 3.0 wt% MAC 3.345 0.7712 

Hexadecane + 4.0 wt% MAC 3.473 0.7728 

Hexadecane + 7.0 wt% MAC 3.703 0.7743 

Hexadecane + 20.0 wt% MAC 4.807 0.7807 

MAC 18.6 0.7730 

 

7.3.2 Friction tests 

7.3.2.1 Hexadecane with MAC additive 

Tests were carried out on the range of hexadecane and MAC blends detailed in 

Table 7-1, using the experimental setup and approach described in Chapter 3. Results 

are plotted as Stribeck curves of friction coefficient against rotational speed on a 

logarithmic scale.  
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Figure 7-1:  Friction coefficient versus speed for MEMS contacts lubricated with neat hexadecane, neat 

MAC, and a blend of 3 wt% MAC in hexadecane 

 

Figure 7-1 shows the variations in friction with respect to speed for a typical 

contact lubricated with neat hexadecane, neat MAC and a 3 wt% solution of MAC in 

hexadecane, showing the boundary, mixed, and hydrodynamic regimes previously 

mentioned. Boundary friction coefficient of contacts lubricated with neat hexadecane 

is approximately 0.2 and full hydrodynamic lubrication occurs above speeds of 

approximately 700 – 800 rpm; these values are consistent with previous research (Ku 

et al. 2010; Reddyhoff et al. 2011). The friction for neat MAC in MEMS contacts is 

also plotted on the same axis; in this case viscous friction increases dramatically at 

low speeds.  In this case, because of the much higher viscosity of MAC (18.6 cP at 25 

˚C) compared to hexadecane (3.1383 cP), the contact operates in hydrodynamic 

lubrication down to the lowest speed tested, also showing very high hydrodynamic 

friction.  For the 3 wt% MAC in hexadecane, despite higher viscosity of the blend 

compared to neat hexadecane, the blend shows reduced friction in both mixed and 

hydrodynamic regimes. A large number of these tests were carried out across different 
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calibrated platforms and specimens, and results were repeatable within less than 10% 

margin of error (Figure 7-2)  

 

 

Figure 7-2: Repeatability of experimental results across tests, using different specimens. 

 

Figure 7-3 shows the variation in friction coefficient with speed for 

concentrations of MAC in hexadecane ranging from 0 to 7 wt%. The optimum 

concentration was found to be 3 wt% of MAC in hexadecane, which reduces friction 

at 15,000 rpm from ≈ 0.5 to ≈ 0.3 when compared to neat hexadecane. Lower 

concentrations of MAC in hexadecane reduced the hydrodynamic friction to lesser 

extents, and for 0.5 wt% MAC in hexadecane the change is negligible.  As the 

concentration of MAC increased above 3 wt%, hydrodynamic friction was observed 

to rise – this increase in friction with viscosity shows that above ≈ 3.0 wt%, the 

friction-reducing effect of MAC is outweighed by effects from its viscosity, though 

still lower than that predicted by hydrodynamic theory.  
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Figure 7-3: Friction coefficient versus speed for MEMS contacts lubricated with hexadecane with varying 

percentages of MAC as additive 

 

Figure 7-4 plots the friction coefficient (CoF) at 15,000 rpm (high speed) and 

the minimum levels of friction coefficient values taken from Figure 7-3, plotted 

against the concentration of MAC blended in hexadecane. Also shown in this graph is 

how the dynamic viscosity (from Table 7-1) varies with MAC concentration, which 

clearly confirms the anomalous and unexpected friction behaviour with respect to an 

increase in viscosity.  Below 4 wt% of MAC in hexadecane, friction falls with 

increasing concentration of MAC, while viscosity rises monotonically.   
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Figure 7-4: Plot of minimum coefficient of friction, friction measured at 15000 rpm and dynamic viscosity, 

all versus concentration of MAC additive in hexadecane.  

 

One possible reason for this behaviour is the impact of heating effects due to 

increased viscosity. To test this, experiments were conducted using an alternative 

liquid with equal viscosity to that of 3 wt% MAC in hexadecane. This viscosity was 

obtained by mixing squalane and hexadecane in proportions suggested by ASTM 

D314 to produce a liquid of viscosity 3.3 cP, close to that of 3 wt% MAC in 

hexadecane (3.34 cP). The results are then plotted in a Stribeck curve (Figure 7-5).  In 

this it is evident that the addition of squalane to hexadecane leads to an increase in 

hydrodynamic friction, in contrast to that of MAC as an additive, which reduces 

friction. Therefore, it is not simply the increase in liquid viscosity and consequent 

heating that is causing the anomalous reduction in friction, but some other change in 

property caused by the addition of MAC. 
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Figure 7-5: Coefficient of friction versus speed for neat hexadecane, and a blend of squalane and 

hexadecane of 3.3 cP dynamic viscosity to match the viscosity value of 3 wt% MAC in hexadecane 

 

7.3.2.2 Compound blend of Hexadecane with Octadecylamine and MAC 

A series of tests was carried out to establish if the reduction in friction resulted 

from phenomenon occurring close to the silicon surface of the specimens or within 

the lubricant bulk.  In these tests, octadecylamine (ODA) was blended with the 

hexadecane-MAC blend since ODA was previously shown to act as a friction 

modifier additive that forms a boundary film on silica surfaces, thereby reducing 

friction at low speeds under the same conditions (Reddyhoff et al. 2011). Since ODA 

is surface-active on silica, its inclusion in the hexadecane-MAC blend is intended to 

probe whether the observed reduction in hydrodynamic friction can be attributed to a 

surface or bulk fluid phenomenon. 

Figure 7-6 shows the variation of friction with the logarithm of sliding speed 

for four blends having hexadecane as the base fluid; neat hexadecane, hexadecane 

with 0.1 wt% ODA, hexadecane with 2 wt% MAC and hexadecane with 0.1 wt% 
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ODA and 2 wt% MAC.  As previously discovered, the inclusion of 0.1 wt% ODA 

alone in hexadecane reduced boundary friction significantly (from ≈ 0.2 to < 0.1), 

while the presence of the MAC alone reduces hydrodynamic friction. It can be seen 

that the friction reductions in the respective regimes for each additive were 

diminished when a blend of hexadecane including both additives is used.  This 

suggests that the friction-reducing mechanisms associated with MAC and ODA are 

competing with each other, increasing the boundary and hydrodynamic friction 

compared to the individual blends of Hexadecane + 2 wt% MAC and Hexadecane + 

0.1 wt% ODA. This suggests that the friction reducing behaviour from MAC is a 

phenomenon that also occurs close to or at the silicon surface. 

 

 
Figure 7-6: Coefficient of friction versus speed for individual blends of octadecylamine and 2 wt% MAC in 

hexadecane, including a blend with all three liquids 

 

It was noted that there is a slight difference between the friction values shown 

in the figures above and those observed in previous work (Reddyhoff et al. 2011). 

This is attributed to the different pad geometry used in the current work (as defined in 

Chapter 3) compared to those employed previously. 
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A series of tests were then conducted on compound blends in which the 

concentrations of MAC and ODA components were varied independently.  The most 

effective blend in which friction was reduced in both boundary and hydrodynamic 

regimes consisted of hexadecane with 0.1 wt% ODA and 1 wt% MAC – a Stribeck 

curve obtained for this blend is shown in Figure 7-7, showing that the addition of both 

ODA and MAC to hexadecane acts to reduce both boundary and hydrodynamic 

friction. At these concentrations, the effect of slip induced by MAC is sufficiently 

present while not affecting the formation of the amine film adversely in preventing 

boundary friction. The increase to a concentration of 2 wt% MAC as shown in Figure 

7-6  not only affects the amine layer formation enough to cause an increase in 

boundary friction, but the amine layer also interferes with the effect of slip in addition 

to the increased viscosity, leading to higher hydrodynamic friction. 

 

 
Figure 7-7: Coefficient of friction versus speed for MEMS contacts lubricated with pure hexadecane, 

hexadecane with 0.1 wt% octadecylamine (ODA), and a compound blend of hexadecane with 0.1 wt% ODA 

and 1 wt% MAC 
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7.3.2.3 Squalane with MAC additive 

The base liquid hexadecane is a linear molecule which has the propensity to 

exhibit liquid slip behaviour on very smooth oleophobic surfaces (Pit et al. 2000; 

Choo et al. 2007b). Non-linear hydrocarbons would not establish slip on sliding 

surfaces so easily due to their uneven molecular shape.  In order to establish whether 

the addition of MAC would reduce friction when blended with a hydrocarbon base 

fluid that is non-linear in structure (which would imply that friction reduction is not 

due to slip), friction tests were conducted for the MEMS contact lubricated with both 

neat squalane and squalane blended with 2 wt% MAC. This concentration was used 

as it would show sufficient effect on the liquid if any were to be seen. As shown in 

Figure 7-8, the addition of 2 wt% MAC in squalane has negligible effect on friction 

compared to neat squalane.  It should be noted that the viscosity of the blend of 2 wt% 

MAC in squalane was very similar to that of neat squalane. 

 

 
Figure 7-8: Coefficient of friction versus speed for neat squalane and squalane blended with 2 wt% MAC as 

additive 
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7.4 Discussion 

7.4.1 Possible origins of observed friction reduction 

The observed reduction in friction that occurs with an increase in fluid 

viscosity due to the addition of MAC in hexadecane is clearly contrary to 

conventional Reynolds’ theory, which states that hydrodynamic friction μ is 

approximately related to dynamic viscosity η by the following formula: 

 

       (
  

 
)
   

    (7-1) 

 
Equation 7-1: Relation of hydrodynamic friction to dynamic viscosity according to Reynolds’s theory 

 

where U is the entrainment speed (equivalent to half the sliding speed of the contacts 

in the present study) and W is the load applied. 

A tentative explanation for this behaviour is that a film of MAC forms on the 

silicon surface, causing hexadecane to slip, rather than shear against one or both of 

the surfaces – this slip of the liquid then reduces hydrodynamic friction at high speed 

sliding. Although the chemical composition of both di- and tri-(2-octyldodecyl)-

cyclopentane, which are both unsaturated hydrocarbons, do not suggest any attraction 

to a silica surface, the following observations suggest that such a film is formed. 

Firstly, the addition of ODA to the blend inhibits MAC friction reduction in 

the hydrodynamic regime, as seen in Figure 7-6 and 7-7 when compared to Figure 7-

1. Since ODA is surface active on silica (Reddyhoff et al. 2011), this suggests that the 

friction-reducing mechanism of MAC additives occurs close to the silica surface.  

Furthermore, when MAC was blended with a squalane base fluid (which is also a 
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hydrocarbon) no corresponding friction reduction was observed. This observation 

suggests that slip has occurred with hexadecane since it would be expected to be seen 

with linear molecules such as hexadecane and not squalane (a branched molecule) due 

to the ability of linear molecules to orientate and align themselves, forming an 

ordered layer.  The formation of an ordered film will also be promoted by the smooth 

nature of the silicon surfaces, with ≈ 0.5 nm Ra roughness (Pit et al. 2000; Zhu et al. 

2001; Choo et al. 2007a; Choo et al. 2007b).  

Slip has also been shown to occur more readily when liquids do not strongly 

wet the surfaces they are moving against. Contact angle measurements were therefore 

taken on surfaces and the results are listed in Table 7-2. A MAC-coated silicon wafer 

was produced by dip-coating a solution of 0.4 wt% MAC in n-hexane, before 

allowing the hexane to evaporate. This approach was necessary as neat MAC does not 

wet silica surfaces uniformly enough to form a film on which to measure contact 

angles.  

 

Table 7-2: Contact angles of 1 µl of liquid on various surfaces. Values were measured at 25 ˚C 

Liquid Surface Contact angle (˚) 

Hexadecane Bare silica ≈ 0 

Hexadecane + 3.0 wt% MAC Bare silica 19 

Hexadecane MAC-coated silica 23 

 

It can be seen that the neat hexadecane wets the surface of the silicon 

specimens. However, if the surface has been coated with MAC prior to measurement, 

the contact angle increases from ≈ 0 to 23 ˚, showing that the wetting is reduced on 

the surface. A blend of hexadecane and MAC at 3.0 wt% yields a similar contact 
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angle of 19 ° when dropped on a silicon surface. If a similar non-wetting MAC layer 

is formed on the specimen surfaces during the testing process, it is possible that this 

dewetting property promotes slip. 

Figure 7-1 showed that MAC in hexadecane reduces friction in both the mixed 

regime, occurring from ≈ 100 to 1000 RPM, as well as in the hydrodynamic regime. 

The reduction in mixed friction that occurs with the MAC blend has the effect of 

shifting the original Stribeck curve to the left. A reduction in the mixed regime has 

previously been attributed to formation of a viscous boundary layer, which increases 

fluid entrainment at intermediate speeds. Viscous fluid-like boundary films have been 

shown to occur in metal-metal elasto-hydrodynamic contacts (Smeeth et al. 1996). 

Here at low speeds, where the fluid film thickness is less than that of the adsorbed 

polymer film as investigated by Smeeth and co-workers, the fluid at the inlet is of 

higher viscosity than the bulk of the liquid. However, in contrast to the work by 

Smeeth and co-workers, this observed behaviour occurs in conformal silicon contact 

and the reduction of friction continues into the hydrodynamic regime. 

A noteworthy point is that the optimum concentration of MAC in hexadecane 

(≈ 3 wt%) is significantly higher than that of typical additive concentrations used. The 

reason for this is not entirely clear, but may suggest that MAC forms a layer that is 

several molecules thick on the surface. 

 

7.5 Conclusion 

Liquid lubrication has been found in previous research to be an effective 

method of reducing friction in MEMS applications. This approach requires low 

hydrodynamic friction, which can be obtained by using very low viscosity liquids.   
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A miniature test thrust pad bearing fabricated from silicon has been used to 

show that a blend of hexadecane and di- and tri-(2-octyldodecyl)-cyclopentane 

produces a lower level of friction in both the mixed and hydrodynamic regimes when 

compared to neat hexadecane alone. The reduction in hydrodynamic friction is 

contrary to what is expected from conventional Reynolds’ lubrication theory, as the 

blend is of a higher viscosity than that of neat hexadecane. A number of observations 

seem to suggest that this reduction is due to a film formed on the silicon surfaces by 

the MAC additive, which causes hexadecane to slip against the surfaces. With an 

additional additive of octadecylamine in the blend, the boundary friction observed is 

lowered as well, leading to an overall decrease in friction over the speeds tested.  

These observations have implications for the lubrication of MEMS devices 

which involve smooth silicon surfaces sliding under relatively low loads, as it may 

make liquid lubrication a more feasible method for controlling friction.  This is 

because the very low viscosity liquids proposed to give acceptably low hydrodynamic 

friction in MEMs also tend to have very low volatility.  The impact of MAC additive 

in reducing the hydrodynamic friction of hexadecane may enable to use of higher 

viscosity hydrocarbon fluids that previously considered. 
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Chapter 8 - Barrier Coatings for Local Containment of 

Lubricant 

This chapter presents two methods of containing and preventing the spreading of 

lubricant on silicon surfaces, for application to MEMS contacts.  These involve 

modification of the surface and modification of the liquid respectively. A novel spin 

test is used to ascertain that liquid containment results in a higher force being needed 

to force the liquid out of a predetermined area. 
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8.1 Introduction 

The use of specialized packaging for lubricant containment is cumbersome, 

limits the application of MEMS devices, and often makes common and commercial 

production of the device uneconomical. In the case of liquid lubrication, such 

packaging is made potentially more complex since depletion or spreading of the 

liquid becomes a concern. The presence of anti-spreading or anti-depletion surfaces 

and lubricants would help to promote the feasibility of using liquids in MEMS by 

reducing the severity of this problem. The scales of such devices make the building of 

physical containment walls into the device during the fabrication process unfeasible. 

One of the objectives of the “Localized Lubrication” technique is to achieve 

application of lubricant on micro-devices at a precise location without affecting other 

components of the device or requiring specialized hermetic packaging. Even though 

the designed system can dispense a small amount of liquid lubricant (< 0.1 µl), it is 

often observed that some spreading occurs on the surrounding region. It is anticipated 

that, by further limiting the spreading of the lubricant on the device surface, the 

technique will be improved, since the liquid will be clearly contained at specific 

locations during application. This would also allow for contained application of liquid 

lubricants such as hexadecane in reciprocating contacts. 

Spreading can be prevented by two methods: modification of the surface to 

which the lubricant is applied, or modification of the liquid itself to make it non-

spreading. On the surface, inducing a hydrophobic or oleophobic property helps to 

prevent spreading of a liquid droplet due to the reduction of surface tension of the 

surface against the liquid, with low surface energies causing the liquid not to wet the 

surface. However, another observation is also true – the non-wetting property of the 

hydrophobic or oleophobic surface will also allow the liquid droplet to slide off the 
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surface easily if prompted by an external force. Although SAMs and texturing have 

been known to give a hydrophobic or oleophobic surface as well as reduce adhesion 

in direct contact, such uniform coatings are less applicable for cases in which two 

surfaces are sliding against each other in relative motion, which would easily drag the 

droplet away from the contact area, or lead it to surfaces with a high propensity for 

wetting. 

Modifications of the liquid to control spreading range from changing the 

liquid itself, to have a different viscosity or surface energy, to including additives in 

the liquid in order to induce anti-spreading properties. Unfortunately increasing the 

liquid viscosity is not a viable option in liquid-lubricated MEMS since although it will 

lead to a decrease spreading rate, as well as reduced volatility, it will also lead to 

unacceptably high hydrodynamic friction in high speeds contacts (Ku et al. 2012).  

 

8.2 Materials and Experimental Procedures 

Octadecyltrichlorosilane (OTS) was used to produce potential SAM 

hydrophobic barrier coating on silicon (Si) wafers (Si-OTS).  Some of the resultant 

surfaces were then treated with oxygen plasma (Harrick Plasma cleaner) while 

protecting the surface with a PDMS mask. This enables the OTS to be removed from 

selected areas and thus produce localised and controlled hydrophilic regions (Si-OTS-

mod) surrounded by hydrophobic borders. This method of selective modification of 

OTS has been used by Lin and co-workers to influence self-patterning of self-

assembled monolayers (Lin et al. 2009). The exposure of the OTS layer to oxygen 

plasma converts the terminal methyl group (-CH3) to polar surface groups such as –

OH, –CHO and –COOH, thereby modifying the surface properties. The principle was 

to test whether lubricant could be contained within the produced hydrophilic region.  
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Octadecylamine (ODA) and dodecylamine (DDA) were used as additives in 

hexadecane to investigate possible changes of spreading behaviour by additives. Spin 

tests, contact angle measurements, droplet profiles and surface area calculations were 

conducted as outlined in Chapter 3. 

 

8.3 Results 

8.3.1 Contact Angle Measurements 

Table 8-1: Contact angles performed on various silicon surfaces. Values measured at 25 ˚C 

Surface Water Contact 

Angle (˚) 

Hexadecane Contact 

Angle (˚) 

Plasma Cleaned Si ~ 0 ~ 0 

Si-OTS (without further treatment) 106 41 

Si-OTS after plasma treatment ~ 0 ~ 0 

Unprotected area of Si-OTS after 

plasma treatment (Si-OTS-mod) 

~ 0 ~ 0 

Protected area of Si-OTS after plasma 

treatment 

105 39 

 

The contact angles taken on various silicon surfaces are summarized in Table 

8-1.  These show that the formation of an OTS SAM produced very hydrophobic 

surfaces which were removed by plasma treating to give a hydrophilic surface. Use of 

a PDMS conformal mask enabled localised hydrophilic surfaces to be formed in an 

OTS-coated while leaving the remainder of the surfaces still hydrophobic.   A 

schematic of the surface conditions are shown in Figure 8-1.  
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Figure 8-1: Schematic of silicon surfaces (left to right) after cleaning, after OTS SAM coating, and after 

selective modification using PDMS masking and plasma treatment 

 

Droplets were placed on the different surfaces and observed via digital 

microscopy. The containment effects and the selective modification were clearly 

observed with water, as shown in Figure 8-2, in which the diameter of the wetting 

area is approximately the same diameter as the circle of modified hydrophilic surface 

(2 mm). The containment effect is not so clear in hexadecane (Figure 8-3) as it 

spreads more easily on the OTS layer, with a lower contact angle on OTS, compared 

to water (approximately 40° for hexadecane compared to approximately 110° for 

water), although the containment effects are more obvious when subject to the spin 

tests, in which the “throw off” force is compared. 

 

 

 
Figure 8-2: 1 µl water droplets on a) OTS coated silicon, and b) on the circle of plasma-treated silicon 

surface. Water was clearly contained within the 2 mm diameter of the area exposed to plasma treatment 

 

Cleaned Silicon Silicon with OTS SAM 
Silicon with OTS SAM 

selectively modified 

a) b) 

1 mm 1 mm 
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Figure 8-3: 1 µl hexadecane droplets on a) OTS coated silicon and b) on the plasma treated circle and c) on 

bare silicon. The containment of hexadecane is not as obvious when compared to OTS coated samples due 

to the lower repulsion between the liquid and surface, but is obvious when compared to bare cleaned silicon, 

in which spreading is evident 

 

 

8.3.2 Spin tests 

A summary of the “throw-off forces” measured in the spin tests are shown in 

Figures 8-4 and 8-5, for radial distances of 40 mm and 20 mm respectively.  Throw-

off force was calculated from equation 3.2. 

 

1mm 1mm 

a) b) 

1mm 

c) 



Chapter 8 - Barrier Coatings for Local Containment of Lubricant 

145 

 

 

Figure 8-4: Throw-off Forces for Spin Tests conducted on cleaned bare Si, Si coated with an OTS SAM (Si-

OTS), and Si with selective OTS removal after coating (Si-OTS-mod). Hexadecane spread readily on bare, 

cleaned silicon and so no value could be obtained. 

 

 
Figure 8-5: Throw-off forces for spin tests conducted on cleaned bare Si, Si coated with an OTS SAM (Si-

OTS), and Si with selective OTS removal after coating (Si-OTS-mod). Hexadecane spread readily on bare, 

cleaned silicon and so no value could be obtained. 
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The results clearly show that the localised modification carried out on OTS-

SAM coated surfaces by O2 plasma treatment is effective in increasing the force 

required to move the lubricant from the location of application. These effects are 

clearly seen using water, and less prominently using hexadecane, as the repulsion 

between OTS and hexadecane is much less than that between OTS and water, as 

discussed earlier. However, the same trends are still evident. 

Upon starting the spinning motion, water droplets on cleaned Si were observed 

to deviate from their original position slowly as the rotational speed reached the 

critical “throw-off” value. When tested with Si surfaces coated with an OTS SAM 

layer, droplet movement occurs at a much lower speed than that of cleaned Si, due to 

the low surface energies and non-wetting properties of the surface. In the case of Si 

coated with OTS SAM, the force required to overcome the initial resistance to 

movement was more than sufficient to move the droplet to the edge of the specimen, 

akin to a case in which the static friction of an object being pushed against a surface is 

much larger than that of the kinetic friction. The combination of the two effects 

explains the observed behaviour of the droplet being flung off the surface entirely as 

soon as any movement was detected.  

Liquids are thus believed to be contained due to the step change in surface 

tension and surface energies on the selectively modified samples. The hydrophilic 

area attracts the droplet and prevents it from moving, while the surrounding 

hydrophobic areas repel the droplet and prevent it from wetting from the hydrophilic 

area. This successfully induces a mode of containment using surface modification. 

Since SAMs such as OTS have been known to be applied on MEMS for 

reduction of friction and stiction, and PDMS moulds can be fabricated to form micro-

channels, this method can in principle be further scaled down to provide containment 
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of lubricant at any particular location – either during application of the liquid or 

during sliding of components against each other – thereby preventing or delaying 

starvation of such contacts. This selective modification can also prevent lubricant 

from entering areas in which flooding would be detrimental to the functionality of the 

MEMS devices (e.g. comb drives), while keeping the relevant surfaces lubricated. 

Another potential use of such modified surfaces would be to hold a reservoir of 

lubricant at a separate location, for continual replenishment of lubricant upon 

depletion, by creating a channel to allow flow into the contact when required, without 

affecting the other device components. 

 

8.3.3 Lubricant additives for non-spreading 

Spreading tests on bare silicon surfaces were carried out with a range of 

lubricants including additive-free hexadecane and solutions of DDA, ODA, MAC and 

squalane in hexadecane.  In these, four main behaviours were observed by the various 

blends, corresponding to those mentioned by Cottington and co-workers (Cottington 

et al. 1964): 

1. The droplet spreads normally, 

2. The droplet initially spreads and then retracts towards its centre, 

reducing the surfaces area in contact between the droplet and the 

surface, 

3. The droplet spreads initially, and then violently forms smaller droplets 

(or remains as a single droplet with a substantial contact angle) which 

moves rapidly away from the original location of the droplet and does 

not cross over any surface that it has previously flowed over, 
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4. The droplet remains non-spreading on the silicon surface, and exhibits a 

substantial contact angle. 

 

Type 1 spreading was observed to occur only with neat hexadecane and 

relatively low concentrations of the additives compared to their saturation point. Only 

hexadecane with a 3 wt% MAC additive exhibited Type 4 behaviour, while all of the 

other blends exhibited either Type 2 or Type 3 behaviour. Extracted frames from a 

video of a blend that exhibited Type 3 spreading are shown in Figure 8-6, illustrating 

extensive movement of a single droplet over the surface as described. A summary of 

these results and the blends are presented in Table 8-2. 

Table 8-2: Categorization of the tested blends under the four types of spreading observed.  

Type 1 

(Normal) 

Type 2 

(Explosive) 

Type 3 (Retraction) Type 4 

(Non-spreading) 

Neat hexadecane Hex + 0.2wt% ODA Hex + 0.1wt% ODA Hex + 3.0wt% MAC 

Hex + 0.1wt% DDA High concentrations 

of amine additives 

Hex + 0.5wt% DDA  

Hex + 0.2wt% DDA Hex + 1.0wt% DDA  

Hex + 5wt% Squal   
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Figure 8-6: Frame captures from video taken at 30 fps of 0.2wt% ODA in hexadecane on a silicon surface, 

showing a) the droplet at application (frame 391), b) start of retraction at frame 511, c) frame 531, d) frame 

541, e) frame 551, f) frame 561, g) frame 571, h) frame 581, i) frame 591, and j) frame 601. No further 

movement was observed after frame 601 as the droplet does not flow over areas twice. 

a) b) 

c) d) 

e) f) 

g) h) 

i) j) 
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Type 3 spreading behaviour can be explained with the formation of a film on 

the silicon surface, from the additives in the liquid, which modifies the surface 

properties of the silicon surface upon contact. This interaction between the surface 

and the additives has been mentioned as a factor in reducing boundary friction 

(Reddyhoff et al. 2011), but has not been investigated in terms of spreading. The 

movement of the droplet is caused by the difference in the surface tension between 

the trailing edge of the droplet and the advancing edge of the droplet; the film 

generated at the trailing edge of the drop has a lower surface tension than the surface 

at the advancing edge, thereby “pushing” the droplet. This mechanism also explains 

why droplets do not move further when meeting with a surface that they have already 

spread over, as the surface tension forces on either side would then be equal and no 

resultant force would occur.  This same phenomenon is also described in the work 

conducted by Cottington and co-workers (Cottington et al. 1964), and the earlier 

section on surface modification uses a similar principle to induce containment of the 

liquids on the surface. Bigelow and co-workers (Bigelow et al. 1946) also provide a 

similar explanation for the phenomenon of sudden and rapid spreading at higher 

concentrations of additives. Although an oleophobic film is adsorbed on the silicon 

surface and the blend can thus be considered autophobic, the exact behaviour of the 

liquid observed is not favourable for application of lubricant at a specific location as 

random and rapid spreading occurs – it will be more suited for methods of pre-

treatment. An example of a droplet retraction in the same location at which it has been 

applied (Type 2 behaviour) is shown in Figure 8-7. 
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Figure 8-7: Frames from video taken at 30 fps of 1 wt% DDA in hexadecane on silicon, with a) droplet prior 

to retraction at frame 341, b) start of retraction at frame 441, c) continued retraction at frame 541, d) frame 

641, e) frame 741, f) frame 841, g) frame 941, h) frame 1041, i) frame 1141, j) and approximate stabilization 

at frame 1241. 

a) b) 

c) d) 

e) f) 

g) h) 

i) j) 



Chapter 8 - Barrier Coatings for Local Containment of Lubricant 

152 

 

Due to the impracticality of such spreading behaviour, blends that exhibit 

Type 3, or “explosive”, behaviour (i.e. 0.2 wt% ODA in hexadecane) are excluded 

from consideration for practical application, and not presented in Figures 8-8 and 8-9, 

which show a summary of the spreading and/or retracting behaviour of the various 

blends. Lower concentrations that showed no change in spreading behaviour when 

compared to neat hexadecane are also excluded for brevity. A blend of hexadecane 

with 5 wt% squalane was also tested for viscosity comparison and will be elaborated 

shortly. Contact angles for the final conditions of the droplets are presented in Table 

8-2. 

 

 
Figure 8-8: Plot of spreading area of the droplet vs. time for various blends of additives in hexadecane. 5 µl 

of liquid was used in each blend application. 
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Figure 8-9: Plot of spreading area of the droplet vs. log(time) for various blends of additives in hexadecane. 

5 µl of liquid was used in each blend application. 

 

 
Table 8-3: Contact angles of various blends on silicon after droplet retraction. 5 µl of liquid was used in 

each blend application. 

Liquid blend used on Si surface Contact angle of blend (˚) 

Hexadecane + 3 wt% MAC 19.1  

Hexadecane + 0.5 wt% DDA 7.00 

Hexadecane + 1 wt% DDA 16.96 

Hexadecane + 0.1 wt% ODA 30.60 

Hexadecane + 0.2 wt% ODA 37.04 

 

The graphs in Figures 8-8 and 8-9 were obtained by separating the frames of 

the video recordings (e.g. in Figures 8-6 and 8-7), and an image edge detection 

alogorithm in MATLAB was used after image processing to detect the outline of the 

droplet on the surface, thereby relating the surface area (to a scale) of the liquid 

against the silicon surface. The effects of the various additives in the droplets 

behaviour are evident, especially in the cases of non-spreading droplets (3 wt% MAC 

additive), and retracting droplets (0.1 wt% ODA and 1 wt% DDA additives). All 
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blends except for the 3 wt% MAC were noted to have approximately the same 

behaviour at application, but with varying times and extents of retraction. The contact 

angles were also noted to be proportional to the surface area shown in Figures 8-8 and 

8-9, as the same volume of liquid was used for each test. 

 The mechanism of retraction under Type 2 spreading is described in detail by 

Cottington and co-workers (Cottington et al. 1964), in which it is assumed that a 

“foot” or meniscus of oil turns outward at the base of the drop. In contrast to 

Cottington’s study, the adsorption of the additive in this case is quick and sufficient to 

make the critical surface tension of the surface less than that of the surface tension of 

the hexadecane blend, and cause the droplet to retract quickly and at its location on 

the wafer. If the adsorption is reasonably fast, immediate recession of the droplet 

would occur, having very little spreading. A slower adsorption rate would allow for 

more spreading to occur before retraction is observed. However, it is also possible 

that the adsorption of the additive is too slow to induce a retraction before most of the 

spreading has occurred. The random formation of the film results in a non-uniform 

film or lowers the critical surface tension of the surface insufficiently – in these cases, 

further spreading will occur at the drop margin onto areas where the film has not 

formed. The same principle, in a more extreme fashion, is responsible for the earlier 

described Type 3 spreading behaviour.  

Bartell and co-workers, in studying the wetting of incomplete monomolecular 

layers (Bartell et al. 1956; Bartell et al. 1959), also noted that the variation of contact 

angles of hexadecane on both octadecylamine and dodecylamine films was largely 

affected by the completeness of the monolayer deposited on the surface. Their work 

also shows that the additives in hexadecane form a film on the solid surface, creating 

a consistent contact angle, as do Bigelow and co-workers (Bigelow et al. 1946). These 
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support the explanation that the additives in the liquid are responsible for film 

formation on the silicon surfaces, to an extent dependent on concentration. Failing 

such film formation, a lower contact angle and spreading will occur. A sharp drop in 

the contact angle was noted by Bartell and co-workers at about 50 % depletion of the 

adsorbed layer for ODA, and this agrees with other preliminary tests done with very 

low concentrations of 0.05 and 0.01 wt% of ODA which showed no reduction in 

spreading or retraction behaviour. It is likely that these low concentrations are 

insufficient to produce a consistent and complete film, so the defects in the film allow 

the blends to wet the surfaces. This effect of incomplete monolayers also accounts for 

the slightly lower contact angle observed in the blends investigated in this study 

(Table 8.2), as compared to other works (Bigelow et al. 1946; Bartell et al. 1956; 

Bartell et al. 1959). Bartell and co-workers, in particular, suggest that the lower 

surface area experienced after retraction is a combined result of the extent of the film 

completion and the difference in carbon chain length, the latter of which affects the 

extent of oleophobicity. 

In the case of hexadecane with 3 wt% MAC as additive, no spreading at all 

was observed, even at the application of the droplet. Contact angles were conducted 

with hexadecane on silicon, comparing to that of the blend, and then neat hexadecane 

on MAC-coated silicon; these values are presented in Table 8-3. 

 

Table 8-4: Contact angles made when 1 µl of test fluid is placed on bare and MAC-coated silicon wafers.  

Values were measured at 25 ˚C. 

Liquid Surface Contact angle (°) 

Hexadecane Bare silica ~0 

Blend of hexadecane + 3.0 wt% MAC Bare silica 19.1 

Hexadecane MAC-coated silica 23.0 



Chapter 8 - Barrier Coatings for Local Containment of Lubricant 

156 

 

As contact angles are observed to be relatively high on MAC-coated silicon 

and the blend of hexadecane and MAC, this would imply that the non-spreading 

effect is due to the dewetting of the liquid on the surface. It should be noted that as 

MAC does not wet a silicon surface uniformly, a reduced concentration of 0.4 wt% 

MAC in n-hexane was used to form a film coating on the silicon surface prior to 

application of hexadecane and measuring of the contact angle. MAC is also known to 

induce a hydrophobic property on silicon surface (Wang et al. 2010b), which supports 

this conclusion. 

In order to confirm that the non-spreading behaviour was only due to that of 

the additive and not an effect of the increased viscosity, spreading tests were also 

done with blends of various concentrations of squalane in hexadecane, compared to 3 

wt% MAC in hexadecane. Squalane was used as it is a hydrocarbon molecule, similar 

to MAC and hexadecane, but does not have a dewetting effect like MAC. Dynamic 

viscosity measurements of 3 wt% MAC and various concentrations of squalane in 

hexadecane are shown in Table 8-4 and an approximate viscosity equivalent to 3 wt% 

MAC in hexadecane was obtained with 5 wt% squalane in hexadecane. The final 

stable surface areas of the blends are also plotted and presented in Figure 8-10. 
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Table 8-5: Dynamic viscosities of 3wt% MAC in hexadecane and various concentrations of squalane in 

hexadecane. 

Blend Description Dynamic Viscosity (cP) 

Hexadecane + 3 wt% MAC 3.35 

Hexadecane + 1 wt% squalane 3.18 

Hexadecane + 3 wt% squalane 3.29 

Hexadecane + 5 wt% squalane 3.38 

Hexadecane + 7 wt% squalane 3.50 

 

 

Figure 8-10: Plot of stable spread area versus dynamic viscosity for various concentrations of squalane and 

3wt% MAC in hexadecane. Blend with 3wt% MAC shows much lower spreading despite having viscosity 

comparable with the squalane blends. 

 

As can be seen, 3 wt% MAC in hexadecane spreads considerably less than the 

blends of squalane in hexadecane, even of squalane blends with higher viscosities 

than the 3 wt% MAC blend. This implies that the small amount of spreading observed 

in the 3 wt% MAC blend in hexadecane is due to effects other than the slightly 

increased viscosity, and suggests that the dewetting effect mentioned earlier is the 
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main factor. It is believed that the MAC blend forms a film on the silicon surface on 

which the blend itself is not able to spread and therefore stays as a consistent droplet. 

In light of this, it is concluded that the dewetting property of the MAC additive is 

primarily responsible for the non-spreading behaviour. 

8.4 Discussion 

8.4.1 Differences between liquid behaviour in spin tests 

The observed “throw-off force” between different liquids were noted to be 

very different for the two liquids; water and hexadecane. This is due to a number of 

factors – firstly, the densities and the viscosities of the liquids are quite different, and 

these affect the intrinsic spreading and moving ability of the liquid. The second and 

more prominent factor is that the repulsion between the OTS SAM and the liquids are 

very different. OTS is known to be hydrophobic, producing a contact angle of > 90 ° 

with water. However, the contact angle observed with hexadecane is only about 40 ° - 

this implies that OTS is not nominally oleophobic as the contact angle is less than 90 

°, but still induces non-wetting between the liquid and the surface, and is sufficient to 

note a difference when used for containment effects in our study. In short, the 

different levels of repulsion produce different levels of containment using the same 

selective modification process, when comparing different liquids.  

It is possible to recreate the same containment strength for oils, using 

properly-made oleophobic surfaces achieved from various films or other fabrication 

processes (Bigelow et al. 1946; Zisman W 1964; Sagiv 1980; Juhue et al. 2003; 

Tuteja et al. 2007; Liu et al. 2010). In principle, the containment process and 

mechanism should still remain the same. 
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Despite limitations of the experimental setup and procedures, lubricant 

containment was observed on the modified surfaces due to the step in surface tensions 

and wettability of the surface at the modified/non-modified OTS-SAM junction. 

8.4.2 Practical use of additives for non-spreading liquids 

The study conducted in this Chapter differs from other referenced work in 

various aspects – here silicon is used as the substrate due to its common use in 

fabrication of MEMS, instead of stainless steel and other metals. Different liquids 

were also investigated, as the interaction between solids and liquids change between 

materials. Although both spreading and non-spreading behaviour was observed in this 

study as well as other referenced works, the modes and observations reported vary 

significantly. Comparisons were also made in this work between reduction of 

spreading/non-spreading behaviour induced by increase of viscosity and that induced 

by additives, as applications of liquid containment should be suitable for MEMS 

devices use. 

There are competing factors in the successful use of such additives for anti-

spreading – the strength of repulsion, the speed of film formation and the resilience of 

the adsorbed film to solvent attack. Surface film formation should ideally be fast, so 

as to prevent excessive spreading from occurring, if any. The film should also form 

uniformly, so as not to create a surface energy or surface tension gradient over the 

circumference of the droplet, thereby causing it to continuously move over the surface 

(i.e. Type 3 Spreading, as shown in Figure 8-6). 

Although the concentration of the additive in the lubricants can be increased to 

strengthen the repulsion or retraction effect, practical uses of additives must be 

limited to small concentrations as mentioned earlier (Cottington et al. 1964) and are 

also limited by the solubility limit of the additive in the lubricant. 
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In view of this, it is suggested that 0.1 wt ODA or 1 wt% DDA would be an 

idea concentration for practical applications in anti-spreading of hydrocarbons on Si 

surfaces. Since both additives have also been studied for use in lubrication of micro-

devices under different conditions and found to reduce boundary friction (Reddyhoff 

et al. 2011), these spreading methods are highly feasible for actual application and 

testing on MEMS devices. 

 

8.5 Conclusion 

Various methods of lubrication of micro-machines have been investigated in 

previous research – the practical application of which all face a potential issue of 

starvation and depletion of adequate lubrication in contacts. Two methods of lubricant 

containment and anti-spreading are presented in this chapter – one by modifying the 

surface and another by modifying the liquid. Both methods have been found to 

successfully contain liquid lubricants on silicon surfaces. Both surface modification 

and the use of additives have also been applied in previous works on MEMS to reduce 

adhesion and friction between contacts, which suggests that extension of such 

procedures to control spreading may be feasible. 
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Chapter 9 - Conclusions and Future Work 

This chapter summarizes the conclusions found from the work described above. It 

briefly describes the achievements and the successes of the Loc-Lub method of 

lubrication, and extends the feasibility of using liquid lubrication to lubricate MEMS 

by reducing hydrodynamic lubrication using additives and also containing the 

lubricant at specified locations. 
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9.1 Conclusions 

9.1.1 “Localized Lubrication” Method 

The “Loc-Lub” method has been investigated initially on silicon wafers as a 

feasibility study, using both PFPE and MAC lubricants. The following conclusions 

can be drawn. 

1. The “Loc-Lub” method shows more effective lubricant application than dip-

coating and vapour deposition techniques, extending the wear life of tested 

silicon wafers by several magnitudes and reducing friction. 

2. Due to the cohesive properties of MAC lubricant, wear is further reduced due 

to a persistent lubricant film of MAC lubricant, with silicon wafers under 

reciprocating wear testing in flat-on-flat contact geometry. 

3. The “Localized Lubrication” method has been found to successfully lubricate 

the sidewalls of MEMS device components, lowering the static and kinetic 

friction values, as well as reducing adhesion between the components. Wear 

tests have also revealed a higher wear life than that of unlubricated specimens. 

This discovery has considerable potential for enabling new designs and 

applications of MEMS devices, as sidewalls can now be lubricated and made 

to slide against each other for a significant device lifetime. 

 

9.1.2 Reduction of Hydrodynamic friction 

The effects of MAC and octadecylamine as friction modifier additives were 

investigated over a range of speeds using a custom-made MEMS tribometer, with the 

following main conclusions: 
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1. An optimum concentration of 3 wt% MAC in hexadecane shows a reduction 

in the hydrodynamic friction at high speeds, clearly visible in the Stribeck 

curves plotted. 

2. Comparison with other liquids of similar composition and viscosity shows that 

the effect is not due to a viscosity change but due to surface effects of the 

additive. Further investigation suggests that it may result from liquid slip at 

the surfaces.  This is supported by comparing the behaviour of squalane and 

by the dewetting effect of MACs on a silicon surface. The effect is akin to that 

of the “half wetted bearing” (Spikes 2003a; Spikes 2003b).  

3. This behaviour has implications for liquid lubrication of MEMS devices 

involving smooth silicon surfaces sliding under low load since it may allow 

for the use of higher viscosity lubricants with lower volatility, while still 

retaining acceptably low hydrodynamic friction at high speeds. 

9.1.3 Lubricant Containment 

The feasibility of using modifications to both surfaces and liquid lubricants to 

prevent spreading and induce containment of the lubricant at the location of 

application has been investigated. The following conclusions can be drawn from this 

work: 

1. Silicon surfaces were modified by (i) using an OTS SAM layer to make them 

hydrophobic, followed by (ii) localised oxygen plasma treatment of the 

coating through a PDMS mask to create localised regions which are 

hydrophilic.   Lubricant located at the treated, hydrophilic regions had higher 

“throw-off” force of a liquid droplet, compared to bare silicon or silicon 

uniformly coated with OTS SAM. 
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2. The same trends were noted for both water and hexadecane, although at 

different magnitudes, due to the different extents of hydrophobicity and 

oleophobicity of the surface. 

3. An optimum concentration of additives can be used in hexadecane to induce 

autophobicity, causing the droplet to retract at the location of application.  

4. Liquids can be made autophobic by dissolving amine surfactant additives in 

the liquid, causing the latter to dewet or have non-spreading properties on their 

own surface-adsorbed film. Depending on the behaviour, this may not always 

be practical for actual application of lubricant, but can be used as a pre-

treatment prior to actual application. 

5. Use of such amine additives have been previously investigated as friction 

modifier additives, and might therefore be feasible for actual MEMS 

applications. 

 

9.2 Future work 

9.2.1 “Localized Lubrication” on MEMS devices 

The “Loc-Lub” method of lubricating silicon surfaces, MEMS devices and 

sidewalls has been proven to show extended wear/device life and reduce friction and 

adhesion.  To perfect the technique, a few considerations of some further 

development should be carried out; 

1. Use of the “Loc-Lub” method in other rubbing conditions, such as ball-on-disc 

or pin-on-disc conditions, to simulate various forms of practical rubbing 

contact. 



Chapter 9 - Conclusions and Future Work 

165 

 

2. Investigation of other lubricants for use with the method, and the compatibility 

of the lubricating mechanisms. A comparison of optimal lubricant properties 

for material surfaces would also be beneficial as various materials are now 

being used for MEMS devices (e.g. SU-8 and other polymers) in addition to 

silicon. 

 

9.2.2 Hydrodynamic friction reduction in MEMS 

The use of MAC as an additive was found to reduce hydrodynamic friction in 

high speed sliding MEMS. This was attributed to a slip at the silicon surface, thereby 

changing the factors involved in the friction observed, as illustrated in the “half-

wetted bearing” effect. Further work that could be carried out are as follows: 

1. The extent and effect of slip on the surface could be investigated using 

fluorescence or other methods. 

2. Other methods of inducing slip at the silicon surface could be investigated, 

such as coatings on the silicon devices or other forms of additives that are 

soluble in such liquids. 

3. The impact of roughening of one of the pair of silicon surfaces, to inhibit slip 

at this surface but not at the other surface, should be investigated.   

 

9.2.3 Anti-spreading methods and lubricant containment 

The use of additives and surface modification was shown to successfully 

prevent spreading of lubricants, inducing autophobicity, and increasing the amount of 

force required to move a droplet off a surface. To perfect the method, further 

developments should be investigated: 
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1. The use of actual oleophobic surfaces (with contact angles of more than 90˚ 

for hexadecane or other oils) should be tested with the selective modification 

principle, particularly with surface texturing effects. Other surface 

modifications can also be investigated. 

2. Film formation mechanism can be investigated, as well as the chemical and 

physical bonding strength between the film and the surfaces. Film properties 

can also be investigated. 

3. Tribological testing of these contained areas can be carried out and compared 

to non-contained surfaces, to see if wear lives and friction properties are 

improved after the treatment or additives are included.  
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