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Abstract Recent research has shown that hydrodynamic

lubrication is an effective means of reducing friction in

high sliding micro-electromechanical systems (MEMS). At

high speeds, however, such lubrication can lead to

increased friction due to viscous drag. This article

describes a series of hydrodynamic tests on a silicon

MEMS contact lubricated with a blend of hexadecane and a

multiply-alkylated cyclopentane (MAC). Results show that

the presence of the MAC reduces hydrodynamic friction

compared with neat hexadecane. Such behaviour is con-

trary to conventional hydrodynamic theory, since the vis-

cosity of the MAC—a mixture of di- and tri-(2-

octyldodecyl)-cyclopentane—is significantly higher than

that of neat hexadecane. This effect increases with MAC

concentration up to an optimum value of 3 wt%, where the

hydrodynamic friction coefficient at 15,000 rpm is reduced

from 0.5 to 0.3. Above this concentration, friction begins to

rise due to the overriding effect of increasing viscosity. The

viscosity of the blended lubricant increased monotonically

with MAC concentration, when measured using both a

Stabinger and an ultra-high shear viscometer. In addition to

this, no reduction in friction was observed when a squa-

lane–hexadecane blend of equal viscosity was tested. This

suggests that some property of the MAC–hexadecane

lubricant, other than its viscosity, is influencing hydrody-

namic lubrication. A tentative explanation for this behav-

iour is that the MAC induces the liquid to slip, rather than

shear, close to the silicon surfaces. This hypothesis is

supported by the fact that the friction reducing ability of

the MAC blend was inhibited by the inclusion of octa-

decylamine—a substance known to form films on silicon

surfaces. Furthermore, the MAC reduces friction in the

mixed regime, in a manner suggesting that the formation of

a viscous boundary layer. This unusual behaviour may

have useful implications for reducing hydrodynamic fric-

tion in liquid-lubricated MEMS devices.
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1 Introduction

Micro-electro-mechanical systems (MEMS) are small scale

devices, which have developed as a result of advances in

semiconductor fabrication over recent decades. These

devices are now used in a range of commercial applications

including optical signal processing [1], RF switching [2],

inertial sensing [3], and biosensing [4]. In addition to these,

MEMS offer the potential to enable many new applica-

tions. It is well-known, however, that MEMS suffer from

significant problems in terms of friction, adhesion, and

wear, which limit their use in applications requiring sliding

contacts. These problems arise mainly because of the

dominance of surface forces over body forces that occur at

small length scales [5]. The situation is exacerbated by the

poor tribological properties of silicon (the most common
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material used for MEMS), which is both brittle and of high

surface energy.

The potential usefulness of MEMS, combined the signifi-

cant tribological challenges they pose, has driven considerable

research into means of lubricating silicon surfaces. Proposed

solutions include surface treatments such as self-assembled

mono-layers [6–8], coatings such as diamond-like carbon [9,

10], and hydrogen termination [11]. Many of these treatments

have been effective at reducing stiction, but have struggled to

provide protection against prolonged sliding, since, once worn

away, there is no means of replenishment. For this reason, two

self-replenishing methods of lubricating MEMS have been

investigated, namely liquid and vapour phase lubrication.

In the latter approach, a lubricant film is formed due to

the condensation of vapour—typically of an alcohol—on

the rubbing surfaces [12, 13]. This approach is very

effective in preventing wear, but requires special hermetic

packaging [14] that can limit the possible application of

devices and reduce their economic viability. Interestingly,

analysis of silicon surfaces after lubrication by alcohol

vapour reveals oligomeric species, formed via tribochem-

ical reactions of the adsorbed molecules [15].

Liquid lubrication of MEMS has been shown to prevent

wear [16] and give low friction [17] in a MEMS contact.

Furthermore, under certain conditions, liquid lubrication

gives lower friction than the same MEMS contact lubricated

by vapour [16]. This, however, is not necessarily the case for

all conditions since friction in liquid-lubricated contacts

varies strongly with entrainment speed. Such behaviour is

summarized by a Stribeck curve, which plots friction versus

speed. At low speeds where fluid entrainment is insufficient

to separate the contacting surfaces (boundary regime), fric-

tion is approximately constant. As speed increases, liquid

entrainment due to the hydrodynamic effect begins to sepa-

rate surfaces so that friction decreases (mixed regime). Once

surfaces are fully separated, friction increases with speed due

to increased shearing of the fluid film (hydrodynamic

regime). In order for liquid lubrication to be effective in

MEMS, the friction arising in each of these regimes must be

controlled. It has been shown that boundary friction of

sliding silicon MEMS can be reduced effectively when a

friction modifier additive is blended with the liquid; amine

additives work well for this since their basic head group is

attracted weakly acidic silica surfaces [18].

Hydrodynamic friction in small scale devices was initially

thought to be sufficiently high so as to make liquid lubrication

of MEMS unfeasible [19, 20]; however, the liquids chosen in

these early studies were of high viscosity. When liquids of

suitably low viscosity were used, friction coefficients below

0.1 were measured for a MEMS thrust pad bearing rotating at

10 kRPM [17]. Despite the proven effectiveness of using low

viscosity fluids as lubricants, it is still necessary to find means

of further reducing hydrodynamic friction in liquid lubricated

MEMS. One reason for this is that very low viscosity fluids

typically have high vapour pressures, and this conflicts with

the requirement that contacts operate for extended periods of

time without confinement.

The most well-known method of controlling hydrody-

namic friction without reducing viscosity is to promote the

occurrence of ‘slip at the wall’. This is the boundary

condition in which the fluid slides close the component

surfaces in a similar manner to that of a solid, i.e. the

velocity of the fluid at the fluid/surface interface is not

equal to that of the surface.

The potentially useful implications of liquid slip were

suggested by Spikes [21] in their development of the ‘half

wetted bearing’ principle. This was first studied by

extending Reynolds’ theory to show that load support

combined with very low friction could result from a

bearing where the lubricant was able to slip against one

surface but not the other [21]. The principle was then

applied to low-load MEMS contacts where it showed sig-

nificant potential to reduce friction [22]. This theory was

then validated experimentally using a low-load tribometer

in which hexadecane slipped against a smooth, lyophob-

ized sapphire surface [23]. In addition to this, reduced

friction resulting from liquid slip was also shown to occur

in low load contacts where the surfaces were treated with

friction modifier additives [24].

In addition to the work described above, a number of other

experiments have shown that liquid slip can occur, particu-

larly when surfaces are very smooth and the liquid does not

strongly wet them (for a more detailed review see Ref. [23]).

Pit et al. [25] for instance used fluorescence recovery after

photo-bleaching (FRAP) to show that hexadecane slipped

against a sapphire surface that had been made lyophobic with

a monolayer of octadecyltrichlorosilane. Evidence for slip

was also provided by Zhu and Granick [26], who measured

reduced hydrodynamic squeeze forces between mica sur-

faces coated with a lyophobic monolayer and lubricated with

tetradecane and water.

The current paper describes a series of experiments on a

silicon MEMS contact, in which a reduction in hydrody-

namic friction is observed when a multiply alkylated pen-

tene is blended with a hexadecane base fluid. Results

suggest the occurrence of liquid slip similar to that

described above.

2 Experimental Details

2.1 Test Lubricants and Additives

The base fluid used in this work was hexadecane, a linear

alkane with the chemical formula C16H14. The hexadecane

was blended with a commercially-available, multiply-
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alkylated cyclopentane (MAC), at the range of concentra-

tions shown in Table 1.

MACs are synthesised hydrocarbons, with molecules

that consist of a cyclopentane ring with 2–5 alkyl chains

substituted. They are produced by cracking dicyclopent-

adiene to form cyclopentadiene, which is then allowed to

react with alcohols in the presence of strong base [27]. Due

to their thermal stability and low volatility, MACs are

gaining acceptance as lubricants for space applications

[15–22], and have been recommended as possible lubri-

cants in the field of nanotribology [16, 23]. The specific

MAC that we tested was the commercially available Nye

3001A, which is a mixture of di- and tri-(2-octyldodecyl)-

cyclopentane. This fluid is a saturated hydrocarbon con-

taining no additives (though MAC-compatible additives

have been developed [28]). A table of the physical prop-

erties of this lubricant has been given by Dube et al. [29].

Tests were also carried out with an amine friction

modifier additive included in the MAC–hexadecane blend.

Octadecylamine (ODA) was used as a probe to investigate

the fluid behaviour at the surfaces, since it has been shown

to form a friction-reducing boundary film on silica. To

ensure the powdered amine dissolved completely in hexa-

decane, the solution was heated to 60 �C for 30 min.

2.2 Test Apparatus and Procedure

The tribometer used in this work to investigate high-speed

sliding contacts under MEMS conditions is described in

detail in [30] and is shown in schematic form in Fig. 1. In

this equipment, the frictional torque is measured between

two silicon disc specimens. The lower specimen is moun-

ted on a horizontal platform which is supported on an

elastic suspension designed to have low stiffness for ver-

tical displacement and for rotation about a vertical axis.

The upper specimen is attached to the rotating shaft of a

high-speed DC motor, vertical position of which is con-

trolled accurately using a computer-controlled z-stage.

Before each test, a droplet of test fluid of approximately

2 ll was placed on the lower specimen. This approach

allows accurate alignment of the specimens and differs

from previous work [18] where a lubricant bath was used

(preparatory tests showed that this new approach had no

effect on the measured friction). Next, the axes of the two

disc specimens (viewed using two video cameras) were

aligned, and specimens were loaded together with the

required normal force by adjusting the vertical position of

the upper specimen and motor. Normal load values are

obtained by multiplying the vertical deflection of the lower

specimen (measured by a laser displacement device) by the

platform’s normal stiffness. A photograph of the loaded

specimens is shown in Fig. 2.

Once specimens were loaded together, each test

involved measuring frictional torque while increasing the

Table 1 Viscosities of mixtures used in tests, measured with a Sta-

binger viscometer (model SVM 3000, Anton Paar, Graz, Austria)

Dynamic viscosity,

g (cP)

Density,

q (g/cm3)

Hexadecane 3.1383 0.7697

Hexadecane ? 0.5 wt% MAC 3.1394 0.7698

Hexadecane ? 1.0 wt% MAC 3.1624 0.7700

Hexadecane ? 2.0 wt% MAC 3.3059 0.7708

Hexadecane ? 3.0 wt% MAC 3.3450 0.7712

Hexadecane ? 4.0 wt% MAC 3.4731 0.7728

Hexadecane ? 7.0 wt% MAC 3.7030 0.7743

Hexadecane ? 20.0 wt% MAC 4.8066 0.7807

Values were measured at 25 �C

Motor

Rotating Disc

Stationary Disc

Prism

Laser Displacement 
Measurement Device

Laser for torque 
measurement

Detector

Fig. 1 Schematic of MEMS tribometer test rig

Rotating specimen

Stationary 
specimen

Platform

Motor
Lubricant film

Fig. 2 Photograph of specimens loaded in MEMS Test Rig
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rotational speed of the upper specimen in a stepwise

fashion. Here, the frictional torque was obtained by mul-

tiplying the platform stiffness by the angular rotation of the

lower specimen (measured using an optical lever technique

as described in [17, 18]).

For all the tests in this study, the vertical displacement

of the specimens was 3.2 lm, which corresponds to a

normal load of 0.05 N. The motor was started at a speed of

10 rpm, and increased to 15,000 rpm. Similar to previous

studies, data and motor control were automated using

LabVIEW software [18, 30].

2.3 Test Platforms and Specimens

The specimens and test platforms are similar to those used

in previous work [18, 30] but with slightly different spec-

imen dimensions as shown by Fig. 3. The platforms were

fabricated from silicon wafers with 100-mm diameter and

525-lm thickness, using a combination of photolithogra-

phy and through-wafer Deep Reactive Ion Etching (DRIE).

The disc specimens were fabricated using the same

approach. For all tests, the upper specimens attached to the

motor shaft were flat, while the lower specimens attached

to the platform were patterned similar to that of a thrust pad

bearing with a step height of 50 lm.

3 Results and Discussion

3.1 Hexadecane with MAC

Tests were carried out on the range of hexadecane and

MAC blends detailed in Section 2.1, using the experi-

mental approach described in Section 2.2. Results are

generally plotted as Stribeck curves of friction coefficient

against speed on a logarithmic scale.

Figure 4 shows the variation in friction with speed for a

contact lubricated with neat hexadecane. Here, a typical

Stribeck curve is observed, showing the boundary, mixed,

and hydrodynamic regimes. Boundary friction is approxi-

mately 0.2 and full hydrodynamic lubrication occurs above

speeds of approximately 700–800 rpm—values that are

consistent with those found in previous work [18, 30]. Also

displayed is the friction when pure MAC is used. In this

case, viscous friction increases dramatically even at low

speeds, which is to be expected since the viscosity of the

MAC (18.6 cP at 25 �C) is considerably higher than that of

hexadecane (3.1383 cP). In addition to the neat lubricants,

the friction for a blend of 3 wt% MAC in hexadecane is

also shown. Despite the viscosity of the blend being higher

than neat hexadecane, the blend reduces friction in both the

mixed and hydrodynamic regimes. In order to ensure the

validity of this unexpected behaviour, a large number of

repeat tests were carried out. These showed the reduction

in hydrodynamic friction to be repeatable.

Figure 5 shows the variation in friction coefficient with

speed for a range of MAC concentrations from 0 up to

7 wt%. This shows that the optimum concentration of

MAC is *3 wt%, which reduces friction at 15000 rpm

from *0.5 to *0.3 compared to neat hexadecane. Lower

concentrations of MAC reduce the hydrodynamic friction

to a lesser extent and for 0.5 wt%, the change in the

hydrodynamic friction is negligible. As the concentration

of MAC is increased above *3 wt%, hydrodynamic fric-

tion begins to rise. This increase in friction with viscosity

(which is in agreement with hydrodynamic theory) shows

that above *3 wt%, the friction-reducing effect of the

MAC is outweighed by its effect on viscosity.

Figure 6 shows the friction at 15,000 rpm (obtained

from Fig. 5) alongside dynamic viscosity (data from

Table 1), plotted against MAC concentration. Each data

point shown in Fig. 6 is an average of three measurements,

while the error bars represent the standard deviation of the

measurements. This figure confirms the anomalous

behaviour; below 4 wt%, friction falls with increasing

MAC concentration while viscosity rises monotonically.

The first question regarding this behaviour is whether it

arises due to heating effects as a result of increased vis-

cosity. To test this, a Stribeck curve was obtained using an

alternative fluid with equal viscosity to that of the MAC

hexadecane blend. This was achieved by mixing squalane

and hexadecane (in proportions suggested by ASTM

D314), to produce a viscosity of 3.3 cP (close to that of the

Fig. 3 Dimensions of etched stepped pad bearing

Fig. 4 Friction coefficient versus speed for contacts lubricated with

neat hexadecane, neat MAC lubricant, and 3 wt% MAC blend of

MAC in hexadecane
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3 wt% MAC in hexadecane). The results from a test on this

blend are shown in Fig. 7. It is evident that the addition of

squalane to hexadecane causes an increase in hydrody-

namic friction (in contrast to the MAC, which reduces

friction). Therefore, it is not simply an increase in lubricant

viscosity that is causing the anomalous reduction in fric-

tion; some other property of the MAC is responsible.

3.2 Compound Blend of Hexadecane

with Octadecylamine and MAC

A series of tests was carried out to establish whether the

anomalous reduction in friction resulted from phenomena

occurring close to the silicon surface or within the bulk of

the lubricant. In these tests, octadecylamine (ODA) was

blended with the hexadecane–MAC blend. ODA has been

shown previously to act as a friction modifier additive that

forms a boundary film on silica surfaces and reduces fric-

tion at low speeds [18]. Since ODA is surface-active, its

inclusion in the hexadecane–MAC blend is intended as a

probe to ascertain whether the anomalous reduction in

hydrodynamic friction can be attributed to occurrences on

the surfaces or within the bulk of the fluid.

Figure 8 shows the friction variation with speed for four

fluids based on hexadecane: (i) neat hexadecane, (ii) hexa-

decane with 0.1 wt% ODA, (iii) hexadecane with 2 wt%

MAC (iv) hexadecane with 0.1 wt% ODA and 2 wt% MAC.

As expected, the presence of ODA alone in hexadecane

reduces boundary friction significantly (from *0.2 to

\0.1), while the presence of the MAC alone reduces

hydrodynamic friction. However, the friction reductions

associated with these two additives are diminished when a

blend of hexadecane MAC and ODA is used. This suggests

that the friction-reducing mechanisms associated with the

MAC and the ODA are competing with each other. Since

the ODA is known to be surface-active, it is probable that

the friction-reducing MAC behaviour is a phenomenon that

also occurs close to or at the silicon surface.

Fig. 5 Friction coefficient

versus speed for contacts

lubricated with hexadecane with

varying percentages of MAC

additive
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Fig. 6 Coefficient of friction at 15,000 rpm and dynamic viscosity

versus MAC concentration in hexadecane

Fig. 7 Friction coefficient versus speed for neat hexadecane and a

3.3 cP blend of squalane and hexadecane
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It should be noted that there is a slight difference

between friction values shown in Fig. 8 and those observed

in previous work [18]. This can be attributed to the dif-

ferent pad geometry used here (as defined in Fig. 1),

compared to that employed previously.

A series of tests were then carried on compound blends

where the concentrations of the MAC and ODA components

were varied independently. The most effective blend in

reducing friction in both the boundary and hydrodynamic

regime consisted of hexadecane with 0.1 wt% ODA and 1 wt%

MAC. The Stribeck curve for this blend is shown in Fig. 9. It

can be seen that the addition of ODA and MAC to hexadecane

acts reduce both boundary and hydrodynamic friction.

3.3 Squalane with MAC

Hexadecane is a linear molecule, which, as previous

studies have shown, has the propensity of exhibit liquid slip

behaviour at very smooth, oleophobic surfaces [23, 25].

In order to establish whether the MAC additive reduces

friction when blended with a hydrocarbon base fluid that is

non-linear in structure, the following test was carried out.

Friction versus speed curves were obtained for the MEMS

contact lubricated with both neat squalane and squalane

blended with 2 wt% MAC. As shown by Fig. 10, the

addition of 2 wt% MAC in squalane has negligible effect

on friction, when compared to neat squalane. It should be

Fig. 8 Friction coefficient

versus speed for individual

blends of octadecylamine and

MAC (2 wt%) with hexadecane,

and a compound blend of all

three liquids

Fig. 9 Friction versus speed for

contacts lubricated with pure

hexadecane, hexadecane with

0.1 wt% octadecylamine, and a

compound blend of hexadecane

with 0.1 wt% octadecylamine

and 1 wt% MAC
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noted that the viscosity of the 2 wt% MAC solution in

squalane was very similar to that of neat squalane.

3.4 Possible Origins of the Observed Friction

Reduction

This reduction in friction that occurs together with an

increase in fluid viscosity is clearly contrary to conven-

tional Reynolds’ theory, which suggests that hydrodynamic

friction l is related to dynamic viscosity g by

l / gU

W

� �0:5

ð1Þ

where U is the entrainment speed (half the sliding speed in

the contacts studied) and W is the load.

A tentative explanation for this behaviour is that a film

of MAC forms on the silicon specimens, which causes the

liquid to slip (rather than shear) close to one or both sur-

faces. This would result in a reduction in the shear stress at

the surface and hence reduce hydrodynamic friction.

Although there is nothing in the chemical composition of

either di- or tri-(2-octyldodecyl)-cyclopentane (both

unsaturated hydrocarbon molecules) to suggest its attrac-

tion to silica surfaces, a number of observations suggest

that such a film is formed.

First, the addition of octadecylamine (ODA) to the blend

inhibits MAC friction reduction. Since ODA is surface

active on silica [18], this suggests the friction-reducing

mechanism of the MAC occurs close to the silica surfaces.

Furthermore, no corresponding friction reduction was

observed when the MAC was blended with a squalane base

fluid. This observation suggests the occurrence of slip,

since slip should occur more readily with hexadecane (a

linear molecule) than squalane (a branched molecule), due

to the ability of molecules of the former to orientate

themselves to form an ordered layer. Similar to previous

research [23–26], the formation of an ordered film may be

promoted by the smooth nature (*0.5 nm Ra) of the sili-

con surfaces.

It has also been shown that slip generally occurs when

liquids do not strongly wet the surfaces they are moving

against [23–26]. In order to study the wetting behaviour of the

liquids and surfaces used in this study, a number of contact

angle measurements were made. The results from these are

shown in Table 2. Here, it can be seen that neat hexadecane

and the hexadecane–MAC blend wet the surface of the silicon

specimens. However, the surface has been coated with MAC

prior to measurement, the contact angle increases from*0 to

23�, showing that wetting is reduced. If a similar non-wetting

MAC layer is formed on the specimen surfaces during the

test, it is possible that this contributes slip.

It should be noted that the MAC-coating used for con-

tact angle measurement was produced by spreading a

solution of 0.4 wt% MAC in hexane onto a silicon wafer

before allowing the hexane to evaporate (this approach was

necessary since neat MAC does not wet silica surfaces).

Inspection of Fig. 4 shows that the presence of MAC in

the fluid has the effect of reducing friction in the mixed

regime (occurring from approximately 100–1,000 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 Stribeck curve to the left. This type of

reduction in mixed friction has previously been attributed

to the formation of a viscous boundary layer, which

increases fluid entrainment at intermediate speeds. For

example viscous, fluid-like boundary films have been

shown to occur in metal–metal elastohydrodynamic con-

tacts, for solutions of polar viscosity index improver (VII)

polymers in mineral oils [31]. Here, at low speed when the

fluid film thickness is less than that of the adsorbed poly-

mer film, the fluid at the inlet is of higher viscosity that the

bulk of the fluid. In contrast to this previous work, the

observed behaviour occurs in conformal, silicon contact,

and the reduction in friction persists into the hydrodynamic

regime.

It is interesting to note that the optimum concentration

of MAC in hexadecane (*3 wt%) is significantly higher

Fig. 10 Friction coefficient versus speed for neat squalane and

squalane blended with 2 wt% MAC

Table 2 Contact angles made when 1 ll of test fluid is placed on

bare and MAC-coated silicon wafers

Liquid Surface Contact angle

(�)

Hexadecane Bare silica *0

Blend of hexadecane ? 2.0 wt%

MAC

Bare silica *4

Hexadecane MAC-coated

silica

23

Values were measured at 25 �C
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than the typical concentrations used for lubricant additives.

The reason for this is not entirely clear, but may suggest

that the MAC forms a layer several molecules in thickness.

4 Conclusion

• Previous research has shown that liquid lubrication is

an effective means of controlling friction in MEMS

applications. In order to further improve this approach,

it is necessary to reduce hydrodynamic friction since

this will allow the use of high viscosity fluids with

lower volatility.

• In this study a miniature, silicon, thrust pad bearing has

been used to show that a blend of a di- and tri-(2-

octyldodecyl)-cyclopentane in solution in hexadecane

gives lower friction in both the mixed and hydrody-

namic regimes compared to neat hexadecane. Since the

MAC has a higher viscosity than hexadecane, this

reduction in hydrodynamic friction is contrary to

conventional Reynolds’ lubrication theory.

• A number of observations suggest that this reduction in

friction results from a MAC film forming on the silicon

surfaces that causes the fluid to undergo slip against the

surfaces.

• This behaviour has implication for the lubrication of

MEMS devices involving smooth silicon surfaces

sliding under low load, since it may make liquid

lubrication a more feasible means of controlling

friction.
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