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Friction Characteristics of Polymers ApplicableéSimall-scale Devices

Zhongnan WangDerek G Chetwynd, Ken Mao

School of Engineering, University of Warwick, Coventry, CV4 7AL, UK

ABSTRACT:

A review of the critical features of a publishedcrortribometer design, which was intended to imprown
the dynamic response of typical commercial instmisieleads to its use with a modified techniquetaDa
post-processing is introduced to partially compengar some potential systematic errors. This agpgnas
demonstrated by a preliminary study of the coedfitiof friction (CoF) in sub-mm length reciprocatin
sliding motion for samples of polytetrafluoroethyde (PTFE) and an R11 acrylic formulation made by
micro-stereo-lithography, with an Si@oated silicon wafer used as a control sampletifigesovered
normal loads in the region of 10 mN to 60 mN, arsérequencies up to 9 Hz, corresponding to sliding
speeds in the broad region of 1 mif ¥hile the control samples closely adhered to Aimois laws over

all the test parameter ranges, the CoFs of thepwmlymers showed contrasting patterns of dependence
sliding speed and repetition rate. Such resulte mayplications for how polymers might be used dffaty

in future designs for small mechanical systems.yTihdicate a clear need for further developmenthef
testing methods and large-scale studies of triboéddpehaviour and its underlying mechanisms unbder
specified micro-scale conditions.

Keywords: Polymer, Reciprocating, Micro-scale friction, Sreedhle devices

1. Introduction

- . micro-stereolithography (MSL). These techniquesadpri
There are continuing drives towards greater graphy ( ) quesd

o . / \ the prospects, or even consequent necessity, 0§ usi
miniaturization, covering small macroscopic deviess . _
. . ew materials, but a lack of good data on propertie
well as true micro-electromechanical systems (MEMS . _ _
. . o . nown to be representative in the intended operatio
across many engineering disciplines, ranging from . _ N
. -~ _ regime has caused wide concerns and inhibited
aerospace to medical implants. This, in turn, iases
. . : progress.
concerns over tribological behaviour when the otinta

. MSL almost always wuses the additive
area and normal load (or applied force) become ve[X .
. . . . ... _layer-by-layer method, which shares the same
small in production devices that involve sliding

. o _ rinciples with earlier conventional stereolith
motiont*? it is, for example, widely reported that ™ OP . : . quny
, . ._techniques to build complex high-resolution MEMS
Amonton’s laws tend to describe observed behaviour . _ . . . .
evices with the engineering materials such aseasili

less well in the sub-N load regifite Designers . .

. . . ... Substrates, ceramics, metals, and especially potyme
presumably wish to exploit new 3D microfabrication , . L .
. . . _ and composites for applications within various
techniques (to meet increasing requirements toterea

. . . _ __Industrial field§. The basic material for these process
high-aspect-ratio microstructures) and high-preaisi

. __routes is a polymer resin. There is great scope for
types of additive manufacture (AM, also called dire ) ) .
. . adding micro-or nano-powders to produce composites
digital manufacturing, DDM), most notably

with specifically customized functions, e.g.: tovei
electrical or magnetic properties; to add, e.gumaha
for strength and stiffness; to add carbon for maixia
and sensor propertiegic. Currently, little is known
about the surface and tribological properties & th

*corresponding author.
E-mail address. zhongnan.wang@warwick.ac.uk




polymers commonly used in MSL. General concernsaterials: intended for micro-systems applications,
about close adherence to Amonton’s laws might beoping thereby to establish some design rulesHeir t
assumed greater for polymers than for other clasBesapplication. There is, though, urgent need for
materials because of their specific surface cheynistinvestigations at higher surface sliding speeds and
(including, but not only, adsorbed films) and theioscillatory rates over short scans and, more géyera
thermal behaviour. On the latter, it is known fronto provide usable data relating to commonly-used-MS
conventional tribology (e.g., for gears) that thertnal base resins, such as R11 acrylic. This paper pesen
modelling of polymer systems is a crucial aspect gireliminary experimental work as a step towards
successful desighs Reasons include the low addressing these practical concerns.

conductivity, low thermal diffusivity and relatiwelow

softening temperature that mean the typical trigplof o Background to a new approach
the practical situations can differ importantlyrfrahat

. . e In practice, the majority of tribological data Has
measured in static or low-speed test conditionsreh : . )
. _be obtained or inferred from fairly general-purpose

near-equilibrium  with  ambient conditions is. S :
o , , instruments that may not readily simulate the dpsya
maintained. Furthermore, polymer properties might b

- . . , conditions of a specific application. Currently, sho
significantly different in small mechanisms to thos . . .

. ~_commercial and self-developed micro-tribometers are
reported under the thermal conditions of convertion

. , , self-contained to offer a variety of sample motion
tribo-testing. In the case of MSL materials, tested to ) . , . .
. . mechanisms and mechanical configurations aimed at
be carried out at nominal contact areas and fanoés

L . ... different functions, but they cannot approach the

too dissimilar from those of the intended applizasi, . . .
. . . ) conditions found in many small-scale mechanical
implying the use of micro- or nano-tribometers. =~ | . : .
applications or typical MEMS. A major reason foisth

However, commercial micro-tribometers tend to have . .
Is that the imposition of small normal loads angre

limited dynamic bandwidths. Consequent slow testlnﬁ1 L
_ , ore so, the measurement of small friction forces
might allow the surface at the point of contactaa/to L .
almost inevitably depend on the use of elastic etfgm

be close to equilibrium with ambient conditions, L . . .
n combination with displacement sensors. To obtain

whereas oscillatory behaviour in real life coul . . : .
regularly involve returning to specific positionsfore sufficient resolution of the forces using the picty
g y g P P accessible levels of reliable displacement resmiuti

equilibrium is reached. For such reasons Aldoufi . .
. implies low stiffness in the reference and support
developed and demonstrated practically a prototype

: . : _ springs. Consequently, the instruments have low
custom-design of micro-tribometer that is more sibu . . . :
. , primary  resonant frequencies. High-resolution
and has improved dynamic response compared to - . .
. .. commercial instruments based on low stiffness sgnsi
commercial ones, at the cost of a more restricte .
. elements can only deliver measurements at low speed
operational range. It has the same concepts for _ :
. . _ and with poor dynamic response, be they standard
operating principles and layout, but exploits a

. . . _ micro/nano-tribometer designs or based on AFFhis
cantilever spring system considerably stiffer tiianal . . .
L , .., restriction might not matter all that much for hahngyh
for friction force detection, together with

. melting temperature materials that have tendedeto b
continually-controlled force actuators, to providgher

used in MEMS. However, the prospects for usingesoft
resonant frequencies. The new design can be applied prosp 98

. . . polymeric materials, such as PTFE or acrylic-based
flexibly in ball-on-flat and crossed-cylinders . . _ _

. . . - ... R11 resins often used with MSL, also raise question
configurations for micro-friction measurement with

. - . about new needs to study their tribology under
control of critical friction-related test conditisisuch as .
- . _ . conditions that at least approach rather more ldbe
sliding velocity, scan length and applied forcegha

. L dynamic ones likely in small-scale applications.
vertical and lateral directions.

) . - The sample configuration and mode of motion
Several tribological test methods and specialized. P g

. . ithin a tribometer can also raise concerns.
micro-tribometers have been proposed and adopted fo _ o
. - . .Macroscopic measurements for almost all materials i

the analysis of the friction mechanisms of polymeri _ . "
both lubricated and non-lubricated conditions are

2



dominated by configurationsof -pin-on-disc ;(contacso:;,onintroduce greater variations from-the nominal
with the disc periphery) or ball-on-flat (contaat the load as the stiffness of the sensing beam is isetka
face of the disc) with a continuous rotary mainiomt The new design therefore included electromechanical
The resulting constant speed, uni-directional sfidis systems to provide some active, real-time compersat
often advantageous. However, small mechanicébr the forces. Further relevant details are given
devices are much more likely to involve short-rang&ection 3.
reciprocating sliding with a very small nominal tact This paper revisits Alsoufi’'s approach, with a few
area. The later can be reasonably simulated fotl smenodifications to the method, and presents resuits o
loads by using adequately small radii in ball-cat-fl comparisons of friction force measurements undey ve
configuration, which is the default condition on sho similar conditions between a typical R11 acrylisine
micro-tribometers. It is, though, plausible thatliding on an MSL-generated surface, PTFE and, as a cpatrol
cross-roller set-up may sometimes be better f@iO,-coated silicon wafer. The regime of study covered
conformity and, e.g., the ease of assessing caatssg, short-range oscillatory motions with variation dfet
for example, references [10, 11] for Iillustrativeapplied normal force (10-60 mN), track length (@1
examples. Most micro-tribometry is based omum) and scanning frequency (3-9 Hz). The higher
reciprocating sample modes, but largely because ioistrument resonance increases confidence in
compromises when seeking stable metrology loopeeasurement quality, although the work reportee her
rather than to simulate specific functions. Forilsim runs only to around 10 Hz, a few times faster theast
reasons it is normally the sample that is scannedlternatives. It provides further information abdhe
although it is plausible to apply a reciprocatingnethod, supplies some preliminary data about poorly
counter-body (piff. Note, in passing, that documented cases of polymeric materials performance
reciprocating cross-roller schemes are rarely used in miniature systems and gives indications of where
conventional practice, except for special caseé sisc further refinement and study might be focused.
studying fretting wear in wire ropes and tyre
reinforcementS or in large transportation systeths 3. Test-rig design and characterization
There have been bespoke attempts to match . . : :
measurements to reciprocating applications; for The exp.erlmental .stud|e.s in_this p_ape.r. Were
performed using a rebuilt version of Alsoufi's adrigl

example, Kosinskiy in 2012 demonstrated a set-u } ) . .
P y pcustom-de5|gn tribotesferThe system is designed to

intended closely to simulate the operation of the . .
y P ork equally well with small ball-on-flat or slidin

nano-positioning stage of a vacuum-basegl . . .
) . _ cross-roller configurations. Its modular desigrowat
nano-measuring machine. However, the instrument _ _ _ _
N . _ use with many types of scan in various physical
resonances still imposed major constraints on the, _ . : .
. _ orientations, with short-range reciprocating scarden
frequency of reciprocating scans.

, e _ onsidered the primary one. This paper concerns the
Drawing on similar arguments, Alsoufi proposedC P y pap

o , use of reciprocating ball-on-flat sliding and so
and undertook preliminary evaluation of a bespoke . .
. . ) .summarizes only the critical features of the
tribometer intended to provide better dynamic . _ . .
icro-tribometer for this type of operation.

measurements by means of its higher than t icraﬂ . .
Y . g . _ yP Figures 1 and 2 show a general schematic and
resonant frequencig¥. Its main novelty was in using a . . .
photograph of the main components in the test-rig

single relatively stiff sense-beam that acted ithlibe . :
layout. The overall test-rig has two main subsystem

normal load and friction force axes. However, this ) .
each controlled independently. The upper one is the

introduced new challenges; for example, in the aicr ) . . .
. . . novel high-precision measuring-head. At its head P
regime, the CoF is often sensitive to load and thes . . .
L o , _ mm diameter, 50 mm long cantilevered stainless| stee
variation in the set force is highly undesirableig _ . .
- rod (oriented horizontally) used as a force sensing
the fricion and wear measureménts Any . e . .
element to provide sufficient stiffness to incredse

displacements in the load axis during scanning ezhus . ,
. - o resonant frequencies and robustness of the inshtume
by residual sample misalignment, shape deviatiows a _ L
but with the penalty that any sample misalignméat t

3



deflects the spring will have significant influenme the counter-faces. A magnet-coil force actuator, simita
nominal normal force applied. Two sets of solenoithut considerably larger than those in the measuring
coils and hard permanent magnets provideead, provides a well-controlled stroke profile by
high-compliance  force actuation (effectivelyimposing forces much larger than those expectea fro
moving-magnet ‘voice-coil’ drives) in both the naim sample friction to drive against the notch-hinge
force and counter-body lateral force (or positiamgs stiffness in both forwards and backwards directigs
during the friction measurement. Two unshielded\R200-6 M non-contact laser-triangulation
non-contact eddy-current sensors are placed ab8ut @displacement sensor monitors track length and
mm from target flats on the sample holder to measupositional data along the scanning direction of the
the vertical (i.e., along the normal force axis)danflexure platform and specimen.
lateral deflections of the sensing beam from itst re
position. The lateral sensor can be used passieely
determine friction force simply by knowing the bean
deflection and stiffness, but the combinations fué t
sensors and force actuators allows several clasgul-|
active control strategies to be implemented to ouer
accuracy and compensate for the undesirable dynan
effects of the sensing-beam stiffness. Eddy-curre
sensors were chosen, rather than, say, capaciieg, o
because they are relatively inexpensive, offerlyfair

1. Schematic of the force sensing and control priesipfor the new

gOOd resolutlon, and are easy to mcorporate a'ﬁ@t.rument (see Figure 2 for the overall layouB.— force sensing cantilever

interface. Also. it is the best choice when théeam, stainless steel approximately 50 mm by 2 iameter; E — end block; C —
' ! interchangeable counterface holder; D — sensors rformal and lateral

application involves a dirty or hostile environmea$ displacements; M — permanent magnets for normalatachl force actuators; S —
. . . oscillatory scan and lateral force direction. Thadesoid coils for the force
the magnetic fields are not affected by noncong@acti actuators and outer reference frame are not shown.
contaminants such as dust, water, and oil. Thags, it
output is not affected if such contaminants enter t
area between the sensor and the target. A rigickldo
the free end of the sensing beam carries the mafpret
the lateral and transverse force actuators, previlde
target surfaces for the two eddy-current sensard, a
accepts interchangeable small holders for sample
counter-faces. The latter will typically be (mm-&)a
balls but could also be short lengths of (mm-diamet
cylinders.
The second major subsystem is a sub-micrometre
precision translation device to provide (nominally
. . . . rig. 2. Photograph of the test set-up with the flexure-bisganning stage in the
horizontal and sinusoidal) small-displacement S@Mpioreground. The sensing head is mounted onto ar Xige adjuster and a
. . . lang-range vertical slide (in the background). Teenterface and end-block are
motion for the reCIprocatlng scan mode at Scaiﬁ the centre of the picture, surrounded by twoyeddrent sensors and two
repetition rates Of up to some tens Of hertz- mased actuator coils, while the sense beam is hiddendihribe outer structure.
around a single degree of freedom notch-hinge feexu . _ _
mechanism, machined monolithically from aluminium Atterpptmg to work at hlgher' s'cannlng'rates than
alloy. The mechanism platform can accept standa&?mmem'al systems so that individual points on the

scanning electron microscope specimen ‘stubs’ dsye sample experlen.ce frl'ctlonal' dISSIPa'[IOI’] more
and rapid interchangeability of small flat or cyliical frequently means, in practice, using consideralgiiér

samples and so provide ball-on-flat or crossedadgiis (lowest) natural frequencies in the sensing system,

configurations in combination with appropriate sémp Wh'ch’ in turn, implies a stiffer sprlng' for therée
sensing. New challenges are thereby introduced) suc
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as the need for higher resolution displacement 5% relative humidity. The displacement sensorsswe
measurements to achieve the same resolution ot forcalibrated against a Renishaw laser interferometer,
measurement and the possibility of inducing dynamiwhich is excessive in terms of required sensititityt
‘error’ force components that might not be negligib convenient for non-contact measurement of small
compared to the desired normal load. Extra complexitargets. Then, the stiffnesses were established by
of the beam sensors and actuators is a consequerd®ad-weight loading and using the internal
Models for both the linear flexure mechanism (sesjpn displacement sensors after orienting the systerol su
and the sense beam can be realistically reduced ttmt the required axis was vertical. The force aitits
simple spring-mass-damper systems. The scanner wesre calibrated from measured displacements of the
driven directly by a sinusoidal input from a powerfree-hanging sense beam and the relevant stiffiiéss.
oscillator. In the planned experiments, the anéigd lowest important resonances are associated with the
friction forces (no more than a few tens of mN)Iwil bending of the sense-beam and are not given etkplici
have little effect on the position of the relatiedtiff because they will depend on the overall mass of the
flexure stage and no significant effect on the scaend-block plus the particular counter-face beingdus
consistency. The sample scan may be considerégpically, they are somewhat above 100 Hz in both
adequately as a sinusoid at the set frequencys@ige vertical and lateral directions.

beam will be driven laterally by the induced fracti

force at the same fundamental frequency as thelsdan Table1

will not be sinusoidal. In the ideal (Amonton’s aw Major calibration factors for the test-rig

case it would approach a rectangular waveform away Sense Force actuator

. . . Displacement ) Notch-hinge
opposing motion and so phased-shiftéd from the beam and applied

. . . . sensitivity mechanisms

scan and introducing harmonics that increase tleel ne giffness  normal load
for high instrument resonances in order to getbdd |ateral: Ky Driving Voltage: Frequencyf:
measurements. Moreover, the beam may be drivem.6umv 2760 N/m 0-25V 15-15Hz
vertically by parasitic motion from imperfect aligent  vertical: ky: LoadFy: Displacement.:
of the scanner/sample that will be sinusoidal atstan  42.2um/v 2690 N/m 0 -60 mN 7 - 420pm

frequency for first-order (tilt) misalignments; eth
effects, such as sample waviness, can produce rhiglle
harmonics. The stiff sense beam ensures suffigientl
high natural frequencies and also a deflection unde ~Materials: For the current set of micro-friction
friction that is small compared to the (quite shegan €XPeriments, the counterbody was consistently arl. m

distance. The effects of parasitic motion can bieced diameter ball madg from stainlgss steel AISI 440C
by a simple control strategy (implemented in sofaya (grade 10). The main-body materials were nomirnklly

that modulates the force in the vertical actuatdd™ Square and flat samples of tated silicon

according to any change of displacement at thécaért wafer, PTFE coated onto an aluminium base and an
sensor during scanning R11 resin that might be found in micro-mechanical

The new test-rig has incorporated many of thaystems. The silicon wafer was a typical commercial

components originally used by Alsdtifi, for which the p'rod.uct (typg: N<100>|_3)’ 52pm thick With_ silicon
major operational parameters had been shown witaﬁ'ox'de_ coating deposited on it to a thlcl'<ness of
for the present micro-friction measurements. Table @PProximately 320 nm. Because optical microscopy

summarises the most important calibration factord/as used initially to assess surface topograpml:ltqu
including displacement sensor sensitivity, sensiegm (Ne PTFE sample had been coated with a gold ldyer o

stiffness, and the useful ranges (in the currerQ Nm  thickness due to its low reflectivity. The
configuration) for the force actuator and appliedmal acrylic-based R11 specimens used a custom-funttiona
load, and main scan stage. The system was insialled€sin formulation from Envisiontec and were fabtech

a controlled environment at nominally 22 + 1°C siad PY ~ an  Envisiontec  Perfactory =~ SXGA+
stereo-lithography machine. This is a modest résolu
5
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MSL system commonly used for fabricating:robust antest cycle: Prior to-each-measurement; samplesisd
durable parts such as micro-actuators medical parts, were cleaned gently with isopropanol on a cottod-bu
and small parts in automobile applicati®hdhe resin and then blow-dried with clean air, to ensure tray
and its processing are claimed to offer superitgd@ influence on the results from naturally adsorbed
strength properties and excellent tolerance toaadr contaminant films would remain small and consistent
temperature and humidity environment during andraft After the cleaning procedures, all the tests weaireiex
build, excellent chemical resistance and a goodrza out in a controlled environment at nominally 22 *€1
of properties between rigidity and functionallty and 40 + 5% relative humidity.
While the experiments reported here are considered Ball-on-flat configurations were used to
mainly as preliminary scoping studies to assessvestigate the variations of friction force andFCior
methods and correlate frictional behaviour acrées tthe polymeric and control materials against spedifi
sample materials, the measurements on R11 acryliariations in normal force, track length and scan
resin also contribute new design-relevant datdrequency under reciprocating dry sliding condison
micromechanical data on these materials is relativghere there are no applied lubricants. Sliding dpee
scarce and quite variable. Table 2 summarizes theas a secondary parameter, derived straightforyardl
initially hardness, roughness and elastic modufute from track length and scan rate. Friction forceeath
steel ball and main-body materials (5i@TFE, R11).  nominal set load was measured as half the peakadk-p
lateral deflection (after smoothing high-frequency

Table 2 noise) of the sense beam scaled by its stiffndss; t
Condition data of steel ball and main-body materials effectively differences the deflections under fordga
Specimen  Ra (nm) Rq (nm) H (M Pa) E (GPa) and backwards motions to largely eliminate
Steel (Ball)  137.24  106.89 250000 210 zero-position uncertainty that might arise from the
SiO,(Flat)  7.697 9.761 13000 70 initial contact. Normal load was taken as the pryma
PTFE (Flaty 110.92  135.64  50.58-105.50 0.34 independent variable in each test, with length and
R11 (Flat) 1045 1271 170 3.13 frequency changed between sets of tests. The whole

sequence for every test was repeated three times at

Methods: In every test, the whole of the different “new” locations on the sample surface, as
measuring head was lowered until the counter-bodiarallel tracks approximately 2@@n from the previous
first came to gently touch the surface of the speai one. This provided some additional data reliability
by observing the onset of vertical deflection oé ththrough averaging (while keeping the overall tinfe o
sensing-beam. The spring force associated with tré&ch test short enough to avoid significant
small beam deflection was backed off by applying &@nvironmental drift) and avoided the risk of outlie
small signal to the transverse force actuator aiiegr measurements from the influence of debris or other
to the residual deflection and beam spring constar@cal wear effects.
leading to a starting situation that could be cdesid a Real-time recorded signal: Figure 3 shows a
‘zero-force’ contact. Set (nominal) normal loadsreve screen-grab of some raw data, illustrating slidipges
applied incrementally through the transverse forct®r typical measured curves of displacements in the
actuator. Then, the specimen reciprocating traveese directions of friction force (Curve 2) and applied
started by applying a specified voltage to the tex normal load (Curve 1). This example is for a st
stage driver, reading its steady-state condition feliding against an Si/SiO2 flat with the nominalmal
oscillation stroke length and time after allowingery load increased from 11.03 mN to 47.87 mN roughly
brief period of stabilization. A specified numbef o halfway along the trace. Note that the raw datawvsho
cycles of the sensor signals was recorded by mafams amplitudes in volts (from the sensors) plotted agfai
USB data acquisition card and a custom-writte§ample number (with a 10 ms sample period). The
LabVIEW program. Finally, the mechanism stage wastability of the traces confirms that the measurgme
stopped, and the counter-body lifted to complet tHprocess itself is stable and suggests that littearw
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occurs since it would probably change-the matemal . - period close:to:20-ms-and perhaps some small-hazmon
properties of surface layers relevant at this sddl@e components, as well as provides the possibilitysifig
generally, there was no directly visible surfacendge its arithmetic mean value as a datum for the catwri

in these tests; although simple Hertzian contadet®o of the normal loads, before the tip is in touchhwtite
suggest maximum pressures of the order of thepecimen surface. The fundamental resonance of the
materials’ strengths, the very localized surfaceensing beam is considerably higher than 50 Hihiso
behaviour supports these loads, as is also sedn wsignal is attributed directly to interference dergy
stylus probes for topography measurement. from the main electrical supply. This noise repnese

The example in Figure 3 is for a reciprocating scalower limit on real parameter changes that can be
at 3 Hz with a track length of G6n and a maximum detected in the present environment. The rms anadgit
sliding speed of 600m/s. The approximately 0.015 V in Curve 1 is around 0.07 V, but less than 0.0%V i
step in the mean level for the second half of Curve conservatively attributable to noise, corresponding
corresponds to a vertical position change of abowsolutions of about 0.2%m and 0.7 mN. The
0.65um. As the sense beam moved, about 1.7 mN afreraging and smoothing used in practice improles t
the nominal applied force was shunted into defhgcti resolution statistically; the degree of improvemenit
the beam against its stiffness because the aataghat vary from situation to situation, but a worst case
point varied little. Thus, the actual normal loaelps up conservatively estimated at 0.3 mN.
to only 46.17 mN. The corresponding friction forees
472 mN and 18.05 mN; further detail on their Data point analysis of friction force: Friction
calculation is given below. force is calculated using Matlab software from the
height difference between the relatively level tom
bottom regions of the curves of the lateral defters of
the sensing beamx collected from Labview software.
MM | - o L

! i y from sources such as contaeiha
[ specimen surfaces or scanning-stage transients), The
in order to check for any instrument inconsistesi@e
data trends from friction heating, unexpectedly wea
and so on, sub-sections of the signal were evaluate
independently.

The individual nominally flat top and bottom
sections of the signal will inevitably contain some
measurement noise and, in practice, exhibit a ieahs
overshoot when the signal changes sense. The former

The signals for normal load and friction force ar€an be legitimately averaged, but including tramisie
almost periodic, with the latter approaching &e€gions would introduce potential bias. There might
rectangular waveform and a much smaller amplituc@lso be some slow drift. In a preliminary trialreta
noisy near-sinusoid dominating the vertical deftect calculation methods were explored for measurements
The output signal shows some evidence of dynamigken at loads and speeds high in the working range
linking between channels: residual specimeihe first, all points (other than those clearly on
misalignment driving the sensing beam accounts fdéfansition edges) across the whole signal (seqjence
most of it, with perhaps a small element of sensavere included. Secondly, only points from the meddl
cross-talk. For such sources, the use of the mehme v part of each top and bottom were used, so avoidiatg
is acceptable. Other noise was more readilﬁfom potential overshoot regions, with evaluatioreno
distinguished when the sensing beam was hangieg fréhe whole sequence. Then, the method used in the
with random features and more sinusoidal variatizins second trial was applied over sets of just 10 ssice

Fig. 3. Si/SIQ sample of signal measured by the reciprocatingatitbometer
for the friction vs. load experiments: 1. normaldacsignal and 2. friction signal
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cycles selected from the near the start and thegti
whole trace.
Table 3 shows a comparison of the calculatethe only fully effective solution, because interaes

average voltage of the lateral deflection for Radir at

things as variations of friction coefficient at yesmall

normal loads. Careful setting up to reduce theeofis

can be complex and difficult to predict when the

the largest loads, longest length and highestnglidi friction coefficient is itself varying with normdbrce.

frequency for these different analyses.

Nevertheless, controlling to the required level is

The variations in the mean differences calculatedifficult and so a method of partial compensatign b

by these three methods are small,

but there st-processing the measurement data is propoged an

remarkable consistency in the results where ovetsho used here.

have been

removed but
Consequently, this approach is used in all theyseal

the

full

trace used.

In essence, the proposed method exploits a linear
co-ordinate transformation of the data. It depeamaisn,

expecting it likely to give the best precision byand so is only valid if, a plot of friction forcegainst

providing the greatest degree of averaging as giiote

against any occurrence of larger noise spikes.

Table3

Comparison of the data point analysis of the catedlaaverage

voltage of the lateral deflection for R11 resin.

normal load can be represented reasonably weltsy i
best-fit straight line. This will often be the caseer
limited ranges even for conditions where the CoRois
fully independent of load and its validity can lested
in terms of a high value for the correlation cozént
R? of the least-squares line as an effective measiure

Material Test Data Selected Mean Mean AX : A
Conditons | _atthe Top | (bottom) | (top) | (volt) the goodness of fit. Generally, we anticipate thnmt
af:g Eggﬁm (volt) | (volt) actually applied loadv will be slightly offset from the
Cycle nominally applied loadV, by an amount that will not
Track length All points 5.7105 5.9006 0.1901 N/ - p:
-130 pm change significantly over the course of one set of
Frequency Full trace 5.7102 | 5.8990| 0.188 . . .
il without measurements. Simply computing point values for the
Normal load over_shoot CoF = F/N, introd havi |
50 mN Sections of | 5.7109 | 5.8980] 0.1871 oF asu, = F/N, introduces an error having a larger
MSL (First-10 | trace without magnitude as the load is reduced and so introdaces
R11 cycles) . .
resin | Track length | Al points 57102 | 59011 0191p degree of curvature into a plot of CoF against load
-130 um = .
Frequency Fu!tl htrat;e 57104 | 58991 0.1887 However, an estimate based on the local slope ef th
-9 Hz Normal |~ Withou : ; ;
oad | overshoot plot of F againstN, will be almost free of this type
R Sections of 5.7109 5.8978| 0.187 .
(Ligf‘l“é) trace without of error because the differenca#/, and AN used to
cycles) overshoot compute this slope will be closely the same. Ssp,al

the slope of the least-squares trend-line will bgpad

Post-processing: Microtribology methods tend to
face challenges in establishing initial ‘contacttiveen
the sample and counterbody in a satisfactory, biglia
way. The assumed zero force at initial contact loan
vulnerable to unintended displacements (arising., e.

from sensor resolution or drift) that then causghsl 5 reyeal improved estimates for values fand of
offsets in the actual normal forces applied dutesfs o point CoFu = F/N. In principle, it appears that

compared to those nominally applied. The load offsgyg might be used iteratively as a type of
arises. as S_UCh displacement errors act agz.:linst ¥édictor-corrector algorithm, but it is considered
effective spring constant of the counterbody susipen | wise to do more than the single step describiedng

(or load beam). Given its stiffer design, the prése ihe sjze of data sets and the underlying assunsption

instrument and technique might be rather MOMReplotting and recomputing the trend line acts,
vulnerable to load offsets that are many other®s€h qvever to check whether the process has worked

effects should be small when using the instruments predictably. In the abstract, it appears that thmes
their proper range of operation, but residual syate

effects can lead to non-linear errors when studgingh
8

estimate of the ‘typical’ CoF for the particulart s
data points. Ideally, this trend-line would passtigh
the origin of the plot, but in practice a small rzero
intercept with the load axis gives an estimate haf t
load offset that can be subtracted from all valfed/,

transformation of the trend-line could be obtairimd



adjusting the friction force values against thesiogépt against the ‘compensated’ values for normal loads (
in their axis, but this alternative is not validpractice. with point-values of CoF now computed using
The friction force values arise from a differencingcompensated loads (i.eu). Comparing to Figure 4,
process and so do not have the same vulneralmlity t there are small but visible differences in the ietaf
static offset. The post-processing is demonstrated these plots. The values for CoF are a little highed

Section 5. are now distributed in a plausible manner about the
relevant averages. The conclusion remains, thaigi,
5 Results and discussion there is no evidence for systematic variation & @oF,

which at around 0.2 is consistent with general
expectations. Having demonstrated that the
compensation scheme operates sensibly and
E)%neficially, and noting that none of the data sets
obtained varied grossly from the patterns seenguarg

4, only plots of CoF against compensated normal loa
will be discussed explicitly in the rest of thispea.

5.1 Variations of friction with normal load at a
constant scan rate

The experimental method described was used
examine how friction force and CoF varied with nafm
loads in the region of 10 mN to 60 mN when testeewe
run at the same scan rate of 9 Hz over track lsngth
66 pm, 90pum and 13Qm. Assuming the scans remain
sinusoidal, the average sliding speeds were abaut 1

mm s', 1.6 mm & and 2.3 mm 7§ respectively; the Sisio, (a)
corresponding maximum speeds were about 1.9 fim s 12
25mm¢&and 3.7 mm$ y=0199x-05284 V701730083

R?=0.9888

. - — 10 R?=0.9963
Figure 4(a) shows the variations of friction force

with nominally applied normal load for an Si/SIO
sample, which is used as a control to confirm the
process, being a material highly relevant to MEMS
applications but harder and less thermally semsttian

the polymers. Error bars are not given on the ::__ZEE:ZEE
experimental graphs, to avoid confusion, but acediss 130um, 9Hz

the cases reported here 95% confidence intervals or o i, o 0 0 0 o
forces are estimated (see previous discussion) a Normal Load (mN)

0.3 mN, with consequent values for CoF of 0.01.réhe

is no visible, experimentally significant deviatifnom Sisio, (b)
the straight-line relationship predicted by Amori$on 0.21

laws”, with the least squares best fit lines always  o1s /..\./.
showing the goodness of fit paramefet at close to 017 W

or above 0.99. Figure 4(b) plots against nhominadlo

0.15

y =0.1764x - 0.0026
R%=0.9947

Friction Force (mN)
(o))

>
ok
B>

(i.e., Ny) the point-values for the CoF (i.eug), 5 o5

computed from the nominal load. Simply comparing

the graphs to the experimental fluctuations se¢hdm o —o— 66um, 9Hz
indicates that there is no evidence here that thE C 009 D R
varies with load or with track length in the curréest 0.07

ranges. However, nearly all the individual points 0.05

plotted lie at CoF values a little smaller than the ’ ° 2Noormau Loazfd (MN) v ? ?

average values obtained from the least squares fIF% 4. Variations of friction force (a) and CoF (b) witominal normal load for

which suggests an experimental error. As all th@Si/SiQspecimenwhenscanningatgHzovertracklemytﬁﬁpm,QOpm
' and 130 um

indicative conditions were favourable, the data was

then post-processed using the procedure described i

Section 4. Figure 5 shows the modified resultstt@tb
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sub-newton loads??*** On the other hand, these
sisi0, ® measurements cover only a limited range of loadk an
/Sl a,
12 the measured CoFs are a little above the typical fo

y=01999x-0.7778 y=0.1735x - 0.2226 conventional tests, so the results are not nedbssar

10

~ R2 = 0.9964 R?=0.9888 . . . .
% inconsistent with expectatlons.
o 8
e
2 y £0.1764x - 0.1793
5 6 R2=0.9947 PTFE
k3]
N 4 0.16
%
4 —@— 66um, 9Hz 0.14 .&‘w
2 “ —@— 90um, 9Hz 012
130um, 9Hz
0.1
0 LL
0 10 20 30 40 50 60 8 0.08
Normal Load (mN) 0.06
0.04 —@— 66um, 9Hz
=—@— 90um, 9Hz
Si/Sio, (b) 0.02 130um, 9Hz
0.24
0
0.22

0 20 40 60

0.2 \ N v/\.——-. Normal Load (mN)
0.18 == '\\._,0/.

Fig. 6. Variations of CoF with (corrected) normal load @rPTFE specimen
0.16 when scanning at 9 Hz over track lengths of 66 §Orum and 130 pm.
0.14

T
8 0.12
0.1 MSL R11 Resin

0.08
0.06

[
N

——@— 66um, 9Hz
0.04 —@— 90um, 9Hz
0.02 130um, 9Hz

y =0.2149x - 0.0001 y =0.191x + 1E-05
R?=0.9953 R?=0.9988

=
o

0o

0 10 20 30 40 50 60
Normal Load (mN)

y =0.1775x + 9E-06
R*=0.9985

Friction Force (mN)
()]

. . L. ——@— 66um, 9Hz
Fig. 5. Variations of friction force (a) and CoF (b) wittorrected’ normal load
for an Si/SiQ specimen when scanning at 9 Hz over track lengfte$ pm, ) > ~@—90um, 9Hz
90 um and 130 um. 130um, 9Hz

0 10 20 30 40 50 60

Normal Load (mN)

The graphs of CoF against normal load for a PTFE
specimen shown in Figure 6 follow very similar tien
Qi [ Fig. 7. Variations of friction force with ‘corrected’ nowh load for an R11
to those for SI/SI@ The friction force (nOt ShOWﬂ) rose specimen when scanning at 9 Hz over track lendgtb$ gm, 90 um and 130 pm.
almost linearly with normal load from roughly 1 ml
8 mN, with the best-fit lines again showiRjat above

0.99 and a similar small offset term when plotted 0.25 -

against nominal load. The CoF is seen to fluctuate . —o o, "
within the range 0.12 to 0.15, with each trace wayy Ot —t—o—2
around an average derived for the best-fit slopthéo y O

relevant graph. These values are a little highan th o

commonly quoted for macroscopic systems, but not —e— 66um, 9Hz
inconsistent with the literature relevant to mN gan o +?§3T&?gﬁz
loads on small contacts. There is so evidencerémds 0

compared to these fluctuations and so the CoFhfrget ’ ? Z(IJ\lormaI 3L(z)ad (m&“f ” ”

i ig] 8. Variations of CoF with (corrected) normal load &r R11 specimen when
PTFE samples appears to be Independent_ _Of _norn‘sfgllnning at 9 Hz over track lengths of 66 pm, 90guch130 pm.
load and track length under these test conditidhss

is a little surprising because most literature repan The behaviour of R11 under the same conditions is
asymptotically decreasing trend of CoF with
10



a little different, as shown in Figure 7. The vada of = these fluctuations.  There is here no evidencettieat
friction force (again in the range of about 2 mN tdCoF depends functionally on any of the parameters
10 mN) with normal load is still well representegl & investigated over the ranges considered. In cdntras
straight line, withR?> 0.99 and a slight offset is againFigure 10 shows that the behaviour of the PTFE is a
seen, but the slopes of the best-fit lines for ttiee somewhat different under these test conditions. The
track lengths were visibly different. This is empised slopes of the friction force graphs were readily
in Figure 8, where there is a clear vertical separaof distinguished visually and there is a very clear
the graphs for CoF of the same order as thgeparation between the graphs of CoF. The sepasatio
point-to-point fluctuations within them. The segamas  at individual loads are typically larger (withinetlsame

at any one value of normal load might have limitedrder) than the fluctuations within the traces auad
significance relative to the measurement uncer&@nt their consistent separation over all measuremesits i
but the consistency of the order across all nolowd likely to be experimentally significant. The traee
values provides reasonable confidence that thasréml 9 Hz in Figure 10 corresponds to that at 66 um in
phenomenon. There is no evidence for CoF beirfgigure 6, with the CoF at slower scan rates besmget,
dependent on normal load in this test regime. tioilsat  varying in the region of 0.11 at 6 Hz and 0.09 &iz3

all obvious why track length should directly affebe There was no evidence of CoF varying normal load in
CoF, so the driver for this variation is likely b the this range.
changing sliding speed. Using the slopes of thealin

fits to the graphs of friction force against norntzdd

as estimates of an average value, the CoF of R11 025
reduces from 0.215 at an average sliding speed of

0.2
1.2 mm & to 0.178 at 2.3 mni’s e e

0.15

Si/sio,

LL
5.2 Variations of friction with normal load at a S
constant track length ” - G6um, dHz
Figures 9 to 11 plot experimental results for the 0.05 —@— 66um, 6Hz
CoFs of same set of materials against normal loads 66um, 3Hz
(after post-process compensation) in the region of . o 20 30 40 so o
10 mN to 60 mN when tested under reciprocating Normal Load (mN)

: Fig. 9. Variations of CoF with (corrected) normal load for Si/SiQ specimen
motion over the same track length of Lﬁﬁ at scan when scanning at 3 Hz, 6 Hz and 9 Hz along a tierogth of 66 um

rates of 3Hz, 6 Hz and 9 Hz. The corresponding
average sliding speeds were about 0.4 M08 mm

s' and 1.2 mm§ respectively; the maximum speeds o6 PTFE
were about 0.6 mms 1.2mm & and 1.9 mm &

Many of the general features in these measurenagats
similar to those for Figures 5, 6, 7 and 8, disedsi

0.14

0.12

01 oo o—°

more detail above. In all cases the relationshipéen % 008 ¢o—oo o
friction force and load was well represented by a 0.06
least-squares straight line (&8>0.99), indicating 0.04 —e—66um, 3Hz
reasonably close adherence to Amonton’s laws across ., +2232 o
this range of normal loads. 0

The Si/SiQ sample (Figure 9) shows behaviour 0 20 40 60

virtually indistinguishable from that in the consta Normal Load (mN)

scan rate tests. with CoF fluctuating for individuaFig- 10. Variations of CoF with (corrected) normal load ®IPTFE specimen

. ] _when scanning at 3 Hz, 6 Hz and 9 Hz along a tiegth of 66 pm
measurements in the region 0.17 to 0.22 and showing

no trends considered to be significant compared 10 There were also visually distinguishable slopes in

11



the plots of friction force against normal load tbe lower than usually seen when using a test-rig sinid
R11 sample, with corresponding shifts in the overathe current one. Analysis of more detailed datdahar
levels of the CoFs plotted in Figure 11. Based lmn t work [16] suggests that the best-fit lines had etsof
same arguments used with Figure 9, the difference the type discussed here. Hence, one speculatioht mig
average value are likely to be experimentally digant. be that subsequent systematic errors in point-value
The CoF is higher in the constant track lengthstestCoFs could distort the graphs against nominal load
rising to around 0.3 at a scan rate of 3 Hz, wischlso introducing decreasing trends that could have dragli
the slowest sliding speed used across any of #te.teany real effect. However, the results here sugtiest
Again, there is no reliable evidence to suggest any such systematic errors would cause only small,
variation of CoF with normal load within this testeven if noticeable, distortions of real trends ard
regime. unlikely to be the full explanation. For example,
comparing Figures 4(b) and 5(b) there is possilitina

of a rising trend that disappears after the
post-processing of the data. It is very unlikelgttany
artificially induced rising trend caused by the qeece

R11

03 —o—_o —00—o . : ;
or processing of offset effects is masking a real

0.25 .

— . oo —° downward one in the present work. The patternscare
0.2 . . . .

& consistent over different set-ups and differentemals
0.15 —e— 66um, 3Hz for there to be reasonable chances that two inalspen
01 —e—66um, 6Hz effects more or less cancel every time.
0.05 66um, 9Hz
0 R11 Resin
0 10 20 30 40 50 60 035
Normal Load (mN) ' 0.293

0.3

Fig. 11. Variations of CoF with (corrected) normal load fom R11 specimen
when scanning at 3 Hz, 6 Hz and 9 Hz along a tiefith of 66 pum. 0.25

0.2

CoF

5.3 Overall observations 015

Comparing the data from the two sets of tests,
above, strengthens several observations from firese
experiments. Firstly, the high level of consisterafy
results for Si/Si@ across all test conditions fulfils the 0 05 1 15 2 25
role of this sample as a control and adds confielénat Average Slding Speed (mm/s)
changes observed with other samples are not meré:,l,%c.léeﬁa;'g"";:ﬁ’;t‘;LZ‘Y:;%’?MC.,?; ;;?;J“e range of loadsaned for an R1L
artefacts of the measurement technique. This nahisri
harder, does not suffer from low softening tempeest The CoF for the R11 resin sample shows a clear,
and has better thermal diffusivity than the polymeeonsistent trend across Figures1l and 8. The
specimens and so would be expected to be lesgigensiunderlying controlling factor appears to be sliding
to sliding speed and scan rate effects in thertawies speed; the level of consistency across the two afets
considered here. tests makes direct dependence on scan rate lebg lik

Secondly, none of the individual tests providesJsing the slope of the plots of friction force atsi
even weak evidence that CoF depends on normal loadrmal load as a single-value estimate acrossathger
when using the present method, despite most of tleéinterest, the CoF is 0.293 at an average slidpegd
literature reporting a tendency for it to reducanasmal at 0.4 mm 3, dropping to 0.215 at 1.2 mm' sand
load increases in the mN range. The reasons are Bot78 at 2.3 mm’s The trend, plotted in Figure 12, is
clear, perhaps especially as Alsoufi [8] noted &equ distinctly non-linear with speed and plausibly aqse
strong decrease in the CoF of PTFE to values la littto be asymptotic at higher speed. The observed

—@®— R11 Resin
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behaviour is exactly opposite to the suggestednaegtt - and polymeric materials at normal loads in theae gif
that, for this type of polymer, frictional heatimgpuld 10 mN to 60 mN. Tests covered three different scan
be greater overall at higher speeds and greataliyat lengths (66um, 90um and 13Qum) and three different
faster scan rates, with any softening caused bgl locscan frequencies (3Hz, 6Hz and 9Hz). The
heating then leading to greater adhesion and isicrga experimental results showed that the CoF for the
friction. It is clearly worthy of further investijan. surface of an oxide-coated silicon wafer was
One possible explanation, which could not be che&ckendependent of all the set parameters. Amontows la
within the present test method, relates to thegmes held well over the ranges studied for this fairlgrdh
of adsorbed layers causing behaviour similar td thanaterial, used here as a control sample for comgari
seen in some load-speed regions of boundatie behaviour of polymeric materials. In contradits
lubrication. first study measured CoFs for PTFE and R11 acrylic
Figures 6 and 10 indicate a different probablesamples that deviated from Amonton’s laws in défer
source for the sensitivity of the CoF of the PTFEvays. No significant dependence on normal load was
sample. The value appears to rise as the slidiegdsp detected over the range tested, whereas a declthe w
increases, opposite in sense to the effect seénRAil. increasing load might have been expected from a
However, while the slight hint of a rise across theeading of generic literature. However, the avei@geé
results at a constant scan rate of 9 Hz could Wer PTFE increased as the scan repetition rateased,
interpreted as part of a consistent trend, thereally = while that for R11 decreased as average slidingdspe
no experimentally significant variation in CoF a&s0 increased. It was expected that thermo-mechanical
all the results shown in Figure 6. It is therefonere properties could play a larger role in the behavioiu
likely that it is the scan rate itself rather thha sliding the polymer, but simple arguments about softeniog d
speed that determines the behaviour. Slower ratas | not seem to explain these patterns. Changes iacgurf
to lower CoF, with the 3 Hz scan here reportingigal structures might well be a significant factor, but
typical of those widely quoted for PTFE. More frequ larger-scale tests in more sophisticated configumat
changes of direction could lead to higher averageé C are needed to clarify such issues.
along short tracks, a relationship broadly compatib This work has highlighted the need for caution in
with the widely-held opinion that PTFE is best ussd applying micro-tribometry techniques intended to
a bearing material for unidirectional (or longenga) measure at faster speeds than commercially availabl
sliding. For example, the possible formation (aagd ones. It also provides evidence of frictional bebans
disturbance) of fibrils at the sliding interfaceghi in short-range reciprocating motion that could be
affect CoF locally when direction reverses, leadiog significant for the wider use of polymers in future

higher average values on fast, short scans. generations of miniature mechanisms and MEMS.
There is clear benefit in undertaking further stgdin
6. Conclusions this regime and extending it to a wider range otds

and speeds. Further developments in the

A previously proposed design for _ . . .
. . . L instrumentation and research into a wider range of
micro-tribometer measuring head, which involves an _ , ,
polymer formulations are both essential to thigdar

unusually stiff sensing beam in order to increase
. - . _.._programme of future work.

dynamic range, has been revisited, slightly modifie

and used with a revised technique. In particular, a
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Research Highlights

In this work, we evaluated that this work has higjited the need for caution in applying
micro-tribometry techniques intended to measufasier speeds than commercially available
ones. It also provides evidence of frictional bébars in short-range reciprocating motion
that could be significant for the wider use of pobrs in future generations of miniature
mechanisms and MEMS. There is clear benefit in tdallemg further studies in this regime
and extending it to a wider range of forces andedpe Further developments in the
instrumentation and research into a wider rangeobfmer formulations are both essential to
this larger programme of future work. | hope thiaper is suitable for “Tribology
International”.



