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Abstract 

An enhanced version of the flexure-based microgap rheometer (FMR) is described which 

enables rheological measurements in steady state shearing flows of bulk fluid samples of 

PDMS with an absolute gap separation between the shearing surfaces of 100 nm – 100 µm. 

Alignment of the shearing surfaces to a parallelism better then 10-7 rad allows us to reliably 

measure shear stresses at shear rates up to 104 s-1. At low rates and for shearing gaps < 5 µm 

the stress response is dominated by sliding friction between the surfaces that is independent of 

the viscosity of the fluid and only determined by the residual particulate phase (dust particles) 

in the fluid. This behaviour is similar to the boundary lubrication regime in tribology. The 

absolute gap control of the FMR allows us to systematically investigate the flow behaviour at 

low degrees of confinement that cannot be accessed with conventional (controlled normal 

load) tribological test protocols.  

 

Keywords: microrheology, thin film rheology, tribology, boundary lubrication, sliding plate 
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Introduction 

Tribology and lubrication have traditionally been considered to be distinct subjects set apart 

from classical bulk rheology and the rapidly developing area of microrheological 

investigation. The principal reason for this separation is that although fluid properties are key 

to the flow and friction phenomena observed in each field, the experimental approach and the 

resulting terminology differ substantially and prohibit a direct translation of the results. In 

particular the lack of well-defined viscometric kinematics for tribological experiments and the 
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difficulties in achieving sufficiently-precise fixture alignment in regular rheometry have 

inhibited the unification of results from these fields. This is particularly disappointing, 

because measurements of the steady shear rheology of thin films yields information that 

localized microrheological techniques cannot provide. In contrast to particulate probe 

methods 1,2,3,4,5, diffusive wave spectroscopy 6,7 or AFM techniques 8,9 that are often 

collectively referred to as ‘microrheology’ 10, material testing of a fluid film with a defined 

micro- to nanometer thickness allows one to access the full nonlinear rheological property 

response of a bulk sample and to identify the effects of confinement on the fluid rheology as a 

single characteristic dimension is progressively decreased until the ‘tribological’ interaction 

of the bounding surfaces dominate the response of the system. 

 

From an experimental point of view, tribology and bulk shear rheology are very similar. Both 

techniques utilize the same basic measurement principles; i.e. they determine a force or torque 

that is transferred through the fluid from one shearing surface to another as a function of a 

velocity or angular velocity. However, traditionally tribology describes the transmission of a 

force between two shearing interfaces via the direct interaction of these surfaces (established 

by a normal load that forces the asperities on the surfaces into contact), moderated by a 

lubricating liquid. Shear rheology of bulk fluid samples, on the other hand, describes the 

transmission of forces between two shearing interfaces solely via the fluid, carefully avoiding 

the influence of any direct interaction of the surfaces or any kinematic discontinuities at the 

interfaces such as slip. However, as soon as the gap distance between the two shearing 

surfaces reaches the dimensions of the microstructure of a complex liquid, the distinction 

between tribology and shear rheology becomes fuzzy. As pointed out by McKenna11, it 

becomes increasingly important to separate the bulk rheological response of a sample from 

effects due to the confining surfaces Although we are still performing a rheological 

experiment - with well-defined dimensions for the shearing surfaces and a well-controlled gap 

between them - the momentum transfer between the surfaces can be dominated by the 

confined microstructure of the liquid for small gaps. This also can happen for apparently 

simple fluids, since airborne dust particles and other contaminants lead to a direct interaction 

of the surfaces at gaps below approximately 3 µm as described by Granick and co-workers 12. 

For a wide range of complex fluids, ranging from colloidal-sized suspensions to immiscible 

blends and other multicomponent systems, we expect to observe a complex material response 

that can be interpreted from a tribological as well as rheological point of view; thus bridging 

the gap between these two important but distinct experimental techniques. However, there are 
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few techniques that enable experimental exploration into this mesoscopic region characterized 

by gap separations of order O(1 µm). 

 

Shear rheological experiments that approach this small gap separation are carried out for three 

principal purposes. Firstly, if the available sample volume itself is small, a bulk rheological 

experiment can only be carried out for a given shearing surface area if the gap separation is 

small. These investigations generally neglect the effect of geometric confinement and mostly 

examine simple fluids. Moon et al. 13 have recently introduced the multi-sample micro-slit 

rheometer (MMR) that determines the viscosity of pressure-driven polymer melts and other 

viscous liquids flowing through a 132 µm high channel by optically monitoring the 

propagation of the flow front. Similar approaches that apply a controlled pressure difference 

to a (micro)slit channel have been followed by Aramphongphun and Castro 14 and by Son 15. 

Xie et al. 16  used the pressure drop observed for the radial flow between two self-aligning 

parallel disks in order to determine the shear viscosity down to gap separations of 50 µm. 

The emerging area of microfluidic device fabrication has also yielded approaches to 

determine the viscosity of liquids flowing in micrometer sized channels. The simplest 

approaches require a reference fluid against which the test sample is compared; as for 

example Han et al. 17 who built a miniaturized version of a classical capillary viscometer; 

Srivastava et al. 18 who use the capillary pressure of the leading meniscus in a micro slit 

channel as the driving force and determine the propagation speed of the liquid front; and 

Guillot et al. 19 and Nguyen et al. 20 who use an optical investigation of interface profiles of 

two fluids in laminar parallel flow within a microchannel. Degre et al. determine the velocity 

profile and steady flow curve using a pressure driven flow in a microfluidic channel coupled 

with PIV techniques 21. There have also been approaches to incorporate pressure sensors 

directly into the channel for an in situ determination of the pressure drop as demonstrated by 

Chevalier et al. 22 and recently by Pipe et al. 23. 

 

Secondly, if the gap distance is small, it is possible to reach much higher shear rates for a 

given shearing velocity, thus meeting industrial needs in the painting, coating or paper 

industries to probe the response of a fluid at high deformation rates. Experimental approaches 

include high pressure capillary or microchannel rheometers 24,25,26, rotary parallel plate 

rheometers operating at micrometer gaps 23,27,28,29,30,31,32, small gap Searl type geometries, 

operating at a constant gaps down to 1 µm 33 or small angled cup/bob devices that allow 

systematic variation of a small, relative gap 34. These techniques aim to investigate 
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rheological properties of the bulk sample at high shear rates, therefore often deliberately 

neglecting the possible effects of geometric confinement that might become important at 

small gaps. However, when the characteristic length scale of the flow is reduced to 

microscopic scales, boundary effects such as wall-slip 35,36 or cohesive 37 and adhesive failure 
38 occur on the same scale as the overall deformation of the bulk sample and their impact on 

the measured rheological properties can no longer be neglected. For homogeneous samples, 

slip, if present, occurs over length scales 0–50 nm 39 and is therefore usually negligible. 

However, for heterogeneous liquids with characteristic microstructural length scales of O(1-

10 µm), slip effects caused by depletion or adhesion layers at the walls are readily observed 
21,40. These effects are localized at the boundary between the bulk sample and the shearing 

surface but their impact on the bulk flow cannot be neglected.  

 

Shear rheological experiments with small gaps can also be used to investigate the influence of 

the fluid microstructure on the bulk material response under conditions in which the 

microstructural components themselves are confined by the shearing surfaces. For many 

complex liquids such as foods and other consumer products, these effects can become 

important even when the shearing gap is as large as O(10 µm). Many early investigations of 

the effect of geometric confinement were actually performed by increasing the dimensions of 

the microstructural elements rather than decreasing the confining gap; it is then possible for 

two phase polymer blends and emulsions to be investigated under confined conditions in 

conventional rheometric geometries with gaps between shearing surfaces that are greater than 

50 µm. Examples include visual observation of the confined motion of single droplets in 

cylindrical tubes 41,42,43,44,45, Couette cells 46 or parallel plates 47. Pronounced effects of 

geometrical confinement can be observed on features such as the critical capillary number for 

droplet breakup 48 and the corresponding breakup mechanism 49,50,51. For suspensions, such 

‘scale-up’ experiments make it possible to observe the effect of macroscopic interfaces on the 

volume fractions at which phase transitions occur 52,53,54,55. However, little information is 

available on the relation of the state of stress to the observed deformations or on the 

morphology development during shearing flows in thin fluid films (with thicknesses on the 

order of micrometers). In order to investigate these phenomena and the more general effects 

of geometric confinement on the flow of complex media, techniques are necessary that probe 

the effective rheological properties of these samples on a microscopic length scale. 
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However, most of the rheological techniques that are capable of quantitative investigations at 

micrometer dimensions – and that are therefore generally labelled with the term 

‘microrheometry’ – typically only study the local response of a sample. The field of 

microrheometry includes passive techniques that rely either on direct microscopic 

observations of Brownian motion 56 as well as single and multiple light scattering techniques, 

e.g. diffusing wave spectroscopy 7,57. Actively-driven techniques that directly measure the 

forces on microscopic beads have also been developed using optical traps 58,59 and magnetic 

tweezers 60,61. For recent reviews on the applications and evaluations of these 

microrheometrical techniques see 10,62,63,64. 

 

There are also techniques that allow probing of molecular thin films of a sample via atomic 

force microscope (AFM) techniques 9,65,66 nanoindentation 67 or variants of the Surface Force 

Apparatus (SFA) 68,69,70. For the smooth surfaces and thin gaps attained in the SFA, very 

pronounced and unexpected effects of confinement may arise. These phenomena have been 

referred to collectively as “nanorheology” and have been studied extensively by Granick and 

coworkers 70,71. While these investigations actually present an example of confining a bulk 

sample of a complex fluid, the dimensions of the gap in the SFA are constrained to nanometer 

dimensions, and the available surfaces are typically restricted to opposed cylinders of cleaved 

mica. 

 

The intermediate micro to ‘meso-scale’ range (roughly spanning gap separations of 0.1 µm – 

10 µm) cannot be readily probed with either conventional bulk rheometry or nanoscale 

measurements of the apparent viscosity or surface friction. When the fluid film thickness is 

increased from a monolayer to a thin but continuous film, both bulk and ‘nanorheological’ 

contributions become important. Moreover, none of the techniques reviewed above allows 

probing of the non-linear rheological response of thin films to the large deformation 

amplitudes and rates that occur in most real flows of complex fluids. It is only recently that 

techniques have been developed to probe the true viscometric material functions of a bulk 

sample of a complex fluid under homogeneous deformation conditions on the meso to micro-

scales.  

Granick and co-workers developed a microgap rheometer that is capable of operating at 

‘mesoscale’ gaps of 3 – 500 µm 12,70 and which can perform small amplitude oscillatory shear 

experiments 72. This device is limited to the linear deformation regime due to the construction 

of the translator setup. Several designs of piezoelastic vibrators allow probing the linear 
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viscoelastic regime of liquids at gap settings between 10 and 100 µm 73,74,75 and this has 

resulted recently in a controversial discussion on the limits of these techniques 11,76. Meeten 77 

performed squeeze flow experiments using a spherical/flat surface combination on samples 

with thicknesses that cover a range from 100-1 µm. Mackay and coworkers showed that it is 

possible (with a very well-aligned rotational rheometer and specially-machined parallel 

plates) to perform reliable steady shear experiments down to gaps of 10 µm 78. Stokes and co-

workers recently presented a study 28 in which they evaluated the capability of commercially 

available rotary rheometers for accessing shearing gaps below 100 µm with parallel plates of 

60 mm diameter. A careful correction of results obtained with a plate-plate geometry, taking 

into account fluid inertia 79 and gap errors due to non-parallelism 27,30 allowed them to 

perform steady shear flow experiments for gaps down to 20 µm. Clasen et al. 40,62 introduced 

the flexure-based microgap rheometer (FMR), a sliding plate configuration that utilizes white 

light interferometry (similar to the setup of Granick 12,72) to set and maintain absolute gaps in 

the range of 1 - 100 µm. The compound-flexure-based translation mechanism of the FMR is 

optimized for applying non-linear deformations and performing steady shear flow 

experiments, but is less well suited to oscillatory measurements because of the large inertial 

mass. 

So far only the work of Davies and Stokes 28,80 and Clasen et al. 40,62 has actually focused on 

complex liquids and the effects that confinement of the microstructure has on the effective 

bulk rheological response. These investigations captured the response of systems containing 

emulsion droplets, microgels or wax particles with characteristic length scales of 10 - 50 µm. 

 

The aim of this paper is to demonstrate how the measuring range of the flexure-based 

microgap rheometer (FMR) 40 can be expanded to investigate the shear rheology in the largely 

unexplored range corresponding to sample gaps from the range of ~10 µm down to ~ 200 nm. 

The paper is structured as follows. First we introduce the new gap control mechanism for the 

FMR that allows systematic control of the gap below the previous lower limit of 1 µm and we 

perform an analysis on the source of error-limiting parallelism of the shearing surfaces. In the 

second part we demonstrate with PDMS melts of different viscosities that the enhanced FMR 

is capable of reaching shear rates on the order of 104 s-1 as a result of the narrow gaps 

attained. In the third part we demonstrate then that even for this simple PDMS melt, a 

tribological type of response similar to boundary lubrication is observed at low shear rates. 

This response originates from the interaction of the shearing surfaces via the entrained 

airborne dust particles. 
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Experimental 

Test Fluids 

The test fluids investigated were trimethylsiloxy terminated poly(dimethylsiloxane) (PDMS) 

samples (Gelest Inc., Tullytown, PA) with nominal viscosities of 1000 cSt, 5000 cSt and 

10000 cSt. The weight average molecular weight Mw has been theoretically calculated from 

the known relationship to viscosity 17 3.681.3 10η −= × wM  Pas 81 and is listed in Table 1. The 

radii of gyration Rg have been obtained from the molecular weights assuming theta 

dimensions in the melt and the then appropriate relation 26 0.422gR M =  Å2mol/g for 

PDMS at T = 298 K 82 and are also listed in table 1. 

The modified FMR 

The basic configuration of the flexure-based microgap rheometer (FMR) is described in detail 

by Clasen et al. 40. The length of the upper, square shearing plate utilized for the present 

investigation was m = 4.5 mm and both shearing surfaces were made from polished optical 

flats (Melles Griot, Rochester, NY) with a surface roughness of λ/20 and coated with a 50 nm 

layer of TiO2.  

 

Figure 1 The modified FMR 

 

In order to measure and control submicron gaps between these surfaces, the FMR was 

equipped with an additional inductive proximity sensor (KAMAN Instrumentation SMU 

9200-5U, Colorado Springs, CO) as shown in figure 1. This sensor allows determination of 

the absolute position of the linear translation stage that is used to position the upper shearing 

plate and to set the gap, with a resolution of ±1 nm. For the present investigation with PDMS, 

white-light interferometry (WLI) is used in a closed-loop feedback system with three-point 

nanopositioning stages to set the parallelism and to determine the absolute gap between the 

shearing surfaces 40. This is done at the lower limit of WLI corresponding to a gap of ~1 µm. 

This absolute value for the gap is subsequently used to calibrate the relative output of the 

additional proximity sensor. A linear translation stage holds the upper plate assembly and 
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adjusts the gap between the shearing surfaces with a step resolution of ~ 20 nm. This stage is 

then used in an open-loop configuration to set absolute gaps in the sub-micrometer range with 

a resolution of ~ 1 nm, as determined by the proximity sensor.  

The parallelism error of the FMR, given as the tilt angle error α of the two shearing surfaces 

with respect to each other, depends on the gap h and the lateral scale l of the shearing surfaces 

that is probed with the white-light interferometry. The parallelism of the shearing surfaces 

also determines the lower bound for setting gaps with the FMR in the submicron range. 

Because the final adjustment of parallelism of the shearing surfaces is performed at the lower 

limit of the white-light interferometry system with a gap on the order of h ≈ 1 µm, this 

parallelism error is propagated forward when imposing smaller gaps. The absolute distance 

h(x) between the two surfaces at any point x along the length l can be determined from two 

discrete wavelengths λm, λm+k of the interference fringes that emerge from an optical probe 

passed through the sample at this point 40 
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where fn  is the refractive index of the medium within the gap. The parallelism error of the 

FMR is then caused by the uncertainty of the gap, δh, that is related to the accuracy δλ with 

which the white light interferometrical setup can determine the wavelength of an interference 

fringe. This uncertainty equates to ( ) ( ), ,δ λ δλ λ δλ λ λ+ += + + −m m k m m kh h h  when determining 

the gap h from two interference fringes of wave lengths λm and λm+k. At the lowest gap (h ~ 1 

µm) for which two fringes are still clearly visible (~ λm = 600 nm, λm+k =460 nm) and with an 

experimentally determined accuracy δλ = ±0.085 nm, this gives δh = 0.3 nm. The uncertainty 

of the gap δh along the length l gives the tilt angle error α = δh/l between the shearing 

surfaces, which calculates to 83 10α δ −= = ×h l  (where in the current setup l = 2.85 mm is 

determined by the diameter of the beam of white light that actually enters the spectrometer). 

The angular misalignment α persists even when closing the gap h to sub-micrometer 

separations, and is no longer negligible when αm (where m is the actual length of the 

shearing surface) becomes comparable to the desired gap h. For the current investigations we 

therefore limit the gap to h > 100 nm, which relates to ( ) 31.2 10α > ×h m . 
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Bulk rheological and high shear characterization of the test fluids 

The flow curves for the PDMS samples as well as the measured first normal stress differences 

( )1 γɺN as a function of the shear rate γɺ  were determined using an AR 2000 rotational 

rheometer (TA Instruments, Newcastle, DE) with a cone and plate fixture (Ø = 4 cm, 1° cone 

angle). The results of these bulk rheological measurements are presented in Figure 2.  

 

Figure 2 bulk plus high shear data normal force 

 

In addition, the high shear response of the samples was determined utilizing the FMR over a 

range of (small) gap settings. These results superpose with the bulk rheological measurements 

and extend to shear rates up to 44 10×  s-1 (the flow curves obtained with the FMR and shown 

in Figure 2 are truncated to focus just on the hydrodynamic lubrication regime, the full range 

of data is shown in Figure 3 and discussed in detail below). At these high shear rates, the flow 

curves for the higher viscosity PDMS samples indicate a shear thinning regime. The onset of 

this non-Newtonian behaviour is expected for an entangled melt of a linear homopolymer. 

The observed power laws for the shear stress 1
21 ~σ γɺ  and the first normal stress difference 

2
1 ~N γɺ  follow the expected asymptotic behaviour of an entangled polymer melt in the 

weakly viscoelastic limit and justify an estimation of an average or effective relaxation time 

from the relationship 

1

0
21

lim
2

N
γ

τ
σ γ→

=
ɺ ɺ

.  (1) 

The average relaxation times obtained from this asymptotic result (see Table 1) are in good 

agreement with the time constant 1τ γ≈ ɺ
crit crit  representing the inverse of the critical shear rate 

for onset of shear-thinning. These values are obtained from fitting the flow curves in Figure 2 

with the empirical Carreau-Yasuda model83 with the infinite shear viscosity set to η∞ = 0: 

( )
1

21 0 1
n

b b
critσ η γ τ γ

−

 = +
 
ɺ ɺ .  (2) 

The fit parameters are given in Table 1. Viscous heating as a source for the observed shear 

thinning is a concern for high shear rate experiments 29, but this can be ruled out because of 

the narrow gap. Recalling the definition of the Nahme number 2 2
0Na h kTη β γ= ɺ  as a 

dimensionless ratio of the time scales for thermal diffusion to viscous heating, with thermal 
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sensitivity ( )
0

0 T T
T d dTβ η η

=
=  23, it becomes clear that, for the FMR, the Nahme number 

scales with 2 2 2γ∝ =ɺ pNa h V  where Vp is the velocity of the moving plate. Because the shear 

experiments at different gaps were always conducted over the same velocity range and in 

particular to the same maximum velocity Vmax = 2 mm/s, the maximum Nahme number can be 

calculated for PDMS with β = 5.73 at room temperature 84 to be Namax = 1.9×10-6 and is 

independent of the gap. We can therefore attribute the shear thinning observed experimentally 

solely to the viscoelastic material response. 

 

Table 1 

 

The Carreau-Yasuda fit to the data also allows an estimation of evolution of the normal stress 

difference in the bulk sample at high shear rates that exceed the experimentally accessible 

shear rate range of the AR 2000 rotational rheometer. In particular the expected deviation 

from the powerlaw 2
1 ~N γɺ  can be seen in figure 2 as the critical rate 1γ τ=ɺ  is approached. 

A simplistic description of the first normal stress difference, sufficient to estimate the onset of 

the non-rate dependent regime, can be obtained from an upper-convected Maxwell model that 

incorporates a rate dependence of the material functions, as for example the White-Metzner 

model 85,86 

2
η η

∇
+ =σ σ D

G
  (3) 

where the viscosity is assumed to be a function of the shear rate ( )2 :fη = D D . Here D 

represents the rate of deformation tensor 2 T= ∇ + ∇D v v , σ  represents the stress tensor and 
∇
σ  

represents the upper-convected derivative T
∇

= − ∇ ⋅ − ⋅∇σ σ v σ σ vɺ  with σɺ  denoting the 

substantial time derivative and ∇ Tv  the velocity gradient tensor 87. Evaluating the first normal 

stress difference for a simple steady shearing flow gives ( )2

1 2N Gηγ= ɺ . Inserting the 

Yasuda-Carreau model for the rate dependent viscosity allows us to describe the rate 

dependence of N1 with the model parameters of Table 1: 

( )
( )2 1

2
1 02 1

n
b b

critN η τγ τ γ
−

 = +
 
ɺ ɺ   (4) 
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The resulting curves are shown in Figure 2 by the broken lines and are in good agreement 

with the experimental values obtained for N1 in the initial quadratic flow regime, and allow an 

estimate of N1 at the higher shear rates encountered in the FMR. 

 

FMR results at submicron gaps 

Figure 3 shows the shear stress measured in the FMR as a function of the shear rate for the 

three different PDMS samples as the gap is progressively reduced. 

 

Figure 3 FMR results 

 

The results for high shear rates for each gap setting were already presented in Figure 2. 

However, it is clear from Figure 3 that, at lower shear rates, the PDMS samples show a 

systematic deviation from the expected simple Newtonian flow behavior when the gap 

separation is reduced below a critical limit. These deviations can be interpreted in terms of the 

tribological response of the sample with three characteristic regimes as indicated in figure 3. 

 

At low shear rates, in the so called ‘boundary lubrication’ regime, the shear stress is virtually 

independent of the relative velocity between the shearing surfaces and hence independent of 

the nominal shear rate γ =ɺ pV h. This is counterintuitive for the rheologist for whom rate-

independent stresses are normally encountered only for idealized yielding processes, but such 

observations are a regular tribological result of a sliding friction process for which the friction 

coefficient µ is constant and independent of the velocity difference between the shearing 

surfaces. What is at a first glance surprising is the observation of a boundary lubrication 

regime for controlled absolute gaps in the micrometer range. In contrast to a tribological test, 

the plates of the FMR are not forced into contact by an applied normal load which would lead 

to a dominant sliding friction response at low rates. This frictional contact arises from rigid 

asperities that are not on the surfaces but within the liquid itself. Granick and co-workers have 

previously reported on the effect of airborne dust particles in apparently simple fluids that 

prevented them from approaching shearing gaps below 3 µm; entrapment of these particles 

between the surfaces caused damage to their sensitive surface coatings 12. Also previous FMR 

investigations for a polybutadiene melt 40 and a polystyrene/styrene oligomer based Boger 

fluid 62 in a non-dust free environment have shown the onset of sliding friction caused by a 
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contamination with ambient dust particles at a gap separation of ~ 4 µm. This additional 

friction contribution can be observed even though we still have a fluid layer of defined and 

constant thickness in the gap. This is a consequence of the fact that the viscous shear stress 

response of the thin fluid layer is a function of the applied shear rate, whereas the additional 

frictional stress caused by the confined particulate phase is independent of the rate. It thus can 

dominate once the fluid shear stress drops to values significantly below the constant frictional 

stress. For the present case it can be ruled out that the sliding friction is caused by a 

confinement of the PDMS itself, as the dimensions of the polymer coils, reported as radii of 

gyration in Table 1, are of the order of O(10 nm) and therefore at least 2 decades below the 

gaps for which we can already observe the onset of boundary lubrication in figure 3.  

 

In the ‘hydrodynamic lubrication’ regime observed at higher velocities and high shear rates in 

figure 3 the total measured stress response is dominated by the viscous response of the fluid. 

In a typical tribological experiment the pressure that arises from hydrodynamic lubrication in 

this regime forces the shearing surfaces apart against the applied normal load until, at a 

certain fluid film thickness, the two forces balance. In the FMR, the situation is similar, 

although the gap is not determined by a force balance between the pressure field in the fluid 

and the applied normal load, but is directly controlled and set to a constant value throughout 

the experiment. The stresses that arise from the sheared fluid film are larger than any direct 

frictional stress between the surfaces. Not surprisingly the hydrodynamic lubrication regimes 

measured in these simple fluids directly match the bulk flow curves, independent of the gap 

setting, a feature that has been utilized already in figure 2 in order to obtain the high shear rate 

part of the flow curve.  

 

The transition regime between the boundary and hydrodynamic lubrication regime at 

intermediate shear rates is commonly called the ‘mixed lubrication’ regime 88. In tribological 

experiments this regime is known to be very sensitive to a range of parameters from surface 

roughness to the internal microstructure of the fluid 89 and therefore it is often most interesting 

for the investigation of the lubricating properties of a certain surface/liquid combination. In 

general, the mixed lubrication regime results in a lower coefficient of friction than boundary 

lubrication and a non-monotonous variation of the shear stress with the shear rate. This is 

again counterintuitive to the rheologist on a first glance who would demand a monotonous 

increase of stress with rate for simple shear. However, in tribological terms a transition from a 

static friction, or ‘stick-slip motion’, to a sliding friction when increasing the sliding velocity 
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goes along with a reduction of the shear stress, thus allowing a non-monotonous variation. 

Although the FMR does not result in direct contact of the shearing surfaces in the boundary 

lubrication regime, the frictional forces that are transmitted via the trapped dust particles show 

a similar drop with increasing shear rate in figure 3.  

The curves in figure 3 showing the three distinct lubrication regimes are generally termed 

‘Stribeck’ curves in the tribological literature 39, however, different variables are plotted on 

the two axes. Conventional tribometers are generally only configured to determine a frictional 

force response of a sheared sample as a function of an applied velocity under a constant 

normal load. The results of tribology measurements are therefore commonly reported in terms 

of quantities that do not require knowledge of the size, shape or separation of the shearing 

surface. For example the dimensionless sliding friction µ is obtained from the measured shear 

force SF  normalized by the applied normal force NF .  

21

11 22

σµ
σ σ

= =
−

S

N

F

F
  (5) 

In the boundary lubrication regime S NF F∝  and the coefficient of friction is then independent 

of the applied normal load, by definition. Knowledge of the contact area A of the shearing 

surfaces and the simplicity of the flow field in the FMR allows, in principle, conversion of the 

friction coefficient into the shear stress and normal stress difference and vice versa, allowing 

one to translate tribological to rheological terminology. However, the normal force necessary 

to maintain the gap in the FMR cannot be measured in the current configuration, so the 

Stribeck curves in figure 3 are given solely in terms of the shear stress 21σ  and therefore do 

not superpose in the boundary lubrication regime. 

Regular tribometers are also generally not able to determine the gap between the shearing 

surfaces (although Spikes et al. 90 have proposed an interferometric method to determine a 

film thickness in rolling friction). They therefore lack the possibility of calculating an 

absolute shear rate. In tribology, the sliding velocity, associated with the Stribeck curves is 

therefore normally reported in terms of a dimensionless Sommerfeld number on the x-axis: 

η= U
So

P
,  (6) 

where U is the linear velocity of the shearing surface, η is the nominal viscosity of the fluid 

(normally taken to be independent of the shear rate), and P is the normal force NF  per unit 

length of contact x. Scaling by the normal force allows superposition of the friction coefficient 
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for Newtonian liquids in the hydrodynamic lubrication regime, and the introduction of the 

viscosity into equation (6) allows superposition for Newtonian fluids of different viscosities 
91. Although the gap h between the shearing surfaces of the FMR is known, conversion from 

shear rate γɺ  to the Sommerfeld number using U hγ= ɺ  is not possible since FN cannot be 

determined. The Stribeck curves in figure 3 are therefore given directly as a function of the 

shear rate γɺ . This corresponds in rheological terms to normalization of the sliding velocity U 

by the gap h, hence a superposition of data for different gaps is observed.  

 

While the present version of the FMR is not capable of applying a normal force, it is able to 

set and maintain a defined sample gap. In this sense the FMR data is complementary to that 

provided by regular tribometers. In a typical tribometer, even the minimum applied normal 

load results in such a large compressive normal stress of the samples that the average 

separation between the two shearing surfaces is reduced to the scale of the surface asperities. 

By contrast, the gap separation at which the FMR can detect a transition to boundary 

lubrication is several orders of magnitude larger. This can clearly be seen in figure 3; at low 

shear rates we are able to detect a transition to constant shear stresses corresponding to 

boundary lubrication even at gaps of 1-2 µm.  

The plateau values of the steady shear stress in the boundary lubrication regime,  

210
lim
γ

σ σ
→

=
ɺ

p ,  (7) 

that can be obtained from figure 3 are plotted as a function of the gap separation h in figure 4 

for the three PDMS samples. The FMR is capable of resolving these frictional stresses σ p  

over a range of O(100 – 104 Pa).  

 

Figure 4 stress vs gap  

 

The plateau stresses in figure 4 show two distinct regimes: a fast increase of the stress level 

when the gap is decreased below a critical gap separation hc ~ 4 µm, and subsequently, below 

a critical separation level of the order h ~ 2 µm, an apparent scaling of the stresses with the 

gap of 3 2~σ −
p h  (as indicated in figure 4). The initial increase of the plateau stress below hc 

is likely to originate from Hertzian contact of the confined particulate structure with the 

shearing surface. The normal force NF  that originates from the Hertzian contact of an elastic 
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spherical particle with diameter hc confined between two flat surfaces separated by a gap h 

scales as 92  

( )
3
21NF ε−∼ ,  (8) 

where ε  is the compressive strain acting on the particle, defined as  

c

h

h
ε = .  (9) 

We can now assume this normal force NF  coupled with the related friction coefficient µ
 
(see 

equation (5)) as the source for the measured shear force SF  in the boundary lubrication 

regime observed at low velocities. We obtain then by inserting equation (8) into (5) for the 

initial plateau stress ( )3 2
1pσ µ ε−∼ .  

However, Hertzian contact forces can only be assumed for small compressive deformations 

( )1 1ε− ≪ . At larger compressions in gaps below h ~ 2 µm, assuming a single constant 

Mooney-Rivlin constitutive model for the compressed elastic particulate phase87, a more 

appropriate relation of the normal force to the compressive strain would be  

( ) 21
1N

q
F q ε

ε ε
  − + −  
  
∼ .  (10) 

Combining the two regimes into a single expression by inserting equation (8) and (10) into 

(5), we obtain  

( ) ( )
3

2 2
1

1 1p

q
qσ µ ε ε

ε ε
  − + − −  
  

∼ . (11) 

Fits of this expression to the experimental data are shown in figure 4 as solid lines (where the 

parameter q of the Mooney constitutive equation was taken to be q = 0.1 as suggested by Bird 

et al. 87). The observed apparent scaling of 3 2~σ −
p h  indicated in figure 4 arises from the 

transition of the force scaling of the Mooney solid in equation (10) or (11) from ~1ε −  to ~ 2ε −  

at a compression level of order of qε ∼ . 

 

Another important observation in figure 4 is that the boundary lubrication stress level σ p  is 

not directly related to the viscosity of the samples. In the hydrodynamic lubrication regime the 

measured stress response of the samples is directly related to the viscosity (see flowcurves in 

figure 2), However, it can be seen from figure 4 that the 5000cSt sample shows somewhat 
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lower stress values σ p  then the 1000cSt or 10000cSt sample at comparable gaps. Again this 

supports the hypothesis that stress conditions in the boundary lubrication regime are 

controlled by contact stresses of the confined particulate structure inside the fluid rather than 

bulk material properties of the fluid such as the shear viscosity. The normal force NF  

expressed in either equation (8) or (10) depends on the elastic modulus of the confined 

particles. Furthermore, the measured shear force SF  that is caused by the confined particulate 

structure (and therefore also the reported plateau stresses σ p ) depends on the actual contact 

area between the asperities in the fluid and the shearing surfaces and it therefore depends on 

the volume fraction of the particulate structure. Although it was not possible to directly 

visualize the particulate contamination of the three samples (we assume that it consists of 

airborne dust as suggested by Granick et al. 12), it is apparent from figure 4 that the type and 

number density of confined particles in the 5000cSt sample fluid causes less friction then the 

other two samples at the same gap separation. 

 

Conclusion 

The enhanced version of the FMR allows measurement of the viscometric response of 

viscoelastic fluids over a wide range of controlled separation distances spanning from a 

minimum of approximately 0.1 µm up to a maximum of 200 µm (see Clasen et al. 40). It has 

been proven difficult in the past to probe this range with either conventional rheometrical 

methods or tribological techniques. Even for apparently simple fluids we are able to observe a 

quasi tribological response at low shear rates; corresponding to boundary lubrication with a 

constant and rate independent sliding frictional stress. In contrast to conventional rheometry 

or tribometry, this friction does not originate from direct contact of asperities on the shearing 

surfaces themselves, but is transmitted between the surfaces by the confined particulate 

structure in the fluid. The boundary lubrication stress thus does not depend on the bulk fluid 

viscosity, but rather on the specific characteristics of the confined particulate phase. This has 

been demonstrated for three PDMS melts of differing viscosity levels, for which the stress 

level measured in the boundary lubrication regime did not scale with the viscosity of the test 

fluid. FMR data at constant gaps are thus complementary to general tribological 

investigations under constant applied normal loads. In the boundary lubrication regime the 

FMR is capable of resolving frictional stresses σ p  over a range of O(10 – 104 Pa). By 
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contrast, tribological experiments typically operate at a much higher level of confinement 

(and resulting frictional stress) than the FMR.  

With increasing shear rate, the viscous stresses developed in the bulk fluid film eventually 

overcome the sliding frictional stress associated with the boundary lubrication regime and the 

FMR measures the bulk flow curves of the PDMS melts. As expected these are independent 

of the gap level down to the minimum separation distances of ~ 150 nm. Because of the very 

small separation between the shearing surfaces the FMR is capable of achieving high shear 

rates up to 104 s-1 without concern of viscous heating artifacts, even if the liquid being probed 

is extremely viscous. 
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Tables  

Table 1   Parameters of the poly(dimethylsiloxane) (PDMS) samples studied.  

PDMS η0  Mw Rg τ  τcrit n b 

 [Pas] [g/mol] [m] [s] [s]   

1000 cSt 1.07 4.0×104 5.3×10-9 1.8×10-5 2×10-5  0.60 0.94 

5000 cSt 5.6 6.2×104 6.6×10-9 2.1×10-4 2×10-4 0.585 1 

10000cSt 10.25 7.3×104 7.1×10-9 3.9×10-4 4×10-4 0.56 0.93 
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Figure 1  The modified FMR. The additional proximity sensor allows determination of relative sample 

gap separations between the upper and lower shearing surface even below the resolution of the white light 

interferometry and extends the accessible gap range to 1 µm > h > 135 nm.  



25 

 

 

 
 
Figure 2  Shear stress and first normal stress difference as function of imposed shear rate. Filled grey 

squares (σ21) and open squares (N1) are determined for bulk samples with a cone-and-plate fixture (AR 2000, TA 

Instruments, Newcastle, DE). All other open and closed symbols represent the shear stress of the hydrodynamic 

lubrication regime of the microgap rheometer measurements of Figure 3 at different gaps  (the gaps reported for 

open symbols are absolute gaps determined directly with white light interferometry, for closed symbols the gaps 

are determined with the inductive proximity sensor described in the text). Solid lines represent the Carreau-

Yasuda model fits of eq. (2). The dashed lines are calculations of N1 from the White-Metzner model (eq. (4)) 

with a viscosity function provided via the Carreau-Yasuda parameters of Table 1. 
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c) 

 
Figure 3  Shear stress as a function of the shear rate, obtained with the microgap rheometer FMR for 

three different PDMS samples at different, constant separations between the shearing surfaces as indicated in the 

legend. 
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Figure 4  Plateau stress level σ p  of the boundary lubrication regimes of Figure 3 as a function of the 

absolute gap h for the three investigated PDMS samples. The straight lines represent fits of  equation  (11) to the 

experimental data with q = 0.1. 

 


