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Particle-wall tribology of slippery hydrogel particle 
suspensions  
Heather M. Shewan1, Jason R. Stokes1, and Michel Cloitre2

Slip is an important phenomenon that occurs during the flow of yield stress fluids like soft materials and pastes. Densely 

packed suspensions of hydrogel microparticles are used to show that slip is governed by the tribological interactions 

occurring between the samples and shearing surfaces. Both attractive/repulsive interactions between the dispersed 

particles and surface, as well as the viscoelasticity of the suspension, are found to play key roles in slip occurring within 

rheometric flows. We specifically discover that for two completely different sets of microgels, the sliding stress at which 

slip occurs scales with both the modulus of the particles and the bulk suspension modulus. This suggests that hysteresis 

losses within the viscoelastic particles contributes to friction forces and thus slip at the particle-surface tribo-contact. It

is also found that slip during large amplitude oscillatory shear and steady shear flows share the same generic features. 

 

1 Introduction 
A key feature of yield stress materials is their propensity to 

slip when sheared along solid surfaces.1,2 In rheometry, slip is 
generally considered an inconvenience that must be controlled 
or eliminated to measure the rheological properties of materials 
without geometric artefacts. 3   In many real situations, it is 
precisely the ability of soft materials to slip that allows them to 
move readily and efficiently. Slip is essential within many 
natural systems, including transport of solid foods through the 
oral, digestion and waste pathways4, the movement of blood 
cells through narrow arteries, 5  the adhesive locomotion of 
gastropods,6 or the nutrient delivery by cytoplasmic streaming 
in plant cells.7 The importance for the phenomena of wall slip 
in applications is also seen in the transport of many complex 
suspensions, such as oil emulsions, foods, pharmaceuticals, 
sewage treatment and soils.8-11 During processing of composites 
or nanocomposites in extruders and slit dies, it is crucial to 
account for slip phenomena which cannot be avoided in 
general.12-14 The occurrence of slip has also important consequ 
ences on the development of flow instabilities during the 
extrusion of highly filled polymeric suspensions, 15 , 16  the 
spreading of yield stress fluids,17,18 and the establishment of 
steady conditions during start up flows or cessation flows of 
yield stress materials. 19 , 20  Hence the occurrence of slip for 
complex materials must be considered as an important and 
intrinsic feature of its flow and deformation behaviour. 

Mooney introduced a method to analyze slip and measure 
slip velocities in capillary and rotational rheometry; these rely 
on multiple measurements performed with the same capillary 
length over diameter ratios but different diameters or different 
parallel plate gap sizes, respectively.21 The only hypothesis for 
any geometry is that the slip velocity depends only on the wall 

shear stress and not on other quantities like the normal stresses. 
The method was later revisited and simplified by Yoshimura 
and Prud’homme.3 It has been used to characterize wall slip 
velocities in various materials. 22 - 25  The method is appealing 
from a macroscopic point of view but it is time consuming and 
subject to practical limitations like the difficulty to vary the gap 
size over a wide range of values. Moreover it does not provide 
much information about the microscopic origin of slip.  

Slip properties are generally characterized by a slip 
boundary condition which relates the slip velocity to the wall 
shear stress. An important and open question consists in 
connecting the form of the slip equation to the microscopic 
phenomena at the origin of slip. The generic reason for slip of 
particle suspensions is depletion of the dispersed phase away 
from the surface, leading to a thin film of solvent between the 
surface and the dispersed phase.26 Because of the presence of 
shear within the interfacial low-viscosity film, slip is said to be 
apparent rather than true, as occurs in sliding a solid object over 
a surface.1,27 The physical origin of slip layers in concentrated 
suspensions is apparently not universal and depends on the 
microstructure of the suspensions. 

In concentrated Brownian or non-Brownian rigid particle 
suspensions, different mechanisms have been proposed to cause 
particle depletion: steric depletion,22,23,28-30 particle migration 
driven by gradients in shear rate or a non equilibrium particle 
pressure,31 repulsive wall-particle forces.32 It is also dependent 
on the particle wall interactions, as shown by particle tracking 
microvelocimetry.29  

Slip in concentrated soft particle suspensions, such as 
colloidal pastes or emulsions, has attracted a lot of attention in 
the recent years. 33 - 42  These materials have a close-packed 
amorphous structure and flow past one another appreciably 
only when a large enough stress, greater than the so-called yield 
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stress. For steady shear flows, Meeker et al proposed a model 
where the particle deformation is coupled to the flow through 
the pressure field so that the flat contacts existing between the 
particles and the bounding surfaces are deformed 
asymmetrically.34,35 The asymmetry breaks the reversibility of 
the Stokes equation and generates a lift force pushing the 
particles away from the moving surfaces. The balance between 
the lift force and the bulk osmotic pressure of the suspension 
sets the thickness of the lubricated layer. This model, which 
relies on elastohydrodynamic lubrication (EHL) predicts a slip 
law where the slip velocity is a quadratic function of the shear 
stress. Later on, Seth et al incorporated the action of attractive 
or repulsive interactions between the slipping particle and the 
wall.36 They proposed to relate the existence of a slip yield 
stress to the short range surface forces between the particles and 
the wall. In addition to the EHL slip mechanism, Seth et al also 
predicted the existence of a second slip regime driven by simple 
hydrodynamic lubrication (HL) when the lubricating film 
thickness exceeds the range of surface forces. Provided that the 
suspending fluid is Newtonian, the stress-velocity relationship 
is linear and there is no slip yield stress.23,36,40,42 This 
description has been applied with some success to concentrated 
suspensions of colloidal microgels subjected to steady shear 
flow.36,37,40,42 However important questions remain open 
concerning the applicability of the model to a wide range of 
soft materials subject to various types of mechanical 
solicitations like unsteady flows, 43  and the exact relation 
between particle scale properties and slip. 

The objective of this work is to elucidate the microscopic 
origin of slip in a new class of non-colloidal soft microparticles 
and to relate particle properties to macroscopic behaviour in 
terms of EHL slip. The particles have a well-defined modulus 
allowing us to relate the interactions between the soft particles 
and the substrate to the onset of slip and to the characteristic 
slip velocity. These hydrogel particles have previously been 
shown to be a simple model system for a variety of yielding 
soft matter systems,10,44-46, as well as being useful for rheology 
control and encapsulation.47,48 We analyze slip both in steady 
shear flows and Large Amplitude Oscillatory Shear (LAOS) 
which represents a model situation of unsteady solicitation 
where the material is periodically returned to the same state of 
deformation without necessarily having time to relax. We show 
that the slip behaviour in both types of flow can be mapped 
onto one another to allow us to define the deformation ranges 
where slip is significant. Using two different wall surfaces, 
which are hydrophilic and hydrophobic respectively, we find 
that the slip properties of agarose microparticles are controlled 
by EHL lubrication. In addition, we show that for two 
completely different sets of microgels, the slip stress at which 
slip occurs scales with both the modulus of the particles and the 
bulk suspension modulus. This suggests that the viscoelastic 
particles contribute to friction forces and thus slip at the 
particle-surface. The paper is organized as follows. In Section 2, 
we describe the manufacture of the agarose microparticles and 
the rheometric techniques implemented to investigate their bulk 
and surface properties. In Section 3, we present the 
experimental results obtained in oscillatory and steady shear 

flows. In Section 4, we analyse the microscopic origin of slip 
and the consequences on the particle-wall tribology of these 
materials. 

2 Materials and methods 
2.1 Agarose microparticle manufacture 

Agarose microparticles were manufactured following an 
emulsion-gelation route similar to that used by Adams et al.46 
Agarose solutions were prepared by adding agarose at a 
concentration of 1.5 weight percent to water purified by reverse 
osmosis, resistivity of 18.2 M�.cm, containing 0.02 % sodium 
azide and heating to 95 °C for 30 minutes while stirring. The 
agarose solution was allowed to stand without stirring for 5 
minutes to allow air bubbles to escape. A water-in-oil emulsion 
was formed by adding the agarose to sunflower oil at weight 
ratio of 30:60. To promote formation and stability of the 
emulsion during the process, 1 weight percent polyglycerol 
polyricinoleate (Admul WOL) at 80 °C was used. The mixture 
was homogenised using an IKA Ultra Turrax at 80 °C and 
12000 rpm for 12 minutes to allow an equilibrium particle size 
to develop. The emulsion was quenched by placing in an iced 
water bath to gel the aqueous phase while stirring at 300 rpm 
for 2 hours to prevent aggregation and coalescence. The 
spherical particles produced were separated from the oil phase 
by five cycles of centrifugation (8000 rpm for 40 minutes) 
washing with ethanol followed by RO water, and filtered 
through a 20 μm mesh using a Buchner filter and flask under 
vacuum to remove large particles. Suspensions were made to 
known wet weight percentages from 70% to 90 % by 
redispersing the particles in RO water. 

The properties of individual particles were analysed at low 
dilution using different techniques. Figure 1a presents an 
optical microscope photograph of a dilute suspension observed 
at high magnification using the contrast phase technique (lens: 
PL APO 63�1.32 oil). We clearly distinguish small spherical 
particles. Figure 1b shows the particle diameter distribution 
which was measured with a Malvern Mastersizer. From these 
data we compute the quantities reported in Table 1: the average 
particle diameter (d0.5), the volume weighted mean (d4,3), the 
surface weighted mean (d3,2), and the standard deviation for a 
log normal distribution (std = ln(d4,3/d3,2)). 

In the following, it is convenient to characterize the 
microgel suspensions at finite concentration by the weight 
fraction C. The weight fraction C and the actual volume 
fraction φ are related through an equation of the form: φ = 
K(C)C, where the coefficient K is the specific volume. At low 
concentrations, K can be considered as constant and determined 

  
d0.5 

(μm) 
d4,3 

(μm) 
d3,2 

(μm) 
std K 

(ml/g) 
Crcp 

(g/g) 

Gp

(kPa) 
2.2 2.4 1.8 0.29 73.0 0.71 64

Table 1 Characterization of agarose microgels; d0.5: average particle diameter; d4,3: 
volume weighted mean diameter; d3,2: surface weighted mean diameter; 
std = ln(d4,3/d3,2): standard deviation for log normal distribution; K: specific volume; 
Crcp: close-packing weight fraction from particle size distribution; Gp: shear modulus.  
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Fig 2 Variations of stress (top; �, �), storage (bottom; �; � ) and loss modulus 
(bottom; �, �) against maximum strain for a agarose microgel suspension at a 
concentration of 0.85 g/g for a rough (open symbols) and smooth silicon (full symbols) 
bottom plate. The angular frequency is ω = 1 rad.s-1 

stress amplitude, σ, with the strain amplitude, γ, for an agarose 
particle suspension at C = 0.85g/g are represented in Fig. 2. The 
results for the other concentrations and angular frequencies are 
qualitatively the same.  

When both the top and bottom plates are rough (i.e. in the 
absence of slip), G’, G”, and σ have the characteristic shapes 
found in other soft particle jammed suspensions like 
polyelectrolyte microgels, 54 star polymer solutions, 55  and 
emulsions. 56  At small strain amplitudes, the stress varies 
linearly with the strain, indicating that the rheological response 
is in the linear regime. The suspension exhibits solid-like 
behaviour with G’>G”; both moduli are independent of the 
strain amplitude. At large amplitudes (LAOS), G’ decreases 
whereas G” goes through a maximum before declining and 
crossing the storage modulus: the onset of non-linearity is 
associated with yielding. For particle suspensions with 
repulsive interactions the weak overshoot has been attributed to 
localized particle motions that lead to increased dissipation.54   

C  
g/g 

G0 
Pa 

σy  
Pa 

LAOS 

γy  
- 

LAOS 

σy  
Pa 

Flow 

γy  
- 

Flow 

k 
Pa.sn 

n

0.70 68 3.6 0.050 3.5 0.05 0.68 0.61
0.75 125 5.9 0.55 5.6 0.05 1.08 0.57
0.80 225 9.1 0.055 8.3 0.04 1.91 0.51
0.85 518 21.7 0.06 19 0.04 4.94 0.43
0.90 620 30 0.055 27 0.04 6.7 0.39

 
Table 2 Values of the material properties determined from small amplitude 
oscillatory shear (G0: plateau storage modulus, σy: yield stress; γy: yield strain), 
and steady shear (σy: yield stress; γy: yield strain; k: consistency; n: shear 
thinning exponent).  

At even larger amplitudes, both moduli decrease as power laws 
as already repulsive interactions, the weak overshoot has been 
attributed to localized particle motions that lead to increased 
dissipation.54 At even larger amplitudes, both moduli decrease 
as power laws as already observed in many soft glassy 
materials. The intersection between the low strain linear 
variation of the stress and the high strain variation is relatively 
abrupt and marks the onset of yielding. It provides a 
quantitative determination of the yield strain and stress as 
depicted in Fig. 2. The values of G0, σy, γy measured for the five 
concentrations studied in this manuscript are reported in Table 
1. The yield stress σy, increases with the volume fraction and is 
proportional to the elastic modulus G0 through σy = G0γy where 
γy is defined as the yield strain. γy takes values of a few percent 
in agreement with previous determinations for similar soft 
materials.51,57 

When the bottom plate is smooth, i.e. when slip occurs, the 
apparent response of the suspension during a strain sweep test 
is drastically modified. At low strain amplitudes the variations 
of G’, G”, and σ are nearly superimposed to the data measured 
with the rough plate, indicating that slip is absent and the 
moduli are not affected. Above a strain γs corresponding to a 
stress σs, the moduli and the stress begin to deviate from their 
values measured in the absence of slip. Interestingly the 
variations of G’, G”, and σ are reminiscent of those observed 
during yielding: the apparent shear modulus begins to decline, 
the loss modulus increases and reaches a maximum before 
decreasing. However, the values of these quantities are 
significantly smaller than in absence of slip, the maximum of 
the overshot occurs at a strain smaller than γy as well as the 
strain where G” becomes larger than G’. This apparent yielding 
behaviour must not be confused with the true yield point 
corresponding to the onset of bulk flow. It signals the point 
where the material begins to slip. At strain amplitude larger 
than the bulk yield stress σy, the stress values in the absence 
and in the presence of slip becomes equal suggesting that the 
effect of slip becomes negligible once the material has yielded. 
The values of the slip yield stress σs obtained from LAOS 
experiments for the five concentrations studied are reported in 
Table 3. 

3.2 Flow and slip of concentrated agarose suspensions 

Figure 3 shows the flow curve of a concentrated suspension 
(filled symbols) at a volume fraction above close-packing 
(C = 0.85 g/g), when slip is obviated by the use of rough 
shearing surfaces. The flow curves have the characteristic shape 

  
C

g/g 
σs  
Pa 

LAOS 

σs  
Pa 

Flow 

 �� � 

 s-1
 

V* 
mm/s 
� �� �� 

V* 
mm/s 
Eq 2 

m

0.70 2.0 1.75 1.5 0.73 1.03 0.56
0.75 2.5 2.5 1.8 0.87 1.17 0.56
0.80 5.2 4.9 2.1 1.05 1.18 0.73
0.85 6.5 6.9 4.1 2.05 2.03 0.65
0.90 6.9 6.6 10 4.95 3.19 0.60

Table 3 Slip parameters for the five suspensions considered in this study 
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expected for yield stress materials, i.e. a constant stress plateau 
at low shear rates (in double logarithmic coordinates) and a 
power law variation at high shear rates. It is well described by 
the Herschel-Bulkley equation of the form: ���� 	 � �
 � ���  
where σy is the yield stress, k is the consistency parameter, and 
n is the shear thinning exponent. The values of these different 
parameters are reported in Table 2 for C = 0.70 to 0.90 g/g. The 
values of the yield stress and yield strain are in good agreement 
with the previous determination using the strain sweep 
amplitude technique. The value of the shear thinning exponent 
n varies around 0.5, which is the value expected for suspensions 
of athermal soft particle suspensions; the consistency parameter 
k increases with G0.58  

The flow curves are completely modified when a smooth 
plate instead of a rough plate is used at the bottom, stationary 
surface. This is shown in Fig. 3 where we compare the flow 
curves measured with a silicon wafer (open symbols) and a 
roughened steel bottom plate (full symbols). The surface 
characteristics mainly affect the low shear rate regime below 
10 s-1 where we measure significantly lower shear stresses for 
the silicon wafer. Again these important deviations from the 
flow curve measured with rough surfaces prevent us from 
determining the bulk yield stress reliably. This behaviour is the 
signature of wall slip at smooth surfaces. The apparent flow 
curves then characterize the lubrication properties of the 
suspensions at the smooth surfaces rather than their bulk 
rheological behaviour. The importance of wall slip is generally 
sensitive to the nature of the shearing surfaces through the 
existence of specific short range forces.  Here, in contrast with 
previous experiments on polyelectrolyte microgels, the 
chemical nature of the smooth surface has little importance and 
a similar level of slip is evident on the hydrophilic (silicon) and 
hydrophobic (polymeric) surface, as shown by Shewan, 59 
indicating that agarose microparticles develop similar 
interactions with both types of surfaces. 

It is interesting to replot the stress variations measured in 
the LAOS experiments versus the shear rate and to compare the 
 

Fig 3 Shear stress against shear rate for suspensions at C = 0.85 g/g on rough (�) and 
smooth silicon (�) surfaces. The vertical line indicates the critical shear rate �� � below 
which full slip occurs.  The solid line represents the fit of the data to the Herschel-
Bulkley equation. The different slip regimes are limited by the dashed and the dotted 
lines. The inset compare the stress measured in oscillatory (�, �) and steady shear 
(red line; blue line ) measurements.  Data for the smooth silicon surface (�; blue line) 
and the rough surface (�; red line) are compared.  

resulting flow curve to that measured in steady flow 
experiments. The inset in Fig. 3 shows that both sets of data 
agree perfectly again, in particular in the range of strain/stress 
where slip is dominant, confirming that slip in LAOS and 
steady flows share the same generic features. 

4. Discussion 
4.1 Analysis of slip 

In Figure 3, the apparent flow curves measured in the presence of 
slip reveal three different dynamical regimes. In regime I, the flow 
curves for the smooth and rough surfaces nearly coincide. In regime 
II, there begins to be a significant difference between the two sets of 
data and the discrepancy between them increases as the apparent 
shear rate is decreased. Regime III corresponds to stress values 
below the bulk yield stress where no macroscopic motion is expected. 
As the apparent shear rate decreases, the measured stress also 
decreases but finally extrapolates to a finite value at very low 
apparent shear rate. The behaviour found in Fig. 3 nicely matches 
previous observations for polyelectrolyte microgels and 
microgels.33-35. Combining conventional rheological measurements 
with velocimetry, it has been shown that regime III corresponds to a 
pure slip regime where the material slips as a solid body on the 
smooth surface. Regime II is a mixed regime characterized by a 
combination of wall slip and bulk flow. The latter becomes dominant 
in regime I where slip still exists but with a negligible impact on the 
apparent flow curve. 

4.2 Determination of slip velocity 

In the following we focus on the behaviour of agarose particle 
suspensions in regime III. The onset of pure slip can be characterized 
by the value of the apparent shear rate �� ��where the apparent stress is 
equal to the bulk yield stress σy measured from the bulk rheology in 
the absence of slip. Since all the motion then comes from the 
slipping of the paste,��� � is related to the slip velocity V* at the onset 
of total slip through: �� � �� �� where h is the value of the gap at the 
edge of the cone (0.485 mm). The experimental values of �� ��and V* 
for the five concentrations investigated are reported in Table 3. 
Below �� �� the paste undergoes pure slip and hence the apparent 
stress-shear rate relationship can be used to extract the variations of 
the slip velocity with the stress. 

4.3 Interpretation in terms of EHL slip 

The variations of the reduced slip velocities V/V* with the shear 
stress are plotted in Fig. 4. The slip velocity vanishes at a stress σs, 
termed the slip yield stress which we identify as the stress below 
which the material sticks to the surface, therefore suppressing wall 
slip. σs is finite and of the order of a few Pascals, and increases with 
the volume fraction. To characterize the variations of the slip 
velocity in the domain σs<σ<σy, we fit the experimental data to the 
analytical expression:35  

 �
�� � � ����

�����
�
� ��

  (1) 

σy and V* are known independently from the bulk rheological 
measurements (see Tables 2 and 3) whereas σs and m are two fitting 
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Fig 4 Variations of the reduced slip velocity V/V* against the applied shear stress. The 
symbols represent the values deduced from the apparent flow curves in the regime of 
total slip below the yield stress. The continuous lines are the best fits of the 
experimental data to Eq. 1 

 
The values of m and σy are also reported in Table 3. The 
exponent m is much lower than 1 and in most cases takes values 
between 0.5 and 0.6. This value indicates that slip in 
concentrated suspensions of agarose particles is driven by 
elastohydrodynamic lubrication.  

The EHL slip model provides quantitative predictions of the 
characteristic velocity V* and sliding yield stress σs, which can 
be compared to the experimental values.35 The expression of 
the characteristic velocity V* involves both particle and 
suspension properties according to:  

 �� � �� ����  !�"
#�

$  !%�

!�
$�&' (2)

where G0 is the suspension storage modulus, ηS is the solvent 
viscosity, γy is the yield strain and R is the particle radius. The 
parameter !%�  is the effective contact modulus which is a 
function of the shear modulus and the Poisson ratio of the 
particles, respectively GP and ν: GP = 2πGp/(1-ν). We have 
computed the values of the characteristic velocity V* which are 
expected from this expression using the values of γy, G0 and Gp 
reported in Table 1 and taking R = 1.1 μm, ηS = 1 mPa.s and 
ν ≅ 0.35. In table 3, we observe a good agreement between the 
predictions of the EHL slip model and the experimental values.  

4.4 Scaling the slip yield stress 

The slip yield stress represents the minimum stress below 
which no apparent motion can be detected. In this regime where 
σ<σs<σy, yield stress materials behaves essentially like weak 
elastic solids that undergo plastic rearrangements without never 
reaching steady state.60 ,61 ,62. The existence of the slip yield 
stress has been related to the existence of short range forces 
between the particles and the wall. When the net interaction is 
repulsive, the shearing surfaces are covered by a continuous 
lubricating film of solvent and σs = 0. For attractive interactions, 
particles can stick to surfaces and σs is finite.28,29,36,37 Seth et al 
estimated the slip yield stress as the stress value where the 
repulsive lift force induced by EHL becomes larger than the 
attractive particle-wall interactions.36 For particle-surface 
interactions dominated by dispersion forces, σs was been 
predicted to vary as: �( � )*

+&,-.&,&/+&, , where G0 is the  

Fig 5 Variations of the slip yield stress (σs) with the suspension storage modulus (G0) 
for agarose particles on a silicon surface (�) and polyelectrolyte microgels on gold 
and Scotch™ tape surfaces (�) replotted from Seth et al.36 . Continuous lines are 
power law fits to the experimental data (exponent of 0.67). The inset shows the 
collapse of the two sets of experimental data when the sliding yield stress is scaled by 
the particle modulus.  

 

plateau shear modulus of the suspension, A is the effective 
Hamaker constant which accounts for the attractive van der 
Waals interactions between the agarose microparticles and the 
silicon surface; R is the radius of the microparticles. The 
variations of the slip yield stress with the plateau modulus for 
the five concentrations under investigation are shown in Fig. 5. 
They are compared to similar data for polyelectrolyte microgels 
reprinted from Seth et al.36 Remarkably, the two sets of data 
follow similar variations which are well described by power 
laws with exponents of the order of 0.67. These power laws are 
fully compatible with the theoretical prediction. We note that 
the two sets of data are shifted vertically in logarithmic scale. 
Agarose particles (R = 1.1μm) being larger than polyelectrolyte 
microgels (R = 0.3μm), the data for agarose particles should lie 
slightly below the data for polyelectrolyte microgels. However, 
we observe the opposite. For the difference in Hamaker 
constants to compensate for the differences in radii (factor 2.5) 
and explain the vertical shift in Fig. 5 (factor 3), the Hamaker 
constants should be in the ratio 3000. Hamaker constants are 
not known precisely but we can make a rough comparison 
based on particle densities. If we consider that the volume 
fraction of polymer in the polyelectrolyte microgels is about 
0.01 while in agarose particles it is about 1, this would result in 
a ratio of 100 between the two particle types, which is not 
sufficient to explain the discrepancy observed in Fi. 5. 

The inset compares the variations of the sliding yield 
stresses scaled with the particle modulus Gp versus the bulk 
modulus G0. We observe that the two sets of data collapse. It is 
not clear from the theoretical prediction above why σs/Gp 

should scale with G0 and why the data for polyelectrolyte 
microgels and agarose particles collapse. Albeit, the above 
analysis has defined σs to be a function of the forces 
perpendicular to the plate only, our result suggests that the 
contributions from the friction in the shearing plane cannot be 
excluded, allowing for σs to be influenced by the particle 
modulus. Soft tribology studies involving sliding/rolling ball-
on-disk show that the limits of lubrication and friction are 
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