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Abstract 

We investigated the boundary conditions for flow of a Newtonian liquid over soft interfaces by 
measuring hydrodynamic drainage forces with colloid probe atomic force microscopy in a viscous 
liquid. The investigated soft surfaces are end-grafted brushes of thiolated poly(ethylene glycol) 
(PEG), of molecular weight 1k and 30k, grafted-to gold. The conditions for brush preparation were 
optimized as to meet the stringent conditions required for surface force measurements, namely 
reproducible and uniform surface composition and roughness. The fit of a slip model to the 
experimental data returned a slip length of 16 nm on the PEG 1k brush and 25 nm on the PEG30k 
brush. The slip length can be interpreted as a penetration length, which accounts for flow within 
the top half of the brush for the PEG30k case, and within the brush and surface roughness for the 
PEG1k case. These findings confirm earlier simulation studies by our group on the flow of liquids 
within polymer brushes.  
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1 Introduction 

When a Newtonian liquid flows over a stationary solid surface, traditionally a no-slip boundary 

condition is applied at the surface, and this assumption has successfully explained most 

macroscopic observations (for reviews please see 1, 2). However, over the past decade, 

investigations in nanoscale flows have revealed that partially wetting surfaces indeed allow liquids 

to slip. In the case of rigid superhydrophobic surfaces, slip greatly increases the rate of fluid flow, 

potentially resolving the issue of the very high hydrodynamic drag in microfluidic devices.3  

Most of the published work on slip involves rigid interfaces, while very little work has been 

dedicated to slip over soft and deformable interfaces, despite the fundamental importance to 

understanding flow in biological confined systems. For example, the flow of blood through 

capillaries involves the flow of a liquid containing soft blood cells confined on the microscale 

between soft surfaces. It has been shown that the resistance to blood flow in capillaries is lower 

than would be expected based on the bulk viscosity of blood.4 In the engineering field, it is fairly 

well established that soft surfaces are capable of reducing the growth of disturbances in a laminar 

boundary layer and thus possess the potential for reducing drag in turbulent flow.5 For example, 

the skin of several aquatic animals is textured with cilia, which have the effect of reducing 

interfacial drag while swimming.6 The key to understanding flow in many biological systems and 

around microorgansims7 could lie in our ability to describe the boundary conditions for flow at 

soft surfaces.  

In this study the boundary conditions for flow were investigated on soft surfaces, made of polymer 

brushes grafted to a substrate. Grafted polymer brushes are widely used as a chemically robust 

and versatile way to tailor the functional properties of surfaces, such as wettability,8, 9 

biocompatibility,10, 11 and lubrication. 12-15 When exposed to external stimuli, such as change in 

temperature, pH, and salt concentration, their density and molecular conformation can be 
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reversibly switched.16, 17  However, the preparation of controlled and reproducible surfaces for 

force measurements is challenging, and the analysis of the raw hydrodynamic measurements is 

more complicated than with rigid surfaces. The soft compliance of the polymer layer is indeed a 

sensitive parameter to take into account for slip measurements. To date, only few experimental 

studies have specifically investigated hydrodynamic flow on polymer grafted surfaces.18, 19  

McLean et al. investigated hydrodynamic forces between layers of physisorbed Pluronics,18 but it 

has been shown that physisorbed chains are not able to sustain mechanical and environmental 

stresses, and undergo changes in the surface properties and grafting density over time.20, 21 

Relatively more simulation studies exist investigating slip on polymer brushes. Our group has 

recently used molecular dynamics simulations of short-chain polymer brushes under a Couette 

flow to show that the length of penetration of the flow increases with the increase in the distance 

between two chain grafting points.22 Some recent works on an important biophysical system, the 

dendothelial glycolax filaments, which covers the blood vessels, highlighted that despite apparent 

similarity with grafted polymer brushes, they behave differently when subjected to a shear flow 23 

and highlighted the importance of the polymer stiffness on the fluid flow 24   

In this study, we investigated the flow of a Newtonian liquid (sucrose solution) over surfaces 

bearing end-grafted brushes, made of either short or long poly(ethylene glycol) (PEG) chains, 

using colloid probe atomic force microscopy (AFM). Grafted polymer brushes were achieved in 

a rapid and straightforward way by “grafting to”,17 exploiting the affinity of thiol groups for gold 

surfaces, which leads to a covalent bond between the chain and the surface.25, 26 They were grafted 

under poor solubility conditions, above the cloud-point of the polymer solution27, to achieve a 

higher density of grafted chains by using the reduction of the polymer hydration shell. Although 

thiolated-PEG brushes have been prepared before12, 28, 29, we report the exact conditions required 

for the preparation of a reproducible PEG brush surface to be used in surface force measurements, 

i.e. with uniform and reproducible surface composition and roughness, known on the nanoscale. 
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In particular, we highlight the effect of preparation conditions on surface contamination and 

degradation, such as the ageing of the thiol-gold bond upon exposure to normal lab conditions, the 

presence of salt and physisorbed polymer deposits on the surface which take hours to dissolve, 

and the etching of the gold from commonly used reducing agents, such as TCEP. 

Our group has recently dedicated significant attention to developing reliable and reproducible 

measurements and analysis of interfacial slip on rigid surfaces,30-33 and here we expand this 

analysis to soft interfaces, presenting results which match well our molecular dynamic simulations 

on similar brush systems.22  

2 Experimental Section 

Sample Preparation. Gold substrates (silicon wafer coated with chromium (20 nm) and gold (150 

nm), MTI (USA)) had RMS roughness Rq = 1.10 nm as measured by AFM over 10 µm2. Prior to 

grafting, the substrates were immersed and sonicated in a solution of ethanol/acetone (1:1) for 5 

min, then treated for 2 min with air plasma (Harrick Plasma, Itacha NY, model PDC-002) to 

remove all traces of organic contamination. 

PEG Self-assembled monolayer formation. Thiolated poly(ethylene)glycol (PEG) molecules of 

molecular weight 1100 g/mol (PEG1k) and 30000 g/mol (PEG30k) were purchased from Polymer 

Source (Canada). Briefly, the substrates were immersed into the 5 mg/ml PEG grafting solution 

for 1 - 24 hours in low solubility conditions (T = 65 º C, ionic strength I.S.(K2SO4) = 2.9 M for 

PEG1k, and T = 40 º C, I.S.(K2SO4) = 1.8 M for PEG30k). Surfaces resulting from cloud-point 

grafting are hereafter denominated as: CP-PEG1k and CP-PEG30k. After grafting, the surfaces 

were rinsed, then immersed in Milli-Q water for at least 10 min (CP-PEG1k) and 4 hours (CP-

PEG30k), to remove physisorbed salt and molecules. The equilibrium contact angle of water on 

both prepared PEG brushes was 33°, with low values of contact angle hysteresis (2º for PEG1k 
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and 7º for PEG30k). Great care was dedicated to producing end-grafted polymer surfaces without 

defects, and common issues identified regarding the grafting (use of reducing agent), rinsing 

(removal of physisorbed species) and the ageing (evolution of surface chemistry) of the polymer 

brushes. These issues are described below and in in greater detail in Supporting Information. 

Quartz crystal microbalance A quartz crystal microbalance (QCM-D, Q-Sense model E4) was 

used to monitor the PEG grafting on gold-coated quartz crystal sensors (fundamental resonance 

frequency 5 MHz, RMS roughness 1.00 nm). Before each measurement, the QCM crystals were 

equilibrated in Milli-Q water until the frequency drift was less than 0.5 Hz/2 min (at least 45 min 

at room temperature), in order to measure the resonant frequency and the different overtones. 

‘Dynamic’ PEG grafting was then carried out by pumping the grafting solution inside the flow 

modules at flow rates in the range of 0.014 - 0.1 mL/ min for 1 - 4 hours. ‘Static’ PEG grafting 

was also performed, by stopping the flow after filling the chamber with the grafting solution. The 

whole measurement was performed under temperature control (25 ºC to 45 ºC). Prior to pumping 

into the flow chamber all solutions were maintained at a temperature 2 ºC higher than the 

temperature set inside the flow module, and degassed just prior to injection. The total adsorbed 

mass was quantified using the Sauerbrey equation using the 7th harmonic for the PEG1k system, 

and by modelling with a viscoelastic Voigt model for the PEG30k system. 

Atomic force microscopy – Imaging: A Multimode 8 AFM (Bruker) was employed to image the 

surfaces in air using the Quantitative Nanomechanical Mapping (QNM) mode and a scanasyst-air 

probe from Bruker. -Hydrodynamic force curves: An Asylum MFP-3D atomic force microscope 

was used to measure hydrodynamic forces using the colloidal probe technique.34 Briefly, a silica 

microsphere, with radius R (≈ 10 µm) measured by scanning electron microscopy (SEM), was 

glued onto the end of a tipless cantilever (µMash, 37 series, cantilever B). Spring constant values 

between 0.3 and 0.4 N/m were determined by the thermal noise method.35 Prior to mounting the 
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closed liquid cell in the AFM, all the parts involved in the study were thoroughly cleaned by air 

plasma cleaner (when possible) or by sonication in an ethanol bath.  The solution used, a 33% 

(wt.) aqueous sucrose solution containing 0.2 M NaCl to suppress electrostatic interactions (under 

these salt conditions the Debye length is round 0.8 nm)36 was filtered with a 0.2 µm filter prior to 

injection in the cell. The temperature of the fluid cell was monitored and maintained at 29.0 ± 0.5 

ºC for all experiments. Force measurements were taken by ramping the surfaces together over a 

distance of 5 - 6 µm at an approach rate of 0.1 - 80 μm/s. The acquisition of data was such that at 

least 2000 points were recorded during the extension-retraction run, regardless of the approach 

rate. The slip lengths values were averaged over three measurements separated by a waiting time 

of 2 min, the standard deviation was used for the error bars. The viscosity of the 33% sucrose 

solution used was calculated based on the work of Asadi 37 and was confirmed by shear viscosity 

measurement (ηsucrose 33% = 2.90 ± 0.02 mPa.s at 29 ºC).  

3 Results 

In this work we investigated the boundary conditions of flow over soft surfaces by performing 

drainage experiments on end-grafted PEG brushes grafted to gold substrates, called CP-PEG 1k 

and CP-PEG30k, grafted under cloud point conditions. In Supporting Information, we specify how 

the grafting and rinsing conditions needed to be optimized in order to reduce contamination and 

defects on the PEG brushes, and to reproducibly graft brush surfaces which are suitable for force 

measurements, in virtue of the reproducibility and uniformity of their surface composition and 

roughness.  The main insights gained on the preparation of high-quality and reproducible brushes 

are also summarised briefly here. 

 Preparation of end-grafted PEG brushes 
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Our brush preparation combines the ease of formation of a self-assembled monolayer of thiolated 

polymer chains on gold and the efficiency of grafting under marginal solvation of the polymer 

chains (cloud point). The formation of layers of short PEG1k and of long PEG30k was assessed 

by a suite of complementary characterization techniques, such as contact angle measurements, X-

ray photoelectron spectroscopy (XPS), quartz crystal microbalance (QCM) and AFM imaging and 

force measurements. After the system optimisation, the prepared PEG brushes were highly 

controlled and reproducible, of a quality suitable for surface forces experiments. Although the 

chemical procedure is straightforward, important details of the preparation procedure were 

identified:  

i) The prepared polymer brushes need to be stored in the dark or under water, to reduce 

degradation of the thiol-gold bond. Both the thiolated PEG brushes degraded readily 

when exposed for two weeks to normal lab conditions (exposure to sunlight and 

oxygen), as demonstrated by more than doubling of the value of the equilibrium contact 

angle, changing from 33° just after preparation to above 60° (Figure S2, Supporting 

Information). The contact angle hysteresis also changed drastically, increasing from 

around 0° to around 60° in both systems. Samples exposed to long sessions of AFM 

imaging also showed this effect. The dramatic change in equilibrium contact angle and 

contact angle hysteresis of the CP-PEG30k and CP-PEG1k surfaces exposed to 

ambient light over time is a sign of degradation of the thiol-gold bond due to UV and 

oxygen exposure. Previously, alkanethiolates in self-assembled monolayers on gold 

have been observed to oxidize in air, in the dark, to form the corresponding sulfinates 

and sulfonates, which desorb from the surface.29, 38 Our experiments showed that 

keeping the PEG surfaces away from all light (stored in the dark) or with reduced UV 

and oxygen (by immersing in a UV-adsorbing medium such as water) largely preserved 

the quality of the PEG layer.     
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ii) The CP-PEG30k surfaces need to be washed thoroughly, by immersion in water for up 

to 4 hours, to remove from the surface dendritic and large salt deposits. These deposits 

are particularly robust and strongly attached, due to the co-presence of entangled long 

polymer chains and a large amount of salt in the grafting solution. Short immersion 

times do not remove the deposits on CP-PEG30k, while they are sufficient in the case 

of CP-PEG1k surfaces, due to the shorter length of the polymer chains. These deposits 

not only locally modify the surface wettability of the CP-PEG30k brushes, but also add 

significant roughness, which is undesired in surface force measurements (Figure S1, 

Supporting Information).  

iii) Reducing agents are often added to thiols, to reduce the formation of disulfide bridges 

between the thiolated polymer chains.39 We showed that the reducing agent tris(2-

carboxyethyl)phosphine (TCEP) etches away the surface of the gold, increasing 

dramatically the RMS roughness of the CP-PEG30k from 0.9 nm to around 7 nm, with 

a large peak-to-valley value of at least 50 nm (Figure S3, Supporting Information).  

This dramatic increase in roughness is undesirable in surface force measurements, and 

so use of reducing agents should be avoided in gold-thiol systems when the potential 

presence of disulfide bridges is not a serious issue for the experiment. 

Mass and swelling of grafted PEG brushes  

Quartz crystal microbalance with dissipation (QCM-D) is a powerful technique to investigate 

dynamic adsorption processes at interfaces, and can determine molecular deposition with a 

resolution of tens of nanograms as well as detect conformation of molecules at the interface. 40 

The shift in frequency of the oscillating sensor measured upon adsorption is proportional to the 

mass bound to the sensor, and the dissipation signal relates to the viscoelastic behavior of the 

deposited film (also related to the polymer’s conformation). Figure 1(a) shows the results of a 

QCM experiment on the dynamic grafting of PEG1k below cloud point at 25ºC and I.S. = 0.6 M. 
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The sequence of liquids injected into the flow module was the following: i) Milli-Q water, ii) 

PEG1k grafting solution (I.S. = 0.6 M), iii) Milli-Q water. Cloud point grafting could not be 

achieved for PEG1k, as the maximum safe temperature in the Q-Sense QCM (45 ºC) was not high 

enough (cloud point in these conditions is higher than 70ºC). Figure 1(b) shows the result of a 

QCM experiment on the dynamic grafting of PEG30k above the cloud point (CP-PEG30k); the 

sequence of liquids pumped into the flow chamber was the following: i) Milli-Q water, ii) K2SO4 

solution (I.S. = 1.8 M), iii) PEG30k grafting solution (I.S. = 1.8 M), iv) K2SO4 solution (I.S. = 1.8 

M), v) Milli-Q water. For clarity, only the 3rd, 5th and 7th harmonics are shown. 

Both experiments were successful in grafting PEG on the gold surface, as indicated by the negative 

frequency shifts measured between the start and the end of the runs. After an effective grafting 

time of about 2 hours, the final frequency shift in the case of PEG1k was Δf ≈ -20 Hz, and in the 

case of CP-PEG30k was Δf ≈ -200 Hz. As observed by the plateau values reached in the frequency 

and dissipation shift curves during grafting, the adsorption process was fully completed (under 

those experimental conditions) for CP-PEG 1k (region ii), whereas the system was not stabilized 

for CP-PEG30k, as both frequency and dissipation shift curves were still evolving (region iii). The 

large steady increase in dissipation shift (t < 6000s) could be attributed to the 

aggregation/entanglement of the collapsed polymer chains with the adsorbed chains on the surface. 
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Figure 1: Dynamic QCM experiments on the grafting of PEG on gold: a) PEG1k grafting at 25ºC. 

The order of injections was: i) Milli-Q water, ii) PEG1k grafting solution (I.S. = 0.6 M), iii) Milli-

Q water. b) CP-PEG-30k grafting at 45ºC. The order of injections was: i) Milli-Q water, ii) K2SO4 

solution (I.S. = 1.8 M), iii) PEG30k grafting solution (I.S. = 1.8 M), iv) K2SO4 solution (I.S. = 1.8 

M), v) Milli-Q water.  

The final dissipation signals, after rinsing with water, indicate that the two polymer brushes behave 

differently: in Figure 1(b) for CP-PEG30k the change in dissipation signal is significant (1/5 of 

the frequency shift), and the curves of the different harmonics do not overlap. Both these 

observations attest the viscoelastic behaviour of the CP-PEG30k brush and its swelling by water. 

On the other hand, in Figure 1(a) for PEG1k the change in dissipation signal is relatively small 

(1/20 of the frequency shift) and the curves of the different harmonics are superimposed. Both of 

these observations are characteristic of a rigid solid film, similar to what can be expected for a 
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short alkanethiol chain forming a self-assembled monolayer on the surface. 41 The mass of grafted 

CP-PEG30k after rinsing (part v) was calculated to be m = 4200 ng/cm2 with the viscoelastic Voigt 

model (with parameter values: ρf = 1000 kg/cm3, υf =0.001 kg/ms, ρL1= 1200 kg/cm3, υL1 =0.0019 

kg/ms, σL1 = 104 Pa, tL1 = 92 nm, where ρ is the density, υ the viscosity, σ the elasticity, t the 

thickness, and the subscripts f an L1 represent the fluid and the modelled layer, respectively). The 

Sauerbrey equation was used for PEG1k and resulted in a grafted mass of 320 ng/cm2, based on 

the 7th harmonic.  

Figure 1(b) also confirms that, by exchanging the poor solvent, the K2SO4 solution (iv), with the 

good solvent, pure Milli-Q water (v), the size of the polymer hydration shell of the PEG30k chains 

increased. This change was observed in the dissipation signal as the different harmonic curves 

were initially superimposed (iv), with the polymer in a collapsed state, and then became distinct, 

with the polymer chains being hydrated again (swelling of the brush, v). This demonstrates that 

different hydration levels of the polymer chains result in different polymer conformation states. 42 

AFM height micrographs of both CP-PEG1k and CP-PEG30k obtained via QNM imaging are 

depicted in Figure 2. No significant information was obtained from modulus mapping of the 

surfaces, but the roughness information is crucial for surface force measurements. The grainy 

appearance of the surface is typical of the roughness of the underlying gold layer, but on the PEG 

brush many small dots and connecting lines are observed between the gold grains, which are 

consistent with the appearance of the polymer chains. In the collapsed state the radius of gyration 

is rg(PEG1k) = 0.54 nm and rg(PEG30k) = 2.96 nm (Rg = a x N0.5/60.5, calculated using a 

persistence length of the PEG monomer a = 0.278 nm 43 and N number of monomers = 23 and 

682, for PEG1k and PEG30k, respectively). The density of lines and dots is significantly higher 

for CP-PEG30k in Figure 2(b) than for CP-PEG1k in Figure 2(a). The RMS roughness was 

measured at 0.9 nm on both surfaces over a scan size of 2 µm × 2 µm, and is of the same order of 
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magnitude than that measured for a bare gold substrate (0.8 nm, cf SI Figure S4). The peak-to-

valley rmax values were similar for both cases and were around 10 nm. 

 

Figure 2: AFM micrographs obtained by QNM imaging in air. a) CP-PEG1k brush layer on gold, 
and b) CP-PEG30k brush layer on gold. The RMS roughness values corresponding to each image 
are shown. The vertical scale bar is 7 nm for both micrographs. 

3.1 Equilibrium force measurements 

In order to establish the value of the hydrodynamic thickness of the PEG brushes, equilibrium 

force curves were acquired at low approach rates (100 nm/s) between a silica probe and CP-PEG 

surfaces in a 33% sucrose solution containing 0.15 M NaCl. The onset of the repulsive forces, 

occurring when the colloid probe started to compress the polymer layer, was used to calculate the 

brush thickness. The value of the brush thickness was essential to the analysis of the hydrodynamic 

data, as unperturbed polymer brush thickness was used as the reference surface from which the 
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interfacial slip was measured. The normalized interaction forces as a function of separation are 

depicted in Figure 3 for both CP-PEG1k and CP-PEG30k.  

 

 

Figure 3: Semi-logarithmic normalized force profiles as a function of the separation between gold 

coated CP-PEG30k (empty black squares) and CP-PEG1k (filled black circles) surfaces and a silica 

probe. Theoretical curves of brush compression force profile as predicted by the MWC model 

(dashed red line) are represented for CP-PEG30k. The MWC theory, using the parameters brush 

thickness L = 3 nm and L = 50 nm, s = 1.5 nm and s = 14 nm, describes well the force curves for 

CP-PEG1k and CP-PEG30k.  

Both curves are well fitted by the asymmetric44 Milner-Witten and Cates (MWC) model45  
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where kb is the Boltzman constant, T the temperature, D the surface separation, Lc the contour 

length; fitted parameters values were: s (interchain distance) = 1.5 nm for CP-PEG1k and s = 14 

nm for CP-PEG30k, and L (thickness) = 3 ± 2 nm for CP-PEG1k, and = 50 ± 5 nm for CP-PEG30k. 

For the CP-PEG30k system, the best fits were obtained by shifting the force curve by 3 nm, 

distance similar to the length of the fully squeezed polymer layer under compression. The dry 

polymer brush thickness value could not be measured by ellipsometry due to measurement 
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artefacts, related to and the optical properties of the gold substrate.  An XPS dry thickness of 6 nm 

was calculated for CP-PEG30k using a standard XPS overlayer algorithm (Table S1 in Supporting 

Information) 46 Considering this dry thickness, the resulting interchain distance was calculated at 

2.7 nm and led to the use of a prefactor (commonly used in scaling theory) of 0.004 in the MWC 

model to fit the force curve. The values of interchain distance calculated from all three sets of data 

for both PEG1k and PEG30k are in agreement with a brush polymer conformation27, as they are 

significantly lower than the Flory radius rf of the polymers (2*rf = 3.6 nm and 28 nm for PEG1k 

and PEG 30k, respectively, using rf = a x N0.6 ). Considering the CP-PEG30k brush thicknesses 

from both the QCM and force curve measurements, we can hypothesize that the sucrose/salt 

solution is not as a good a solvent as water for our polymer. Indeed, the polymer layer thickness 

was estimated at 92 nm in a good solvent (water from the QCM data) and it was only estimated at 

around 50 nm in the sucrose mixture (from the force curve measurement). On the other hand, the 

dry thickness of the brush (under vacuum) is only 6 nm, so sucrose/salt solution is estimated to be 

still of reasonable quality for the brush. 

3.2 Hydrodynamic forces on polymer brushes 

The hydrodynamic force data was analysed following the procedure presented in our earlier 

publications.30, 31 Briefly, experimental force data was fitted with both a no-slip model and a slip 

model, and the slip length was obtained from the fit of the slip model to the experimental force 

(other forces such as the drag force on the cantilever and van der Waals forces were taken into 

account). Before the slip fit, each force curve was analysed individually to set the zero of 

separation, calculate the compliance value, and the spring constant value. The spring constant was 

obtained by three separate methods, and a comparison made, see Table 1. In the hydrodynamic 

method, the experimental force was fitted by the no-slip model at large separations (typically from 

1.3 to 2 um).30, 47 Then an average value of the spring constant was calculated over a range of rates 

(typically between 30 and 60 um/s). As shown in Table 1, the spring constant values obtained 
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from the hydrodynamic method were in very good agreement with the values obtained by thermal 

noise calibration35 and the Sader method.48 

 thermal noise35  Sader method48 hydrodynamic 
fit30, 47 

spring constant 
(N/m) 0.367 ± 0.017 0.361 ± 0.010 0.360 ± 0.048 

 

Table 1: Cantilever spring constant calibration. The spring constant value determined by 
hydrodynamic fit of the force curve relates to the intrinsic value as defined in 49 

The employed slip model was the one by Vinogradova, which describes the hydrodynamic 

drainage force on a sphere approaching a flat surface under the slip boundary condition: 50  
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where η is the viscosity of the liquid, R is the radius of the microsphere, h  is the velocity of the 

microsphere relative and perpendicular to the substrate, h is the distance of closest approach of the 

sphere surface to the substrate surface, and f* is the correction factor for slip at two surfaces with 

the same slip length b; a no-slip model is obtained when f* = 1: 

 𝑓𝑓∗ = ℎ
3𝑏𝑏
��1 + ℎ

3𝑏𝑏
� ln �1 + 6𝑏𝑏

ℎ
� − 1� (3) 

The main difference between a solid substrate and a surface bearing polymer brushes is the 

presence of an interfacial layer with softer compliance. This layer can be squeezed upon approach 

of the colloid probe and can affect the resulting force profile in many ways. First of all, an extra 

compression force arises when the probe squeezes the polymer layer 51, 52. Secondly, it is likely 

that at high rates of approach the hydrodynamic force is large enough to compress the brush while 

the probe is not in contact with it.53  Finally, the choice of reference plane for slip is not obvious 

on soft surfaces. In AFM force experiments, the zero of separation and hard contact between the 



16 
 

surfaces is obtained when the probe cannot squeeze the brush anymore, and one-to-one coupling 

between piezo movement and cantilever deflection is achieved (the hard compliance region). 

However, before hard compliance is reached, there is a region of the force curve in which at the 

same time the probe compresses the brush and liquid is able to flow within the brush. Indeed, 

based on earlier work by the Granick group, it is expected that as the separation between the 

polymer brush coated surfaces decreases, the apparent slip plane moves closer to the solid 

surfaces.53, 54 In order to overcome these issues, the experimentally measured curves were fitted 

with the hydrodynamic models only down to a separation equal to the hydrodynamic thickness of 

the polymer brush (50 nm for CP-PEG30k and 3 nm for CP-PEG1k, as obtained by equilibrium 

force measurements, Figure 3). A similar approach was used in earlier works for the description 

of hydrodynamic and lubrication forces on surfaces bearing adsorbed species.55, 56 By doing so, a 

‘soft contact point’ is chosen as the zero of separation and our reference surface for slip, instead 

of the usual hard contact point which would be obtained when the polymer brush is fully squeezed. 

The fit of the experimental data to the slip model is taken to indicate the amount of interfacial slip 

on top of an unperturbed polymer brush, explicitly ignoring the polymer brush compression due 
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to hydrodynamic forces.53  This simplification could lead to a slight overestimate of the slip length 

values measured at high approach rates. 

 

Figure 4: a) Hydrodynamic force curves for CP-PEG30k measured at 20 µm/s. The extension force 
curve (empty squares) is shifted by the estimated polymer brush thickness (filled squares). The no 
slip model (blue line) and the slip model (dashed red line) are fitted to the extension and shifted 
extension curves, respectively. b) Hydrodynamic forces measured at 20 µm/s (triangles), 50 µm/s 
(empty squares) and 80 µm/s (circles), shifted by the estimated polymer brush thickness (hard wall 
at -50 nm). The solid red lines are the corresponding fits to the slip model. 

Figure 4a presents the hydrodynamic force measured on a CP-PEG30k brush upon approach of 

the colloid probe. The empty squares are experimental values obtained using the hard wall, i.e. the 

fully squeezed brush in contact with the colloid probe, as zero of separation. The empty squares 

lay significantly above the no-slip model, hence this hydrodynamic force curve which cannot 

easily be fitted, would result in a negative slip length.  The filled squares represent the same force 

data shifted to the left by the thickness of the unperturbed polymer brush (50 nm), using the ‘soft 

wall’, i.e. the top of the polymer brush, as zero of separation. This shifted force curve could be 
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well fitted with the hydrodynamic slip model,50 and gave a fitted slip length of 32 nm. Shifting the 

zero of separation to the soft wall allows us to use the commonly used slip model, using the top 

of the brush as reference slip plane, and to draw similarities with results on hard surfaces.  

Figure 4b shows similarly shifted force curves at different approach rates and their corresponding 

slip fits. The fit with the slip model is good at most approach rates, and the fitted slip length versus 

approach rates are shown in Figure 5. The slip length is largely independent of the approach rate, 

as previously observed.32 The agreement between the shifted experimental data and the slip model 

is not as good at the highest approach rate (80 µm/s). This could be an indication that the polymer 

layer is partially squeezed before contact with the probe at this higher hydrodynamic force, and 

this could result in an overestimate of the slip length value. Similar results, with slightly smaller 

slip length values, were obtained on the CP-PEG1k brush, as reported in Figure 5. Due to their 

short polymer brush, the CP-PEG1k surface analysis did not required the shift of the compressed 

layer. 
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Figure 5: Average fitted slip lengths versus approach rates obtained on a) CP-PEG1k brush surface; 
bmean=16 ± 4 nm; and b) CP-PEG30k brush surface ; bmean=25 ± 3 nm. The error bars represent the 
standard deviations calculated on several force curves over two/three different contacts. The error 
due to uncertainty of the polymer brush thickness is ± 5 nm. 

As shown in Figure 5, the fitted values of slip length show very slight variation upon change in 

approach rate, largely within the standard deviation. The variation is mainly due to an imperfect 

fit of the spring constant (the same average value of spring constant is used for all force curves).  

The fitted slip length value averaged over all approach rates is 16 ± 4 nm for CP-PEG1k and 

25 ± 3 nm for CP-PEG30k, with a significantly higher slip on the thicker brush. By intentionally 

not shifting the CP-PEG1k force curve by the polymer thickness (a few nm), we are 

underestimating the interfacial slip values. Values resulting from such analysis (data not shown) 

showed that the reduction in slip is not significant and within the experimental error. 57 
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The two CP-PEG grafted surfaces exhibit similar surface chemistry, but behave rather differently 

in terms of slip. Figure 6 illustrates the mechanism that could lead to slip on these two PEG 

surfaces. For CP-PEG1k (Figure 6(a)), the thickness of the polymer brush (3 nm) is smaller than 

the peak-to-value roughness value of the gold substrate (rmax= 10 nm). Upon approach of the 

probe, the polymer brush is squeezed and the liquid is still able to flow within the deep valleys of 

the substrate. The average slip value calculated for the CP-PEG1k (b = 16 nm) is close to the peak-

to-valley roughness value of the substrate (10 nm). This interpretation has been proposed before 

to explain the slip of liquids over rough substrates.3  

For CP-PEG30k (Figure 6(b)), the thickness of the polymer brush (50 nm) is much larger than the 

peak-to-valley roughness of the gold substrate, so the roughness alone cannot account for the 

observed slip in this case. In this case, the fitted slip length b = 25 nm is interpreted as a penetration 

length lp, the distance the liquid flow penetrates into the brush. This penetration length also defines 

a stagnation length ls, which describes the portion of the grafted brush that is not affected by the 

fluid penetration, and is effectively a hydrodynamic measure of brush height, (ls = L – b = 25 nm). 

In the CP-PEG30k case, the liquid appears to penetrate approximately half of the brush thickness, 

and this mechanism agrees with the established knowledge that the brush density is higher close 

to the grafting points on the substrate than on the top of the brush.58 

These experimental results are in good qualitative agreement with coarse-grained non-equilibrium 

molecular dynamics simulations recently conducted in our group.22  We reported the results of 

simulations which showed that the flow of the solvent penetrated significantly into the outer 

regions of the brush. As grafting density was increased, the physical thickness of the brush 

measured from the density profile scaled in proportion with s-2, provided that the exponential tail 

in the density profile at the top of the brush was taking into account. The hydrodynamic thickness, 

ls, increased more gradually, in proportion with s-2/3, leading to a penetration length which 

increased monotonically with decreasing grafting density. 
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The molecular simulations also demonstrated that the collapse of the brush when changing the 

solvent quality from a good to poor dramatically changed the boundary condition. The boundary 

condition of the poor solvent state is complicated by the fact that depending on the grafting density 

the polymer may collapse into discrete aggregates, leaving areas of the underlying substrate 

exposed. The morphology of these patterns depends strongly on the grafting density and the 

amount of solvent adsorbed in the brush.22 The collapse therefore creates nanoscale surface 

roughness and chemical heterogeneities, both of which will influence the apparent slip length.22 

The simulation results indicate that the boundary condition in a poor solvent will depend on the 

grafting density because of the effect of grafting density on the morphology of the pattern, which 

would not be the case if the brush collapsed homogeneously at all grafting densities. 

Our colloid probe AFM measurements are well suited to test the molecular dynamics result, as 

both the physical and hydrodynamic height can be measured in the same experiment. Equilibrium 

force curves provide a density measurement of the brush thickness (50 nm for PEG30k), while 

hydrodynamic force curves provide the hydrodynamic thickness of the brush (25 nm). These 

results confirm there is a significant difference between the physical and hydrodynamic thickness, 

and that the penetration length is non-zero and positive. In terms of interfacial slip, these results 

indicate that in laminar flow a soft, complaint surface does not appear to increase interfacial slip 

and reduce reducing drag, as has been suggested in turbulent flow. However, the slip effect is 

expected to become more important when the wettability of the brush by the liquid is decreased,22 

and studies along these directions are under way. 

Our controlled and reproducible PEG system is ideally suited to mirror the molecular dynamics 

simulations in testing the effect of brush grafting density on interfacial slip. The grafting density 

can be gradually reduced by grafting the polymer in solvents of increasingly higher quality.59 The 

solvent quality can be finely tuned by changing the grafting solution temperature and ionic 

strength. Once the polymer is grafted, the density of the brush can be reversibly changed by 
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changing the temperature of the system, and force curves can be performed both in the collapsed 

state and in the swollen state. This will allow comparison with our molecular simulation result, 

which predicts that changes in grafting density will impact on the slip length due to differences in 

the patterns formed on collapse of the brush.  

 

 

Figure 6: Mechanism for slip on polymer brush surfaces for a) CP-PEG1k, and b) CP-PEG30k. On 
a rough and soft surface the definition of slip depends on where the reference plane is chosen.  

4 Conclusions 

We were able to prepare end-grafted PEG brushes on gold and optimise the preparation conditions 

so that the surfaces were highly controlled and reproducible, of a quality suitable for surface forces 

experiments. The interfacial slip of a Newtonian liquid on a soft layer made of a grafted polymer 

brush was investigated. By shifting the force curve by the length of the unperturbed polymer brush, 

we were able to fit the force curves with a slip model, using the soft wall as the reference surface. 

Interfacial slip values of around 16 nm were measured on a 3 nm thick PEG brush and 25 nm on 

a 50 nm thick brush. On the thin polymer brush, with thickness equivalent to the peak-to-valley 
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roughness of the underlying substrate, slip is controlled by the surface roughness, whereas for 

thicker polymer brush, the penetration of the fluid into the brush dictates the magnitude of the slip 

length.  
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