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Abstract 

We studied both global and local effects of cylindrical confinement on the diffusive behavior of hard 

sphere (HS) colloids. Using confocal scanning laser microscopy (CSLM) and particle tracking, we 

measured the mean squared displacement (MSD) of 1 micron sized silica particles in water-glycerol. This 

combination of fluid and setup allowed to measure MSDs in a 4-dimensional parameter space, defined by 

the HS volume fraction (Ф: 0.05-0.39), cylinder radius (R: 2.5-20 micron), distance to the wall (z) and 

lagtime (τ: 0.03-60 s). MSDs for the entire cylinder confirm earlier findings that both narrowing the 

cylinder and populating it, cause a slower dynamics. Additionally a decrease in R was found to cause a 

stronger ordering of the fluid. The effect of confinement on dynamics was further examined as a function 

of (z) location. For the largest cylinder (with minor curvature), we found that the strong decrease in MSD 

near the wall, becomes much less pronounced for higher Ф. Analyzing the radial (r) and azimuthal (ϴ) 

components, we found pronounced differences in the z-dependence that were ‘hidden’ in the total MSD. 

Near the wall, the r-MSD shows a much steeper z-dependence while at larger z, it shows a remarkable 

anti-correlation with the (peaked) density n(z). Also the dependence of the r-MSD on lagtime correlates 

with n(z): diffusive in between layers, but subdiffusive inside layers. These observations bring earlier 

findings together, while also shedding new light on the diffusive dynamics of concentrated colloids in 

narrow capillaries. 
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1 Introduction 

Dynamics of colloids in confinement is of interest for both fundamental and practical reasons as the 

boundary and size-effects can alter material properties [1-3] and relaxation time(s) [4-6] (e.g. glass 

forming liquids) of a suspension, which in turn can influence the transport mechanism through narrow 

cavities [7, 8]. Confinement induced changes in dynamics can also be accompanied by alterations in the 

local structure of the fluid [5]. When subjecting a confined suspension to flow, both the structure and the 

dynamics are modified [9-12]; this is of relevance to micro- and nanofluidics [13] and nanotribology [14].  

The present study is focused on the diffusive dynamics in the quiescent state. The simplest way to provide 

confinement here, is via a single hard wall. Already this can significantly alter the dynamics of the 

colloids via potential (i.e. thermodynamic) and hydrodynamic interactions (HI). Slow-down of particle 

motion near a flat wall has been observed for several systems at low particle concentrations. Extensions to 

the case of a curved wall have been explored, but the conditions where curvature starts to play an 

important role, have not been mapped out in a systematic manner. Further extending from a curved wall to 

a full cylinder produces a new case, since besides the curved interface, also the overall confinement will 

influence the dynamics. For a large cylinder radius (relative to the particle size), the interfacial effect 

should be similar to that of a single flat wall. However on making the cylinders progressively narrower, a 

transition from a local to a global confinement should be expected. Also the particle volume fraction 

should play a role here, considering that the structure and dynamics generally become more strongly 

transmitted at higher concentrations. However, so far no systematic studies into the combined effects of 

cylinder radius and particle volume fraction have been done, not even for the case of hard spheres and 

hard walls.  

The key role of particle volume fraction in the dynamics of confined systems is well established, and clear 

distinctions can be made between the dynamic regimes at different volume fractions. At low 

concentrations where the particles behave almost independent of each other, effects are mainly observed 

close to the wall(s), where displacements towards or away from the wall are strongly opposed by 

hydrodynamic forces. At higher concentrations but still below the HS glass transition, hydrodynamic 

interactions between the particles modulate the effect of walls [15]. Not only the volume fraction but also 

the structure in the fluid then plays a role. At the very high concentrations  of glass forming liquids, drastic 

slowdown of the diffusive dynamics has been associated with correlated motions [16, 17] that become 

noticeable when the length scale of confinement becomes comparable to the cooperative length scale [18]. 

Also studies of colloidal suspensions in (quasi-) 2D systems [19-25] have demonstrated dynamical 

heterogeneities. Differences in particle mobility [26] may or may not be caused by differences in local 

structure.   

But in spite of these significant insights, much is still unknown about how confinement changes the 

(diffusive) dynamics. While the dilute limit has been considered theoretically [27, 28] and experimentally 

[29-34] by several researchers, and the same for the glassy state [6, 35, 36], for intermediate particle 

concentrations results are relatively scarce. In this regime, the diffusive dynamics is a result of an 

interplay between structure and hydrodynamics, where both are influenced by the confining walls.  

Studies on the diffusive dynamics of moderately concentrated suspensions near a flat wall with light 

scattering [15, 37-39] showed that the wall effect gradually diminishes with increasing particle 

concentration. However optically no distinction could be made between different distances from the wall. 
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It is therefore still not settled how the wall effect on particle dynamics is transmitted to the interior of the 

suspension and to what extent the influence will remain significant. In confinement by more than one 

wall, both the dimensionality and shape of the confining geometry also play a role. Confinement by two 

parallel walls [19-21, 23, 35, 40] provides a simple case, where particle motion was found to be restricted 

towards the wall. Confinement in an almost cylindrical capillary was considered for a binary suspension 

[41]. Recently, also an extension was made to the role of the mechanical properties (softness or fluidity) 

[42, 43] of the confining material.  

In this work we consider the case of hard sphere colloids confined by cylindrical hard walls. Based on the 

reviewed literature, two general trends are expected also in our case: i) narrowing down the confinement 

should lead to a slower (average) dynamics of the particles. This slowing down should become more 

drastic at higher volume fraction. ii) confining walls have a layering effect, i.e. the highest local 

concentration of particles should occur at the wall. Specific new aspects that will be considered here, are: 

1) the transition from the local confinement by one wall, to a global one that corresponds to the entire 

cylinder, 2) the dependence of this transition on particle volume fraction and 3) local variations in the 

dynamics, considering both the distance from the wall, and the (radial and azimuthal) directionality of the 

motion and 4) the role of local particle concentration on the dynamics. 

 

2 Experiments 

2.1 Sample preparation 

We synthesized [44-46] core-shell silica spheres of 1.0 µm diameter (polydispersity ≈ 5 %) containing a 

core of 500 nm diameter labelled with Fluorescein isothiocyanate (FITC) to allow detection of the centre 

of mass of each particle accurately, even at high concentrations. These colloidal probes were suspended in 

water-glycerol mixture (18:82 by weight, mass density ρs = 1.21 g/ml) to achieve near refractive index 

matching with the silica spheres (np =1.46), thus minimizing the scattering of light. Suspensions of 

different volume fractions were prepared by diluting a stock solution with volume fraction (Φ) = 0.45. The 

method of the sample preparation is described in ref. [10]. We also added LiCl to the suspension (up to 0.8 

mM) to screen the surface charge; the corresponding calculated electrical double layer thickness [47] of 

about 8 nm should be sufficiently small to make a nearly HS system in water-glycerol. The theoretical 

settling speed of the silica spheres (mass density ρp = 1.89 g/ml) is less than 10 nm/s in the dilute limit, 

and expectedly about 10 times slower at Φ ≈ 0.3 [48].Considering the height of the cylinders (24 µm) and 

the total time lapse between the filling of the channel and the last experiment (800 s), this means that 

changes in suspension concentration (at the focal plane) can be neglected. Five particle volume fractions 

(Φ =0.05, 0.28, 0.32, 0.35 and 0.39) were prepared. 

2.2 Microfluidics  

Microcylinders of different diameters were designed embedded in the side walls of the microchannels as 

shown in Figure 1a. Molds made from SU8 were fabricated on silicon wafers by soft lithography, and 

subsequently transferred to channels by negative stamping in poly(dimethylsiloxane) (PDMS). We mainly 

used 30 µm (width) × 24 µm (height) ×1 cm (length) PDMS channels bonded onto a 170 µm thick glass 

cover slip, after making them hydrophilic using Oxygen plasma for 50 s at 100 W. Since the 

hydrophilicity of the PDMS can last for nearly 200 h [49], and sticking of particles onto the channel walls 

had to be avoided, we waited at least 2 weeks before using the channels. Both ends of the microchannel 

were connected with reservoirs to allow pressure control without problems due to solvent evaporation. 
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The connections between the microcylinders and the channel consisted of rectangular necks with a length 

of at least 10 µm and a width of 3 µm (smallest cylinder) to 6 µm (largest cylinder); these dimensions 

were appropriate to ensure absence of flow inside the cylinders during the measurements. Cylinders were 

filled directly with the suspension. As soon as the particles had reached the outlet, the second reservoir 

was connected, the hydrostatic pressures were balanced, and a waiting time of 5 min was given.  Fig. 1b 

shows a snap shot of a microcylinder filled with the silica spheres. All experiments were performed at 22 

± 1 ºC. 

2.3 Imaging by Confocal Microscopy  

We use a VisiTech ‘VT-infinity
3’

 Confocal Laser Scanning Microscope (CSLM) to visualize the motion of 

the colloids. The microscope is connected to a Hamamatsu digital camera (ORCA-flash 4.0) and a 488 nm 

laser source. To obtain the best spatial resolution for particle localization, we used a 100X oil immersion 

objective with 1.3 numerical aperture. This resulted in a field of view of 65 µm × 75 µm and an effective 

pixel size of 130 nm. The focal plane was set at the mid plane (H = 12 µm) of the microchannel structure, 

to minimize the influence of the top and bottom walls on the particle dynamics. Considering the finite 

field of view, cylinders were recorded one by one, except the smallest two which were imaged 

simultaneously. For each concentration, typically 5000 frames were recorded at a rate of 30 fps. The total 

number of trajectory steps varied from 4×10
5 

(Φ=0.05, R=2.5 µm) to 6×10
6 

(Φ=0.39, R=20 µm). We also 

imaged the suspensions in bulk at the same concentration and height inside a large holder, i.e. without 

confinement. 

  

  

a) b) 
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3 Data Analysis 

Standard particle tracking software [50, 51] was used to localize and track particles. Since our video 

recordings had a duration of ≈ 150 s per cylinder, and the particle dynamics needed to be precisely 

resolved with respect to distance from the wall, correction for table drift was essential [9]. The average 

drift velocity (calculated from particle trajectories) was typically 2 nm/s, corresponding to a total cylinder 

displacement of ≈ 300 nm per recording. Over plotting the (drift corrected) particle coordinates of the 

entire movie resulted in images like Fig. 2a and 2b. Measuring the axis location (and radius) of the 

cylinder from the contour  allowed a coordinate transformation from (x,y) to (r,ϴ) for each particle 

position: �� � �� � �� and  � � tan��� �⁄ �, where the centre of the cylinder was taken as the origin 

(x=0, y=0).The availability of ϴ coordinates was then used to exclude all particles with ϴ values that 

occurred within 15 degrees from the neck of the cylinder. The remaining data were used to assess the 

accuracy in the measured cylinder radius, by inspecting r(ϴ) plots as in Fig. 2c. Depending on the particle 

volume fraction and cylinder radius, the inaccuracy varied between 0.5 and 1.0 pixel (65-130 nm), i.e. 

about 2 times the standard deviation of the particle size distribution. Since r corresponds to the radial 

position of a particle centre, the physical radius R of the cylinder was obtained by adding one particle 

radius (500 nm) to the ‘maximum detected radius’ indicated by the dashed line in Fig. 2c.  

   

Fig. 2. (color online): Measurement of the center location and radius of the cross section of the cylinder, for 

the experiment at Ф=0.28 and R=20 µm. (a) time projection of all (drift corrected) particle center coordinates. 

(b) zoom in, also comparing the non-corrected (black) and drift-corrected (green) coordinates. (c)  same data 

as in Fig. 2b but now plotted as r vs ϴ. The neck occurring around ϴ=π/2 has been left out.  

 

3.1 Concentrations 

Local particle concentrations were calculated as a function of r by counting the number of detected 

particles in a ring with radius r and width dr and normalizing for the area of the ring: 

��� � ���� ����� � ������ � �
�������� 																																																						1� 

Fig. 1: a) Schematic of the experimental setup. Microcylinders are embedded in the side of the 

microchannel of 1 cm length, 30 µm width and 24 µm height. Diameters are 40 µm, 20 µm, 10 µm and 5 

µm. b) Confocal image of a suspension at volume fraction 0.28, taken 12 µm above the bottom. Scale bar: 

10 µm.  

a) b) c) 
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where Np(r) is the number of particles found within ��  and ϴmin , ϴmax indicate the angular range over 

which was integrated. dr is the width of the r-bin, which was set equal to 50 nm. The angular range 

between 75° to 105° which corresponds to the neck area, is excluded from the calculation. It should be 

noted that Np depends on the selection criteria used in the preceding image analysis step. Accordingly, in 

our 3D system where the distance of a particle to the focal plane follows a distribution, the measured 

number of particles per unit area n(r) does not have a simple meaning. However, given that the 

illumination conditions and camera settings were the same, n(r) should be proportional to the local volume 

fraction.  

 

3.2 Mean Squared displacements  

In the calculations of spatially resolved MSDs, the transformation to polar coordinates was applied to the 

center of mass (xCM, yCM) of each trajectory, after which rCM was used to assign a specific r-bin to the 

considered trajectory. For all particle volume fractions and cylinder radii, the total r-range was binned 

with a ∆r of 0.13 µm. Considering that the typical MSD at a lagtime of 100 s lies between 0.01 and 0.1 

µm
2
 (see Fig. 4), this choice should be appropriate: although some particles visited other r-bins than they 

were assigned to, the ensuing ‘smearing’ of the r-dependent MSDs should be small.  

Decomposition of the (local) MSDs in the radial (r) and azimuthal (ϴ) directions was done using the ϴ 

coordinate of the center-of-mass of each individual trajectory. Using this ϴCM, each individual 

displacement (vector) ∆  → of the particle was split into ∆"# and  ∆"$ :  

∆"$ � ∆"% ∙'%$ and ∆"# � ∆"% ∙'%# with '%#� cos�+, '%� � sin�+, '%.  and   '%$� �sin �+, '%� � cos�+, '%. 

Here '%# is the unit vector in the direction of rCM, while '%$ points in the perpendicular direction that makes 

ϴ increase. '%� and '%. are the unit vectors in the x and y directions. While this decomposition ensures that 

the length of ∆  → is conserved in all coordinate transformations (also the ones involving multiple steps), 

some ‘cross-bleeding’ between the displacements in the r and ϴ directions occurs, if the average location 

of the particle in the given displacement step, does not fall on the line that runs through the origin (i.e. the 

center of the circle) and (xCM, yCM). This error, which is illustrated in Fig. 3, is largest near the origin, 

where the distinction between r and ϴ directions is least important. Close to the wall, the error is small.  
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Fig. 3 (color online): Illustration (not to scale) of the approximation made in the decomposition of 

individual displacements into radial and azimuthal directions. rCM and ϴCM indicate the center-of-mass 

location of a trajectory (most steps of which are not shown). Individual displacement steps ∆s (like the one 

in black) are decomposed into the radial and azimuthal directions, belonging to rCM (dotted blue lines). The 

actual r and ϴ displacements (red dotted lines) belonging to the red dashed lines are slightly different. z 

indicates the radial distance of centre of mass position from the wall. The black curve represents the wall 

contour.   

Mean Squared Displacements (for an individual trajectory) in the r and ϴ directions were then calculated 

after introducing new arrays to represent the (lag)time dependent displacement of a single particle i: 

/#0, 2� � /#0, 0� � 4∆"#0, 5�
6

78�
									9:�	2 � 1	;:	�6 																	2� 

/$0, 2� � /$0, 0� �4∆"$0, 5�
6

78�
									9:�	2 � 1	;:	�6 																	3� 

where /#0, 0�	and	/$0, 0�	are arbitrary constants, j indicates the time (Nj is the number of steps of the 

trajectory). These new arrays were then analysed for the entire set of trajectories by the standard routine 

for calculating MSD (components) [51], as if they were x and y coordinates. Finally, for the purpose of 

analysing the MSDs as a function of distance to the wall (z), the rCM label of each trajectory was 

transformed into a z-label via z = R - rCM. Plotting MSDs versus z allows to compare between cylinders 

having different radii.  

 

4. RESULTS AND DISCUSSION 

4.1. Global MSDs 

Lagtime-dependent MSDs were measured for 4 volume fractions (Ф=0.05, 0.28, 0.35 and 0.39) and 5 

degrees of confinement (R=2.5, 5, 10, 20 µm and ∞, i.e. bulk fluid). The data for bulk fluids (shown in 

Appendix A) show similar behaviour to earlier findings for colloidal hard spheres [17, 19, 52]: on 
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increasing Ф, the MSD gets smaller, while the lagtime dependence become subdiffusive. These changes in 

MSD magnitude and signature are minor at low Ф (<0.1) but show a strong dependence on volume 

fraction for Ф > 0.3.  

Increasing the confinement while keeping Ф constant, results in similar trends. As shown in Fig. 4, 

reducing R from ∞ to 2.5 µm has a modest effect on the MSD at Ф=0.05, while at Ф=0.39 the MSD 

clearly becomes sub-diffusive, especially for the two smallest R (intermediate volume fractions not 

shown). These MSDs are obtained from from all trajectories, irrespective of their position inside the cylinders. 

Considering the data at Ф=0.05, the MSDs of the bulk fluid show a remarkable difference with those of 

the confined fluids. This is ascribed to the strong local effect of the cylinder wall: in the limit of low Ф, a 

strong reduction in diffusion coefficient takes place in the first 2 particle layers near the wall [29]. These 

two layers makes a relatively strong contribution to the average MSD for the whole cylinder. As we will 

show, at Ф=0.39 the effect of the nearby wall on the local MSD is less strong; this explains why at this 

volume fraction the data at R=20 µm and those for R →∞ are closer to each other.  

 

 

Fig. 4 (color online): Lagtime-dependent MSDs for bulk and confined fluids at different volume fractions 

Φ =0.05: lines and Φ=0.39: solid symbols). Cylinder diameters: 40 µm (blue); 20 µm (green); 10 µm 

(red); 5 µm (black). Dark yellow line and symbols represent bulk MSDs. MSDs for Φ =0.05 have been 

multiplied with 5 for clarity. Dashed line is of slope unity and open circles (magenta) indicate the noise 

floor.   

In Fig. 5 we illustrate these trends, by intersecting the data as in Fig. 4 at a representative lag time of 2 s, 

and plotting the MSD magnitude vs. volume fraction.  Now including all Ф, we find that the effect of 

cylindrical confinement on the MSD is more drastic at higher volume fractions (taking into account the 

previous remark about the data point at Ф=0.05). Also this trend corresponds well to earlier findings for 

colloidal HS, albeit that most of these were made in plate-plate geometries [19, 23]. It thus appears that at 

the level of the total MSD (i.e. neither distinguishing between locations, nor between the directions of the 

diffusive motion), the difference between confinements by cylinders or by flat plates is modest.  
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Fig. 5 (color online): total MSD as a function of volume fraction confined in different cylinders. All MSDs are 

measured at τ = 2.0 s.  Symbols for the different cylinder diameters (dcyl): 40µm (blue circle), 20µm (green 

upper triangle), 10µm (red lower triangle), 5µm (black diamond). Dark yellow squares belong to the respective 

bulk MSDs. 

 

In several previous studies, these trends were interpreted as ‘confinement induced freezing’. While our 

experiments do not really reach the ‘freezing’ regime, the trends are similar to e.g. work of Eral et al [19] 

who also found the beginning of sub-diffusive behaviour in bulk between Ф=0.37 and 0.42, and 

significant confinement effects for Ф>0.33, leading to MSD plateaus under extreme confinement. An 

exploratory experiment performed by us at Ф=0.45 and R=2.5 µm also showed a lag-time independent 

MSD (data not shown). This gives further confirmation that ‘confinement induced freezing’ is also found 

in cylinders.  

  

Fig. 6 (color online): Comparison of number density n(z) as a function of distance from the wall for two 

representative volume fractions. Cylinder diameters: 40 µm (blue), 20 µm (green), 10 µm (red), 5 µm (black).  

 

We extend our analysis by considering how the structure in the fluid is influenced by the confinement. 

Fig. 6a and b show how the number of particles per unit area depends on the distance to the cylinder wall, 

for different cylinder radii. For both Ф=0.28 and 0.39 (and also at the intermediate Ф values), n(z) shows a 

Φ = 0.28 Φ = 0.39 

a) b) 
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strong peak at the wall (regardless of cylinder radius). This observation agrees well with earlier theoretical 

[35, 53-56] and experimental studies [23, 57-59] where walls with a curvature radius much bigger (∞) 

than the particle radius, were found to have a strong layering effect. Also the increase in sharpness of the 

(first) concentration peak with the overall Ф corresponds with earlier findings.  

Interestingly, the data in Fig. 6 also show a clear effect of increasing confinement on the structure of the 

fluid in the entire cylinder. As R is reduced, the n(z) profiles become more pronounced, indicating that the 

ordering in the fluid increases. This is best visible in Fig. 6b for Ф=0.39: the peaks in n(z) get higher, 

while the minima become lower. For the two smallest cylinder radii, the ordering is even preserved over 

the entire z-range (while it vanishes at large z for the two largest cylinder radii). We remark that this 

confinement-induced ‘transmission’ of the order in the fluid, appears to be significantly stronger than in a 

previous study where two horizontal flat plates were used to confine the colloids [19]. This difference 

might be due to the alignment of the z-direction with gravity, and/or the fact that one wall had a 

significant roughness in the previous work (in the present study, the entire wall is smooth while the in-

plane distribution of particles is not influenced by gravity).  

Since the confinement-induced ordering might bear similarity to the effect of increasing the overall 

particle volume fraction, it is interesting to consider Fig. 7, which shows n(z) for different Φ as a function 

of z for two representative cylinder radii. Even when taking into account that the peaks will be higher, 

partly because of the higher Ф, it is clear that the degree of order (the relative magnitudes of the maxima 

and minima of n(z)) is increased. The similarity between the effects of increasing confinement and 

increasing particle concentration on the structure in the fluid has not been demonstrated earlier as far as 

we know. It could indicate that (in our case) ordering plays a slightly different role in the slowing down of 

the particle dynamics via spatial confinement. The argument that spatial confinement shifts the glass 

transition to lower volume fractions is generally associated with the concept of hydrodynamic clusters, 

which does not assume a certain order.  

 

  

Fig. 7 (color online): Comparison of number density n(z) as a function of distance from the wall for 

different concentrations (at fixed cylinder diameter). Volume fraction (Φ): 0.28 (black), 0.32 (red), 0.35 

(green), 0.39 (blue).  

4.2. Local MSDs 

We now examine the effects of the spatial confinement on the MSD at different locations inside the 

cylinder. In previous works, diffusion coefficients (and for more concentrated systems MSDs) have been 

dcyl = 5 µm  dcyl = 40 µm  a) b) 

a) b) 
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measured as a function of distance to the wall [20]. In the limit of low Ф, particle tracking experiments by 

Eral et. al. [29] showed that their Dr(z) and Dϴ(z) that were similar to predictions by Brenner for a particle 

near a single flat wall [27]. Small differences could be attributed (almost quantitatively) to effects of wall 

curvature and the presence of end-surfaces. Michailidou et. al. [15, 38] studied more concentrated systems 

near a single wall, using a Dynamic Light Scattering technique. Our data allow extension of these works 

by measuring MSDs in concentrated fluids as a function of distance to the wall.  

For R=20 µm, the difference between MSD in the heart of the cylinder and the bulk MSD is modest. This 

suggests that close to one wall, the contributions of all other walls might be negligible. Since R≈20a i.e. 

20 times the particle radius, the curvature might be negligible, in which case we could almost translate the 

results to that of particles near single walls. Fig. 8 shows (for all Ф) the z-dependent magnitude of the 

MSD at a lagtime of 2.0 s; the choice for this lagtime is not critical, since the MSDs are still (nearly) 

diffusive for R=20 µm (see Fig. 4). Comparison of the MSDs in the central area of the cylinder (R > 3 

µm) with their corresponding values in bulk fluid, reveals that –except for Ф=0.39- the global effect of 

confinement is relatively small (compared to the changes in MSD as the wall is approached). This 

provides reasonable justification for comparing the results with the dynamics of suspensions near single 

(and flat) walls. In other words, neither the top and bottom surfaces, nor the curvature of the wall appears 

to play a role. Also the fairly close correspondence with the theoretical prediction of Brenner for a single 

particle corroborates this approach. We observe in Fig. 8 that as Ф is increased, both the structure in the 

MSD and the range over which it steeply decreases as the wall is approached, become smaller. This 

suggests a stronger hydrodynamic screening, i.e. in the particle dynamics the presence of the wall gets 

increasingly masked by the (dense suspension of) particles near the wall. Another observation in Fig. 8 is 

that whereas at low Ф the MSD increases gradually on moving away from the wall, as the volume fraction 

gets higher, also some ‘structure’ becomes visible in the z-dependent MSD. This aspect will be discussed 

in more detail below. 

 

Fig. 8 (color online): Total MSD (at lag time 2.0 s) as a function of distance from the wall in fixed 

cylinder for various particle concentrations. Particle volume fractions (Φ): 0.05 (black), 0.32 (red), 0.35 

(green), 0.39 (blue). Dotted grey line represents the theoretical prediction calculated from ref.[27, 30]. 

Dashed lines are the respective bulk MSD values. Cylinder radius=20 µm. 

 

4.2.1. Differences between radial and azimuthal components 
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We deepen our analysis by decomposing the MSD into the radial and azimuthal directions. From these 

data, shown in the lower panels of Fig. 9, it becomes evident that strong differences exist between the two 

components: while the azimuthal MSD only shows a clear z-dependence very close to the wall in the 

cylinder with R=20 µm, the radial MSD clearly shows several local minima and maxima in both cylinders. 

For z < 1 µm, the decrease of the radial MSD is much stronger than that of the azimuthal one. This also 

means that the diffusion becomes strongly anisotropic near the wall. This is in qualitative agreement with 

the diffusive dynamics of a single particle near a flat wall [30-32, 34, 60]. For z > 3 µm the radial and 

azimuthal MSDs become equal; this coincides with the z-range where n(z) becomes nearly constant for 

R=10 (fig 9b) and 20 µm (fig 9c) (it thus appears that as the structure is lost, also the anisotropy of the 

diffusion disappears). It is also interesting to examine the role of the cylinder radius. As R is decreased 

from 20 to 10 µm, both MSD components near the wall show less reduction relative to their values in the 

central region of the cylinder. In case of R=5 µm (fig. 9a), effect from the wall becomes significantly 

weak. This suggests that the increased confinement provides an effect that is similar to the increased 

hydrodynamic screening when Ф is enhanced. Besides that, a small decrease of the MSD plateaus is found 

when R is changed from 20 to 10 µm. This illustrates the effect of global confinement.  

 

Fig. 9 (color online): Radial and azimuthal MSD values (at lagtime 2.0 s, lower graphs) compared to 

local particle concentrations (upper graph) for the fluid with Φ = 0.39 in the cylinders with R=5 µm 

(a), 10 µm (b) and 20 µm (c). Blue and red lines indicate MSDs in the radial and azimuthal directions 

respectively. 

 

Interestingly, comparing the z-locations where (especially the radial) MSDs have local minima and 

maxima with those in the concentration profile n(z), reveal an anti-correlation: ‘less crowding’ (a lower n) 

corresponds to a higher ‘diffusivity’ (a higher MSD). Eral et al [19] measured both number densities and 

MSDs as a function of distance to the (smooth) wall. They did not report an anti-correlation, but their 

MSDs were measured in optical planes that were parallel to the walls. This would ‘translate’ to the 

azimuthal direction in our experiments, where the anti-correlation is much weaker as compared to the 

radial direction.  

a) b) c) 
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4.2.2. Lagtime dependence 

Another interesting aspect of the dynamics concerns the diffusive signature of the local MSD, i.e. the 

lagtime dependence of the MSD for a given z-coordinate. This dependence is generally difficult to 

measure, since it requires trajectories that are on one hand long enough to obtain a broad range of 

lagtimes, but on the other hand cover a spatial range that is small enough to allow accurate assignment of 

a z-location to a trajectory. The combination of our particle size and solvent viscosity, turns out to be 

ideally suited for our purpose: even at the smallest lag time of 0.03 s, the diffusive displacement is still 

large enough to be measured (see Fig. 4) while lag times up to 8 s are still small enough to prevent either 

significant loss of particles from the focal plane, or significant changes in z (the latter can be verified from 

the MSDs in Fig. 4 by taking the square root).  

 

Fig. 10 (color online): (a) local number density n(z) of particles as a function of distance from the 

wall. This data corresponds to Φ = 0.39 inside the largest cylinder (R=20 µm). (b)  MSD in the 

radial direction as a function of lag time τ. The colors in both panels correspond to each other. Note 

that the data at τ=2.0 s are also shown in Fig. 9c. 

 

Analysis of the MSDs at Ф=0.39 in the cylinder with R=20 µm revealed that, while the azimuthal MSDs 

only show a significant change in amplitude very close to the wall (shown in Fig. 9c), and little change in 

diffusive exponent (data not shown), the time-dependent radial MSD shows strong variations in both 

magnitude and ‘diffusive exponent’. As shown in Fig. 10a, the local particle density oscillates around a 

‘mean value’ that is ultimately reached as z starts to exceed 3 µm. Comparison of the MSD (Fig. 10 b) 

with the local concentration shows that where n(z) has a local maximum, the r-MSD is more strongly 

subdiffusive, while at local minima of n(z) the r-MSD is more diffusive. After the first 3 peaks, this 

a) 

b) 
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correlation weakens and the noise level of the MSD increases (due to the smaller area of the ring in the 

cylinder). For the layer directly adjacent to the wall, the lagtime-dependent r-MSD starts with a (sub) 

diffusive signature but then reaches a plateau. This indicates that the radial motion is effectively confined 

to a ring, which in the particular case has a width of ≈0.1 particle diameter. This radial confinement 

aspect, together with the strong anisotropy of the local diffusive displacements, is illustrated (now for a 

cylinder with R=5 µm) by Fig. 11. 

 

 

Fig. 11: Two dimensional trajectory plots (i.e. time projections of displacements by the same particle) 

for the fluid with Φ= 0.35 inside a cylinder with R=5 µm. Integration time is 160 s. Trajectories are 

identified based on the method described in ref. [50, 51]. Trajectories (1050 tracks) are distinguished 

via their color. Distance units are given in µm. 

 

5. CONCLUSIONS 

This study both corroborates and extends on earlier findings on the dynamics of confined suspensions. At 

low concentration we recovered the strong effect of the (most nearby) wall, giving a strong reduction in 

the diffusion coefficient. Also the global trend that the diffusive dynamics slows down as the confinement 

length (in our case the cylinder radius) is diminished, was reproduced by our experiments. Several new 

insights for monodisperse hard sphere fluids were obtained by extending the experiments in 

microcylinders to a broader range of both cylinder radii and particle volume fractions.  

Experiments in the biggest cylinder, approaching the case of a flat wall, allowed to study how both the 

‘parallel’ and the ‘perpendicular’ diffusion change as the fluid becomes more concentrated. Firstly, the 

relative reduction in MSD near the wall (as compared to the center of the cylinder) becomes weaker. This 

is ascribed to a stronger hydrodynamic screening, due to the higher abundance of other particles between 

the probe and the wall. Secondly, the increase in diffusivity on moving away from the wall is no longer 

monotonous; local minima and maxima are found to develop as the volume fraction is increased. This 

phenomenon, which is related to the formation of a layered structures, applies in particular to the radial 

(‘perpendicular’) MSD, whose lagtime dependence shows a clear subdiffusive behavior for particles 

inside layers. Accordingly, the anisotropy in the particle dynamics at the wall is preserved.  
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For concentrated suspensions, reduction of the cylinder radius has several consequences. Since the effects 

of local (wall) and global (cylinder) confinement become increasingly intertwined, attribution of the 

observations to a single cause becomes increasingly difficult. The slow-down of the overall dynamics was 

also found earlier, and is broadly recognized as a global confinement effect. Our additional observation 

that the dynamics becomes spatially more homogeneous could be seen as the result of an increased 

dominance of the global confinement effect. However the fact that this more homogeneous dynamics 

occurs in spite of a more heterogeneous structure (increased ordering) in the fluid (as show in Fig. 9) is 

remarkable. It illustrates that the relation between confinement, fluid structure and hydrodynamics is a 

complex one which still needs to be further understood.    

 

Appendix A 

We measured the MSDs for all bulk suspensions as a function of lag time. The MSD at the lowest volume 

fraction (Φ =0.05) is close to that of free particle diffusion (solid black line) which reaches a slope of 1 in 

the log-log plot. MSDs gradually decreases with increasing Φ similar to the previous reports of (nearly) 

hard sphere systems [17, 19, 52].  

 

 

Fig. A (color online): Mean Squared Displacement (µm
2
) vs lag time (s) of colloids in bulk suspension at 

different volume fractions (Φ): 0.05 (black squares), 0.28 (red circles), 0.35 (green upper triangles), 

0.39 (blue lower triangles). Violet open circles indicates the noise floor. Solid black line is the 

theoretical prediction of Brownian diffusion in similar suspension at infinite dilution. The dashed line 

has a slope of unity. 
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