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Abstract 
Research into evaporating droplets on patterned surfaces has grown exponentially, since the capacity to control droplet morphology 

has proven to have significant technological utility in emerging areas of fundamental research and industrial applications. Here, we in-
corporate two interest domains – complex wetting patterns of droplets on structured surfaces and the ubiquitous coffee-ring phenomenon 
of nanofluids containing dispersed aluminium oxide particles. We lay out the surface design criteria by quantifying the effect of pillar 
density and shape on the wetting footprint of droplets, yielding complex polygon droplet geometries. Our work is not constrained to pure 
liquids only, as we delve into the shape selection of particle-laden droplets of different concentrations. We visualise the deposition patterns 
through microscopy on surfaces exhibiting different features and further establish the ordering of particles on microscale surface asperities. 
At a high nanofluid concentration, we observe intriguing self-assembly of particles into highly ordered intricate structures. The collective 
findings of this work have the potential to enhance many industrial technologies, particularly attractive for high performance optical and 
electrical devices. 

Keywords: geometrical wetting, tuneable surface topography, nanosuspensions, deposition patterns, particle assembly 
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1  Introduction 

The physical understanding of microscale droplet 
dynamics has changed the paradigm of many scientific 
endeavours, due to the growing number of diverse ap-
plications, including inkjet printing, polymer-based 
LED displays, bio-microarrays, and so forth[1–3]. Spe-
cifically, the increasing ability to engineer surfaces with 
bespoke topographical and chemical features has been 
instrumental in studying the intricacies of the wetting 
phenomenon, leading to enhanced control over the sol-
id-liquid interactions. Modifying surface characteristics 
has a profound effect on droplet behaviour, distin-
guished between scenarios ranging from complete liquid 
spreading and wetting on hydrophilic structured surfaces, 
to the formation of pearl drops in a non-wetting situation 
on hydrophobic (and superhydrophobic) textured sur-
faces – each state desirable for applications in diverse 
domains[4–10]. The vast possibilities offered by tuneable 
surface characteristics has stimulated considerable re-
search activity to expand droplet manipulation capabili-
ties, with many studies turning to nature for inspiration 

due to the complex and hierarchical structuring charac-
teristics of living organisms[11–14]. By integrating physics 
at the microscale with engineered surfaces, new methods 
have emerged for manipulating and controlling the sol-
id-liquid interactions. 

Notably, anisotropic surface texturing shows great 
potential for sophisticated directional wettability and 
adhesion[15–17]. Anisotropic non-wetting behaviour in-
cludes directional droplet transportation and roll-off of 
droplets from surfaces[18–20]. Li et al. briefly examined 
the anisotropic footprints of water droplets, demon-
strating the transition of wetting shapes by adjusting 
topological surface features[21]. Asymmetrical droplet 
spreading and imbibition, through surface anisotropy, 
has also been studied extensively. Water droplets with 3, 
4 and 6-fold symmetry have resulted from the anisotropy 
effect of the lattice arrangement of surface microstruc-
tures and their respective geometrical parameters[22]. 

A significant technological utility of liquid-solid 
behaviour on textured surfaces lies in the ability to  
precisely regulate the wetting profile of droplets to 
create non-spherical geometries, for example, for 
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high-resolution liquid-based printing applications such 
as DNA sequencing and metal printing[23,24]. Desired 
droplet wetting geometries are primarily generated by 
altering the surface properties through topographical or 
chemical heterogeneities, manifesting a variety of po-
lygon shapes for both sessile droplets and liquid films. 
Raj et al., for example, induced square, rectangular, 
hexagonal, octagonal and dodecagonal droplet footprints, 
specifically by tailoring the pillar density[25]. Later, using 
these experimental findings, Kumar and Raj simulated 
the evolution of the droplet periphery, demonstrating the 
polygon to square droplet transition, achieved by contact 
line zipping[26]. On the other hand, Courbin et al. har-
nessed the imbibition behaviour of several liquid mix-
tures, obtaining various polygonal shapes of thin-liquid 
films[27,28]. Recent studies have focused on enriching 
droplet profile selection by expanding the research to 
include complex droplet compositions, i.e. liquid mix-
tures, saline solutions and suspensions. Feng et al. found 
that the wetting area can also be controlled by manipu-
lating the water-ethanol ratio on substrates with micro-
pyramid cavities[29]. An increase in ethanol concentra-
tion induced the droplet wetting area to evolve from an 
octagon to a square. Saline droplets have also been in-
vestigated by varying the concentration of potassium 
chloride (KCl) in water[30]. The wetting interface 
evolved from an octagon to a deformed rectangle with 
increasing salt concentration on micropyramid patterned 
surfaces. Interestingly, compared with the study of 
ethanol droplets done by Feng et al., both KCl and 
ethanol produced the same effect on the shape of drop-
lets, despite the different effect that these solutions have 
on surface tension. The study of droplet profile as a 
function of surfactant concentration on textured surfaces 
showed different wetting transitions of evaporating 
droplets, corresponding to the initial surfactant concen-
tration[31,32]. The transition of droplet profile from oc-
tagon to square, and from square to rectangle, was ob-
served during the drying process. Additionally, the abil-
ity to maintain a uniform droplet profile throughout the 
whole evaporation process was achieved for octagonal 
droplets[31,32]. The findings unanimously demonstrate 
that surface chemistry and topography, as well as the 
intrinsic contact angle of the fluid, govern the wetting 
dynamics and droplet shape. 

Although the specifics of surface chemistry and 
topography determining droplet wetting shape have been 
mostly understood, particle deposition patterns of 
non-spherical drops are, as of yet, largely unexplored. It 
bears limitations in many promising applications where 
the capacity to reliably create well-defined particulate 
deposits is of vital importance for pattern-particle as-
sembly, for example, in high-performance optical de-
vices and sensors[33,34]. However, creating high-quality 
patterns with predefined, distinct shapes has been chal-
lenging due to the coffee-ring effect, wherein particu-
lates deposit in a ring-like manner[35]. Substantial re-
search capability has been dedicated to predicting and 
controlling the spatial distribution of particle deposits in 
evaporating droplets, both reliably and efficiently. The 
rich morphologies of the drying patterns are intrinsically 
interlinked with parameters such as particle concentra-
tion, particle size, solvent composition and surface 
characteristics[36–39]. Several studies have succeeded  
in producing uniform deposits by manipulating the 
shape of particulates[40,41]. Choi et al. used the coffee 
ring effect to their advantage to produce 3D micro- 
and nanoparticle patterns using evaporation-driven 
self-assembly[42]. Control over nanoparticle deposition 
patterns has also been realized by creating low-adhesion 
superhydrophobic substrates, exhibiting a range of 
shapes and sizes of superhydrophilic regions, thus 
creating deposit shapes including triangles, rectangles 
and ellipses[43]. Sáenz et al. incorporated both experi-
mental and theoretical methods to study evaporation 
kinetics and deposition patterns of non-spherical 
drops[44]. They concluded that particles segregate to 
regions of higher curvature at the contact line, thus re-
sulting in non-uniform deposition patterns at the droplet 
periphery. Another interesting study harnessed bacte-
ria-containing droplets to examine the spatial distribu-
tion of deposits on micropatterned substrates, in relation 
to the shape profile of dried droplets[45]. More recently, 
Park et al. have demonstrated the ability to create hex-
agonal deposits on circular micropillars using colloidal 
suspensions of microsized particles[46]. Despite the 
growing interest in this field, there is still insufficient 
understanding pertaining to factors influencing the 
complex drying patterns of droplets containing dispersed 
material – in particular, the combined effect of several 
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variables can provide detailed insights into the spatial 
arrangement of components. For example, by capitalis-
ing on the highly sophisticated surface fabrication tech-
niques, bespoke environment combinations can be 
created for identifying and controlling particle ordering 
within surface structures. Although modifications of 
surface chemistry and topography have received some 
attention, the focus has been on exploiting rudimentary 
surface patterning or wettability[46–51]. However, for pure 
liquid droplets, flow patterns are also influenced by the 
shape of surface asperities (i.e. the sharp edge ef-
fect)[52–55]. We could hence expect this surface parameter 
to manoeuvre the transport of suspended particles in 
solutions, adding to the existing database of the possible 
deposition patterns of particle-laden droplets. 

Motivated by the current need to improve the res-
olution and operability of particle deposition patterns, 
we integrate two emerging fields by studying the drying 
patterns of particle-laden droplets with complex wetting 
morphologies. To meet this challenge, we investigate the 
wetting footprints of pure liquids, as well as aluminium 
oxide nanofluids of different concentrations. By com-
bining fluid composition and surface patterning, we 
demonstrate the ability to create well-defined droplet 
shapes and maintain the desired profile for the entirety of 
the drying process. Attention is also dedicated to the role 
of surface topography on shape selection of droplets, 
namely, the population density of the array and the shape 
of the micropillars. We further evaluate the specifics of 
surface design in relation to the deposition patterns left 
by evaporated Al2O3 nanofluid droplets. Finally, we take 
a closer look at the localised deposition environment at 
the microscale, and establish the distribution of particles 
on the surface microstructures, by visualising the as-
sembly of nanoparticles at the contact line as well as the 
droplet’s interior upon complete evaporation. At its 
current stage, the aforementioned understanding is cur-
rently lacking, but through appropriate functionalisation 
can contribute to the advancement of biotechnology, 
optoelectronics, tissue engineering, cell biology, 
high-throughput drug discovery and low-cost 
point-of-care devices[56–61]. 

2  Materials and methods 

The initial examination involved pure liquid drop-

lets comprised of distilled water, followed by analytical 
reagent grade ethanol (Fisher Scientific). To assess the 
drying-mediated patterns, nanofluid suspensions were 
prepared using ethanol as the base liquid, and aluminium 
oxide nanopowder, Al2O3, with a particle size of ca.  
50 nm (Sigma Aldrich), with concentrations of 0.01 wt%, 
0.05 wt% and 0.1 wt% Al2O3. The resulting nanoparticle 
liquid suspensions were sonicated for 2 h initially, and 
for 30 min prior to each subsequent use to ensure tho-
rough dispersion. Silicon substrates were decorated with 
various micropillar geometries, arranged in a square 
lattice and coated in hydrophobic perfluorodecyltrich-
lorosilane (FDTS) through vapour deposition. The sub-
strates were fabricated using photolithography and Deep 
Reactive Ion Etching (DRIE) techniques in the Scottish 
Microelectronics Centre at the University of Edin-
burgh[62]. On smooth FDTS coated surfaces, the intrinsic 
contact angle for water is 112˚, whilst the corresponding 
value for ethanol is 60˚. The geometric parameters of the 
micropillars are characterized by the shape, height (h), 
lateral dimensions (d) and edge-to-edge spacing (s)  
(Fig. 1a). Whilst the height and the lateral dimensions of 
the pillars were kept constant (h = 10 µm ± 2 µm and  
d = 10 µm), the shape and the spacing were varied, 
giving a total of 16 surface configurations. The different 
micropillar shapes are visualised in Fig. 1b: circular, 
square, star-shaped (6-point) and triangular pillars. The 
spacing (s) was varied for all pillar geometries (5 µm,  
10 µm, 20 µm and 40 µm), which allowed for systematic 
control of surface wettability. The surfaces were cleaned 
prior to use with distilled water and dried using com-
pressed nitrogen to remove any particulates. 
 

(a) (b)  
Fig. 1 (a) Schematic of an array of square pillars, with defined 
microscale pillar geometries. (b) Scanning Electron Microscope 
(SEM) images of the micropillar islands, showing the different 
pillar geometries: circles, squares, stars and triangles. Scale bar is 
5 µm. 
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Droplets, of the same initial volume of 5 µL, were 
manually deposited on the microstructured substrates 
using a glass microsyringe (Hamilton). The wetting 
profile of droplets was visualised through a top-down 
optical inspection camera (xiQ MQ013CG-ON, Ximea, 
Germany) with a Nikon 105mm f/2.8 lens (AF Micro 
Nikkor, Nikon, Japan). Droplets were illuminated by an 
LCD cold light source (KL 1500, Schott, Germany). The 
experiments were carried out at ambient conditions  
(21 ˚C ± 2 ˚C, 46% ± 10% relative humidity, and at-
mospheric pressure) and repeated at least three times for 
each liquid/surface configuration. Further visualisation 
of the nanoparticle deposits left on the substrate after 
complete evaporation was conducted using an inspection 
microscope (DM12000 M, Leica Microsystems, Ger-
many). The microscope was adjusted to capture the 
profile of the wetting area deposits, in addition to fo-
cusing on the local, microscale morphology of Al2O3 
deposits at the contact line and droplet centre. Deposit 
distribution was captured both at the top of the pillars (i.e. 
the roughness level), as well as the in the space between 
the pillars (i.e. base level). 

3  Results and discussion 

3.1  Droplet wetting profile 
We examine the wetting profile of pure liquids and 

particle-laden suspensions on textured surfaces, exhi-
biting diverse geometrical parameters. Emphasis is 
placed on the sensitivity of the initial wetting interface to 
changes in surface topography, specifically, the shape of 
the pillars and the pillar-to-pillar distance. Fig. 2 de-
monstrates the droplet footprint of pure liquids (water 
and ethanol) on surfaces with different post geometries 
(circular, square, star-shaped and triangular) and in-
creasing pillar spacing (5 µm, 10 µm, 20 µm and 40 µm). 
For all surface configurations, pure water droplets pro-
file conformed to a spherical cap (Fig. 2a), ascribed to 
the coupling effect of the high surface tension of the 
liquid, and the large solid-liquid interfacial tension due 
to the intrinsic hydrophobicity of the surface, consistent 
with Ref. [63]. However, upon deposition of low surface 
tension fluids, (i.e. more wetting liquids), in this case 
ethanol, droplets are subject to significant deformations 
in morphology, as depicted in Fig. 2b, realising a variety 
of wetting configurations. 

Upon closer inspection of Fig. 2b, we see that for a 
high pillar spacing (s = 40 µm), the contact line profile is 
akin to a typical spherical cap. In the case of symmetric 
pillar shapes – circular, square and 6-point star – reduc-
tion in the pillar spacing incited a polygonal configura-
tion of the droplet’s periphery (s = 10 µm and 20 µm), 
and a largely square profile on substrates with the 
smallest pillar spacing (s = 5 µm). This behaviour is 
consistent with observations by Raj et al., who report a 
transformation of the droplet wetting area with increas-
ing pillar density from an octagon to a square[25]. In a 
different manner, triangular micropillars give rise to an 
irregular polygonal shape with a loss of the contact line’s 
axial symmetry. Here, the droplet’s anterior resembles a 
triangle along the direction of the pillars on when  
s = 10 µm and 20 µm, while an elongated rectangular 
shape was observed for s = 5 µm. This is attributed to the 
uni-directional liquid spreading by virtue of the aniso-
tropy of triangular pillars retarding the flow through 
their blunt ends[15,52,53]. Significant deviation from a 
circular contact line profile, i.e., spherical cap, resulted 
on densely populated microstructured surfaces, whereas 
increasing the pillar spacing ensued a more circular 
periphery. 

On the basis thereof, pillar-to-pillar spacing (i.e. 
surface roughness) produced the most emphatic effect 
on the contact line profile, whilst more subtle geome-
trical differences of the droplet’s morphology were rea-
lised based on pillar shape. The diversity of the profiles 
observed when depositing these drops on patterned 
surfaces raises questions about the effect on the subse-
quent evaporation dynamics. As previous studies have 
demonstrated, the evaporation of non-symmetrical drops 
depends on the local azimuthal curvature of the inter-
face[44]. Therefore, a higher evaporation rate is expected 
where the curvature is highest. Sharp corners of droplets, 
as shown in Fig. 2, will exhibit regions of higher eva-
poration than a flat interface. This leads to an interesting 
conclusion on how pillar shape and spacing on patterned 
surfaces can be harnessed to control the local evapora-
tion rate of sessile drops. Furthermore, in the case of 
nano-suspension droplets, the deposits following local 
dry-out can also be controlled using distinct surface 
patterns. Thus, the described initial wetting  
configuration of pure droplets provides a foundation for  
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Fig. 2  Top-down visualisation of the initial droplet wetting profile for pure fluids on substrates with circular, square, star-shaped and 
triangular pillars (left to right). Scale bar is 1 mm. (a) Pure water droplets on substrates with different pillar geometries, all with a spacing 
of 5 µm. (b) Pure ethanol droplets on substrates with different pillar geometries and increasing pillar spacing (s = 5 µm, 10 µm, 20 µm,  
40 µm). 
 
examining the behaviour of complex fluids, under the 
same experimental conditions. 

Thereupon, the central interest lies in the mor-
phology of nanofluid suspensions containing aluminium 
oxide nanoparticles dispersed in ethanol with three dif-

ferent concentrations (0.01 wt%, 0.05 wt% and  
0.1 wt% Al2O3). The resulting droplet profiles, corres-
ponding to the highest nanofluid concentration (0.1 wt%) 
are depicted in Fig. 3. We focus on the extreme case  
– the highest  concentration  of Al2O3 –  to determine the 
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Fig. 3  Top-down visualisation of the initial wetting profile for 0.1 wt% Al2O3 nanofluid droplets on substrates with circular, square, 
star-shaped and triangular pillars (left to right), and increasing pillar spacing (s = 5 μm, 10 μm, 20 μm, 40 μm). Scale bar is 1 mm. 
 
role of nanoparticles on droplet shape selection. Com-
parison of pure ethanol and nanofluid droplet wetting 
shape (i.e. Figs. 2b and Fig. 3), indicates that the addition 
of nanoparticles does not distort the droplet profile es-
tablished for pure ethanol. This, perhaps, is due to the 
inconsequential effect of aluminium oxide on the surface 
tension of droplets (less than 1% and 2% differences in 
the surface tension of water have been reported, when 
compared to 50 nm Al2O3-water (0.2%) and 
Al2O3-ethanol  (0.2%) nanofluids respectively), unlike 
the pronounced difference between pure water and 

ethanol (Figs. 2a and 2b)[38,64]. For all pillar shapes, a 
distinct correlation can be gleaned from Fig. 3, similar to 
that reported earlier in Fig. 2b – as the pillar density 
increases (i.e. decreasing pillar spacing), the wetting 
area evolves from a largely square geometry (with sharp 
corners) to a circular profile, only weakly perturbed by 
the microstructures. Pillar shape contributes to droplet 
shape selection also, with triangular pillars inducing the 
biggest change in shape, causing the contact line to 
conform to the direction of the blunt micropillar edges 
(i.e. the sides of triangles). Variations of polygon shapes 
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are attained for intermediated pillar spacings (10 µm and 
20 µm), irrespective of pillar geometry, whilst more 
circular shapes are reported for substrates with 40 µm 
pillar spacing. 

A quantitative analysis of the contact line mor-
phology, which reflects the geometric shape properties 
of the droplets, is presented next. Top-down visualisa-
tion of the initial droplet morphology, as seen in Fig. 3, 
highlights several interesting observations. For example, 
it stands to reason that for square and circular pillars, 
regardless of pillar spacing and hence droplet profile, the 
aspect ratio between the major axis width (W) and length 
(L) of the droplet’s wetting area is close to unity  
(Table 1). On the other hand, the symmetry of the wet-
ting profile is disrupted for droplets on triangular and 
star-shaped pillars. To quantify the deviation from the 
typical spherical cap geometry, the circularity (C) of the 
initial shape of droplets is determined. In other words, 
we characterise the observed droplet profiles by ana-
lysing the departure from roundness, with C = 1 for a 
perfect circle. By making use of ImageJ, the circularity 
(C) of the droplets is extracted – included in Table 1. As 
expected, the circularity values tend to 1 as the pillar 
density decreases, i.e., conforming to a spherical droplet 
profile, whilst tightly packed microstructures yield 
deviations from circularity as high as 30%. Both width 
and length of the wetting area, as well as the droplet’s 
circularity, are in quantitative agreement with the expe-
rimental observations in Fig. 3. 

To further detail the diversity of the observed wet-
ted profiles, a closer examination of the deposits left by 
evaporated droplets at the contact line is warranted. A 
microscopic view of the droplet periphery at the convex 
corners for a 0.1 wt% concentration nanofluid is exem-
plified in Fig. 4, across three different surface configu-
rations. Microscopy findings confirm the presence of the 

zipping-wetting mechanism, responsible for the forma-
tion of non-spherical wetting footprints[25–27]. When 
comparing surfaces decorated with circular (Fig. 4a) and 
triangular (Fig. 4b) pillars, of note are the differences in 
the length of the deposit lines in the orthogonal and 
diagonal directions. The elongated profile of droplets on 
triangular pillars corresponds with the increased pinning 
length along the diagonal, instigated by the rapid and 
uninhibited propagation of liquid between the posts. 
These findings are in consonance with the simulation 
analysis on triangular pillars by Blow et al., presenting 
an extensive overview of the imbibition and pinning 
dynamics leading to anisotropic droplet behaviour[52,53]. 

Of significance, also, is the capacity of the droplet 
to retain its initial profile, independent of the wetting 
morphology, for the entirety of the drying process. This 
observed experimental behaviour relates to the pinning 
phenomena of Al2O3 nanofluid droplets, whereby, ir-
respective of evaporation, the base of the droplet re-
mains unaltered. In line with previous studies, the addi-
tion of nanoparticles enhances the pinning effect at the 
contact line, with 0.05 wt% and 0.1 wt% Al2O3 droplets 
maintaining a constant contact radius throughout eva-
poration[65]. At the lowest concentration (0.01 wt%), 
droplet depinning was witnessed at 40 µm pillar spacing 
only (i.e. spherical droplets). For reference, pure ethanol 
depins on substrates with both 20 µm and 40 µm spac-
ing. 

 
3.2  Nanoparticle deposits 
3.2.1  Surface topography on deposition patterns 

The overall deposition morphology of dried Al2O3 
nanofluid droplets is characterized on surfaces range of 
wetting characteristics and pillar geometries. We ob-
serve different deposition patterns, predicated on  
both  surface  structure  and  concentration  of  dispersed 

 
Table 1  Summary of the major axis width (W), length (L) and circularity (C) of the droplet’s initial wetting profile for 0.1 wt% Al2O3 
nanofluid on substrates with circular, square, star-shaped and triangular pillars and increasing pillar spacing. The values correspond to the 
droplets in Fig.  3. 

Pillar spacing (µm) 
Circle Square Star Triangle 

W (mm) L (mm) C (−) W (mm) L (mm) C (−) W (mm) L (mm) C (−) W (mm) L (mm) C (−)

5 2.71 2.65 0.763 2.49 2.40 0.756 2.48 2.52 0.795 2.95 5.34 0.794

10 3.10 3.09 0.866 2.56 2.52 0.813 2.88 3.33 0.894 3.77 3.65 0.884

20 3.38 3.43 0.915 3.01 3.00 0.875 3.28 3.59 0.910 3.93 3.98 0.916

40 3.75 3.85 0.978 3.61 3.66 0.930 3.75 3.75 0.983 4.05 3.89 0.951
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Fig. 4  Microscope images of the contact line corner, showing details of pinning for an evaporated droplet containing 0.1 wt% Al2O3. 
Surface patterned with (a) circular pillars and (b) triangular pillars. The pillar spacing is 5 µm for both. Scale bar is 20 µm. 
 
particles in solution – a pronounced coffee-ring effect, 
irregular deposits and a comparatively uniform pattern. 
The presence of a single ring-like pattern, and the ab-
sence of additional ring structures within the centre of 
the deposits, is in accordance with the observed pinning 
of the droplets, maintained throughout the entirety of the 
drying process, as discussed in the previous section (i.e. 
constant contact radius mode). 

In view of this, let us first examine the effect of 
particle concentration on the final deposition patterns 
following liquid drying. We would like to highlight here 
the resemblance of the overall deposition patterns in  
Fig. 5 to the droplet shapes reported in Fig. 3 for the 
different micropillar configurations. A number of studies 
have identified the significance of nanofluid composi-
tion by establishing a direct correlation between the 
concentration of solute and the ordering and thickness of 
deposits, generating diverse residual footprints for 
conventional droplet geometries[36,66–69]. We extend the 
current research to include drying patterns resulting 
from polygonal wetting areas for three concentrations of 
Al2O3 nanoparticles. For the lowest concentration  
(0.01 wt% Al2O3), we see only a faint pattern on sub-
strates with pillar spacing of 5 µm, 10 µm and 20 µm, 
with only a hint of ring-shaped contact line deposits  
(Fig. 5a). However, at a pillar-to-pillar distance of 40 µm, 
irregular deposits ensue due to the depinning of these 
droplets, where an inner concentrated deposit is wit-
nessed upon drying. At the intermediate nanoparticle 
concentration (0.05 wt%), on substrates with closely 
packed pillars (s = 5 µm and 10 µm), a relatively irre-

gular coffee-ring deposition pattern is achieved (Fig. 5b). 
The particle density at the droplet periphery is not ho-
mogeneous, and as such, is inconsistent with the classic 
coffee-ring pattern. For the case where s = 10 µm, the 
substantially lighter particle regions at the corners of the 
square are associated with the presence of corner films 
(as highlighted by the arrows in Fig. 5b), clearly corre-
lating to the smaller localised volume compared to the 
bulk droplet. Contrarily, the coffee-ring effect becomes 
more salient with decreasing pillar density, i.e. increas-
ing pillar spacing, (s = 20 µm and 40 µm), and by ex-
tension with an increase in droplet circularity, leaving 
thick uniform deposits at the contact line (Fig. 5b). The 
deposition distribution at 0.05 wt% is attributed to the 
radial, outward capillary flow, replenishing the evapo-
rated liquid, thus, ensuring the congregation of particles 
at the contact line[35]. 

At the highest concentration (0.1 wt%), the cof-
fee-ring effect is still distinguishable, yet is significantly 
less pronounced than for 0.05 wt%, such that particles 
accumulate both at the contact line and the interior of the 
droplet, albeit with different densities (Fig. 5c). Given 
that deposit thickness increases with concentration, the 
observed pattern for 0.05 wt% (Fig. 5b) would be ex-
pected to become more pronounced at 0.1 wt% Al2O3, 
especially due to the stronger pinning effect at a higher 
concentration[36,65]. On the contrary, the particle  
distribution is undoubtedly more uniform for the highest 
concentration, with a lower overall fraction of deposits 
located at the droplet’s periphery, compared to the  
particle  profile  of  the  intermediate  concentration 
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Fig. 5  Optical microscope images of the Al2O3 deposition patterns formed after droplet evaporation. (a) Lowest nanoparticle concentra-
tion (0.01 wt% Al2O3); (b) intermediate nanoparticle concentration (0.05 wt% Al2O3) and (c) highest nanoparticle concentration (0.1 wt% 
Al2O3) on substrates with square pillars, 10 µm apart (top row) and triangular pillars, 20 µm apart (bottom row). Scale bar is 1 mm. 
 
(0.05 wt%). The boundary ring size is also visibly nar-
rower. The effect can be explained by considering the 
particle-particle and particle-fluid interactions with re-
spect to concentration. At a lower concentration, the 
particle-particle interaction is weak, such that the par-
ticle interaction with the fluid dominates, allowing de-
posits to form at the contact line through capillary out-
flow. However, at a high particle concentration, the par-
ticle-particle interaction strengthens and governs, par-
tially restricting their movement towards the peri-
phery[70–72]. Coupled with the fast evaporation of the 
solvent – i.e. ethanol – the particles do not have suffi-
cient time to collectively assemble into a thick ring at the 
contact line. The presence of agglomerates at 0.1 wt% 
concentration – confirmed in the proceeding sections 
through microscopy – is in line with studies linking 
particle-particle interaction to changes in drying pat-
terns[70,72,73]. Note though, the preferential accumulation 
of particles at the corners of square droplets, resulting 
from an increase in the local evaporation flux at these 
locations due to the large curvature of the contact line, is 
consistent with literatures[35,44]. Whilst the deposition 
patterns inside the domain are contingent on particle 

concentration, the overall morphology of the droplet 
boundary of Al2O3 nanofluids remains unchanged. 

 
3.2.2  Localised microscale deposition 

A closer inspection of the deposits left by evapo-
rated drops helps to map out the localised distribution of 
Al2O3 nanoparticles on the surface microstructure level. 
With the aid of an optical microscope, we establish the 
particle density at the three-phase contact line and the 
centre of the droplet. Specifically, we draw attention to 
the distribution of nanoparticles on pillar islands, as well 
as in the space between the pillars – denoted as the 
roughness level and base level respectively (Fig. 6). The 
aforementioned results can tell us about the specifics of 
the flow within an evaporating particle-laden droplet. 
Several notable observations arise from looking at Fig. 6, 
depicting the particle deposition on a surface with square 
pillars, 5 µm apart. For the lowest concentration  
(0.01 wt% Al2O3), a high proportion of the particles 
were found on  pillar tops at the contact  line,  with some 
deposits accumulating between the pillars also  
(Fig. 6a(i)). Whereas, at the droplet centre, we observed 
sparse deposits on pillar tops and  no  deposits  between 
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Fig. 6  Microscopy images of the localised deposition patterns at the contact line (i) and the centre of the droplet (ii) after evaporation of (a) 
0.01 wt% and (b) 0.1 wt% Al2O3. Roughness level corresponds to the top of the pillars and base level is the space between the pillars – 
represented in the schematic (top left). The substrates are patterned with square pillars, 5 µm apart. Scale bar is 20 µm. 
 
pillars (Fig. 6a(ii)). Far from the contact line, the ar-
rangement of residual deposits on pillar islands would 
imply the weak particle-particle interaction and the lack 
of particles between the structures is indicative of the 
dominant capillary flow at lower concentrations. Con-
trastingly, at the highest nanofluid concentration  
(0.1 wt% Al2O3), we see agglomeration of nanoparticles 
at the droplet centre, with the pillar tops coated in a 
deposition pattern matching that of the pillar shape (in 
this case, square), albeit with a surrounding border  
(Fig. 6b(ii)). Between the pillars, nanoparticles 
self-assemble into branch-like formations, described in 
further depth in the proceeding section. At the contact 
line, the deposits are dense across all levels of the sur-
face, with complete coverage of the available surface 
area (Fig. 6b(i)). This is to be expected, given the en-
hanced pinning effect and the strengthened par-
ticle-particle interaction at higher levels of nanoparticle 
concentration. The direct visualisation of particle ag-

glomeration on the surface, namely, the settling on mi-
crostructures inside the droplet’s domain, is in conjunc-
tion with our earlier discussion regarding the more uni-
form particle distribution, bounded by a thin ring, ad-
dressed in section 3.2.1. Thus, by amalgamating the 
macroscale observations of the previous section with the 
microscopic effects, a more comprehensive under-
standing of the particle transport towards the 
triple-phase contact line can be achieved. These findings 
have brought to light the self-assembly of nanoparticles 
at the highest concentration of Al2O3, which merits the 
following closer inspection. 

 
3.2.3  Nanoparticle self-assembly 

At the highest nanoparticle concentration (0.1 wt% 
Al2O3), self-assembly of highly ordered and complex 
nanoparticle structures was observed between the pillars 
(Fig. 7), specifically in the area outwith the contact line. 
Fig. 7 highlights the intricate patterns formed on a 
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(a) (b)s = 5 μm s = 10 μm

(d) s = 40 μm(c) s = 20 μm

 
Fig. 7 Self-assembled particle morphologies of evaporated 0.1 wt% Al2O3 nanofluid droplets, for a substrate with star-shaped pillars 
(6-point) and increasing pillar-to-pillar spacing. Microscope images for pillars with a spacing of (a) 5 µm, (b) 10 µm, (c) 20 µm and (d) 40 
µm. The scale bar is 20 µm. The droplet shape and deposition footprint are shown in the inserts, all with a scale bar of 1 mm.  
 
surface decorated with star-shaped pillars and various 
pillar spacings. The branch-like structuring extends from 
the base of the pillars, increasing in complexity propor-
tionally with the pillar spacing. The particle-fluid inte-
ractions of Al2O3 nanofluids have been found to increase 
with an increase in concentration, but only up to a crit-
ical concentration level[70]. Beyond this level, the par-
ticle-particle interactions dominate, resulting in the  
agglomeration and the associated nanoparticle 
self-assembly. A larger spacing between pillars seems to 
allow more interactions within the available space, 
forming longer and thicker self-assembled agglomerates 
and creating a network that interconnects the base of the 
pillars, as portrayed in Fig. 7d. On the contrary, the more 
constrained geometry between tightly packed pillars 
does not allow for such enhanced interactions, and 
consequently, shorter agglomerates are formed. 

Further agglomerates may be created above the 

pillar structures. Upon evaporation, in the case of large 
pillar spacings, agglomerates may deposit or become 
trapped in between the pillars, with no degree of advec-
tive flow towards the contact line able to displace them. 
Conversely, on surfaces with tightly packed pillars, ag-
glomerates greater than the pillar spacing would not be 
able to flow in between the pillars and are hence freer to 
move above the structures, with the advective flow now 
able to push them further towards the contact line. 

The described assembly of nanoparticles forming 
intricate patterns emphasises the intrinsic effects of pil-
lar geometry and spacing on this behaviour. Looking 
forward, tailor-made surface patterns can be used to 
create a unique environment, leading to the formation of 
a broad range of complex assembled structures. Addi-
tionally, we must not overlook the importance of con-
centration in creating a significantly different localised 
particle environment between pillars, with the attain-
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ment of self-assembly only above a certain concentra-
tion. Harnessing these properties for the assembly of 
nano-materials via evaporative deposition shows great 
potential for technological advancement of specialised 
devices in the fields of microfabrication and nanotech-
nology. 

4  Conclusion 

In conclusion, we have assimilated shape selection 
of droplets with the coffee-ring phenomenon of par-
ticle-laden solutions on micropatterned surfaces exhi-
biting different shapes and population densities of sur-
face structures. We demonstrate the behaviour of pure 
liquids on said substrates, before focusing on the com-
plex drying process of aluminium oxide nanofluids at 
three different concentrations. The pillar-to-pillar spac-
ing proves to be instrumental in controlling the wetting 
footprint, with a loss of circularity on surfaces with a 
high pillar density. We also compare the ability of pillar 
shape to induce a change in the initial wetting interface, 
by examining surfaces populated with circular, square, 
star-shaped and triangular pillars. Our focus then shifts 
to the drying patterns of Al2O3 nanofluids, where we 
display the overall deposition environment as well as 
homing in on the specifics of localised particle ordering 
on the microscale through the aid of microscopy. The 
morphology of the drying patterns was found to be sig-
nificantly affected by the concentration of Al2O3 nano-
particles. At a lower concentration, particles deposit 
extensively at the vicinity of the contact line, whilst a 
more homogeneous deposition profile is obtained for a 
higher concentration due to the strengthening of the 
particle-particle interactions. From these results, an un-
usual self-assembly pattern emerges for the highest 
concentration, yielding complex branch-like structures 
between the micropillars. We hope that our findings can 
pave the way for the promising future of printing na-
noparticle assembly in fundamental research, as well as 
various engineering processes. 
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