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Evaporation and morphological patterns of bi-dispersed colloidal 
droplets on hydrophilic and hydrophobic surfaces 

R. Iqbal,a B. Majhy a, Amy Q. Shen b and A. K. Sen *a 

Understanding of the formation of different morphological patterns depending on the particle size and surface wettability 

has great relevance in the separation, mixing and concentration of micron/nano particles and biological entities. We report 

evaporation and morphological patterns of evaporating bi-dispersed colloidal droplets on hydrophilic and hydrophobic 

surfaces. To explain the underlying mechanisms of various particle distribution patterns, we propose a phenomenological 

model that accounts for the drag force, van der Waals and electrostatic interaction forces, and surface tension force acting 

on the particles. In the case of the hydrophilic surface (𝜃~ 27°), there is a competition between the frictional force arising 

due to the van der Waals (~10−8 𝑁) and electrostatic interaction forces (~10−10 𝑁) and the surface tension force 

(~10−7 𝑁) that depends on the particle size. Consequently, the smaller particles (0.2 and 1.0 µm in diameter) are found to 

be pinned and form an outer ring at the contact line whereas the larger particles (3.0 and 6.0 µm in diameter) move inward, 

either form an inner ring or flocculate depending on the particle size. Interestingly a completely different morphological 

pattern of the micro/nano particles is observed on a hydrophobic substrate (𝜃~ 110°): contact line pinning is no longer 

observed and particles form a centralized deposition pattern. The order of the magnitude of the surface tension force is 

higher as compared to the frictional force (~10−8 𝑁) thus the particles are driven radially inward and get accumulated at 

the center of the droplet. Owing to the mixed mode of evaporation toward the end of evaporation, only a fraction of smaller 

particles travels radially outward due to the coffee-ring effect. Scanning electron microscopy images reveal that smaller 

particles are present mostly at the center with a small fraction of smaller particles at the edge of the pattern, whereas larger 

particles are uniformly distributed throughout. 

Introduction 

Evaporation of liquids containing non-volatile solute particles 

are ubiquitous in day-to-day life and important for many 

technological applications such as inkjet printing1, coating2, 

painting3, DNA/RNA micro arrays4–6, self-assembly, surface 

patterning7,Transmission electron microscopy (TEM)8 and 

biosensing9. The evaporation of droplets with both pure liquids 

and colloidal suspensions have been widely studied in 

literature10–14. For a pinned droplet over a hydrophilic 

substrate, the evaporation flux across the liquid-vapour 

interface is non-uniform. The evaporation rate near the contact 

line is higher than that at the droplet centre, thus in order to 

replenish the enhanced loss at the edge of the droplet, a radially 

outward flow is developed that drives the particles toward the 

edge, forming a ring-like pattern called “coffee-ring effect”15.  

 

In addition to droplets containing single-sized particles (i.e. 

monodispersed colloidal suspensions), droplets containing two 

different sizes of particles, herein after referred to as bi-

dispersed colloidal droplets/suspensions, have more practical 

relevance16,17 such as in separation of micro/nano particles and 

biological entities, disposable detection kits, lab-on-a-chip and 

nanochromatography applications, or concentration of two 

different types of particles/species or biological entities. Thus, 

understanding how a mixture of micron and nano sized particles 

in a droplet behave during evaporation is important from the 

application point of view. Evaporation of bi-dispersed colloidal 

droplets has been studied by various researchers in the recent 

past16–25. The behaviour of micron and nano sized particles (5 

and 0.5 µm) inside a bi-dispersed colloidal droplet was reported 

by Jung et al.25. By using particle tracking velocimetry (PTV), the 

micron and nano sized particles are driven radially outward 

toward the three-phase contact line at the early stage of 

evaporation. However, at the end of the evaporation, the 

micron sized particles are driven radially inward toward the 

centre whereas the nanoparticles remain at the edge and form 

a ring-like deposition pattern. Pinning and de-pinning of 

droplets of different volumes containing various sizes of 

microparticles at different concentrations were extensively 

investigated by Sangani et al.19. It was found that apart from 

particle size, the pinning and de-pinning phenomena also 

depend on the droplet radius, particle volume fraction, 

evaporation rate, and the substrate wettability. 
A mechanism of reverse particle motion that repels the coffee-

ring effect was revealed when the capillary force prevails over 
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the outwardly driven evaporative flow or coffee ring flow24. It 

was observed that, on an identical glass substrate, a pure liquid 

droplet (of decalin) spreads completely whereas the spreading of a 

particulated droplet (above a critical linear packing fraction) gets 

inhibited with self-pinning of the contact line26. Monteux and 

Lequeux23 reported that, for a droplet containing non-volatile 

particles, a thin, particle-free liquid film is left at the edge of the 

droplet during evaporation. The depleted film, which depends 

on the contact angle and the size of the particles, can be used 

for sorting particles inside the droplet. Using the coffee-ring 

phenomenon, a nanochromatographic technique for 

separation of biological entities (microorganisms, IgG 

antibodies < 10 nm, proteins E. coli ~ 500 nm, mammalian cells 

and B-lymphoma cells ~ 5 µm) was accomplished with a 

resolution of the order of 0.1 µm over a range of 

particles/entities17.  Recently, the role of the gravity in the 

evaporation and separation of particles in sessile and pendent 

droplets was investigated, in which an excellent separation of 1 

and 3 µm particles inside a pendant droplet was achieved 27. The 

deposition morphology for a droplet containing different sizes 

and species of nanoparticles was investigated where the 

heterogeneity in the deposition morphology was eliminated by 

using a suitable combination of nanoparticles, as reported by 

Zhong et al18. Chhasatia and Sun21 studied the interaction of two 

different sizes of particles inside a picoliter sized droplet over 

substrates having different wettability (ranging from 0° − 85°).   

The current state of the art suggests that there has been some 

emphasis on understanding the deposition morphology of bi-

dispersed colloidal droplets on hydrophilic substrates for 

potential applications in particle sorting. However, the kinetics 

of evaporation of a bi-dispersed colloidal droplet and its 

subsequent morphological deposition patterns on hydrophobic 

substrates have not been explored, which has potential 

applications in the mixing and concentration of different sized 

particles or biological entities. The aim of the present study is to 

investigate the kinetics of evaporation and the subsequent 

morphological pattern of a bi-dispersed colloidal droplet (of two 

different combinations of particle sizes) over both hydrophilic 

(𝜃~ 27°) and hydrophobic (𝜃~ 110°) substrates. The interplay 

between the relevant forces is considered to illustrate the 

particle migration phenomena and the resulting patterns in 

various cases.  

Materials & Methods 

DI water (resistivity of 18.2 MΩ.cm, Millipore), 

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Toray, 

Japan), ethanol (Thermo Fisher, U.S.A.) and isopropyl alcohol 

(IPA) were used as purchased. Polystyrene micro/nano sized 

beads of four different sizes, as reported in Table 1, were used 

in the experiments. The bead sample containing a trace amount 

of sodium azide (added by manufacturer to prevent the 

bacterial growth) was washed with DI water twice prior to our 

experiments to eliminate the influence of sodium azide on the 
evaporation kinetics. The sample was centrifuged at 6000 rpm 

for 2 min, the supernatant was pipetted out and the 

concentrated micron/nano bead sample at the bottom of the 

vial was collected. The collected bead sample was again mixed 

with DI water and the process was repeated. Finally, the washed 

micro/nano bead sample was diluted with DI water to the 

desired concentration. Prior to each experiment, the 

micro/nano bead sample was sonicated for >30 min to 

overcome or prevent particle aggregation. The surface/zeta 

potentials of the PDMS substrate and the polystyrene 

micro/nano particles were measured (Otsuka electronics, 

Japan) and were found to be -11.55 mV and -58.59 mV, 

respectively. These values were later used for estimating the 

electrostatic forces. 

Glass and Polydimethylsiloxane (PDMS) were used as the 

hydrophilic and hydrophobic substrate respectively. The 

contact angles of the hydrophilic and hydrophobic surfaces 

were measured to be 27° ± 1° and 110° ± 1° respectively. The 

substrates were cleaned with IPA and ethanol followed by the 

drying with compressed N2 before each experiment. 

Microscopic glass slides of thickness 1.1 mm (Matsunami, 

Japan) were used as the supporting substrate to fabricate 

hydrophobic surfaces. Glass slides were spin coated with PDMS 

at 2000 rpm for 20 s, followed by drying in an oven at 65oC for 

12 h in order to obtain a uniform thin film of PDMS layer over 

the rigid glass substrate. 

 

Fig. 1 Schematic of the experimental setup for studying 
evaporation kinetics of bi-dispersed colloidal droplets. 

Table 1 Specifications of polystyrene micro/nano sized beads of 

four different sizes. 

No. Size 
(µm) 

Colour and 
vendor 

wt% Fluorescent 
(Y/N) 

Set 

1 1.0 Nile red 
 (Thermo Fisher) 

2.0 Y (535/575 
nm) 

 
A 

2 6.0 Yellow 
(Polysciences) 

2.7 N 

3 0.2 Red  
(Thermo Fisher) 

1.0 Y (542/612 
nm) 

 
B 

4 3.0 Yellow 
(Polysciences) 

2.7 N 

 

Top-view camera

Bi-dispersed droplet

Pipette

Side-view 
camera

PC

Substrate Illumination
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Fig. 1 shows the schematic of the experimental setup. Droplets 

of 1.0 µL volume were dispensed over different substrates using 

a micropipette (Gilson, U.S.A.). The evaporation kinetics of the 

droplets, i.e., contact angle and contact radius were captured 

using a contact angle meter (Theta Attension, Biolin Scientific, 

U.S.A.). Once the droplet completely evaporated, the 

morphological deposition patterns were captured using both a 

bright-field (Keyence upright microscope, Japan) and a 

fluorescent microscope (Nikon Eclipse Ti-S, Japan). The 

morphological deposition patterns were characterized using 

SEM (FEI Quanta, FEG 250, Japan) and an optical profilometer 

(Keyence, Japan). Prior to SEM characterization, the substrates 

were sputter coated (Hitachi, Japan, MCI000, 15 mA, 30 s) with 

platinum in order to enhance the conductivity for better 

imaging contrast. The experiments were carried out in a 

quiescent atmosphere with an ambient temperature of  25𝑜  C 

and relative humidity (RH) of 45 ± 5 % . Each experiment was 

repeated at least three times in order to ensure repeatability 

and reproducibility of the data.  

Results & Discussions 

We first discuss the evaporation kinetics and morphological 

patterns of bi-dispersed colloidal droplets on hydrophilic 

substrates, followed by those on a hydrophobic substrate. For 

both cases, we discuss the potential mechanism on the various 

pattern formation related to the forces acting on the 

micro/nano particles during evaporation.  

Hydrophilic substrate 

The evaporation kinetics and morphological pattern of bi-

dispersed colloidal droplets (set A and B in Table 1) over a 

hydrophilic (glass) substrate are presented in Fig. 2a and 2b. Set 

A comprises fluorescent particles of size 1.0 µm and non-

fluorescent particles of size 6.0 µm, whereas set B comprises a 

mixture of fluorescent particles of size 0.2 µm and non-

fluorescent particles of size 3.0 µm.  

Fig. 2a depicts the normalized contact radius (�̂� = 𝑟/𝑟𝑜) and 

contact angle (𝜃)  against normalized time (�̂� = 𝑡/𝑡𝐸 ) of both 

sets of bi-dispersed colloidal droplets and a DI water droplet 

during evaporation with the same droplet volume of 1.0 µL. The 

instantaneous contact radius is 𝑟 and the maximum (initial) 

contact radius of the droplet  is 𝑟0. The instantaneous time 𝑡 is 

normalized with the total time 𝑡𝐸 required for a droplet to evaporate 

completely. The evaporation time was determined by studying the 

variation of the contact line radius 𝑟(𝑡) with time t. The evaporation 

time (𝑡 = 𝑡𝐸) is the time elapsed between the time instant a droplet 

is dispensed (i.e. 𝑡 = 0) and a time instant where the contact line 

radius and contact angle reached a steady state (i.e. no further 

decrease in the contact line radius and contact angle). As observed, 

in the case of a pure DI water droplet, �̂� decreases continuously 

throughout the evaporation process (after �̂� > 0.17). On the 

other hand, in the case of bi-dispersed colloidal droplets, �̂� 

remains as a constant during the majority part of the 

evaporation process (i.e., till  0.75𝑡𝐸  for set A and 0.93 𝑡𝐸  for 

set B). This suggests that the presence of particles in a droplet 

promotes the contact line pinning during its evaporation28. 

Accordingly, the contact angle decreases throughout the 

evaporation process, from a maximum of 27° ± 1° to 7 ± 2° for 

pure water, as well as for both set A and set B as shown in Fig. 

2a.   

Fig. 2b presents the morphological pattern of bi-dispersed 

colloidal droplets of set A (1.0 µm and 6.0 µm particles) and set 

B (0.2 µm and 3.0 µm particles) with both bright-field and 

fluorescence microscopy after the evaporation is completed.  

For set A, only a single ring of smaller (1.0 µm) particles is 

formed, as shown in the bright-field and fluorescent images, 

whereas, the larger (6 µm) particles flocculate and form clusters 

of particles away from the contact line. On the other hand, for 

set B, two concentric rings are formed, with the smaller 

particles (0.2 µm) located at the outermost edges and larger 

particles (3 µm) located inward with a small distance away from 

the contact line. For both sets of particles, the outward ring is 

comprised of the smaller particles, 1.0 µm for set A and 0.2 µm 

for set B. The morphological pattern of the particles under SEM 

is also shown in Fig. 2b (inset) which displays only a single ring 

of smaller particles (1 µm) for set A but two concentric rings of 

particle size 0.2 µm and 3 µm for set B. The distribution of 

particles in set A and set B was also verified using gray scale 

intensity plot, as shown in Fig. 2c. For set A, the peak at the right 

extreme suggests the formation of a single ring due to the 

smaller particles whereas for set B, presence of two peaks near 

the contact line suggests formation of two concentric rings due 

to the 0.2 and 3 µm particles, respectively. 

To understand the pinning of the liquid and smaller particles at 

the contact line, a schematic of an evaporating bi-dispersed 

colloidal droplet on a hydrophilic substrate and the forces acting 

on individual particles during evaporation is shown in Fig. 2d. 

The bi-dispersed colloidal droplet resting on the hydrophilic 

substrate remains pinned throughout the evaporation process, 

and the liquid vapour meniscus forms a wedge with the 

substrate. The evaporation flux across the droplet is not 

uniform: the evaporation rate is higher at the edge (i.e. three 

phase contact line) compared to that at the centre of the 

droplet. To replenish the higher loss of liquid at the contact line 

due to enhanced evaporation rate, there is a compensated flow 

from the centre of the droplet toward the three phase contact 

line. The resulting flow is responsible for driving the particles 

towards the three-phase contact line. Consequently, the 

particles of two different sizes get accumulated near the edge 

of the droplet and form two concentric rings. The smaller 

particles are located closer to the contact line forming the outer 

ring, whereas the larger particles are located away from the 

contact line representing the inner ring, as shown in Fig. 2b and 

2d.  
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In the beginning, in order to replenish the loss of liquid due to 

enhanced evaporation rate at the edge of the droplet, the 

particles suspended in the droplet are driven radially towards 

the contact line due to the outwardly driven capillary flow.

 

Fig. 2 (a) Variation of normalized contact radius (�̂�) and contact angle (𝜃) of bi-dispersed droplets (set A and B) and a DI water 

droplet (same 1.0 µL volume) on a hydrophilic substrate with time; (b) Morphological pattern of bi-dispersed droplets of set A (1.0 

and 6.0 µm particles) and set B (0.2 and 3.0 µm µm particles) after complete evaporation on a hydrophilic substrate under a bright-

field and fluorescence microscope; the figures in the inset displaying the morphological pattern under SEM: a single ring of smaller 

particles (1 𝜇𝑚) for set A but two concentric rings of particle size 0.2 and 3 𝜇𝑚 for set B. (c) Gray scale intensity representing the 

distribution of particles in set A and B on a hydrophilic substrate; (d) Schematic showing an evaporating bi-dispersed droplet on a 

hydrophilic substrate and the forces acting on the particles during evaporation.

The viscous force is responsible for carrying the particles toward 

the contact line and the particles are subjected to the drag 

force19,29 by 

                                       𝐹𝑑 = 6𝜋𝑟𝑝𝜇𝑣𝛼,                                        (1)                                              

where 𝑟𝑝 is the radius of the microparticles, 𝜇 is the dynamic 

viscosity of the fluid, 𝑣 is the velocity of the evaporative flow 

and 𝛼 is the drag coefficient. The various parameters used in the 

equation above and the equations below and their numerical 
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values are also given in Table 2 as well. The order of magnitude 

of the drag force is estimated to be  𝐹𝑑~10−13 N.  

In addition, the suspended particles inside the droplet are also 

subjected to the van der Waals and electrostatic interaction 

forces. The van der Waals force between particles and the 

substrate in a fluid medium is given by 21,30 

                                  𝐹𝑣𝑤
𝑃−𝑆 =

2𝐴𝑃𝑆𝐹𝑟𝑝
3

3𝑧2(𝑧+2𝑟𝑝)2
 .                                  (2a)                                                                           

The van der Waals force acting among the particles in a fluid 

medium is given by 

                                 𝐹𝑣𝑤
𝑃−𝑃 =

𝐴𝑃𝑆𝑃𝑟𝑝

12𝑧2
 ,                                            (2b)                                              

where 𝐴𝑃𝑆𝐹  and 𝐴𝑃𝑆𝑃  are the Hamaker constant between the 

polystyrene microparticles and substrate, and between the 

particles inside the fluid medium, respectively, z is the particle-

substrate separation distance.  The electrostatic interaction 

force acting between the particles and the substrate in a fluid 

medium is given by31,32: 

              𝐹𝐸𝑅
𝑃−𝑆 = −2𝜋𝑟𝑝𝜖𝜅

[𝜑1
2+𝜑2

2−2𝜑1𝜑2 exp(𝜅𝑧)]

[exp(2𝜅𝑧)−1]
  .                 (3a)                                                          

The electrostatic force acting among the particles is given by 

                       𝐹𝐸𝑅
𝑃−𝑃 = −

𝜖𝑟𝑝𝜑1
2

4

2𝜅exp (𝜅𝑧)

exp(2𝜅𝑧)+1
 ,                                 (3b)                                                                

where 𝜖 is the water permittivity, 𝜅 is the reciprocal of Debye 
length, 𝜑1 𝑎𝑛𝑑 𝜑2 are the surface potential of the polystyrene 
microparticles and the substrate respectively. The orders of 
magnitude of the different forces estimated using equations 1 
to 3 are summarized in Table 3. 

The positive values of van der Waals force imply an attractive 

force and the negative values of electrostatic interaction force 

imply the repulsive force. Since the bond number associated 

with the droplet is very small, 𝐵𝑜 << 1, the effect of gravity can 

be neglected. Thus, with the combination of van der Waals (on 

the order of 10−8−10−9 N) and electrostatic interaction force 

(on the order of 10−9−10−10 N), the total force acting vertically 

downward is given by 

                              𝐹𝑜 = 𝑛(𝐹𝑣𝑤
𝑃−𝑆 + 𝐹𝐸𝑅

𝑃−𝑆),                                    (4)                                                                           

where 𝑛 is the total number of the particle rows17,33 present at 

the edge of a droplet. For a pinned droplet, with the 

evaporation of the bulk liquid, the height or the contact angle 

decreases though out the evaporation process. As soon as the 

height of the droplet near the edge reduces to or below the size 

of the larger particles inside the droplet, a capillary meniscus is 

formed, which is sandwiched between two successive particles 

(see Fig. 2d). Although the height of the liquid meniscus attains 

a size below the size of the larger particles, the escaping or the 

protrusion of the particles are not feasible due to the surface 

tension of the liquid. With the formation of the capillary 

meniscus, the particles are subjected to the inward surface 

tension driven force (on the order of 10−7 N), which is given by  

                                   𝐹𝑆𝑇 = 2𝜋𝑟𝑝𝛾𝑐𝑜𝑠𝜃,                                       (5)                                                                                                                 

where 𝛾 is the surface tension of the liquid. Consequently, the 

frictional force induced due to the total vertical force (equation 4) 

would try to resist the motion. As there are multiple rows present 

near the contact line, which resist the inward capillary driven motion 

of the particles, the frictional force is multiplied by ‘𝑛’ to account for 

the total vertical force. The surface tension driven force is in 

competition with the frictional force f𝐹𝑜 , (induced due the total 

force 𝐹𝑜  acting vertically  downward, refer Fig. 2d) where 𝑓  is 

the frictional coefficient. Among the forces acting, the surface 

tension force being higher (on the order of  10−7 N) in 

magnitude when compared to the other forces, tends to drag 

the particles toward the center. However, during the course of 

evaporation, as more particles accumulate at the edge, more 

rings are formed, i.e., 𝑛 in equation 4 increases over time, due 

to which the frictional force increases and finally balances the 

surface tension force to give rise to self-pinning (Fig. 2b).  

The inward movement of the larger particles (of 6 μm size in set 

A) and the formation of two concentric rings in set B in our 

experiments can be explained by using the criteria provided by 

Sangani et al. 19  

                             𝜓 ≡ 𝜑. 𝐶𝑎.
𝑅4

𝑟𝑝
3ℎ𝑜

 ,                                             (6)                                                                   

where 𝜓 is a dimensionless number used to predict the pinning 

and depinning of the contact line, 𝜑 is the solid fraction, 𝐶𝑎 is 

the capillary number, 𝑅 is the radius of the contact line, 𝑟𝑝 is the 

radius of the particles, and ℎ0 is the initial height of the droplet. 

According to the criterion, whether particles will facilitate the 

pinning of the contact line or not, depends not only on the 

particle size but also on the particle volume fraction, droplet 

radius, evaporation rate, and the wetting characteristics of the 

substrate. We have calculated the values of 𝜓 for particles of 

different sizes. For 6 µm particles, the value of 𝜓 was found to 

be 0.18 , which is smaller than the critical value of 𝜓𝑐𝑟𝑖𝑡 = 0.2 

reported by Sangani et al., thus supporting the inward 

movement of the particles observed in our experiments. For the 

particles of other sizes, the value of 𝜓 was calculated to be 

above the critical value, which justifies the pinning of such 

particles. 
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Table 2. Details of the various parameters used in equation (1) to (5) and their numerical values. 

Parameters Details Values 

𝐴𝑃𝑆𝐹
𝑔𝑙𝑎𝑠𝑠

 

Hamaker constant between the polystyrene particles and glass, 
where 𝑃 denotes the particle, 𝑆 denotes the substrate, and the 𝐹 
denotes the fluid medium. 

3 × 10−20 J17 

𝐴𝑃𝑆𝐹
𝑃𝐷𝑀𝑆  

Hamaker constant between the polystyrene particles and PDMS, 
where 𝑃 denotes the particle, 𝑆 denotes the substrate, and the 𝐹 
denotes the fluid medium. 

0.1 × 10−20 J34 

𝐴𝑃𝑆𝑃  Hamaker constant between the particles inside the fluid medium. 0.34 × 10−20 J35 

z Particle-substrate separation distance. 0.4 nm17,21,22,36 

𝜖 Water Permittivity. 7 × 10−10 F/m 

𝜅 Reciprocal of Debye length. (430 × 10−9)−1 𝑚−1 

𝜑1 The surface potential of polystyrene microparticles. -58.89 mV 

𝜑2
𝑔𝑙𝑎𝑠𝑠

 Surface potential of the (glass) substrate.  -40 mV17 

𝜑2
𝑃𝐷𝑀𝑆  Surface potential of the (PDMS) substrate. -11.55 mV 

𝜇 Dynamic viscosity of the fluid. 8.90 × 10−4 Pa. s 

𝑣 Velocity of the evaporative flow. 10 µm/s22 

𝛾 Surface tension of the liquid-vapour interface. 0.072 N/m 

𝜃 Contact angle of the liquid with the substrate. 27 ± 0.3𝑜, 110𝑜 ± 1𝑜 

𝑓 Frictional coefficient. 0.137–39 

𝑟𝑝 Radius of the particles. [0.2, 1, 3, and 6] µm 

𝛼   Drag coefficient. 1.919 

Table 3. Estimation of the orders of magnitude of the different forces on particles in a droplet over a hydrophilic substrate 

estimated using Equations 1-3. 

 

Force (N) d = 1.0 𝜇𝑚 d = 6.0 𝜇𝑚 d = 0.2 𝜇𝑚 d= 3.0 𝜇𝑚 

Drag force,    𝐹𝑑                                                                          1.59 × 10−13 9.54 × 10−13 3.18 × 10−14 4.77 × 10−13 

Van der Waals force, 𝐹𝑣𝑤
𝑃−𝑆 1.57 × 10−8 9.34 × 10−8 3.13 × 10−9 4.67 × 10−8 

Van der Waals force, 𝐹𝑣𝑤
𝑃−𝑃                                                               8.85 × 10−10 5.31 × 10−9 1.77 × 10−10 2.65 × 10−9 

Electrostatic interaction, 𝐹𝐸𝑅
𝑃−𝑆  −9.8 × 10−10 −5.88 × 10−9 −1.96 × 10−10 −2.94 × 10−9 

Electrostatic interaction, 𝐹𝐸𝑅
𝑃−𝑃 −7 × 10−13 −4.2 × 10−12 −1.4 × 10−13 −2.1 × 10−12 

Surface tension, 𝐹𝑆𝑇𝑐𝑜𝑠𝜃 2.0 × 10−7 1.20 × 10−6 4.0 × 10−8 6.0 × 10−7 

Hydrophobic substrate 

The evaporation kinetics and morphological pattern of bi-

dispersed colloidal droplets (set A and B in Table 1) over a 

hydrophobic (PDMS) substrate are presented in Fig. 3. Fig. 3a 

depicts the normalized contact radius (�̂� = 𝑟/𝑟𝑜) and contact 

angle (𝜃) against normalized time (�̂� = 𝑡/𝑡𝐸) of both sets of bi-

dispersed colloidal droplets and a DI water droplet during 

evaporation with the same droplet volume of 1.0 µL. As 

observed, the droplets are  initially pinned for a short period of 

time (�̂� < 0.33) during which the normalized contact radius (�̂�)  

remains constant and only the contact angle (𝜃) decreases. 

When droplet contact angle becomes equal to the receding 

contact angle of the droplet with the substrate, i.e. 𝜃 ≤

95.33𝑜 , 99.73𝑜 and 93.75𝑜 for set A, set B and pure DI water, 

the droplet recedes and in that case contact angle remains 

constant (0.33 < �̂� < 0.80) while the contact radius decreases. 

For �̂� > 0.80 𝑡𝐸   and  �̂� > 0.45 𝑡𝐸  for both pure and bi-

dispersed colloidal droplets respectively, a mixed mode of 

evaporation is observed wherein both contact radius and 

contact angle decrease simultaneously. Similar to the 

hydrophilic substrate, addition of the particles enhances 

contact line pinning, thus a droplet with particles remains 

pinned for a longer duration compared to a pure droplet. Fig. 

3b presents the morphological pattern of bi- dispersed colloidal 

droplets of set A (1.0 and 6.0 µm particles) and set B (0.2 and 

3.0 µm µm particles) on a hydrophobic surface after complete 

evaporation, captured by both bright-field and fluorescence 

microscopes. Interestingly, the hydrophobic substrate gives rise 

to a completely different morphological pattern as compared to 

the hydrophilic substrate. The particles form a centralized 

deposition pattern with no particles present at the edge 

(indicated by the dotted line). Fluorescent images (in Fig. 3b) 

show distribution of smaller (1.0 µm particles in set A and 0.2 
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µm particles in set B) particles at the edge and the center of the 

dried droplet. This suggests that for both sets, the particle 

deposition pattern is similar. It is also observed that smaller 

particles are found mostly at the center with a small portion of 

particles at the edge, whereas larger particles are uniformly 

distributed throughout, as shown in the SEM image in Fig. 4a 

and 4b. In order to further quantify the presence of smaller 

fluorescent particles in both sets, gray scale intensity (for the 

fluorescently labelled particles) was plotted against the 

normalized contact radius (𝑟/𝑟𝑜) as shown in Fig. 3c, which 

clearly shows higher intensity in the center and the edges, 

which further supports our claim.  

 
Fig. 3 (a) Variation of normalized contact radius (�̂�) and contact angle (𝜃) of both sets of bi-dispersed colloidal droplets and a DI 

water droplet (1.0 µL volume each) on a hydrophobic substrate with time, (b) Morphological pattern of bi-dispersed colloidal 

droplets of set A (1.0 and 6.0 µm particles) and set B (0.2 and 3.0 µm µm particles) after evaporation is completed on a hydrophobic 

substrate, under bright-field and fluorescence microscope, (c) Gray scale intensity representing the distribution of particles in set 

A and B on a hydrophobic substrate, (d) Schematic showing evaporation of a bi-dispersed colloidal droplet on a hydrophobic 

substrate and the forces acting on particles during evaporation. 

The presence of smaller particles at the center and the edge of 

the dried droplet on the PDMS substrate can be attributed to 

the fact that, a droplet on hydrophobic substrate recedes at the 

very early stages of evaporation due to the higher receding 
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contact angle. The droplets on the hydrophobic substrate do 

not have any singularity in the curvature 40  and the liquid-vapor 

meniscus does not attain a wedge-like shape. Just prior to 

receding, particles suspended inside the droplet are under 

random motion owing to the non-singularity in the curvature of 

the droplet. During the receding contact line motion (�̂� > 0.33), 

the particles are driven inward with the receding contact line till 

the end of evaporation. The smaller particles experience smaller 

drag, thus reach the center of the droplet sooner than the larger 

particles. Towards the end of the evaporation, a mixed mode of 

evaporation kinetics is observed wherein both contact angle 

and contact radius decrease simultaneously. In that case, the 

droplet takes the shape of a liquid wedge and a small fraction 

of the smaller particles travel radially outward due to the 

coffee-ring effect and get deposited at the edge of the dried 

droplet.  

Fig. 3d shows a schematic diagram of evaporating particulate 

droplets over a hydrophobic substrate and various forces acting 

on the particles. Among the various forces, the van der Waals 

force is on the order of 10−9 − 10−10 N (Eq 2) among the 

particles and the particles and substrate. The electrostatic 

interaction force acting among the particles is on the order of 

10−12 − 10−13 N and between the particles and the substrate 

is on the order of 10−8 − 10−9 N (Eq 3). The viscous drag acting 

on the particles is on the order of 10−13 − 10−14 N (Eq 1). The 

surface tension force acting on the particles is given by 𝐹𝑆𝑇 =

2𝜋𝑟𝑝𝛾𝑙𝑣𝑐𝑜𝑠𝜑, where (𝜋 − 2𝜑) is the angle of the liquid layer 

covering the microparticles37 as shown in Fig. 3d. The 

microparticles are pulled inward owing to the horizontal 

component of the surface tension force, whereas the vertical 

component of the surface tension contributes to the net vertical 

force as follows 

                      𝐹𝑜 = 𝐹𝑣𝑤
𝑃−𝑆 + 𝐹𝐸𝑅

𝑃−𝑆 + 𝐹𝑆𝑇𝑐𝑜𝑠𝜃.              (7)                                                               

The net force acting vertically downward is the sum of the van 

der Waals, electrostatic interaction and the vertical component 

of the surface tension force. The particles receding toward the 

center experience the frictional force generated due to the net 

force acting vertically downward. The self-pinning of the droplet 

is achieved if the horizontal component of the surface tension 

force is counterbalanced by the frictional force, as shown below 

                        𝐹𝑛𝑒𝑡 = 𝐹𝑆𝑇𝑠𝑖𝑛𝜃 − 𝑛𝑓𝐹𝑜 .                               (8)                                                                        

Similar to the hydrophilic case, the individual forces were 

estimated for the hydrophobic (PDMS) substrate as presented 

in Table 4. It is observed that the order of the magnitude of the 

surface tension force is higher compared to the other forces, 

thus the particles are driven radially inward and get 

accumulated at the center of the droplet by forming a 

centralized deposition pattern. In the present study, we selected 

different combinations of particles of size ranging from 0.2 to 6 μm 

to obtain particle size ratios in the range 3 to 30. Both on the 

hydrophilic (glass) and hydrophobic (PDMS) substrates, the 

behaviour of particles of size 1 and 3 μm was found to be similar to 

that of 0.2 and 3 μm whereas the behaviour of particles of size 0.2 

and 6 μm was found to be similar to that of 1 and 6 μm (see Fig. 2 

and 3). In general, larger particles (≥ 6 µm) would flocculate at the 

centre and/or sediment whereas smaller particles (≤ 3µm) would 

not flocculate or agglomerate41 owing to  weaker van der Waals and 

electrostatic interaction forces (both in terms of particle-particle and 

particle-substrate interactions) and only form concentric ring 

patterns. Fig. 4 shows the characterization of the morphological 

pattern of particles under the SEM and an optical profilometer. 

The SEM images suggest the presence of both larger and smaller 

particles at the edge and the center of the droplet as shown in 

Fig. 4b, whereas, at the intermediate locations, particles of 

larger size are present as shown in Fig. 4a. Moreover, it is 

observed that particles are deposited in a closed-packed 

manner; larger particles at the intermediate locations form 

hexagonal patterns; while at the edge and center the smaller 

particles occupy the gaps between the larger particles. Both 

optical and surface profilometry (Fig. 4c and 4d) 

characterization indicate a centralized deposition pattern with 

90 µm in height. 

 

Table 4. Estimation of the orders of magnitude of different forces acting on the particles in a droplet over a hydrophobic substrate 

estimated using equations 1 to 3. 

Force (N) 𝑑 = 1.0 𝜇𝑚 𝑑 = 6.0 𝜇𝑚 𝑑 = 0.2 𝜇𝑚 𝑑 = 3.0 𝜇𝑚 

Drag force,    𝐹𝑑                                                                          1.59 × 10−13 9.54 × 10−13 3.18 × 10−14 4.77 × 10−13 

van der Waals force, 𝐹𝑣𝑤
𝑃−𝑆 5.20 × 10−10 3.11 × 10−9 1.04 × 10−10 1.55 × 10−9 

van der Waals force 𝐹𝑣𝑤
𝑃−𝑃                                                               8.85 × 10−10 5.31 × 10−9 1.77 × 10−10 2.65 × 10−9 

Electrostatic interaction, 𝐹𝐸𝑅
𝑃−𝑆  −6.15 × 10−9 −3.69 × 10−8 −1.23 × 10−9 −1.85 × 10−8 

Electrostatic interaction, 𝐹𝐸𝑅
𝑃−𝑃 −7 × 10−13 −4.2 × 10−12 −1.4 × 10−13 −2.1 × 10−12 

Surface tension, 𝐹𝑆𝑇𝑠𝑖𝑛𝜃 3.70 × 10−10 1.85 × 10−9 5.56 × 10−9 1.11 × 10−8 
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Fig. 4 (a-b) Morphological pattern of microparticles in set A under SEM showing presence of a mixture of smaller and larger particles 

at the edge and centre and only larger particles in the intermediate region; (c-d) Shape of the final pattern of microparticles of set 

A under optical and surface profilometer.   

Conclusions 

The evaporation kinetics (contact radius and contact angle) and 

morphological patterns of evaporating bi-dispersed colloidal 

droplets on hydrophilic (𝜃~ 27°)  and hydrophobic (𝜃~ 110°) 

surfaces were studied. Our study revealed the formation of a 

completely different morphological pattern of the micro/nano 

particles on a hydrophobic substrate (𝜃~ 110°) in comparison 

to those on a hydrophilic surface. On a hydrophobic surface, 

there was absence of contact line pinning and particles formed 

a centralized deposition pattern. The order of the magnitude of 

the surface tension force was found to be higher compared to 

the frictional force (~10−8 N) thus the particles were driven 

radially inward and get accumulated at the centre of the 

droplet. Toward the end of droplet evaporation, a mixed mode 

of evaporation was observed wherein both contact angle and 

contact radius decreased simultaneously and a fraction of 

smaller particles travelled radially outward due to the coffee-

ring effect. SEM images confirmed that smaller particles were 

present mostly at the centre with a small fraction of smaller 

particles at the edge of the pattern whereas larger particles 

were uniformly distributed throughout. A phenomenological 

model that accounts for drag force, van der Waals and 

electrostatic interaction forces favouring the particle motion 

and surface tension force opposing the particle motion was 

employed to illustrate the underlying mechanisms of various 

morphological patterns. On a hydrophilic surface, depending on 

the particle size, the surface tension force (~10−7 N) was found 

to be lower or higher than the frictional force arising due to the 
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van der Waals and electrostatic interaction forces. The smaller 

particles (0.2 and 1.0 µm), wherein the surface tension force is 

lower, are found to be pinned and forming an outer ring at the 

contact line whereas the larger particles (3.0 and 6.0 µm) move 

inward and either form an inner ring or flocculate, depending 

on the size.  
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