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Evaporation induced self-assembly is of paramount importance in many fields ranging from opto-

electronic devices, blood spatter analysis, food industry, and thin film deposition. In this article, we

report the evaporative drying of a nanofluid droplet on an inclined biomimetic sticky substrate

obtained by soft lithographically replicating the structures of Rose petals on crosslinked

Polydimethylsiloxane and demonstrate the influence of substrate inclination on the transitions in

morphodynamics of the final deposit patterns. Based on experimental data and agglomeration

kinetics, we present three unique morphologies induced by substrate inclination. First, buckling

from the side in an upright droplet due to air cavity in the substrate. Second, sedimentation induced

side buckling in an inclined droplet. Finally, cavity from the bottom in an inverted droplet. We pro-

vide a detailed physical explanation of the transition in the morphologies by exploring the coupling

among droplet-substrate orientation, evaporation, internal flow and particle agglomeration.

Published by AIP Publishing. https://doi.org/10.1063/1.5063605

Investigation of particle self-assembly during evapora-

tion of nanofluid droplets is important, owing to its implica-

tions in fundamental research as well as in industrial

applications. Some of the potential areas are spray drying,1,2

photonic crystals,3–5 DNA microarrays,6–8 to name a few.

Due to enhanced reaction, the droplet framework has also

been considered for chemical synthesis.9,10 Furthermore,

Song et al.11 used the sessile drop method to investigate the

wetting and spreading dynamics of volcanic ash as it melts

on high temperature surfaces inside an operating jet engine.

Evaporation characteristics are affected by initial conditions

such as droplet configuration, type of substrate and ambient

conditions. This affects the internal flow field (capillary,12

Marangoni13,14 or buoyancy driven15), which in turn affects

particle self-assembly thereby modifying the morphology of

the final precipitate. Various structures of the fully dried pre-

cipitate have been reported such as coffee ring,12 uniform

deposit,13,14 Mexican hat,16 buckled with inside cavity,17

dimple formation,18 cracked precipitates,19 etc. In our previ-

ous work,17 we have reported that any evaporating nanoparti-

cle laden droplet on a horizontal hydrophobic substrate

undergo buckling at the location of minimum shell thickness

(at the apex) leaving behind a cavity if the particle concentra-

tion is above a critical value. This has been found to be true

for heated20 and confined21 droplets as well, albeit for specific

conditions. On the other hand, cavity formation from the bot-

tom was previously reported by Pauchard and Couder22 and

Chen and Evans23 in upright evaporating droplets and by

Sadek et al.1,2 in inverted droplets. Chen and Evans23 and

Sadek et al.1 attributed it to the air ingression through the

contact line. Thus, although the final morphology of the

inverted droplet has been observed in the literature, the mech-

anism leading to it has not been thoroughly explained.

Furthermore, the problem of evaporative drying

becomes more complex and fascinating on an inclined sur-

face, as there is often asymmetry in the drop shape due to

finite contact angle hysteresis. Understanding droplet evapo-

ration on inclined substrates is useful in spray applications,

where gravity driven droplet deformation can affect the uni-

formity of the coating.24,25 While there have been several

studies involving the evaporative drying of pure water drop-

lets on an inclined plane,26–28 studies related to evaporation

of a colloidal droplet on an inclined plane are limited to only

a few theoretical results.24–26,29 Additionally, a direct com-

parison between evaporative drying on a flat surface and on

an inclined plane (particularly to highlight the effect of incli-

nation) would be ideal if the drop is stationary and does not

slide down, which is often the situation on an inclined sur-

face. In this article, we use a sticky surface, fabricated by

replicating the features of Rose petals (which are well known

for their sticky hydrophobicity), which allows us to compare

evaporative morphodynamics of a static drop on an inclined

surface, with that obtained on a flat surface, as there is no

motion of the drop. Interestingly, evaporation of a colloidal

suspension droplet30 as well as of pure water31–37 on sticky

surfaces have been quite extensively studied, but in all the

cases the substrate was horizontal, and therefore the key role

of the sticky surface was to ensure that evaporation was in a

constant contact radius (CCR) regime.

In this work, evaporation induced particle self-assembly

has been investigated at various substrate inclinations. We

experimentally demonstrate that the variation in substrate

inclination modifies the morphodynamics of the final precipi-

tate. This is due to the coupling among evaporation dynamics,

flow pattern and particle self-assembly, which has not been
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investigated yet. The resultant experimental observations are

then supported by a simplified theoretical analysis of agglom-

eration kinetics.

A 3 ll droplet is deployed on a rose petal patterned

cross linked Polydimethylsiloxane (PDMS) substrate, cre-

ated by simple double replication of a natural rose petal

[details of the patterning procedure are available in the

supplementary material (Fig. S1)].38 The key strength of the

patterning technique is the ability to pattern a thin layer of

PDMS with a replica molded layer of PDMS comprising the

negative replica of the biological petals, which has been ultra-

violet/ozone (UVO) exposed for 30min. UVO exposure leads

to a stiff oxide layer formation on the surface of the Stamp for

the second replication step and prevents cohesive bonding39

and avoids much complex approaches adopted for obtaining a

positive replica of biological structures.40 The substrate con-

sists of conical shaped pillars of base diameter 25lm and

height 5lm (Fig. 1; inset). The droplet is deployed on the sub-

strate and the effect of substrate inclination (a) on the buck-

ling process is studied. The substrate is positioned at different

angles ranging from 0� (upright), 30�, 45�, and 60� to 180�

(inverted). Experiments are conducted under ambient condi-

tions of 25 �C and 45% relative humidity and images are

acquired using a DSLR camera fitted with a Navitar zoom

lens. For the evaporation of dispersion droplets, a silica nano-

particle suspension (Ludox TM40 from Sigma Aldrich; avg.

diameter: 22 nm; f potential: �30mV) is used at an initial

particle concentration of 40wt. %. Dispersion is found to be

stable in the bulk in the absence of evaporation.

For the base case, experiments were first conducted with

pure deionized water. It is observed that droplets placed on a

rose petal substrate with high adhesion undergo Cassie-

Baxter to mixed/impregnated transition in a very short time

(Fig. 1, Multimedia view).41 As a result, the droplet evapo-

rates in a predominantly constant contact radius (CCR) mode

with the reduction in the contact radius being only

10%–15% over the droplet lifetime (Fig. S2). Evaporation

characteristics are found to be unaffected by the substrate

inclination, i.e., the total evaporation time remains within a

narrow range (�850 s–900 s) for all the cases. The upright

droplet on this substrate assumes an initial contact angle of

hi � 134�, while for that of an inverted droplet hi � 125�.

This 9� decrease is due to stretching of the inverted droplet

under gravity. For the inclined cases of 30�, 45�, and 60�, the

droplet shape is distorted and thereby two different contact

angles are obtained for left (hLi � 134� for 45� inclination)

and right sides (hRi � 116� for 45� inclination). This is due

to slip of the contact line under the effect of gravity. The

increase in the inclination angle increases the difference

between the two contact angles: Dh ¼ hLi � hRi. The differ-

ence gradually becomes zero towards the end of the evapora-

tion lifetime (Fig. S3; angles are normalized by the average

of the two contact angles for each droplet).

Next, we investigated the evaporation characteristics of

a nanosilica dispersion droplet (initial particle concentration,

uo ¼ 40wt. %). Figure 1 shows the snapshots of droplet

lifetime for selected configurations (a ¼ 0�, 45�, and 180�).

The upright droplet undergoes buckling as mentioned above

(Fig. 1). The only deviation is in the location of buckling

onset. Unlike our previous work where buckling is observed

from the apex,17 here the buckling location has shifted close

to the contact line although the exact location is random, i.e.,

it can buckle from anywhere along the droplet periphery

below the dashed line (Fig. 1). It is to be noted that in the

present work as buckling is always followed by internal cav-

ity growth for upright and inclined droplets, the word

“buckling” here loosely refers to buckling induced cavity

growth. Similar buckling and subsequent cavity growth are

seen even in the case of inclined droplets with the difference

that inclined droplets always buckle from the right side (i.e.,

upper region) of the droplet (Fig. 1). On the other hand,

when the droplet is completely inverted, cavity formation

is still observed, but it is not because of the buckling instabil-

ity. The cavity seems to be growing from the substrate

(Fig. 1) as explained below. Since an inverted droplet cavity

is formed after most of the particles have sedimented (Fig. 2),

the cavity growth is initiated slightly later ( t
te
� 0:85) than that

in cases of upright and inclined droplets ( t
te
� 0:75), and te

denotes the total droplet evaporation time (Fig. 1).

To understand the mechanism behind the suppression of

buckling and cavity growth from the bottom in an inverted

droplet, we dispersed 860 nm fluorescent microparticles42,43

(rhodamine coated polystyrene particles; initial concentra-

tion 0.008 vol. %) in the nanosilica suspension. Addition of

fluorescent particles serves two purposes; first, the flow field

inside the droplet can be visualized, and second, it allows

visualization of the growth of sedimentation front. The inter-

nal flow field is found to be re-circulatory toroidal in nature.

Such a flow field pattern was previously explained by Dash

FIG. 1. Snapshots of the evaporating droplet showing cavity growth inside

the droplet for different inclinations. Here, te denotes the total evaporation

time and a denotes the substrate inclination. The dashed red line depicts the

upper limit of the buckling location and solid red lines denote the scale bars

which equal 200lm. Arrows depict the location of cavity formation.

Normalized timescale at the top (in white) corresponds to the upright (0�)

and inclined (45�) cases, while the lower one (in red) corresponds to the

inverted droplet (180�). Inset: AFM image of the substrate showing the pil-

lars. Multimedia view: https://doi.org/10.1063/1.5063605.1
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et al.15 and Bansal et al.17 However, in those studies, the

flow was buoyancy driven where the flow in the center was

directed towards the apex as it was heated up by the sub-

strate. Even in the present work, the temperature near the

substrate is greater than the apex owing to evaporative cool-

ing from the droplet periphery. Thus, if buoyancy is the

deciding factor, then there would not be any flow due to ther-

mal stratification. Hence, the flow is Marangoni driven, i.e.,

the decrease in surface tension at the contact line results in a

flow towards the apex along the periphery. The flow then

returns to the substrate in the center resulting in a toroidal

motion [Fig. 2(c), Multimedia view]. As shown in Fig. 2, it

is seen that the particles start to sediment from the apex of

the droplet and it grows upwards towards the base (d—

length of the sedimentation front). Thus, we can conclude

that gravity coupled with evaporation (maximum from apex;

height regression rate: 0.6 lm/s) plays a major role in parti-

cle sedimentation (dd/dt ¼ 1.9 lm/s) during inverted droplet

evaporation. However, particles can sediment only after they

have grown to a critical size. As the particles are circulated

by the flow inside the droplet, they collide due to shear and

agglomerate as a result of orthokinetic agglomeration. After

achieving the critical diameter, agglomerates begin to sedi-

ment under gravitational forces.

Bremer et al.44 gave an expression for this critical size

at which the agglomerates show significant sedimentation

dc ¼
3kT

2pa3�DDqg

� �1= Dþ1ð Þ

; (1)

where k is Boltzmann’s constant, T is the ambient tempera-

ture, a is the nanoparticle diameter, and D ¼ 1:56 is the frac-

tal dimensionality.45 From Eq. (1), the value of dc is found to

be �3.8 lm.

Thus, using this value of dc, the sedimentation velocity

(vsed) can be calculated using the Stokes equation

vsed ¼
gDqd2c
18l

; (2)

where g is the gravitational acceleration, Dq ¼ qparticle
� qwater , qparticle and qwater are the densities of silica nanopar-

ticles and solvent, respectively, and l is the dynamic viscos-

ity. Theoretical sedimentation velocity obtained is �3 lm/s.

The average flow velocity is found be of the same order of

�3.5–4.5lm/s (corrected for the lens effect as explained by

Kang et al.46 and Dash et al.15). This implies that the par-

ticles will settle at the bottom of the inverted droplet even in

the presence of the recirculating flow. Experimental time

elapsed between the point of deployment and the point when

the sedimentation is first seen is around �150 s for an

inverted droplet. Theoretical time required for the nanopar-

ticles to undergo orthokinetic agglomeration and grow to the

size that they may sediment is given by44

tc ¼
pD

4 _c 3� Dð Þ
u�1
o 1�

dc

a

� � D�3ð Þ
 !

; (3)

where _c is the shear rate or velocity gradient. Substituting

various values, we get tc ¼ 210 s, which is of the same order

as the experimental value of 150 s.

As evaporation continues, water now leaves the droplet

through closely packed nanoparticle aggregates (Fig. S4).

However, water inside the pillars (due to impregnation) will

exit only if the evaporation induced capillary pressure on the

periphery is greater than the pressure across the menisci

inside the pillars. Evaporation through nanopores induces

capillary pressure [Fig. 2(b)], which is given by

p1 ¼
lsJ
j
,where s is the sediment thickness, J is the evapora-

tion rate and j ¼ 1
180

ð1�pf Þ
3

p2
f

a2 is the permeability; pf � 0:64

is the packing fraction (considering close random packing).

Here, s � 0:1 mm considering the minimum distance from

the periphery to the cavity, which is close to the substrate.

On the other hand, the pressure acting across the menisci in

the pores is p2 ¼ 2r=rp [Fig. 2(b)], where r is the surface

tension and rp � 6 lm (considering penetration height is half

the pillar height) is the pore radius obtained from AFM

image. From the above two equations (p1 and p2Þ, it is seen
that the force corresponding to evaporation controlled capil-

lary pressure (F1� 96mN) is greater than the force corre-

sponding to pressure across the menisci on the pillared

substrate (F2� 4mN). The third force due to adhesion

between water and the substrate is (FA� 0.0638mN47), which

is negligible compared to the aforementioned pressure forces.

Thus, as the water layer is detached from the substrate, air is

sucked in from the pores as well as the environment resulting

in the formation of a cavity. Once the droplet has completely

dried, cracks form breaking the final precipitate into small

pieces. Thus, it is difficult to image the bottom cavity in the

dried sample. To verify that the air ingression is not just

because of the patterned substrate, we repeated the experiment

on a smooth PDMS substrate and observed the similar behav-

ior. In the case of PDMS, pressure due to menisci is absent.

Thus, only capillary pressure is significant as the adhesion

force is negligible. Figure S5 shows the cavity hole at the base

of the precipitate dried on the PDMS substrate.

Similar sedimentation is observed for an inclined droplet

as shown in Fig. 3. In the case of an inclined droplet,

FIG. 2. (a) Images of the inverted droplet showing growth of the sedimenta-

tion front (d) from the apex towards the substrate. Here, te denotes the total

evaporation time. The image becomes hazy as the sedimentation front

grows. White arrows depict the length of agglomeration growth. (b)

Schematic showing the mechanism behind cavity formation. Here, p1 and p2
are capillary pressures due to evaporation from the droplet periphery and

across menisci on the pillared substrate, respectively. (c) Flow field inside

the inverted droplet. Scale bar equals 200lm. Multimedia view: https://

doi.org/10.1063/1.5063605.2
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particles sediment on the lower part (left side) of the droplet

even though evaporative flux is slightly higher in the upper

part (due to low contact angle; Fig. 3). Gravitational force

also affects the internal flow field as shown in Fig. 3 and

Multimedia view. The competition between the relatively

high evaporation flux on the upper part and the gravity on

the lower part results in a single toroid flow field. Using sim-

ilar equations as in the case of the inverted droplet albeit

replacing g with g sin a, we get the sedimentation velocity as

2.2 lm/s. This is in corroboration with the average velocity

obtained from experimental data; 2 lm/s (corrected value).

Furthermore, theoretical time [Eq. (3)] required for sedimen-

tation is also found to be close to its experimental counter-

part; tc;theo ¼ 650 s and tc; exp ¼ 540 s. As the sedimentation

front grows up on the left side of the droplet [Fig. 3(a) and

Multimedia view], evaporation continues from the right side

maintaining the internal flow field locally (Multimedia

view). Thus, the formation of the visco-elastic shell on the

right side is delayed. As a result, the location of minimum

shell thickness is on the right side of the droplet which subse-

quently buckles under capillary pressure (p ¼ lsJ
j
; as defined

earlier).17 Thus, for an inclined droplet, buckling location is

observed on the upper part (right side; near the apex). After

buckling, the shell ruptures resulting in a cavity inside the

droplet.

Finally, we look at the upright droplet evaporating on

a rose petal patterned substrate. For this case, sedimenta-

tion is weak as the theoretical sedimentation velocity

�3 lm/s is slightly lower than the evaporation induced

flow velocity �5 lm/s which are acting in opposite direc-

tions. Thus, unlike an inverted or inclined droplet, there is

no noticeable sedimentation inside the upright droplet.

Moreover, as mentioned before, buckling location on the

current substrate is different from that observed on smooth

PDMS substrate.17 To explain this discrepancy, we hypoth-

esize that it is due to the inability of the nanoparticles to

deposit near the base where there is an air cushion. For

nanofluid droplets, as reported by Bansal et al.,17 particles

first accumulate near the three-phase contact line. This is

due to no slip condition near the substrate and particles

accumulate due to orthokinetic agglomeration. Then, follow-

ing the bottom-top approach, a thin shell is obtained near the

apex. However, for the pillared substrate, initially the droplet

rests on an air cushion, i.e., in Cassie-Baxter state. Water

then penetrates into the pores transforming into a mixed/

impregnated state; however, it may not penetrate all the

pores as shown in Fig. 4. Thus, we think due to the air cush-

ion, particle accumulation (at locations with less/no impreg-

nation) near the base is delayed at certain locations. This

results in the shift of the point of minimum shell thickness

(consequently, the buckling location) to the side where parti-

cle accumulation is delayed (Fig. 4).

In summary, we experimentally demonstrate that the

morphodynamics of the final precipitate on an inclined sticky

biomimetic substrate depends on the competition between

evaporation and sedimentation. We provide a simplified the-

oretical analysis to corroborate the experimental data.

Substrate inclination also modifies the internal flow field

from double toroid buoyancy driven (upright) to single

toroid (inclined) and back to double toroid albeit Marangoni

driven (inverted). Therefore, this study provides a simple

technique for varying the location of cavity initiation, which

in turn affects the morphology of the final precipitate just by

controlling the substrate inclination. The role of viscosity in

morphodynamics due to changes in nanoparticle concentra-

tion has not been investigated exclusively and can be found

elsewhere.17 However, it is well documented that viscosity

affects the droplet evaporation lifetime due to pinning

thereby affecting the shell formation dynamics.

See supplementary material for details on materials and

methods, evaporation characteristics of a pure water droplet

on an inclined substrate, and movie files showing water

impregnation and particle deposition on inverted and

inclined droplets.
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