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Evaporation of aqueous polystyrene (PS) nanoparticles droplets on silicon and polydimethylsiloxane (PDMS) surfaces was
studied. Experimental results showed that softer PDMS surfaces yielded a longer constant contact radius (CCR) stage, which
could be ascribed to surface deformation of PDMS induced by the vertical component of liquid-vapor interfacial tension. Ring-
like depositions of nanoparticles with different crack patterns were found on both silicon and PDMS surfaces. In-situ observation
of crack formation showed that nanoparticle movement on the silicon surface was impeded, resulting in radial cracks with
periodic distribution. In contrast, nanoparticles were shown to move easily on the PDMS surface. This observation indicated the
difference in crack patterns on surfaces could be attributed to the friction force between nanoparticles and the substrate. A large
friction force between nanoparticles and the substrate prevented cracks from moving, resulting in a radial crack pattern with
periodic distribution, while a small friction force produced multiple large cracks.
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1 Introduction

Evaporation-induced deposition has broad applications in
fields such as ink-jet printing, photonic crystal fabrication,
functional materials, DNA/RNA mapping, and disease di-
agnosis [1-8]. Extensive studies have shown particle size and
geometry [9-11], physical and chemical properties of the
substrate [10,12-14] and liquid [15-18], and environmental
conditions [19-21] play important roles in evaporative de-

position. There are at least two issues limiting the formation
of uniform or ordered evaporative deposition. The first is the
coffee-ring effect [22], which is widely accepted to be the
result of contact line pinning [22] and suppression of Mar-
angoni flow [23]. The second is the formation of cracks.
When a liquid containing nanoparticles [24-27] or biological
materials including proteins [28,29] and blood [30] evapo-
rates completely on a solid surface, cracks with different
morphologies such as parallel patterns [31], circular cracks
[32], wavy cracks [29,33], radial cracks [34], craquelures, as
well as spiral cracks [35] are typically formed. The formation
of cracks has been found to be induced by increased stress
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due to capillary forces [33]. Experiments have shown the
formation and propagation of cracks are dependent on
parameters including particle size, solvent, substrate, en-
vironmental conditions, as well as film thickness. Cracking
has an adverse effect on the applications of evaporative de-
position in fields of coating and ink-jet printing and so on. In
order to improve evaporative deposition applications, it is
necessary to eliminate cracking. In 2013, Jin et al. [36] found
that cracking can be avoided if enough emulsion droplets are
added into a suspension.
Unlike hard substrates with Young’s modulus on the order

of 100 GPa or higher, a soft substrate like poly-
dimethylsiloxane (PDMS), whose modulus is of the order of
1 MPa or less depending on the mass ratio of the base to
curing agent, has wide applications in lab-on-a-chip and
microfluidic devices, etc. Relatively large surface deforma-
tion in thin films made of PDMS has been demonstrated to
result from the vertical component of liquid-vapor interfacial
tension [37-40]. This deformation has been shown to influ-
ence surface wettability [41] and droplet evaporation [42-
45]. During recent years, evaporative deposition of micro/
nanoparticles on PDMS surface has been studied extensively
[11,45-48] and substrate elasticity has been found to greatly
influence evaporative deposition [45,48].
In this paper, evaporation of aqueous PS nanoparticles

droplets on clean silicon and PDMS surfaces was studied.
Radial cracks with periodic distribution were found on the
clean silicon surface. On PDMS surfaces, quantities of
cracks and crack size were shown to depend on the mass ratio
of the base to curing agent. In-situ observations of the top
view using a digital microscope revealed the friction force
between the substrate and the nanoparticles controlled the
crack pattern.

2 Experimental section

Both silicon and PDMS with base-to-curing agent mass ra-
tios of 5:1, 10:1 and 20:1 were used as substrates for studying
evaporation of aqueous PS nanoparticles droplets. Polished
silicon was ultrasonically stirred in ethanol and acetone,
sequentially, for 10 min to ensure the surface was clean.
Well-mixed PDMS was poured onto the silicon surface and
spin-coated at 500 r/min (revolutions per minute) for 30 s
and 2000 r/min for 30 s, consecutively. The PDMS was so-
lidified at 90°C for 3 h. The thickness of each PDMS film
was approx. 20 µm [49].
An aqueous suspension of 10.13 wt% PS nanoparticles

(PS02N, mean diameter: 42 nm, Bangs Laboratories, USA)
was diluted to a particle concentration of 0.64 wt%. The
diluted suspension was ultrasonically stirred for 15 min to
ensure homogeneous distribution of PS nanoparticles. Aqu-
eous suspension with a nominal volume of 0.6 μL was ex-

tracted using a micropipette and deposited on the PDMS and
silicon surfaces. A droplet shape analyzer (Krüss DSA30,
Germany) was adjusted to record the droplet as soon as
possible at 1 fps (frame per second), as shown in Figure 1.
Droplet evaporation was also recorded from the top view
using a digital microscope (Hirox KH-8700, Japan) at time
intervals of 1 or 2 s. The ambient temperature and relative
humidity were 23°C±1°C and 40%±2%, respectively. No
heat source was present and the room was closed as soon as
possible to ensure that experimental conditions were nearly
constant.

3 Results and discussion

3.1 Evaporation of aqueous PS nanoparticles droplets
on silicon surface

Figure 2 shows the evolution of contact diameter and contact
angle of an aqueous PS nanoparticles droplet on a silicon
surface versus normalized time (tf is the total evaporation
time). Evaporation started with the CCR mode due to contact
angle hysteresis. The initial contact angle was approx. 76°
and the evaporation flux at the contact line was of singularity,
indicating a lot of water molecules would diffuse from the
edge to the environment. To keep the contact line pinned,
there existed a strong capillary compensation flow inside the
droplet towards the contact line. Such a flow would con-
tinuously carry nanoparticles towards the edge and the ac-
cumulation of nanoparticles at the contact line provided an

Figure 1 (Color online) Schematics of experimental setup.

Figure 2 (Color online) Evaporation curve of an aqueous PS nano-
particles droplet on silicon surface.
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excess force to prevent the contact line from depinning. This
could also be found from the top view images shown in
Figure 3. At about 600 s, a circular ring was visible at the
edge of the droplet. When water evaporated completely, ra-
dial cracks with periodic distribution were found in the
evaporative deposition, as shown in Figure 4.
The microscope was adjusted to record the evaporation of

an aqueous droplet from the top view at a time interval of 1 s,
in order to gain a better understanding of the formation of the
crack pattern. Figure 5 shows the short period when periodic
cracks were formed. At 585 s, a circular structure covered
with a thin liquid film was visible at the edge of the droplet.
As the thin film evaporated, the contact line receded from
inside the pattern towards the edge. At 587 s, several radial
cracks were observed simultaneously, and soon afterwards
more cracks were found. Meanwhile, liquid bridges were
formed with these cracks. Since there was only a very thin
water film covering the clusters of nanoparticles, liquid
bridges could be broken very quickly and the clusters of
nanoparticles experienced the horizontal component of the
capillary force. Then a hoop stress was induced inside the
clusters, however the strong friction force between the na-
noparticles and silicon acted as a barrier to prevent the
clusters from moving. Hence, all of the crack openings were
very small and radical cracks with periodical distribution
were formed as water evaporated quickly.

3.2 Evaporation of aqueous PS nanoparticles droplets
on PDMS surfaces

Figure 6 shows the evolution of contact diameter and contact
angle of aqueous PS nanoparticles droplets on PDMS sur-
faces with different mass ratios. Previous studies [42,43]
have shown substrate elasticity influences the evaporation of
pure water droplets, wherein longer CCR stages are found on
the softer substrate due to the vertical component of liquid-
vapor interfacial tension. A similar phenomenon was also
found in the case of aqueous PS nanoparticles droplets on
PDMS substrates. Due to the absence of a singularity or
weak singularity of evaporation flux at the contact line (the
contact angles in the CCR stage were in the range of approx.
105° to 80° during evaporation), the internal flow was dif-
ferent from that of hydrophilic surfaces. It has been de-
monstrated that a symmetric counter-rotating vortex pair is
found inside an evaporating droplet on a hydrophobic sur-
face [50]. This flow will carry nanoparticles towards the
contact line, however it is not easy for these particles to stay
at the contact line due to Brownian motion.
Moreover, the slip condition of the contact line of eva-

porating droplets on PDMS surfaces behaves differently,
resulting in a difference in internal flow. When a relatively
large amount of nanoparticles are present at the contact line,
the contact line will be pinned for a longer time due to the

Figure 3 (Color online) Images of an evaporating aqueous PS nanoparticles droplet on silicon surface. Scale bar: 500 μm.

Figure 4 (Color online) Crack pattern of PS nanoparticles on silicon surface. (a) Magnification view (scale bar: 100 µm); (b) deposition height.

Figure 5 (Color online) Evolution of crack pattern of PS nanoparticles on silicon surface. Scale bar: 100 μm.
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additional contribution of these particles to adhesion. As the
contact angle continuously decreases, the horizontal com-
ponent of the capillary force acting on the nanoparticles at
the contact line will increase. When the capillary force is
greater than the total resistance force, the nanoparticles move
inward. Moreover, from the images shown in Figure 7, it was
found that the nanoparticles at the contact line receded with
the receding contact line, indicating the friction force be-
tween nanoparticles and the PDMS surfaces was smaller
than the horizontal component of the capillary force at this
stage. As the droplet shrank, these nanoparticles would no
longer recede due to the increase in the friction force be-
tween nanoparticles and PDMS. Coffee rings with one to
several large cracks were found inside the initially wetted
area with only a small amount of nanoparticles inside the
ring. In addition, the quantity of large cracks seemed to be
dependent on the substrate elasticity. More cracks were
found on PDMS 5:1 and PDMS 10:1, while only one crack
was formed on PDMS 20:1, as shown in Figure 7.
Figures 7 and 8 show ring-like depositions are easily ob-

served inside aqueous droplets during evaporation. Figure 9
shows the evolution of crack patterns on PDMS surfaces. It
was found that as the thin liquid film evaporated from the

surface of the upper nanoparticles, cracks were likely to be
formed. On PDMS 5:1, the opening between cracks was
found to be larger than on the silicon surface. As the mass
ratio increased to 10:1, the crack openings increased. On
PDMS 20:1, no crack was observed in the local view (as
shown in Figure 7(c), there was only one crack on PDMS
20:1 and hence it was difficult to predict where the crack
might be formed). This observation indicated that the friction
force between surface nanoparticles and the PDMS substrate
depended on the mass ratio of base to curing agent.
As shown in Figures 5 and 9, there were thin films of water

covering nanoparticle clusters. Hence it could be regarded
that the nanoparticles made contact with the substrate and
then there was a friction force acting on these nanoparticles.
It could also be found in Figures 5 and 9 that as water con-
tinuously evaporated, some part of the evaporative deposi-
tion was lacking water on the upper surface, resulting in the
formation of liquid bridges. As water evaporated, the liquid
bridges broke suddenly and the lateral component of capil-
lary force acted on both sides of the deposition. Under the
action of capillary force, the clusters of nanoparticles ex-
perienced hoop stress resulting in strain. If the friction force
was not large enough to overcome the lateral component of

Figure 6 (Color online) Evaporation curves of aqueous PS nanoparticles droplets on PDMS surfaces. (a) Contact diameter; (b) contact angle.

Figure 7 (Color online) Images of evaporating aqueous PS nanoparticles droplets on PDMS surfaces. (a) PDMS 5:1; (b) PDMS 10:1; (c) PDMS 20:1. Scale
bars: 500 μm.
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the capillary force, the deposition would have to move until
there was a new balance between them. This movement
would produce a large fracture, otherwise clusters would be
pinned and cracks would be formed as liquid bridges broke.
To quantitively determine the magnitude of the friction

force, two kinds of forces (van der Waals force and elec-
trostatic force) acting vertically in the final stage of eva-
poration of aqueous suspension with nanoparticles are
considered. The van der Waals force between a nanoparticle
and the substrate in water can be given as [46,51]:

F A R
z= 6 , (1)wps

132
2

where ( )( )A A A A A=132 11 33 22 33 with Aii de-
noting the Hamaker constant of material i (i=1, 2, 3 re-
presents nanoparticle, substrate and water, respectively) [52],
R is the radius of the nanoparticle, and z is the particle-
substrate separation distance.
The electrostatic force between a nanoparticle and the

substrate in water is expressed as [46,51]:

F R
z

z= 2
+ 2 exp( )

[exp(2 ) 1] , (2)eps
1
2

2
2

1 2

where and are the permittivity of water and the reciprocal
of Debye length, respectively, and i( = 1, 2)i denotes the

Figure 8 (Color online) Deposition profile of nanoparticles on PDMS surfaces. (a) PDMS 5:1; (b) PDMS 10:1; (c) PDMS 20:1.

Figure 9 (Color online) Evolution of nanoparticle deposition on PDMS surfaces. (a) PDMS 5:1; (b) PDMS 10:1; (c) PDMS 20:1. Scale bars: 100 μm.
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surface potential for material i. Neglecting nanoparticle
gravity, the attractive force between a nanoparticle and
substrate in water can be written as:
F F F= + . (3)a wps eps

Then the friction force between a nanoparticle and the
substrate in water can be given as:
F fF= , (4)f a

where f is the friction coefficient.
Table 1 lists all the parameters to calculate the above

forces. As shown in Table 2, the electrostatic force between a
nanoparticle and a silicon surface in water is nearly equal to
that existing between a nanoparticle and PDMS surface in
water due to the small difference in surface potential between
PDMS and silicon. However, the Hamaker constant of sili-
con is much greater than that of PDMS, producing a van der
Waals force between a PS nanoparticle and silicon in water
more than 15 times greater than that of PS nanoparticle and

PDMS in water. Therefore, the vertical component of the
interaction force between a PS nanoparticle and silicon is
calculated to be 327.2 pN, approx. 17.42 times greater than
that of a PS nanoparticle and PDMS (18.8 pN). Although the
friction coefficients are not easily measured, the friction
force between a PS nanoparticle and silicon in water will be
much greater than that between a PS nanoparticle and PDMS
in water. Moreover, both the Hamaker constant and surface
potential of PDMS surface depend on the mass ratio of
PDMS and should be studied further. Given the friction force
between the PS nanoparticles and silicon is so great, clusters
of nanoparticles are prevented frommoving and radial cracks
are formed. However, for the case of PDMS surfaces, the
friction force becomes so low that nanoparticles have to
move under the action of the capillary force until the balance
is reached. Therefore, multiple large cracks are observed on
PDMS surfaces.
Figure 10 shows the normalized volume loss versus time

Table 1 Parameters for calculation of interaction forces

Symbol Physical parameter Value Unit

A11 Hamaker constant of PS nanoparticle 6.3×10−20 [53] J

A
22

(1) Hamaker constant of silicon 20.60×10−20 [54] J

A
22

(2) Hamaker constant of PDMS 4.4×10−20 [53] J

A33 Hamaker constant of water 3.7×10−20 [55] J

A
132

(1) Hamaker constant between PS nano-
particle and silicon in water 1.53×10−20 J

A
132

(2) Hamaker constant between PS nano-
particle and PDMS in water 0.10×10−20 J

z minimum separation distance 0.4×10−9 [51] m
ε permittivity of water 7×10−10 F/m
ϕ1 surface potential of PS nanoparticle −59.5 [56] mV

2
(1) surface potential of silicon −50 [57] mV

2
(2) surface potential of PDMS −45 [58] mV

κ reciprocal of the Debye length (430×10−9)−1 m−1

Table 2 Values of interaction forces

Symbol Physical parameter Value Unit

Fwps
(1) van der Waals force between a PS

nanoparticle and silicon in water 334.7 pN

Fwps
(2) van der Waals force between a PS

nanoparticle and PDMS in water 21.9 pN

Feps
(1) electrostatic force between a PS

nanoparticle and silicon in water −7.5 pN

Feps
(2) electrostatic force between a PS

nanoparticle and PDMS in water −3.1 pN

Fa
(1)

vertical component of interaction force
between a PS nanoparticle and silicon

in water
327.2 pN

Fa
(2)

vertical component of interaction force
between a PS nanoparticle and PDMS

in water
18.8 pN
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(V0, V(t) and Vf are the initial volume, the instantaneous
volume and the volume measured at the end of the final
stage, respectively). Since the experimental temperature and
relative humidity were held constant, the normalized volume
variation is of the same order for different substrates. It
should be noted that besides substrate elasticity, there are a
lot of parameters including evaporation rate [59] and particle
concentration which also play significant roles in the for-
mation of cracks.

4 Conclusions

Evaporation of aqueous droplets containing 0.64 wt% PS
nanoparticles on both silicon and PDMS surfaces was stu-
died. It was found that CCRmode dominated the evaporation
on clean silicon surface and the mass ratio of PDMS had a
great influence on CCR duration. Radial cracks with periodic
distribution were formed in the deposition of nanoparticles
on silicon, while one to several large cracks were found on
PDMS depending on its mass ratio. Detailed observation of
crack nucleation demonstrated that the friction force between
surface nanoparticles and the substrate played an important
role in the formation of cracks.
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