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Abstract  Evaporation of sessile water droplet on poly-1 Introduction

dimethylsiloxane (PDMS) surfaces with thredfeient cur- _ _ _

ing ratios (5:1, 10:1, and 20:1) was experimentally in-Sinceé polydimethylsiloxane (PDMS) has many advantages
vestigated in this paper. We show that the constant corfUch as good biocompatibility, nontoxicity and optical trans-
tact radius (CCR) evaporation on surface with high curing?@rénce, and better fabricability [1], it has been widely
ratio lasts longer than that with low curing ratio. We alsoUSed in microelectromechnical systems (MEMS), micro total
measured Young's moduli of PDMS films by using atomic2nalysis systemiTAS) and lab-on-a-chip [2-4]. Because
force microscopy (AFM) and simulated surface deformatiori€se devices made of PDMS are normally exposed to exter-
of PDMS films induced by sessile water droplet. With in-nal environment, liquid in thgse devices will spontaneougly
creasing curing ratio of PDMS film, Young’s modulus of evaporate and thus the Workl_ng performance of these QeV|ces
PDMS film is getting lower, and then there will be largerMay be &ected. Therefore, investigation on evaporation of
surface deformation and more elastic stored energy. Sin&¥ter droplet on PDMS surfaces is of crucial importance in
such energy acts as a barrier to keep the three-phase cont3@"y research fields. _ o

line pinned, thus it will result in longer CCR evaporation on Droplet evaporation has found wide applications such
PDMS surface with higher curing ratio. as spray coc_)hng, inkjet printing, fee-ring éfect,. biolog-

ical applications and so on [5-9]. In 1977, Picknett and
Bexon [10] presented two filerent evaporation modes, that
is, constant contact radius (CCR) mode and constant con-
tact angle (CCA) mode. When water droplet evaporates
in the CCR mode, attributing to contact angle hysteresis
(CAH)[11] (Fig.1a) which is mainly associated with line
tension [12, 13], there is a pinning force per unit length act-
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Table 1 Investigations of CCR and CCA evaporation

Authors Substrate Liquid Description
Picknett & Polytetrafluoroethylene First presentation of two evaporation modes and
Methyl acetoacetate
Bexon [10] (PTFE) theoretical solution for CCA evaporation
McHale et al. [14] Teflon Water
Theoretical solution for CCA evaporation
. n-butanol, toluenen-octane
Erbil etal. [15]  Teflon ! !

Bourges-Monnier
& Shanahan [16]
Rowan et al. [17]
McHale et al. [18]
Yu et al. [19]

Chen et al. [13]

Hao et al. [20]

andn-nonane

Epoxy resin, polyethyleng, .

decane
PTFE, glass
Polymethyl methacrylate ~ Water
Textured SU-8 Water
PDMS, Teflon Water
Textured silicon Water
Octadecyltrichorosilane Water

Theoretical analysis of CCR evaporation

Solution for CCR evaporatierf(°)
Fitting solution for CCR evaporation
Theoretical solution for CCR evaporation
General models for predicting
the CCR-CCA transition
Influence of the scale of micropillars and the volume

of waterdroplets on the evaporation behaviors

singularity of thermal dissipation rate at the three-phase con-

It is known that when there is a sessile liquid droplet

tact line, there is also a paradox in droplet evaporation, thatn a solid surface, there will be a ridge-like surface defor-
is, “Not even Helios could evaporate a water droplet” [21].mation (Fig. 1a) under the action of vertical component of
As PDMS has been widely used in many fields, evaporatioliquid—vapor interfacial tension and Laplacian pressure [25—
of water droplet on PDMS surfaces has been extensively ir29]. Such a deformation is found to be proportional to
vestigated [19, 22—-24]. Threefflirent stages, namely CCR, (y,, sind)/E, with § being the contact angle aritlbeing the
CCA and mixed-mode evaporation are found in evaporatioWoung’s modulus of the solid. For materials whose Young'’s
of water droplet on smooth PDMS surface [19, 22].
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Fig. 1 Schematics of CAH and ridge-like surface deformation
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moduli are of the order of GPa or even larger, the maximum
of the surface deformation is obviously less than 1 nm and
can be neglected. However, for soft materials such as PDMS,
the maximum of surface deformation is about several tens
nanometers or even higher, and thus can no longer be readily
neglected. The deformation may be associated with molecu-
lar orientation of the solid molecules at the three phase con-
tact line [12, 30]. The molecular orientation will result in

a stronger solid—liquid intermolecular interaction, and hence
stronger pinning. Recently, Lopes and Bonaccurso [31] ex-
perimentally investigated evaporation of sessile water drops
on soft viscoelastic substrates, found that water drops on soft
surfaces evaporated faster than those on hard surfaces and
suggested that the faster evaporation rates on softer surfaces
resulted from the substrate deformation close to the triple-
phase contact line.

However, up to now, to our best knowledge there have
few reports on the féect of surface deformation on droplet
evaporation. Therefore, in order to study tlfkeet of surface
deformation on droplet evaporation, we conducted evapora-
tion experiments of sessile water droplet on PDMS surface
and simulated surface deformation of PDMS surface induced
by sessile water droplet in this paper. We think this work will
help us to better understand the evaporation of water droplet
on PDMS surface.
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2 Experiments is used to measure the Young’s modulus of PDMS films.
Johnson—Kendall-Roberts (JKR) theory [34], a model for
soft deformable materials with strong adhesion energies,
We prepared PDMS films for studying droplet evaporationis used to analyze the force—displacement curves given by
PDMS (mass ratios of base to curing are 5:1, 10:1, andFM. The curvature radius of the AFM tip is 20.0nm. The
20:1, Sylgard 184, Dow Corning, USA) was spin-coatedPoisson’s ratio of AFM tip is/; = 0.3. The spring constant
onto the surface of clean silicon surface at the rate of abowff the AFM cantilever is 0.12 . Every piece of PDMS
1000y¢min, then the samples were solidified in 280for  films was sampled twice and the force—displacement curves
20 minutes. The thickness of PDMS was aboufu#0[32].  of PDMS films with diferent mass ratios are given in Fig. 4.
To reduce the environmentaffect on droplet evaporation, The Young's modulus can be obtained from the curves by the
a chamber (10.0cm10.0 cmx 3.0cm) with a small hole following formula [34]
at its top was used. Water droplet with volume of @.0 3(1-2)Py, 3\l
was generated by a syringe passing through the hole ampd— 1 1( )2 (2)
deposited on sample surface. OCA 20 system (precision: 8 fmAg

+0.1°, from Dataphysics, Germany) equipped with a highyherer,, = ryr,/(r1 +15), 1, andr, are the curvature radii of
resolution camera was used to record droplet evaporatigdppms films and AFM tip, respectively. Since PDMS films
with five seconds per frame, as shown in Fig.2. The enviyre fiat,r,, is 20.0 nm. P, is the external force where there
ronmental temperature and relative humidity are324)°C s no indentation in the sampldy is the deformation which
and (15:1)%, respectively. As soon as water dropletwas dejs jnduced by adhesion force only?; and Ao can be ob-
posited on the surfaces, the OCA 20 system was immediatefyined from Fig. 4 and then Young’s moduli of PDMS films
adjusted to record the evaporation processes. To ensure {jgre calculated and given in Table 2, which indicates that the

reproducibility, every experiment was repeated four timesyigher the mass ratio of PDMS film, the smaller its Young's
Images of the water droplets were extracted with certain timg,oqulus.

interval from the videos. As an example, Fig. 3 illustrates the
evaporation process of sessile water droplet on 20:1 PDMS
surface, which will be discussed in the latter part.

2.1 Droplet evaporation

Table 2 Young’s modulus of PDMS films

Mass ratio 5:1 10:1 20:1
E/MPa 1.50 1.36 0.72

3 Surface deformation

As we know, when there is a sessile liquid droplet on solid
surface, the surface will be deformed under the action of
vertical component of liquid—vapor interfacial tension and
Laplacian pressure, and the vertical displacement at the sur-

Temperature and
humidity control unit

N Evaporating PDMS film

droplet face is given as [19]
Fig. 2 Experimental schematics of water droplet evaporating on 41-?) [ Ben)
PDMS films Uy(r, 0) = % fo f(fh)T§
| Weak CCR | Transition | X[RlT‘]l(é‘:Rl) - R(AP + T)Jl(fR)]df, (3)
! ' where
m. (9= —SMEX_ - jp_ 2rsing
CCA | Mixed mode [ 2X + sinh R (4)
I ' _ ywsing 3
T = , Rl =R+ 0,
m 1)
Time

hereR is the contact radiusj is the width of liquid—vapor

Fig. 3 Evaporation images of sessile water droplet on 20: 1 ppmdnterfacial layer, andh IS the thickness of the solid film.qJ
surface and J are Bessel functions of orders zero and one, respec-
tively. For PDMS is a rubber-like hyperelastic material, its
Poisson’s ratior is approximately 0.5. Equation (3) gives the
surface deformation induced by sessile water droplet, how-
Recently, Chen et al. [33] used a piezo-rheometer to me&Ver, it is dificult for integration. Therefore, in this part, we
sure the shear modulus of PDMS films. In this paper, AFMised ANSYS to calculate the surface deformation. Figure 1a

2.2 Force-displacement curves by AFM
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Fig. 4 Force-displacement curves of PDMS film5:1;b 10:1;c20:1

shows a sessile water droplet on thin PDMS film which is adtered for about 475 s, therefore, we thought that the droplet
hered to clean silicon substrate. The thickness of PDMS filmow evaporates in the CCA mode. When this stage is over,
is set to be 70.0m. The radius of circular PDMS film is set both the contact radius and the contact angle are changed,
to be 10.0mm. On the top surface of PDMS films, there arand this stage is called as mixed-mode evaporation. Simi-
vertical component of liquid—vapor interfacial tension actingar to evaporation of water droplet on 5:1 PDMS surface,
at the contact line and Laplacian pressure acting on the aré@e evaporation of water droplet on 10: 1 PDMS surface can
where the droplet meets with the film. The Poisson’s ratio iglso be divided into four stages. In the first stage, the contact
set to bey = 0.499. In numerical simulations, about 85400radius is unaltered for a longer time—about 350s. After a

elements with 97 608 nodes are used. short time transition, it turns into CCA evaporation of about
325s. Then it ends with mixed mode. However, for the case
4 Results and discussion of 3.0ul water droplet evaporating on 20: 1 PDMS surface,

it exhibits a diferent behavior. The evaporation curves in-
Figures 5a and 5b show the normalized contact radiugicate that it has only two or three stages. In the first stage,
R(t)/Ro (R is the initial contact radius anB(t) the instan- the contact radius is no longer unaltered but decreases very
taneous contact radius.) and the instantaneous contact anglewly, at the same time the contact angle decreases. This
6(t) vs. timet for 3.0ul water droplet on PDMS films with stage can be called the weak CCR evaporation. The duration
different mass ratios, respectively. When@.@ater droplet of this stage is about 625s. After a transition with shorter
evaporates on 5: 1 PDMS surface, in about the first 150 s, thigne as compared to evaporation of droplet on PDMS films
contact radius is unaltered while the contact angle decreas@§h mass ratios of 5:1 and 10:1, it turns into CCA evap-
from 105.46 to 99.83. This stage is called as CCR evapo-oration mode, however the droplet evaporates in the CCA
ration. Then there is a short time transition, during this tranmode for only about 100s. Then it switches into mixed-
sition, the contact radius decreases while the contact angleode evaporation. In other words, there is no evident CCA
increases. Such a transition was called as stick-slip beha@vaporation. The reductions in contact angle during CCR
ior. Similar phenomenon was also found in the evaporatiogvaporation for evaporation of water droplet on PDMS films
of ethanol droplets on Teflon [35], and Shanahan and Sefvith mass ratios of 5:1, 10:1, and 20:1 are 3,18.03,
ane [35] set up a simple model using excess free energy &1d 27.51, respectively. In a word, the higher the mass ra-
explain the stick-slip behavior. After the transition, the conio of PDMS film, the longer the CCR evaporation and the
tact radius is altered while the contact angle is almost unaghorter the CCA evaporation.

@ Springer



Experimental study of evaporation of sessile water droplet on PDMS surfaces 803

1

Table 3 Parameters for numerical simulation

S 1.0
D Mass ratio 5:1 10:1 20:1
E 0.8 00/ () 105.46 108.78 109.26
L Ro/mm 0.97 0.94 0.93
2 06
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From Fig. 5, we can easily find that PDMS films with Fig. 6 Vertical displacement on the surface of PDMS films with
different mass ratios have similar surface wettability, howgifferent mass ratios

ever, they have dierent evaporation characteristics, why?

As we know, when there is a sessile water droplet on soft

surface, there will be a ridge-like surface deformation un-  Finally, we make an order-of-magnitude estimation of
der the resultant actions of vertical component of liquid-the evaporation time for a water droplet, which is considered
vapor interfacial tension and Laplacian pressure. Such @s a steady diusion process. For simplicity and without loss
deformation may be associated with molecular orientatioff generality, we neglect the interaction between substrate
of the solid molecules at the three phase contact line ar@nd water droplet in the estimation of evaporation time. Ac-
thus might &ect the evaporation characteristics, therefore¢ording to the Fick’s first law of diusion, the mass flux for
we simulate the deformation of PDMS films induced by sesan evaporating droplet is
sile water droplet. The parameters are listed in Table 3, anég_ DV 5
the vertical displacement on the surface of PDMS films aré — P (5)

shown in Fig.6. The maximum heights for PDMS films\yhereD is the difusion co@ficient of water an@p the den-
with mass ratios of 5:1, 10:1, and 20:1 are respectivelyiry gradient. Thus, we can obtain an equation relating the

74.7nm, 80.9nm, and 152.4nm. Figure 6 indicates that thg,ass changing rate of the water droplet to the density gradi-
softer the film, the larger the deformation. As pointed ouignt as follows

by Shanahan [36], the elastic stored energy per unit length of

the three-phase contact line is proportionayfg1 — v?)/E. am _ pwd_v
Therefore, the higher the mass ratio of PDMS film, the moredt dt
the elastic stored energy. As Lopes and Bonaccurso [3}jherem is the mass of the droplep,, is the densityV is
said, such an energy acts as a barrier for the depinning gle volume ands is the surface area. With substitution of
the three-phase contact line, hence the higher the mass ra{jo= 4xr3/3 andS = 4xr? into Eq. (6), the following rela-

of PDMS film, the softer the film and the longer the CCRtjon can be obtained to relate the radius changing rate to the
evaporation. density gradient

= JS=-DSVp, (6)
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g = _%_ (7 8 Dugas, V., Broutin, J., Souteyrand, E.: Droplet evaporation
dt Pw study applied to DNA chip manufacturing. Langmud,
Integrating Eq. (7) front = 0 tot = 7, we derived the evap- ~ 9130-9136 (2005)

9 Yuan, Q.Z., Zhao, Y.P.: Precursor film in dynamic wetting,

oration time _ i
R electrowetting and electro-elasto-capillarity. Phys. Rev. Lett.

r= 22 8) 104, 246101 (2010)
DVp 10 Picknett, R.G., Bexon, R.: The evaporation of sessile or pen-

dant drops in still air. J. Colloid Interf. Sdb1, 336—350 (1977)
11 Wang, F.C., Zhao, Y.P.. Contact angle hysteresis at the
nanoscale: A molecular dynamics simulation study. Colloid

whereR s the radius of the droplet &t= 0. For a microliter
droplet, the radiuR is of the order of 16°m. By substi-
tuting py ~ 10°kg/m? D ~ 10°°m?/s, andvp ~ pu/R ~ Polym. Sci.291, 307—315 (2013)
10°kg/m* into Eq. (8), the characteristic time for water R . .

. . . . 12 Tadmor, R.: Approaches in wetting phenomena. Soft M&iter
droplet evaporation should be:~ 1000s~ 16 min, which 1577-1580 (2011)
is of the same order as the measured evaporation time in ﬂl% Chen, X.M., Ma, R.Y,, Li, J.T., et al.: Evaporation of droplets
experiments. This order-of-magnitude estimation would as- 4 gyperhydrophobic surfaces: Surface roughness and small
sist our physical understanding on the evaporation of awater groplet size fiects. Phys. Rev. Letl.09, 116101 (2012)

droplet. 14 McHale, G., Rowan, S.M., Newton, M.I., et al.: Evaporation
and the wetting of a low-energy solid surface. J. Phys. Chem.
5 Conclusions B 102 1964-1967 (1998)
15 Erbil, H.Y., McHale, G., Newton, M.I.: Drop evaporation on
We conducted the evaporation experiments ofuBWater solid surfaces: Constant contact angle mode. Langrh@jir

droplet on PDMS films with dferent mass ratios, measured ~ 2636-2641 (2002)
the Young's moduli of PDMS films using AFM and numer- 16 Bourgs-Monnier, C., Shanahan, M.E.R.: Influence of evapo-

ically calculated the surface deformation of PDMS films in- _ fation on contact angle. Langmuif, 2820-2829 (1995)
duced by sessile water droplet. 17 Rowan, S.M., Newton, M.I., McHale, G.: Evaporation of mi-

crodroplets and the wetting of solid surfaces. J. Phys. Chem.
To conclude, with the increase of the mass ratio of 99, 13268-13271 (1995)

PDMS film: 18 McHale, G., Aqil, S., Shirtcffe, N.J., et al.. Analysis of

; PP . droplet evaporation on a superhydrophobic surface. Langmuir

(1) Young's modulus of thin film is getting lower and the 21 11053-11060 (2005)

fllmhbecofmes Zoiter. . d the elasti d 19 Yyu, V.S., Wang, Z.Q., Zhao, Y.P.: Experimental and theoret-
(2) Both surface deformation and the elastic stored energy ical investigations of evaporation of sessile water droplet on

are getting larger. - ~ hydrophobic surfaces. J. Colloid Interf. Sc865 254-259
(3) The CCR evaporation mode of the droplet lasts longerin (2012)
the entire evaporating period. 20 Hao, P.F., Li, C.J., He, F.: Evaporation behaviors of water
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