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Experiments of sessile water droplet evaporation on both polydimethylsiloxane (PDMS) and Teflon sur-
faces were conducted. All experiments begin with constant contact area mode (the initial contact angle is
greater than 90°), switch to constant contact angle mode and end with mixed mode. Based on the
assumptions of spherical droplet and uniform concentration gradient, theoretical analyses for both con-
stant contact area and constant contact angle modes are made and theoretical solutions are derived
accordingly, especially a theoretical solution of contact angle is presented first for CCR stage with any
value of the initial contact angle. Moreover, comparisons between the theoretical solutions and experi-
mental data of contact angle in CCR stage demonstrate the validity of the theoretical solution and it
would help for a better understanding and application of water droplet on solid surfaces, which is quite
often encountered in lab-on-a-chip, polymerase chain reaction (PCR) and other micro-fluidics devices.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In recent decades, water or aqueous solutions with small volume
are playing significant roles in micro- and nano-fluidics, lab-on-
a-chip, electro-elasto-capillarity (EEC) and so on [1-5]. However,
when water is not in equilibrium with its surroundings, it will evap-
orate [6], leading to some changes, for example, the loss of water or
concentration variation, which might affect the performance of
these devices and polymerase chain reaction (PCR) amplification
efficiency [7]. Therefore, investigations on droplet evaporation are
of great concerns in many research fields.

Droplet evaporation is a common and complex diffusion phe-
nomenon driven by the difference of liquid concentration gradient
[8], and it is controlled by the physical properties of the liquid itself,
such as the molecular weight, density, diffusion coefficient in air,
and heat of vaporization [9]. As early as in 1877, Maxwell as a pio-
neer derived the classic relationship to describe the diffusion-driven
evaporation of aerosol droplet [10]. About one century later,
Picknett and Bexon [11] first presented two different evaporation
modes, namely constant contact area mode (CCR, also called as
pinned contact line mode) and constant contact angle mode (CCA,
or moving contact line mode). With the assumption of spherical
droplet, they gave a theoretical solution of contact radius in CCA
stage, and only numerically simulated the CCR-mode. In 1993, based
on their own experiments of water droplets evaporating on two
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different solid surfaces (one is hydrophobic or non-wetting, the
other is hydrophilic or wetting) [12,13], Birdi and Vu deduced that
evaporation of liquid droplet placed on smooth solid surfaces has
two different trends depending on the absolute value of contact an-
gle, i.e., CCR mode for contact angle <90° and CCA mode for contact
angle >90° [13]. However, these studies did not work all the way for
there is something which should be considered or investigated
extensively [14-16]. For example, some experiments on droplet
evaporation are reported to follow CCR mode at first when the initial
contact angle is larger than 90° [14,17-19]. Actually, the origin of
CCR mode is that the three-phase contact line is pinned to the sur-
face. One of the main causes is thought to be contact angle hysteresis
[20-22], which mainly arises from molecular interactions between
the liquid and solid, or from surface anomalies, such as heterogene-
ities [20] and surface roughness [23]. Besides, due to the unbalanced
force at the three-phase contact line, there will be ridge-like surface
deformation induced by sessile liquid droplet [24,25]. The ridge it-
self is usually small and does not contribute to a significant pinning
force, yet, this ridge is associated (also) with a molecular reorienta-
tion of the solid molecules at the three phase contact line [2,21]. This
molecular reorientation results in a stronger solid-liquid intermo-
lecular interaction, and hence stronger pinning.

Shanahan and Bourgés [26] studied the evolution of contact
angles of water on different polymer surfaces in both saturated
and nonsaturated atmospheres. Their experiments included three
to four stages and evaporation of sessile water droplet on polished
epoxy resin first began with CCR mode (the initial contact angle is
61°). One year later, evaporation experiments of water and n-decane
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placed on different substrates in nonsaturated environment have
been carried out and all experiments began with CCR mode [27].
To describe the influence of evaporation on contact angles, they
presented a concept of stagnation layer [26] and gave a model for
the analysis of CCR stage [27]. In this model, they assumed that
the diffusion of liquid vapor from the drop into the surrounding
atmosphere, corresponding to evaporation, is purely radial. In
1995, assuming the concentration gradient to be radially outward
and neglecting the edge effect due to the contact line on evaporation
of spherical droplet, Rowan et al. [28] deduced a simple relationship
of droplet evaporation dV/dt= —2nD(c,, — co)h/p, where D is the
diffusion coefficient of liquid, ¢, and c., are the saturated vapor
concentration and the vapor concentration at infinite distance, p is
the liquid density and h is the droplet height. Based on these
assumptions, both CCA [15,29] and CCR (for contact angle <90°)
[28] modes were theoretically analyzed. Later, a fitting solution of
contact angle was obtained for CCR mode with contact angle
between 90° and 180° [30]. Moreover, Butt et al. [31] provided two
approximations to study evaporation of sessile liquid drops with
constant contact radius for initial contact angle below 90°.
Anantharaju et al.[16] experimentally studied evaporation of sessile
droplet on smooth and rough surfaces and concluded that the three-
phase contact line topology has no effect on the evaporation rate.
Besides, Hu and Larson [8] numerically studied CCR mode evapora-
tion and derived an approximate expression for droplet evaporation
rate at any contact angle (0° < 0 < 90°). The vapor concentration dis-
tribution was also simulated, which showed that the concentration
gradient was nearly constant. Kim et al. [32] experimentally studied
evaporation of water droplets on polymer surfaces and attributed
the first and second transitions in the evaporation process to the
attainment of the receding contact angle and the Marangoni
instability, respectively.

PDMS has many advantages such as good biocompatibility,
nontoxic and optically transparent, and easily fabricated [25].
And Teflon is chemically inert and resists both acids and bases
and it can be fabricated as hydrophobic surface with very low con-
tact angle hysteresis (<10° for water in air) [33]. Thus PDMS and
Teflon are being widely used in micro- and nano-fluidic systems
[34,35]. Recently, works on evaporation of water droplet on
smooth or patterned PDMS surfaces have been reported
[17,18,36]. However, up till now, to the best knowledge of us, no
theoretical solution of contact angle has been presented for CCR
mode evaporation with any value of the initial contact angle.
Therefore, in this paper evaporation experiments of sessile water
droplets on PDMS and Teflon surfaces were carried out in still air
and room temperature. It is found that all experiments also begin
with CCR mode, switch to CCA mode and end with mixed mode.
Under the assumptions of spherical droplet and uniform concen-
tration gradient, theoretical analyses for both CCR stage and CCA

stage are given and theoretical solutions are derived accordingly,
especially a theoretical solution of contact angle in the CCR stage
is presented for any value of the initial contact angle. Comparisons
between theoretical solution of contact angle and experimental
data show that the solution agrees well with experiments. More-
over, the time of CCR stage, variation rate of liquid-vapor interfa-
cial area and the total evaporation time are discussed.

2. Experiments

We prepared both PDMS (Sylgard 184, Dow Corning, USA) and
Teflon membranes for studying droplet evaporation. PDMS (mass
ratio of base to curing is 10:1) was spin-coated on the surface of
clean glass at the rate of about 1000 rpm, then the samples were
solidified in 150 °C for 20 min. The thickness of PDMS was about
70 um [37]. When PDMS was solidified, the 6 wt.% Teflon® 1601
solution (Teflon was dissolved in perfluorinated solvent as supplied
by DuPont Polymers, Wilmington DE) was directly spin-coated onto
the PDMS at the rate of about 3000 rpm. Then the samples were
baked at 110 °C for 10 min, then at 250 °C for 5 min and finally at
340 °C for 5 min [38]. The thickness of Teflon layer was estimated
at several to tens micrometers, according to the report by DuPont.
In order to reduce the environmental effect on droplet evaporation,
a chamber (10.0 cm x 10.0 cm x 3.0 cm) with a small hole at the
top side was used. Deionized water droplets with volume V, of
either 2.0 pl or 4.0 pl were generated by a syringe passing through
the hole and deposited in each surface. All experiments were car-
ried out with help of the OCA 20 system (precision: +0.1°, from
Dataphysics, Germany), which was equipped with a high-resolu-
tion camera (Fig. 1). The environmental temperature T and relative
humidity RH are 23.6 °C and 7.6%, respectively. The diffusion coef-
ficient D is 2.58 x 107> m?/s, and the concentrations of saturated
water vapor and vapor far from the droplet are denoted as cg
(21.30 x 103 kg/m?) and c,. (c.o=Co x RH=1.62 x 1073 kg/m?),
respectively [39]. When droplets were deposited on the surfaces,
the OCA 20 system was immediately applied to record the evapora-
tion processes after careful pre-adjustment. Every experiment was
repeated at least six times, and evaporation of 2.0 pl water droplet
was carried out at least 10 times. Images of the water droplets were
extracted with certain time interval from the videos and converted
into the dimensionless quantities of contact radius (Fig. 2) and
droplet height (Fig. 3), and contact angle (Fig. 4) indicating that
all experiments were reproducible. Moreover, Figs. 2-4 showed
that droplet evaporation began with CCR mode. With or without a
short transition (the contact radius began to decrease, and contact
angle might increase), it switched to a second stage, during the
stage, contact radius decreased while contact angle had only a small
variation (Table 1), therefore, this stage was thought as CCA stage.

Contact angle meter
with CCD camera

Evaporating droplet Substrate

Temperature and
humidity control unit

Fig. 1. Experimental schematic of water droplet evaporating on hydrophobic surfaces.
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Fig. 2. Dimensionless contact radius of evaporating droplets on hydrophobic
surfaces.
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Fig. 3. Dimensionless droplet height of evaporating droplets on hydrophobic
surfaces.
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Fig. 4. Contact angle of evaporating droplets on hydrophobic surfaces.

When this stage ended, both contact radius and contact angle
decreased during the final stage, which was called as mixed mode.
Besides, the total evaporation time, the CCR evaporation time and

Table 1

Analysis of time of droplet evaporation.
Vo (ul) tevaporation (S) teer (S) teea (8) Abccr (°) Ocea (°)
Case A: PDMS surface
2.0 1100 300 300 9.87 10475123
4.0 1700 500 500 16.12 102.791132
Case B: Teflon surface
2.0 1000 175 700 7.49 110.09228
4.0 1600 150 850 3.65 10657142

the CCA evaporation time were measured (Table 1). It was found
that for the case of PDMS surface, longer CCR stage corresponded
to larger water droplet and a larger variation of contact angle during
CCR stage (denoted as Afccr), while for the case of Teflon surface,
the CCR stage was shorter for larger water droplet and the variation
of contact angle was also smaller.

3. Theoretical analysis

Under the assumption of spherical droplet, evaporating droplet
can be described by using the three parameters, that is, contact ra-
dius r(t), droplet height h(t) and contact angle 0(t) (Fig. 5). And they
satisfy the following relationship:

1 —coso(t)
h(t) = T@(t)r(t)' (1)
The curvature radius of spherical droplet is
_ o h
RO =Snom = T=coso0)” @)

Therefore, only two of them can be regarded as independent
variables. Accordingly, droplet volume and liquid-vapor interfacial
area can be written, respectively, as

mr f(o) _wh’  f0)

s 2
V="hGrin) = _m , 3
6" /=73 sin9 3 (1-cos0)’ ®

and

1
_ 2
1+c05972nh 1 — cos

Ay, = n(h* +1%) = 27r? 5= 27Rh, (4)

where f(0) =2 — cos 0(3 — cos? 0) = (2 + cos 0)(1 — cos 0)%.
In this paper, the following dimensionless quantities were used

« __ T * _ h

r=g =4

* __ 1-c0S0 4%

h = sin 0 r (5)
Ay <2 $2\ _ «2 1 _ 21

AIT/ r—%"—ﬂf(h +r )727.“’ 1“059727'5}1 1—cosd

Vi= R =ghGr +h?) = o = mh e
where g is the initial contact radius. In the experiments by Kim
et al. [32], contact radius and droplet height can be determined
from the scale of a ruler, which was intended to place the upside
of deposited water droplets. However, in our experiments, for the
ratio of both contact radius and droplet height with initial contact
radius can be determined from fine images. And under the assump-
tion of spherical droplet, the initial contact radius can be obtained
with given initial droplet volume. Therefore, evolution of both drop-
let volume and liquid-vapor interfacial area can also be determined
with the help of Eq. (5). Combining Eq. (5) with dimensionless con-
tact radius (Fig. 2) and dimensionless droplet height (Fig. 3), contact
angles (Fig. 4) were calculated and all the initial values can be ob-
tained (Table 2). Comparing these with the capillary length of water
le =+/7,,/pg ~ 2.7 mm, it is found that the characteristic length for
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Fig. 5. Side view of spherical droplet.

every case is smaller than capillary length and thus the assumption
of spherical droplet is valid.

Usually, droplet evaporation can be simply divided into three
stages, namely CCR, CCA and mixed modes. In the CCR stage, the
contact area/radius of droplet with solid surface keeps unchanged,
that is, the three-phase contact line is pinned, while both the con-
tact radius and droplet height vary with time, thus droplet volume
is now a function of contact angle and time; similarly, in the CCA
stage, the contact angle is kept unchanged while the contact radius
and droplet height decrease, droplet volume is then a function of
contact radius (or droplet height) and time. Therefore, taking par-
tial derivative of Eq. (3) with time, the variation rate of droplet vol-
ume and liquid-vapor interfacial area can be given, respectively, as

: (6)

2Y ) (14cose)? dt
dt

av [ S8 (CCR)
mr2f(01)4 (CCA)

and

_ 2 1 dcosd
dAly { 27TT0 (14+cos0)> dt (CCR)

; (7)

= 1-cos0; dr?
dt 2mi i 4E (CCA)
where 0, is the contact angle in the CCA stage.
For evaporation driven by the gradient of vapor concentration,
McHale et al. started with Fick’s law and assumed that the evapo-
ration rate of spherical droplet for 0 < 90° is given as [28]

v D
E:fﬁ/w.ds, (8)

where p is the density of liquid and the integral of the concentration
gradient is taken over the total liquid-vapor surface S of the spher-
ical cap. Here we suppose that Eq. (8) is also valid for 0 > 90°.

For the case of uniform evaporation of a spherical droplet
unsupported, the concentration gradient is radially outward and
equal to (¢, — co)/R, while for the case of sessile droplet evapora-
tion on solid surface, the concentration gradient is no longer uni-
form due to the interaction of substrate with liquid droplet, that
is, the concentration gradient near the contact line is smaller than
that above the surface close to the contact line. However, consider-
ing that droplet evaporation is a quasi-steady motion [8] (which
could also be found from our experiments), therefore, we neglected

Table 2
Parameters for analysis of CCR stage.

the interaction of solid surface and assumed the concentration gra-
dient to be radially outward and equal to (c., — ¢p)/R and the
assumption is valid for any initial contact angle, then the right-
hand side of Eq. (8) can be integrated, and Eq. (8) gives

- —Tirgl=cest (CCR
Z_v — —h =~ -C(;)SQ = { i o )
‘ st —Tr sin 0; (CCA)
where 4 = 22%-) whijch was uniquely determined by the intrinsic

properties of the liquid.
Combining Eq. (9) with Eq. (6), we can get the following differ-
ential equations with either contact angle or contact radius as

3 do 1—cos0
— = _)———— (CCR), 10
(1+cos0)* dt ST 10
and
dr . 1—cos0
rf(gl)a—*iw (CCA), (11)

respectively.

For the case of CCA stage, by solving the partial differential
equation, Eq. (11), theoretical solution of contact radius can be gi-
ven as

2 sin? 0, ¢
(1 —cos61)(2+cosbq)

e (12)
where ry is the initial contact radius in the stage. Obviously, Eq. (12)
is similar to that by Erbil et al. [15].

For the case of CCR stage, McHale et al. gave a theoretical solu-
tion for contact angle <90° [28] and a fitting solution for contact
angle >90° [30]. For we supposed that the concentration gradient
is uniform no matter what the contact angle is, dynamic contact
angle during CCR stage can be obtained by solving the partial dif-
ferential equation, Eq. (10), and given as

F(0) — F(0o) = —24t/12, (13)

where F(0) =In [tan (0/2)] + 1/(1 + cos 0). Though it is difficult to get
an explicit expression of contact angle, the contact angle can be eas-
ily determined with the help of mathematical software such as
Mathematica. Moreover, it should be noted that all the above anal-
yses are supposed to be valid for both hydrophobic and hydrophilic
surfaces.

4. Comparison and discussion

As we know, CCA mode evaporation has been theoretically ana-
lyzed by Picknett and Bexon [11], and McHale et al. [15,29], and the
solutions agree well with experiments. Therefore, the first thing of
interest is to demonstrate the validity of theoretical analysis of CCR
stage, namely Eq. (13) for dynamic contact angle. All parameters
necessary for the analysis are listed in Table 2. Substituting the cor-
responding parameters into Eq. (13), theoretical solution of dy-
namic contact angle during CCR stage for every experiment is
obtained and then compared with the experimental data (Fig. 6).

D =258 x 107> m?[s, co=21.30 x 107> kg/m?>, c.. =1.62 x 103 kg/m>, 1=1.016 x 1072 m?/s

Surface Vo (ul) ho/ro 0o (°) o (Mmm) 71 (1073[s)
PDMS 2.0 1.417 109.58 0.813 1.537

4.0 1.330 106.12 1.064 0.897
Teflon 2.0 1.576 115.20 0.762 1.749

4.0 1.446 110.67 1.012 0.992
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Fig. 6. Comparisons of contact angle of (a) 2.0 pl and (b) 4.0 pl sessile water
droplets deposited on both PDMS and Teflon surfaces.

The relative errors are all small at the beginning and increases with
time, the largest relative errors are all smaller than 7.0%.

To further check the validity of our solution, we have found one
article [32], in which evaporation of sessile droplet with different
initial volume on polymethylmethacrylate (PMMA) and poly(a-
methyl styrene) (PAMS) surfaces were reported. The temperature
and relative humidity were approximately constant at 25-26 °C
and 53 + 1%, respectively. Then diffusion coefficient and the satu-
rated concentration of water vapor at 25°C are approximately
2.61 x 107°m?/s and 21.3 x 103 kg/m> [39], respectively. The
experimental data of contact angle were determined by using Eq.
(1) when contact radius and droplet height were measured. The
theoretical ones are obtained by substituting the corresponding
parameters (Table 3) into Eq. (13), and were compared with exper-
iments (Fig. 7). The relative errors are less than 4.0%. In a word, the
theoretical analysis of CCR stage is valid no matter whether the ini-
tial contact angle is larger or less than 90°.

Though the difference of concentration gradient along the liquid-
vapor interface is ignored, the theoretical solution agrees well with

Table 3

Parameters for analysis of CCR stage (data from [32]).
Vo () Surface ry (mm) hy (mm) Vo (ul) Verr (%)
2.19 PMMS 1.202 0.823 2.16 -1.37
2.14 PAMS 1.012 1.039 2.26 5.60

100

V=219 pl

80

70 L a) PMMA surface
—=— Experimental
’ —— Theoretical
b) PAMS surface
—e— Experimental
—&— Theoretical

Contact angle (°)

50 1 ' 1 L 1 1 1 L 1 1 L 1

Time (minute)

Fig. 7. Comparisons of contact angle: (a) sessile water droplet with initial volume of
2.19 pl evaporating on PMMA surface; (b) sessile water droplet with initial volume
of 2.14 pl evaporating on PAMS surface.

experiments by comparisons. However, it should be noted that more
experiments of sessile droplet evaporation on different surfaces,
especially with either higher or lower contact angle, are necessary
to check the validity of our theoretical analysis.

The second thing of interest is the time of CCR stage, which can
be estimated from Eq. (13) and expressed as

2
t= 4D(C’;rg Coc) [F(QO) - F(O)]
fpir‘z)[FO)—F(O — AO)] (14)
~4D(co — c) (0o 0 )l

where A0 is the difference between initial and dynamic contact an-
gles. From Eq. (14), the total time of CCR stage is found on the order
of %, which means that the total CCR time depends sharply on
the square of contact radius, and the proportional ratio is the
dimensionless parameter F(0y) — F(0p — A0), which depends on both
the initial contact angle and contact angle variation during this
stage (Fig. 8). Combining this figure with Eq. (14), it can be found
that if the environmental conditions and initial contact radius were
unchanged, (i) increment in variation of contact angle corresponds
to increment in total CCR time; (ii) if the variation of contact angle

is also fixed, the total CCR time are almost unchanged for the case of

—.— ()0—():5°

—e— g-0-10°

—h— g-6=15°

F(6)-F(6)

0 1 L . I
30 60 90 120 150

Initial contact angle (°)

Fig. 8. Dependence of dimensionless function F(0p) — F(0) on initial contact angle
with fixed contact angle variation.
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Fig. 9. Dimensionless liquid-vapor interfacial area during evaporation process.

initial contact angle <90°, while it will increase monotonically with
the increase of initial contact angle, which is larger than 90°.

The third thing of interest is variation rate of liquid-vapor inter-
facial area. Substituting the theoretical solutions for both CCR and
CCA stages into the expression of variation rate of dynamic liquid-
vapor area, Eq. (7), we can get

dA,, —271A(1 — cos ), (CCR)
dr 4t (CCA)

" 2+¥cos0; ’

(15)

From Eq. (15), it was found that variation rates of dynamic
liquid-vapor area in the two stages are on the order of . unless
the contact angles are approaching to 180°. As shown in Table 2,
the parameter 1 is about 10~° m?/s, which means the variation
rates during the two stages can be regarded as equal. Substituting
the experimental data of dimensionless contact radius and droplet
height into Eq. (5), the dimensionless liquid-vapor interfacial area
was found to decrease linearly with time (Fig. 9) (this conclusion is
also found in literature such as [12,32]). If this is adopted for mixed
mode, then the evaporation process follows the relationship, and
the total evaporation time is estimated as
Ay Vi®

v

tevaporation"“ 7 7 . (16)

5. Conclusions

Experiments of sessile water droplet evaporating on both PDMS
and Teflon surfaces have been conducted and it is found that all
experiments begin with CCR mode, switch to CCA mode after a
short transition and end with mixed mode (Fig. 3). Based on the
assumption of spherical droplet and uniform concentration gradi-
ent, uniform concentration gradient across the liquid-vapor inter-
face, both CCR and CCA stages are theoretically analyzed and
theoretical solutions are derived accordingly (Eqs. (12) and (13)).
Comparisons between the theoretical solution and experimental
data of contact angle during CCR stage show that the theoretical
solution agrees well with experimental data. The total time of
CCR stage was found to be sharply dependent on contact radius,

and it increase monotonically with the increase of contact angle
variation. Moreover, if other parameters are kept unchanged, it is
almost the same for initial contact angle <90°, otherwise, increas-
ing initial contact angle corresponds to increment in total CCR time
(Fig. 9). Furthermore, the variation rate of liquid-vapor interfacial
area is analyzed, which demonstrates that the rate is a function of
dynamic contact angle during CCR stage and is constant during
CCA stage, and the rates are on the order of D(cy — c..)/p, which
could be used to predict the total evaporation time.
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