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a b s t r a c t

In this work, the spreading and evaporation of 2–70 pL droplet (17–50 lm diameter) of water and ethyl-
ene glycol jetted by drop-on-demand piezo-driven jetting head on the heated substrate are studied.
According to the experimental results, the interfacial oscillation phenomena of water droplet whose
Ohnesorge number (Oh) is about 10�2 is similar to that in inviscid impact driven region, while that of eth-
ylene glycol droplet (Oh �10�1) is similar to that in highly viscous impact driven region followed by cap-
illary driven extra spreading. In addition, various time scales used for nano/micro-liter droplets agree
well with the times for interfacial oscillation, viscous damping, extra wetting, and evaporation in pico-
liter droplets. In the case of water droplet, the spreading processes end before the evaporation becomes
significant. However, in the case of highly viscous ethylene glycol droplet, the extra wetting overlaps the
evaporation at high temperature.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Objective

The impact of a droplet on a solid surface and the subsequent
spreading and evaporation phenomena have been studied exten-
sively, not only because of the fundamental interest in hydrody-
namics, but also its practical importance in many industrial
processes, including spray coating, inkjet printing, solder jetting,
etc. Among them, the interest for inkjet printing has been growing
recently due to its potential to be adapted to non-graphical appli-
cations such as the color filter deposition process for liquid crystal
displays and the direct patterning of various functional materials
for flexible plastic electronics as well as printed circuit boards, etc.

While the material in a typical graphical inkjet printing process
is deposited via ink absorption into the paper, the printing material
in the non-graphical application is deposited on the substrate
mainly by ink evaporation. Therefore, understanding the evapora-
tion phenomena of pico-liter droplets is important in non-graphi-
cal applications. For example, when multiple droplets are
inkjetted at the same spot to increase the thickness of deposited
material while keeping the pattern width minimum, the next drop-
let should impact after the evaporation of the previous droplet is
complete. Therefore, the jetting sequence of multiple nozzles
should be designed so that the jetting interval on the same spot
ll rights reserved.

: +82 2 926 9290.
is longer than the evaporation time. In addition, the droplet
spreading after impact on the substrate is closely related not only
to the minimum printing resolution, but also to the evaporation
process, since the evaporation rate is directly proportional to the
interfacial area. While the spreading and evaporation of nano/mi-
cro-liter droplets (greater than 500 lm diameter) have been stud-
ied extensively in the past [1,2], very few studies have been
reported on pico-liter droplets (smaller than 100 lm diameter) [3].

Our objective in this paper is to report the spreading and evap-
oration phenomena of 2–70 pL droplet (i.e. 17–50 lm diameter) of
water and ethylene glycol and explain the observed phenomena.
The last objective is carried out by applying time scale analysis
provided for nano/micro-liter droplet. In addition, the effect of
the droplet size, the substrate temperature and the different fluids
on spreading and evaporation phenomena are studied with pur-
pose of improving both printing resolution and speed.

1.2. Review of impact regimes and time scales for spreading and
evaporation phenomena

The initial spreading dynamics after impact is characterized
mainly by the Ohnesorge number (Oh) and Weber number (We)
that are

Oh ¼ lffiffiffiffiffiffiffiffiffiffiffiffi
qrD0

p ; ð1Þ

We ¼ qD0U2
0

r
¼ ðOhReÞ2; ð2Þ
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Nomenclature

Alv liquid and vapor interface area (m2)
Bo bond number
C vapor concentration (kg/m3)
Ca capillary number
D droplet contact diameter (m)
D0 droplet diameter before impact (m)
D vapor diffusion coefficient (m2/s)
g gravitational constant (9.81 m/s2)
h droplet height (m)
Oh Ohnesorge number
R contact radius (m)
R0 droplet radius before impact (m)
r radial distance (m)
r radius of curvature (m)
Re Reynolds number
T temperature (�C)
t time (s)
u moving velocity of substrate (m/s)
U0 velocity of droplet before impact (m/s)
V droplet volume (L)
We Weber number
b spreading ratio
c interfacial tension (N/m)
h contact angle (rad)
j constant, 0.0138 given by Hoffman
l viscosity (N s/m)

q density (kg/m3)
r surface tension (N/m)
s time scale

Subscripts
0 before impact
adv advancing
amp amplitude
cond thermal conduction
damp damping
dyn dynamic
eq equilibrium
evap evaporation
f fluid
fit fitting
kin kinetic
lv liquid and vapor
max maximum
osc oscillation
rec receding
sat saturation
s substrate
visc viscous
wet wetting
1 ambient
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where q is the fluid density, D0 and U0 are the diameter and veloc-
ity of the droplet before impact, respectively; l is the viscosity,
and r is the surface tension. Here, Oh represents the ratio of the

time scale of the interfacial oscillation period, sosc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qD3

0=r
q

to

the viscous damping time, svisc ¼ qD2
0=l that represents the decay

time scale of the interfacial oscillation. Therefore, a high Oh num-
ber means svisc� sosc, so that interfacial oscillation is over-
damped. Note that sosc also represents the time scale for surface
tension driven wetting for inviscid fluid. In addition, the time scale
for the surface tension driven wetting for highly viscous fluid is
expressed as swet = lD0/r [4], in which case the Oh number is
the root of swet/svisc. Similarly, the Weber number can be consid-
ered as the square of the ratio of the kinematic spreading time
scale, skin(=D0/U0) and the time scale of surface tension driven
wetting resisted by inertia, sosc. Compared to the above time
scales, evaporation occurs slowly and is mainly dominated by
the vapor diffusion process. Hence, the evaporation time scale
can be expressed as sevap � qD2

0=DCsat, where D and Csat are the
vapor diffusion coefficient and the saturated vapor concentration,
respectively. The above-mentioned time scales and dimensionless
numbers are summarized in Table 1.
Table 1
Time scales and dimensionless number related to droplet spreading and evaporation
phenomena

Time scale

Kinetic skin � D0/U0 Ohnesorge
number

Oh ¼ sosc
svis
¼

ffiffiffiffiffiffiffi
swet
svis

q
¼ swet

sosc

Oscillationa sosc �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qD3

0=r
q

Viscous
damping

svis � qD2
0=l Weber number We ¼ sosc

skin

� �2

Wettingb swet � lD0/r

Evaporation sevap � qD2
0=DCsat Reynolds number Re = svis/skin

a Also time scale for surface tension driven wetting resisted by inertia
b Can be interpreted as surface tension driven wetting resisted by viscosity
Based on these dimensionless numbers, Schiaffino and Sonin
[1] distinguished four impact regimes, such as inviscid, impact-
driven region (I), inviscid, capillary driven region (II), highly
viscous, capillarity-driven region (III) and highly viscous,
impact-driven region (IV) as shown in Fig. 1. In all regimes,
the final droplet shape is determined by the surface tension
and the contact angle. When the four regimes in Fig. 1 are di-
vided by assuming Oh and We to unity, the current experimental
data belong to regime I. However, on the basis of experimental
results [1], it was shown that the actual transition between
the inviscid and viscous regimes occurred at Oh number of
10�2–10�1 which is also verified in the present work. Therefore,
the current experimental data of ethylene glycol belong to re-
gime IV (impact driven, viscous) and those of water are located
in the transition regime.

The evolution of the droplet impact and spreading process in
regime I can be divided into four phases as (i) the kinematic
phase, (ii) the spreading phase, (iii) the relaxation phase, and
(iv) the wetting/equilibrium phase [2]. During the kinematic
phase, the inertia is dominant in the course of impact, so that
the droplet has a truncated spherical shape and the spreading
ratio, b, increases according to a power law in time as shown
in Eq. (3).

b ¼ 2:9
ffiffiffiffiffiffiffiffiffiffiffiffi
t=skin

p
when 0 < t=skin < 0:1 ð3Þ

In the following spreading phase, the lamella is ejected from the
base of the droplet and the dynamic pressure of the impact
drives the spreading in competition with inertia. During this
phase, the velocity of the contact line (i.e. capillary number) is
relatively high, so the dynamic advancing contact angle, hdyn,adv,
is bigger than the equilibrium advancing contact angle, heq,adv.
When the equilibrium receding contact angle, heq,rec, is not small,
the spreading often overshoots the spherical cap that can be
formed at equilibrium conditions with heq,rec and therefore the
spreading diameter is maximized. The maximum spreading ratio,
bmax, and the time for the maximum spreading, (�1–5skin) were
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predicted theoretically in many studies balancing the initial ki-
netic and surface energies of the incoming droplet with the tran-
sient kinetic and surface energy of the spreading film and the
viscous dissipation [5–11]. Therefore, bmax mainly depends on
both We and Oh, while only a few correlations include the effect
of the dynamic contact angle, which is important for the predic-
tion of bmax. It is noted that the evaluation of the energy of
spreading droplet and the viscous dissipation requires a certain
assumed velocity profile leading to significant error. Nonetheless,
these models predict bmaxrelatively well, when We > 100 so that
bmax > 2–3.

In the relaxation phase, the interface oscillation is damped out
by viscous dissipation and the spreading diameter often recedes.
The surface tension and the receding contact angle become signif-
icant in this phase. When the fluid perfectly wets the surface, only
interfacial oscillation could be present and the receding phenom-
enon would be absent. After this phase, the wetting or equilib-
rium phase follows, so that spreading may continue when the
fluid perfectly wets the surface or the spherical cap of the droplet
LED

Arbitrary function
generator

Power amplifier

Automatic 
translation stages

Substrate
Heating & vacuum

Piezo-jet 
head

R

Analog 
delay 

generator

Power 
amplifier

or

or

or

Motion 
controller

Fig. 2. Schematics of inkjet printing system
shape does not change until the droplet volume decreases due to
evaporation.

2. Experimental setup

2.1. Drop-on-demand printing and image capturing system

Pico-liter droplets of a pure fluid are dispensed with velocity of
few m/s using the drop-on-demand (DOD) printing system
(Fig. 2). The DOD jetting system is composed of a backpressure
control system, a piezo-electrically driven jetting head and electri-
cal signal generation systems [12]. MicroFab’s piezo-jet heads
with 10 and 30 lm of nozzle diameters were used to produce
pico-liter droplets. The arbitrary function generator generates
the bipolar voltage waveform with the same positive and negative
amplitudes (about ±2 V) and with 40 ls dwell time. This bipolar
voltage waveform is amplified about five to ten times, and drives
the piezo-jet head to eject a pico-liter droplet. The impact velocity
(U0) is controlled by changing the amplified voltage amplitude
and the dwell time, whose effect on the droplet generation was
discussed in the earlier publication [12]. The droplets are gener-
ated at the frequency of 10 Hz and a precision translation stage
is moved at 2–3 mm/s to observe the spreading and evaporation
of a single droplet. The temperature of the substrate is controlled
within ±4 �C by a thermocouple and a mica heater. Vacuum suc-
tion (300 mbar) is applied through 0.5 mm diameter holes to hold
the silicon substrate for better thermal contact. The printing sys-
tem is installed in clean room (Class 1000) and ambient temper-
ature and relative humidity are controlled within 25 ± 2 �C and
45 ± 5%, respectively. The same arbitrary function generator used
to drive the piezo-jet head also drives a light-emitting diode
(LED) so that the sequential cross-sectional images of the droplet
spreading and evaporation are obtained by changing the delay
time between droplet generation and LED backlight. To obtain
the images of the flying or fast oscillating pico-liter droplet, a
strong illumination with short exposure time (several tens of
microseconds) is required. For this reason, the voltage for LED is
also amplified to 10–20 V, which is much higher than the burnout
voltage of the LED under the continuous lightening condition.
 chuck
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2.2. Geometric relationship of the sessile droplet with a spherical cap

When the oscillation of a liquid–vapor interface is damped out
after impact (e.g. a few hundred microseconds from impact in the
case of the pico-liter droplet), both the Bond number (Bo) and
the capillary number (Ca) are small, so that the sessile droplet
has the shape of a spherical cap. (Fig. 3) Therefore, the measure-
ments of two geometric parameters among the radius of curvature
(r), the contact radius (R), the height (h), and the contact angle (h)
of the sessile droplet enable calculation of the other parameters as
well as the droplet volume (V) and the liquid and vapor interface
area (Alv) using Eqs. (4)–(7). In addition, the spreading ratio (b),
which is the ratio of the contact diameter (D) to the droplet diam-
eter before impact (D0) can be expressed as a function of the con-
tact angle in Eq. (8).

r ¼ R
sin h

ð4Þ

h ¼ Rð1� cos hÞ
sin h

ð5Þ

V ¼ p
3

h2ð3r � hÞ

¼ p
3

R3 ð1� cos hÞð2þ cos hÞ
sin hð1þ cos hÞ ð6Þ

Alv ¼ 2prh ¼ 2pR2

1þ cos h
ð7Þ

b ¼ D
D0
¼ 4 sin hð1þ cos hÞ
ð1� cos hÞð2þ cos hÞ

� �1=3

ð8Þ
3. Droplet impact and spreading

In piezoelectric DOD inkjet printing, the fluid viscosity and the
surface tension of a fluid should range 0.001–0.01 N s/m and
0.035–0.07 N/m, respectively [13]. In addition, the droplet diame-
ter should be 10–100 lm for moderate resolution and the impact
velocity should be 2–5 m/s to ensure sufficient ballistic accuracy.
Based on these numbers, the orders of We and Oh for piezo-electric
inkjet printing range from 1 to 102 and from 10�2 to 1, respectively.
Our experimental results are also in this region as depicted in
Fig. 1. Fig. 4(a) and (b) show time resolved images of the spreading
and interface oscillation of water droplets at room temperature.
Interface oscillation is evident up to about 100 ls due to relatively
small viscous damping. In addition, a weak spreading oscillation is
observed due to the underdamped interfacial oscillation and the
contact angle hysteresis. In detail, the interfacial oscillation due
to relatively small viscous damping results in the concave interface
at the contact line (e.g. 35 and 65 ls images in Fig. 4(a)). When the
apparent contact angle at the contact line is smaller than the equi-
librium receding contact angle (heq,rec), the contact line can recede,
which results in the spreading oscillation. Evaporation during the
relaxation phase is negligible, and therefore, the volume calculated
from the sessile droplet matches well with the droplet volume be-
fore impact. Note that the strong spreading overshoot is not desir-
able for achieving enhanced inkjet printing resolution. The
oscillation period (sosc,fit) and damping time (sdamp,fit) are obtained
by fitting the following equations to the measured data of the con-
tact radius (R) and height (h).

RðtÞ ¼ Req þ Ramp e�t=sdamp;fit sin 2pðt � s1Þ=sosc;fit
� �

ð9Þ
hðtÞ ¼ heq þ hamp e�t=sdamp;fit sin 2pðt � s2Þ=sosc;fit

� �
ð10Þ

Here, Req and heq represent the contact radius and height after the
oscillation disappears. The same sosc,fit and sdamp,fit of the exponen-
tial decay function are used to fit the measured height and contact
radius data, while the oscillation amplitudes (Ramp and hamp) and
the lagging times (s1 and s2) are determined by fitting the respec-
tive experimental data. According to the fitting results, the oscilla-
tion periods of Fig. 4(a) and (b) are about 31 and 22 ls,
respectively, which are in the same order of magnitude with the
calculated oscillation periods (39 and 36 ls) obtained from the
equation for sosc in Table 1. In addition, the damping time of
Fig. 4(a) and (b) are about 42 and 56 ls, respectively, which corre-
sponds to about (0.016 � 0.018)svis (based on svis Table 1). Schiaff-
ino and Sonin [1] proposed 0.008svis for the damping time by fitting
the experimental results, which is consistent with our results. Con-
sidering the exponential decay of the oscillation amplitude, the
time for the total relaxation phase can be scaled as 3–4 times of
0.017svis. In the case of the ethylene glycol droplet (Fig. 5), only
the height oscillates within one period and is then damped out
due to high viscosity. The spreading oscillation is not observed in
the case of ethylene glycol droplet, since the apparent contact angle
at the contact line does not change significantly due to relatively
high viscous damping and heq, rec is relatively small. sosc,fit and
sdamp,fit used in the curve fitting are 23 ls (0.66sosc) and 7 ls
(0.09svis), respectively. It is noted that, however, the oscillation does
not last even one period, so that these fitting results are not as accu-
rate as those for water droplets.

Fig. 6 shows the experimental spreading ratio (b) of the water
droplet after the interface oscillation disappears (i.e. after relaxa-
tion phase). The spreading ratio after the relaxation phase in-
creases as the impact inertia (i.e. We) increases. The dotted lines
represent the spreading ratios of truncated spheres calculated from
Eq. (8) with the previously measured equilibrium advancing angle
(heq,adv = 60�) and the receding contact angle (heq,rec = 40�). As for
the printing resolution, the prediction of b after the relaxation
phase is important. As mentioned above, most theoretical energy
balance correlations for b that are valid for high We, result in over-
estimating the current experimental results (0.5 < We < 20). Fukai
et al. [14] developed correlations for the maximum spreading ratio
by fitting the coefficient from Chandra and Avedisian’s correlation
using the numerical simulation results.

We
R e0:772 b4

max þ 4:58 1� cos hdyn
� �� �

b2
max � 1:5We� 8 ¼ 0

ð5 < We < 2720 and 20 < Re < 2900Þ
ð11Þ

Since this correlation is valid for relatively low We, it is compared
with the current experimental results. Here, bmax represents the
maximum spreading ratio if the spreading oscillation occurs at high
We. However, in the current conditions, the spreading oscillation is
not strong, so that bmax approximately equals the spreading ratio, b
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Fig. 4. Time resolved cross-sectional images of oscillating water droplet impacting on a silicon substrate at room temperature. The arrows indicate the sequences of droplet
flattening during the interface oscillation. (a) The impact velocity and the diameter of the droplet are 1.9 m/s and 48.1 lm and the stabilized spreading ratio is 1.56 (Re = 107,
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sosc = 22 ls and sdamp = 56 ls.
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after the relaxation phase. To calculate bmax from Eq. (11), the dy-
namic advancing contact angle, hdyn, should be calculated. hdyn at
low Ca can be predicted by Hoffmann’s correlation, which is most
widespread [15],

jðh3
dyn � h3

eqÞ ffi Ca ¼ l
r

dR
dt
; ð12Þ

where heq is an equilibrium contact angle and j is a constant given
by Hoffman to be about 0.0138. The dynamic contact angles calcu-
lated from Eq. (12) match well with those of the other models
[16,17] when Ca is smaller than 0.3 as shown in Fig. 7. Here, the
equilibrium advancing contact angle of 60� is used. Approximating
the impact velocity as the velocity of the contact line, the capillary
numbers in Fig. 4(a) and (b) are calculated as 0.023 and 0.037,
respectively and the corresponding dynamic contact angle is about
90� from the Fig. 7 which is in good agreement with the images in
Fig. 4(a) and (b). In addition, when the dynamic contact angle cal-
culated from Hoffmann’s correlation is used for hdyn in Eq. (12) in-
stead of the constant 90� of hadv, the calculated bmax shows better
agreement with the experimental results. This signifies that during
the spreading phase the impact speed has significant influence on
the dynamic contact angle, which also affects the maximum
spreading ratio. However, the above correlation for the dynamic
contact angle (Eq. (12)) can give only a rough estimation, since
the inertia effect and the flow field of impacting droplet are not
considered [18].

When the contact angle (h) after the relaxation phase exceeds
heq,adv, extra wetting should occur due to the capillary force imbal-
ance at the contact line. This phenomenon can be clearly seen in
droplets of highly viscous ethylene glycol, whose equilibrium con-
tact angle is as small as 30�, as shown in Fig. 8. Extra wetting occurs
in several milliseconds until h approaches heq,adv and the transient
contact diameter during extra wetting matches well with theoret-
ical predictions by Eq. (12) based on droplet volume conservation
[1]. Therefore, the capillary force imbalance drives the extra wet-
ting resisted mainly by viscosity. The extra wetting time scale
(swet) can be expressed as lD0/r, as mentioned previously. How-
ever, Hoffmann’s correlation (Eq. (12)) suggests that the actual
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contact line velocity and wetting time should be scaled as jr/l
and (lD0)/(jr), respectively. Note that the dimensionless wetting
time in Fig. 8 is scaled by j = 0.0138 and the extra wetting occurs
from twet/j = 0.1 to 1. The extra wetting after the relaxation phase
is not observed for the water droplet. The wetting time scale of the
water droplet for the case in Fig. 4 is calculated to about 40 ls,
which is on the same order of the oscillation period. Therefore, if
there had been significant imbalance of Young–Laplace force at
the contact line, the extra wetting for the water droplet should
have occurred during the relaxation phase. However, in the case
of highly viscous ethylene glycol, the extra wetting is evident after
the relaxation phase, since the extra wetting time scale (�1200 ls)
is much larger than the oscillation period (�35 ls).

4. Evaporation of sessile droplet

4.1. Evolution of contact diameter and contact angle during
evaporation

The evaporation of the impacted sessile water and ethylene gly-
col droplets is observed by changing the temperature of the silicon
substrates. Table 2 summarizes the experimental conditions for
the droplet evaporation experiment. Fig. 9(a) shows the typical
images of the evaporating water droplet (about 42 lm of droplet
diameter) at various elapsed times after the relaxation phase. Note
that the evaporation during the relaxation phase is negligible, since
the total evaporation time (a few hundred milliseconds in Fig. 9) is



Table 2
Experimental conditions for the evaporation experiments

Case Numbera Droplet diameter, D0 (lm) Impact velocity U0 (m/s) Substrate temperature Ts (�C) Jet head temperature (�C) Re Oh We

W-10-30 18.1 2.67 30 23 52.4 0.025 1.77
W-10-40 17.8 3.22 40 24 64.5 0.025 2.56
W-10-50 19.2 3.59 50 26 80.4 0.023 3.43
W-10-70 18.2 3.31 70 29 73.8 0.023 2.78
W-10-90 18.7 2.11 90 32 51.2 0.021 1.17
W-10-110 17.0 2.51 110 36 59.6 0.021 1.51
W-10-130 18.1 3.23 130 43 92.2. 0.018 2.70
W-30-40 41.7 3.52 40 26 171.4 0.016 7.17
W-30-70 42.1 3.79 70 27 195.2 0.015 8.43
W-30-90 41.2 3.36 90 32 179.7 0.014 6.52
W-30-110 41.2 2.09 110 36 120.7 0.013 2.56
W-30-130 42.0 2.99 130 43 197.8 0.012 5.38
EG-30-80 38.1 2.81 80 30 9.38 0.285 7.16
EG-30-120 38.0 2.00 120 40 9.14 0.210 3.69
EG-30-160 38.3 1.34 160 52 8.85 0.147 1.70
EG-30-200 38.1 0.70 200 61 6.04 0.114 0.47
EG-30-220 35.6 1.19 220 71 12.46 0.092 1.30

a Case number represents the fluid used for jetting (W, water; EG, ethylene glycol), the nozzle diameter (10 or 30 lm) and the substrate temperature (�C) in order.

T. Lim et al. / International Journal of Heat and Mass Transfer 52 (2009) 431–441 437
much longer than the relaxation time (a few hundred microsec-
onds as shown in Fig. 4). The contact radius (R) and droplet height
(h) are measured from the images in Fig. 9(a) and the other param-
eters such as the radius of curvature, contact angle and the droplet
volume are calculated from Eqs. (4)–(8). The droplet volume before
impact and that after relaxation phase (i.e. 200–300 ls after im-
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Fig. 9. Water droplet (D0 = 42 lm) evaporating on a silicon substrate heated at
40 �C (W-30-40 in Table 3). (a) Droplet evaporation images. (b) Evolutions of
contact diameter, contact angle and droplet volume.
pact) match well within 5%. After the relaxation phase, the volume
of sessile droplets decreases while the contact area remains pin-
ned, so that only the contact angle decreases (Fig 9(b)). Then (after
100 ms), the contact area is depinned and the contact diameter de-
creases maintaining the receding contact angle at about 40�, which
matches well with the measured equilibrium receding angle (37–
42�) at room temperature. Note that a rough substrate surface
can delay this depinning phenomenon, so that the contact angle
can decrease below an equilibrium receding angle. Accordingly,
in a rough surface, most of the evaporating droplet lifetime can
be occupied by the first stage where the contact area remains pin-
ned. As shown in Fig. 10, the evaporation rate of the water droplet
increases with the substrate temperature until the droplet reboun-
ce phenomenon (Leidenfrost phenomenon) occurs and the evapo-
ration phase with constant contact area is followed by the
evaporation phase with constant contact angle in the entire range
of the substrate temperature. Note that the initial droplet volume
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Fig. 10. The evolutions of droplet volume (V) and contact diameter (D) of the water
droplet on a silicon substrate depending on the substrate temperature (Ts). The
corresponding case numbers in Table 3 are W-30-40 �110.



Table 3
Scaled time scale of droplet spreading and evaporation

Scaled time scale Watera Ethylene glycolb

Kinetic phase 0.1skin �3 ls �2 ls
Spreading phase (1–2)skin � 25 ls �20 ls
Oscillation period sosc �40 ls �40 ls
Viscous damping time 0.015svis �40 ls � 2 ls
Extra wetting period swet/j �40 ls �1 ms
Evaporation period 0.2sevap �800 ms at 25 �C
�20 ms at 100 �C �500 ms at 100 �C
�10 ms at 200 �C

a At Ts = 25 �C, U0 = 2 m/s and D0 = 48 lm.
b At Ts = 25 �C, U0 = 2 m/s and D0 = 39 lm.
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Fig. 12. Evaporation of the ethylene glycol droplet (about 38 lm of the droplet
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and contact diameter vary for each case due to the different jetting
conditions for stable droplet generation (Table 3). When the diam-
eter (D0) of the water droplet decreases to about 18 lm (Fig. 11),
the total evaporation time decreases, but the evaporation rate de-
creases due to the smaller evaporation interfacial area. Here, the
evaporation with constant contact area followed by the evapora-
tion with constant contact angle is also observed over the entire
substrate temperature range.

However, the evaporation of ethylene glycol droplet (about
38 lm of the droplet diameter) shows different trends depending
on the substrate temperature. When the substrate temperature is
lower than 120 �C (Fig. 12(a)), extra wetting is clearly observed
after the relaxation phase while the droplet volume decreases. As
mentioned, this extra wetting is due to the larger contact angle
formed after the relaxation phase than the equilibrium advancing
contact angle of ethylene glycol on silicon surface. However, the
volume decreases due to evaporation, so that this extra wetting
phase ends after several milliseconds and the contact area remains
pinned up to about 35 ms as the contact angle decreases to about
40�. Finally, the contact diameter decreases at the constant
receding contact angle of 40�. When the substrate temperature is
elevated to 160 �C (Fig. 12(b)), extra wetting is not observed due
to strong evaporation. Note that the receding angle of ethylene gly-
col at a high temperature (about 40� in Fig. 12) is even larger than
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Fig. 11. The evolution of droplet volume (V) and contact diameter (D) of the
evaporating water droplet on a silicon substrate depending on the substrate
temperature (Ts). The corresponding case numbers in Table 3 are W-10-30 �110.

diameter) evaporating on a silicon substrate. (a) The silicon substrate temperature
is 120 �C (EG-30-120 in Table 3). (b) The silicon substrate temperature is 160 �C
(EG-30-160 in Table 3).
the equilibrium advancing angle (about 30� in Fig. 8) at room tem-
perature. Positive dh/dT was also observed [19,20], in support of
the current experimental results. This result shows that the evap-
oration time scale (sevap) is larger than the spreading time scale in
all conditions, but it can become comparable to the extra wetting
time scale (swet/j) when the substrate temperature is high enough.
Therefore, fluids such as highly viscous ethylene glycol with small
equilibrium advancing angle, tend to exhibit extra wetting at low
substrate temperatures. However, this extra wetting can be miti-
gated by substrate heating to improve the resolution of the printed
dot.

4.2. Modeling of diffusion controlled evaporation for the droplet with a
spherical cap

When the evaporation is slow enough for the temperature gra-
dient in both droplet and substrate to be negligible, evaporation is
controlled by the vapor diffusion in air and the governing equation
in a spherical coordinate can be expressed as

oðrCÞ
ot
¼ D

o2ðrCÞ
or2 ð13Þ

Here, D, C, t, and r are diffusion coefficient, vapor concentration,
time and radial distance in spherical coordinates, respectively. In
Birdi’s approach [21], the transient term in the above governing
equation was neglected and by implementing the boundary condi-
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tions C = Csat at r = R and C = C1 at r ?1, the vapor concentration
and the evaporation rate ð _mÞ for a hemispherical droplet on a flat
surface were respectively obtained as follows:

CðrÞ ¼ Csat � C0ð ÞR
r
þ C0 ð14Þ

_m ¼ 2pRD Cs � C1ð Þ ð15Þ

Here, Csat, C1 and R denote the saturated vapor concentration, ambi-
ent vapor concentration and contact radius of the hemispherical
droplet, respectively. Assuming that evaporation occurs while the
contact angle is maintained at 90�, the temporal integration of the
Eq. (15) gives the approximate total evaporation time as follows:

tevap ¼
qR2

2D Csat � C1ð Þ �
qD2

0

5D Csat � C1ð Þ ð16Þ

It is thus seen that the evaporation time of the hemispherical drop-
let is proportional to the square of the original droplet diameter
rather than the droplet volume.

When the contact angle is not 90�, the evaporation flux is not
uniform along the air–fluid interface, so spherical symmetry does
not hold. For example, when the contact angle is less than 90�, at
the edge of the droplet interface, vapor can diffuse in the radial
direction normal to droplet interface as well as in the outside
direction, and as a result, evaporation is stronger near the contact
line. Lebedev [22] and Picknett and Bexon [23] invoked an analogy
between diffusive concentration fields and electro-static potential
fields and derived an exact analytic solution for the vapor concen-
tration field from the equivalent electrostatic potential field
around the top half of an equiconvex lens. In addition, Hu and
Larson [24] obtained a similar expression by fitting the result from
a finite element method considering the edge effect as

_m ¼ 2pRD Csat � C1ð Þ 0:135h2 þ 0:65
� �

; ð17Þ

where h is the contact angle in radians. Eq. (17) yields Eq. (15) at con-
tact angle of p/2. Based on the above expression (Eq. (17)), the evap-
orated volume is calculated for a small time interval and the new
contact angle is obtained from Eq. (6) during the constant contact area
phase. When the contact angle reaches the receding contact angle
measured experimentally, the new contact radius is obtained in the
same way. It is noted that the droplet temperature is assumed to
equal to the initial substrate temperature throughout this process
and the corresponding saturated vapor concentration is used for
the calculation. This simplification would be reasonable if both ther-
mal diffusion time scales inside the droplet (scond,f�R2/af) and silicon
substrate (scond,s�R2/as) are much smaller than the total evaporation
time (tevap �0.2sevap). For the water droplet of 30 lm in radius at
room temperature, the evaporation time scale is on the order of
10�1 s, while the thermal diffusion time scales of the droplet and sil-
icon substrate are on the order of 10�3and 10�5 s, respectively. There-
fore, the whole evaporation process would not be significantly
affected by the above simplification. When the temperature is ele-
vated, the evaporation time scale approaches the thermal conduction
time scale inside the droplet, but the temperature field inside the
droplet can be assumed uniform due to a strong Marangoni flow, so
that the above simplification still holds. In relation, Ruiz and Black
[25] compared the numerical results provided by solely considering
the heat conduction to a model incorporating thermocapillary con-
vection inside the droplet and showed that the heat conduction mod-
el underpredicted the evaporation rate due to the overpredicted
temperature gradients. In addition, the advection effect due to mov-
ing substrate is also neglected in the present analysis, since the vapor
diffusion time scale ðR2=DÞ is very short compared to the advection
time scale (R/u).

Fig. 13 shows the experimental results of water droplets of two
different droplet diameters (42 lm for Fig. 13 (a) and 17.5 lm for
Fig. 13 (b)) at the silicon substrate temperature of 70 �C and the
corresponding theoretical curves match well. Here, both the initial
contact angle and receding angles measured experimentally and
the ambient vapor concentration at 25 �C and 45% of relative
humidity are used for C1. In addition, the diffusion coefficient of
water vapor in air is obtained from reference [26]. The experimen-
tal results of the ethylene glycol droplets with initial droplet diam-
eter of 36.5 lm and at silicon substrate temperature of 120 �C are
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shown in Fig. 14, which also shows good agreement with the cor-
responding theoretical curves. Here, the ambient vapor concentra-
tion is neglected, since the saturated vapor concentration at room
temperature is less than 1% of that at 120 �C [26]. In addition, the
diffusion coefficient of ethylene glycol is obtained from the corre-
lation proposed by Chen and Othmer [27].

Fig. 15 shows the time elapsed for evaporating 90% of the initial
droplet volume (tevap, 90%) with respect to varying temperature of
the silicon substrate. In the case of water droplets of average diam-
eters of 17.8 and 37.2 lm, the calculated evaporation time (marked
by solid symbols) shows good agreement with the evaporation
experimental results through the entire temperature range. The
experimental evaporation time of ethylene glycol also agrees well
with the calculated one, but the agreement is not as good as those
of the water droplet, possibly because of the inaccurate vapor dif-
fusion coefficient of ethylene glycol.

5. Concluding remarks

In this work, the spreading and evaporation phenomena of 2–
70 pL droplets (i.e. 17–50 lm diameter) are studied experimen-
tally. Fig. 16 gives an overview of the spreading and volume ratio
evolution reconstructed from both our own and previous experi-
mental and theoretical results. In this graph, different dimension-
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less times are used for each phase, based on the modified time
scales in Table 3. Note that according to these modified time scales,
the transition between the inviscid and viscous regime can be ob-
tained by setting the time scales equal. For example, equating the
oscillation period and the damping time gives sosc/svis = 0.015. In
the same way,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
swet=svis

p
¼ 0:0144 and swet/sosc = 0.0138. This

indicates that the transition Oh should shift to 10�2–10�1 [1],
implying that the spreading phenomenon of the inkjet printed
pico-liter droplet can be classified either in regime I or IV.

At the early stage of impact (t/skin < 0.1), the droplet spreading
is dominated by the impact inertia and the evolution spreading ra-
tio (b) depends only on t/skin, as given in Eq. (3). Note that the cen-
ter of the droplet does not contact the substrate surface at the end
of the kinetic phase, so that this phase is very short compared to
the whole spreading time. Then, the spreading phase follows
(0.1 < t/skin < 1 � 2). In this phase, the evolution of b versus t/skin

depends on the fluid properties, such as viscosity, surface tension,
contact angle, etc. In addition, the apparent dynamic advancing
contact angle is significantly higher than the equilibrium advanc-
ing contact angle, which can be verified from Figs. 4 and 5 as well
as Eq. (12). In the relaxation phase, the spreading ratio as well as
droplet interface oscillates and this oscillation is damped out by
viscous dissipation. Here, the oscillation period is approximatelyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qD3
0=r

q
, and the relaxation phase is 3–4 times of the viscous

damping time (0:05qD2
0=l). Note that the oscillation periods of

water and ethylene glycol are almost identical, but the viscous
damping time of ethylene glycol is much smaller than that of water
due to higher viscosity. Therefore, the oscillation after the spread-
ing phase is almost absent in the ethylene glycol. While the spread-
ing ratio does not change in the case of the water droplet after the
relaxation phase, that of ethylene glycol increases with time. This
extra wetting is driven by the uncompensated Young–Laplace force
at the contact line resisted by either viscosity or inertia. Since swet/
j is much bigger than sosc in the case of ethylene glycol, the surface
tension driven extra wetting is controlled by the viscosity and the
extra wetting data match well with theoretical predictions by Eq.
(12). Note that in the case of the water droplet, swet/j is on the
same order of sosc, so that the extra wetting phase cannot be seen
after the relaxation phase.

Finally, evaporation occurs during 0.2sevap, which is longer than
the other time scales at room temperature. As shown in Fig. 16, the
volume ratio decreases in advance maintaining a constant contact
area, and then both the volume ratio and the spreading ratio de-
crease with a constant contact angle. As the temperature of the
droplet increases, the saturated vapor concentration increases sig-
nificantly, and as a result, the evaporation time decreases sharply.
In the case of water, even at 100 �C of the substrate temperature,
the evaporation does not affect the spreading history, as shown
in Fig. 16(a). However, in the case of highly viscous ethylene glycol,
at 200 �C, 0.2sevap is overlapped with swet/j, so that extra wetting
can be mitigated. If the deposition material is suspended in the
droplet, the resolution of the printed dots can be enhanced. It is
noted that by elevating the substrate temperature, the early stage
spreading evolution before evaporation in Fig. 16 changes due to
temperature dependence of fluidic properties.
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