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ABSTRACT: Inkjet printing of biopolymer droplets is gaining
popularity because of its potential applications in regenerative
medicine, particularly the fabrication of tissue-regenerative
scaﬀolds. The quality of bioprinting, which aﬀects cellular
behaviors and the subsequent tissue formation, is determined by
the solvent evaporation and deposition processes of biopolymer
droplets, during which instantaneous local viscosity and surface
tension changes occur because of the redistribution of the
biopolymer inside the drop. Such dynamics is complex and not
well understood. Most biopolymer inks also contain multiple
solvents of distinct evaporation rates, further complicating the
system dynamics. Using high-speed interferometry, we directly
observe in real time the instantaneous drop shape of inkjetprinted picoliter gelatin drops containing glycerol and water. It is observed that, for bisolvent gelatin drops with surfactants,
highly viscous gelatin and glycerol accumulated near the pinned contact line at an early stage suppress the evaporation-driven
outward ﬂow and create a stagnation zone near the contact line region. Lower surface tension at the contact line, because of its
high local surfactant concentration, as compared to the drop apex induces a strong Marangoni recirculation, which in
conjunction with a stagnation zone in the contact line region causes the instantaneous drop shape to transition from a spherical
cap to a volcano shape during evaporation and resulting in a volcano-like deposition proﬁle. In contrast, the suppressed
evaporation outward ﬂow together with a weak Marangoni ﬂow leads to a domelike deposition for the case without surfactant.
The role of surfactant in polymer drop deposition with water-only solvent is also investigated and compared against that of
bisolvent drops. For the single-solvent case, the deposition proﬁle is found to shift from a coﬀee-eye shape in the presence of
surfactant to a uniform deposition without surfactant. The results reveal new insight into the complex role surfactant plays
during polymer drop evaporation and deposition processes.

■

INTRODUCTION
Growing markets in organic microdevices call for advanced
technologies to facilitate the control and assembly of natural
and synthetic polymers. Established devices include organic
light-emitting diodes (OLEDs),1 organic solar cells,2 and more
recently biomedical implants for healing or controlling wounds
and diseases.3−5 Such development has motivated intensive
studies for creating better strategies for polymer manipulation,
including methods for delivering polymers by microscopic
volumes, assembling the volumes with a micrometer- or
submicrometer-size resolution, and subsequently fusing them
into a functional device. Among all, inkjet printing,6,7 which
delivers picoliter-sized inks in a drop-on-demand manner,
oﬀers advantages of low cost, micrometer-scale resolution, high
speed, and most importantly, the ﬂexibility that allows various
organic and inorganic compounds to be selected and
assembled. This makes inkjet printing particularly suitable for
biomedical applications, as it may rapidly form biomimetic
constructs consisting of various biological cells and biopolymers including polysaccharides and proteins.8−10 These
constructs are being applied as models for disease research
as well as artiﬁcial tissues for implants11,12 including artiﬁcial
blood vessels,13 skin, and cartilage.14
© XXXX American Chemical Society

A successful inkjet-printing practice demands precise control
of the droplet deposition proﬁle since the individual droplet
shape determines the device’s geometric resolution and thus
impacts the device functionalities. Polymer inks often contain a
mixture of polymers and solvents. During the drop deposition
process, the ink composition changes and the droplet shape
evolves as the solvents evaporate and perform microﬂows and
solutes simultaneously self-assemble, precipitate, and even
chemically react. To decipher such dynamics, experimental
studies1,10,15−19 and numerical simulations20−22 have been
conducted to examine the complex interplay of solvent
evaporation, substrate properties, and environment conditions
to better control the ﬁnal deposition morphologies. For
example, Cui et al.23 and Seo et al.24 showed that the polymers
in aqueous drops suppressed the coﬀee-ring eﬀect and led to
uniform depositions. Baldwin et al.10 examined the drying of
polymer sessile drops by changing relative humidity, temperature, pressure, droplet volume, and initial contact angle and
found that the deposition proﬁle is dictated only by polymer
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the case of bisolvent polymer drops without surfactant. For
polymer drops with water-only solvent, continuous contact line
depinning is observed both with and without surfactant in the
absence of a stagnation zone. The role of surfactant is found to
cause the deposition proﬁle to undergo a transition from
coﬀee-eye-like (i.e., a central deposition with a thin outer ring)
with surfactant to a uniform deposition without surfactant.

concentration and the relative eﬀects of evaporation and
diﬀusion. Kajiya et al.25 observed the eﬀect of contact line
pinning on the deposition proﬁle where the volcano-like
deposition was found as a result of the long pinning time and a
highly viscous region close to the contact line, while the
polymer-induced Marangoni ﬂow toward the drop center aided
contact line depinning and led to a uniform deposition. A
combined numerical and experimental study was conducted by
Eales et al.20 in which the lubrication theory is used to obtain
the instantaneous height proﬁle and polymer volume fraction
of an evaporating drop, and the viscosity increase with polymer
concentration is considered while a gelled region forms near
the contact line, minimizing the evaporation. For a polymer
drop with a single solvent, increasing the initial polymer
concentration transitions the deposition proﬁle from ringlike to
more uniform. However, for a bisolvent polymer drop, the
evaporation ratio between the two solvents plays an important
role in the ﬁnal deposition,26,27 where the solvental Marangoni
ﬂow induced by a mixture of low boiling point/high surface
tension solvent and high boiling point/low surface tension
solvent leads to a domelike deposition.28 Soltman and
Subramanian1 and Kim et al.29 showed that increasing the
substrate temperature of polymer droplets enhances the ring
formation because of the strong evaporation-driven ﬂow to the
contact line, where the thermal Marangoni ﬂow is found to be
negligible.
The surfactant-driven Marangoni ﬂow adds a new dimension
to the polymer drop evaporation process. Kajiya et al.30
obtained more uniform deposition when a small amount of
surfactant was added to a polymer drop, inducing a surfactant
Marangoni ﬂow24,31 as the concentration of the surfactant
increases near the contact line. However, a nonuniform
volcano-like polymer deposition with surfactants was reported
for small drops and low initial polymer concentrations.32
Similar volcano-like deposition with surfactant is also observed
in bisolvent polymer drops in our experiments, while a
domelike deposition is observed for the same drops without
surfactant. Because of these contradictory observations, the
eﬀects of surfactant on the evaporation and microﬂows inside
the polymer drop leading to the ﬁnal deposition proﬁle need to
be better understood. In particular, how the competition
between the evaporation-driven outward ﬂow and Marangoni
ﬂow in the presence of surfactant aﬀects the deposition has not
been fully explored for complex polymer drops.
In this study, we aim to understand the eﬀect of surfactant
on ﬁnal deposition morphologies of inkjet-printed, picoliter
bisolvent drops containing a biopolymer, via in situ
observation of the drop evaporation process. The biopolymer
used for this study was chemically modiﬁed gelatin, a protein
that is often used for making tissue-engineering implants.5,11
The gelatin was introduced with extra carboxylic function
groups (gel-COOH hereinafter) to enhance gelatin’s solubility
and optimize jetting and printing properties. High-speed
interferometry was used to obtain the instantaneous drop
shape. Microﬂows inside the drop was visualized using
ﬂuorescence microscopy with low-concentration tracer particles. The postmortem deposition proﬁle was analyzed by
optical proﬁlometry. We report that the Marangoni recirculation with a stagnation zone near the contact line dictates the
role of surfactant in the deposition of inkjet-printed bisolvent
polymer drops, resulting in a volcano-like proﬁle. In contrast,
the suppressed evaporation-driven outward ﬂow in conjunction
with a weak Marangoni ﬂow leads to a domelike deposition for

■

EXPERIMENTAL METHODS

A custom-built printing setup consisting of a piezoelectric drop-ondemand printer synchronized with side-view ﬂash photography to
ensure stable droplets from a printhead with an oriﬁce diameter of 60
μm (MicroFab MJ-AL-01, Plano, TX) is shown in Figure 1a. The

Figure 1. (a) Schematic depiction of the interferometry setup for
inkjet-printed evaporating drops. The dashed line represents the
humidity-controlled chamber. (b) Interferometry images of an
evaporating aqueous polymer drop of 113 pL on a plasma-cleaned
glass substrate containing 3 wt % gel-COOH, 12 wt % glycerol, and
water at t = 0.4 s and t = 2.0 s after deposition. The relative humidity
of the chamber is 35%. The scale bars represent 20 μm.
picoliter-sized droplets were formed via a pneumatic control device
(MicroFab) and a waveform generator (JetDrive). The side-view
imaging of the drop was conducted using a 12× Navitar lens
(Rochester, NY) on a SensiCam CCD camera (Germany) in tandem
with a halogen strobe light (PerkinElmer, Waltham, MA). The
lighting, imaging, and droplet jetting were synchronized with a delay
generator (SRS DG645, Sunnyvale, CA) to obtain droplets of ≈60
μm diameter. The droplets were printed onto cleaned glass slides
(Chemglass, Vineland, NJ), which were also made more hydrophilic
by plasma cleaning (2 min of air plasma at 18 W and 250 mTorr,
Harrick Plasma PDC-32G, Ithaca, NY). All the experiments were
performed within 5 min of plasma cleaning. The relative humidity was
controlled using an environmental chamber and the ambient
temperature was maintained at 22 °C.
The bottom-view interferometry imaging was conducted on the
basis of constructive (bright fringes) and destructive (dark fringes)
interference resulting from the phase shift between the incident light
reﬂected from the drop−air interface and the glass substrate. The
interferometry imaging setup consists of a 50× objective connected to
an inverted microscope (Zeiss Axio Observer A1) illuminated by a
632.8 nm helium−neon laser (Thorlabs HNL225R, beam diameter
0.7 mm, Newton, NJ) expanded through a beam expander (Thorlabs
GBE20-A). The interferometry images were recorded at 2000 frames/
s with a resolution of 0.4 × 0.4 μm/pixel by a high-speed camera
(Phantom V711, Wayne, NJ). The captured images (Figure 1b) were
analyzed on the basis of the well-known premise that the fringe-toB
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fringe spacing correlates to a local drop thickness diﬀerential of λ/2,
where λ is the wavelength of the light source.33,34 The maximum
measurable thickness depends on the coherence of the light source
and is over 10 μm in our experiments. The minimum measurable
thickness depends on the wavelength of the light source and is λ/4 ≈
158.2 nm in the present study. With a temporal resolution of 500 μs,
the interferometry technique allows for the instantaneous measurement of the local drop thickness, from which the drop proﬁle is
determined using the cubic spline interpolation function of
MATLAB.35 The volume of the drop was then calculated from the
drop proﬁle using Pappus’s centroid theorem.36 All deposited samples
were stored at an ambient temperature of 22 °C and a relative
humidity of 35% for over 48 h to ensure that evaporation was
complete. The deposition proﬁle was then determined using an
optical proﬁlometer (Zygo 7100, Middleﬁeld, CT) which has a lateral
resolution of 0.4 μm and a vertical resolution of 0.1 nm. The
deposition proﬁle was remeasured after a week to ensure it remained
the same.
The carboxylated gelatin (gel-COOH) was made from the gelatin
solution which was prepared by dissolving 10 g of powdered gelatin
from a cold-water ﬁsh skin (Sigma-Aldrich G7041) into 100 mL of
deionized water in a conical ﬂask heated at 75 °C under continuous
stirring for 20 min. The gelatin solution was ﬁltered using a 0.22 μm
syringe ﬁlter. Two solutions, one made of 0.25 g of succinic acid (SA)
in 10 mL of acetone and another with 0.4 g of sodium hydroxide in 8
mL of deionized water, were prepared for synthesis of gel-COOH.
The synthesis process started with adding the sodium hydroxide
buﬀer solution into the gelatin solution to reach a pH value of 7. A 0.3
mL sodium hydroxide buﬀer solution and a 1.0 mL SA solution were
then added into the gelatin solution and the process was repeated
until the SA solution was depleted, keeping the mixture at the pH
value of 7. After the mixture was stirred at room temperature for at
least 3 h, the gel-COOH was then puriﬁed several times with a dialysis
process in deionized water, freeze-dried, and stored at −20 °C before
use. For inkjet-printing experiments, the gel-COOH ink was prepared
by dissolving 3 wt % gel-COOH into deionized water and glycerol
(Acros Organics), and with or without 0.75 wt % Surfynol 440
surfactant (Air Products and Chemicals), a nonionic and nonfoaming
surfactant.37 The physical properties of the solvents and surfactant in
the ink solution at room temperature are summarized in Table 1.

Figure 2. Properties of ink solutions as a function of the nonwater
concentration, ϕ. (a) Viscosity (η) of gel-COOH−water (black
square), glycerol−water (blue circle), and gel-COOH−glycerol−
water (red diamond, with gel-COOH/glycerol = 1:4) solutions. (b)
Surface tension (γ) of gel-COOH−water (black square), glycerol−
water (blue circle), and surfactant−water (red triangle) solutions. The
viscosity and surface tension of pure water are plotted as hollow
squares for reference.

Table 1. Properties of Solvents and the Surfactant in the Ink
Solution at 295 K
name

viscosity
(mPa·s)

surface tension
(mN/m)

boiling point
(K)

glycerol
water
Surfynol 440

830 ± 20
0.89 ± 0.03
15037

63.1 ± 2
72 ± 2

563.238
373.239

small amount (e.g., 0.75 wt %) of surfactant in water signiﬁcantly
reduces the water surface tension from 72 to 29 mN/m.

■

Figure 2a shows the change of viscosity, η, as a function of the
concentration of all nonwater contents in gel-COOH−water,
glycerol−water, and gel-COOH−glycerol−water solutions measured
using a viscometer (Brookﬁeld DV-II+Pro). The viscosity of the gelCOOH−water mixture (black square) increases about 39 times as the
concentration of gel-COOH in water increases from 3 to 20 wt %,
while the increase is about 709 times for the glycerol−water mixture
(blue circle) as the glycerol concentration changes from 10 to 100 wt
%. On the other hand, the viscosity of the gel-COOH−glycerol−
water solution (red diamond) increases from 0.003 to 0.308 Pa·s as
the concentration of gel-COOH and glycerol in water increases from
15 to 65 wt %, while keeping the gel-COOH/glycerol ratio ﬁxed at
1:4. Figure 2b shows the surface tension variation for diﬀerent
nonwater content concentrations measured by a tensiometer
(Attension Sigma 701). The surface tension of the glycerol−water
mixture decreases from 71 to 63 mN/m when the glycerol
concentration increases from 0 to 100 wt %. Increasing gel-COOH
concentration from 3 to 20 wt % reduces the surface tension of gelCOOH−water mixture from 49 to 36 mN/m. In addition, adding a

RESULTS AND DISCUSSION
To understand the dependence of deposition morphologies on
surfactant, Figure 3 shows the deposition proﬁles of inkjetprinted drops containing 3 wt % gel-COOH in 12 wt %
glycerol−water without (Figure 3a) and with 0.75 wt %
surfactant (Figure 3b), as well as in 6 wt % glycerol−water
without (Figure 3c) and with surfactant (Figure 3d), on a
plasma-cleaned glass substrate with an in-ﬂight drop diameter
of 60 μm. The corresponding centerline height proﬁles without
and with surfactant for the 12 and 6 wt % glycerol cases are
shown in Figure 3e,f, respectively. For both 12 and 6 wt %
glycerol cases, the deposition proﬁles of the glycerol−water
bisolvent polymer droplets with surfactant show volcano-like
proﬁles (Figure 3b,d), which are very diﬀerent from the
domelike depositions without surfactant (Figure 3a,c). In
contrast to adding surfactant as a means to increase the
C
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Figure 3. Deposition proﬁles of inkjet-printed polymer droplets with 3 wt % gel-COOH in 12 wt % glycerol−water (a) without and (b) with
surfactant, and in 6 wt % glycerol−water (c) without and (d) with surfactant on a plasma-cleaned glass. Centerline height proﬁles of the ﬁnal
deposition containing 3 wt % gel-COOH in (e) 12 wt % glycerol−water without and with surfactant and in (f) 6 wt % glycerol−water without and
with surfactant. The in-ﬂight drop diameter is 60 μm at a relative humidity of 35%. The droplet deposition radius, Rdepo, is ≈170 μm in all cases of
Figure 3. The scale bar represents 50 μm.

Figure 4. (a) Instantaneous drop shapes every 0.4 s for the ﬁrst 2 s
and in 2 h without surfactant based on interferometry and (b)
interferometry images of inkjet-printed evaporating aqueous polymer
droplets on a plasma-cleaned glass substrate containing 3 wt % gelCOOH, 12 wt % glycerol, and 85 wt % water at t = 0.4, 0.8, and 2.0 s.
The experimental conditions are the same as those in Figure 3. The
scale bar represents 20 μm.

Figure 5. (a) Instantaneous drop shapes with surfactant based on
interferometry showing the inﬂection point starting at t = 1.2 s and
(b) interferometry images of inkjet-printed evaporating aqueous
polymer droplets on a plasma-cleaned glass substrate containing 3 wt
% gel-COOH, 12 wt % glycerol, 0.75 wt % surfactant, and water at t =
0.4, 0.8, and 2.0 s. The experimental conditions are the same as those
in Figure 3. The scale bar represents 20 μm.

uniformity of the ﬁnal deposition of picoliter polymer
drops,30,32 uniform deposition is not observed with surfactant
in this study. Moreover, as the concentration of glycerol
increases in the gel-COOH−glycerol−surfactant−water drops
shown in Figure 3b,d, the distance between the contact line
edge and the deposition peak increases. In the absence of
surfactant, however, a domelike deposition proﬁle is observed
at diﬀerent glycerol concentrations, as shown in Figure 3a,c.
Eales et al.26 has also predicted a domelike deposition proﬁle
for the bisolvent case when the relative volatility, that is, the
evaporation rate ratio between the more volatile and less
volatile solvent, reaches about 50. When the relative volatility
of the bisolvent is high, such as glycerol and water in the
current study, the contact line region becomes rich in the less
volatile component (glycerol) but lean in the more volatile
liquid (water), which in turn suppresses the evaporation ﬂux at
the contact line, hinders the coﬀee-ring eﬀect, and results in a
domelike deposition as shown in Figure 3a,c.

Figure 4a shows the instantaneous drop shapes every 0.4 s
without surfactant based on in situ interferometry of an
evaporating droplet containing 3 wt % gel-COOH in 12 wt %
glycerol and 85 wt % water, the same case considered in Figure
3a, providing a better understanding of the deposition proﬁle
with and without surfactant. The drop maintains a domelike
shape and the contact line is pinned during the entire
evaporation process. The drop height decreases faster at an
early stage of evaporation and slows down as water is gradually
depleted. Within 2.0 s, 80% of the drop volume evaporates,
which is much longer than the pure water drops of the same
size with a total evaporation time of about 0.79 s.40 Here, the
total evaporation time of a pure water drop is estimated
assuming diﬀusion-limited evaporation of a spherical cap drop
with a pinned contact line following tf = πρRdepo2 tan(Θ/2)/
[8D(1 − RH)cv],41,42 where D is the diﬀusivity of water vapor
in air, cv is the saturated vapor concentration, RH is the relative
humidity, Θ is the apparent contact angle of the droplet, Rdepo
D
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Figure 8. (a) Schematic of microﬂows inside a drop consisting of 3 wt
% gel-COOH−12 wt % glycerol−0.75 wt % surfactant−water. The
accumulation of gel-COOH, glycerol, and surfactant near the contact
line creates a highly viscous stagnation zone. The surfactant-driven
Marangoni ﬂow in conjunction with the stagnation zone leads to a
Marangoni recirculation some distance away from the contact line.
The gel-COOH continues to deposit near the stagnation line, forming
a volcano-like deposition proﬁle. The black dashed line shows the
focal plane at ≈10 μm above the substrate and the depth of ﬁeld is a
few micrometers using a 50× objective. Fluorescent particles and their
motions are marked with red circles and arrows in the schematic. (b)
Snapshots showing the motion of 1 μm ﬂuorescent particles inside a
500 nL droplet of 3 wt % gel-COOH−12 wt % glycerol−0.75 wt %
surfactant−water at two diﬀerent times. The drop radius is about 1
mm and the height is around 300 μm. The red dashed lines show the
edges of the stagnation zone. The arrows indicate the motion of
ﬂuorescent particles where one located below the focal plane moves
toward the stagnation line and another on the focal plane moves
toward the drop center. Diﬀerent motions of the ﬂuorescent particles
on diﬀerent z planes indicate a Marangoni recirculation inside the
drop as depicted in (a). (c) Velocity vectors inside the drop at t ≈ 20
s. The scale bar represents 50 μm.

Figure 6. Comparison of normalized drop volumes, V/V0, versus time
with and without surfactant for droplets containing 3 wt % gelCOOH, 12 wt % glycerol, and 85 wt % water on a plasma-cleaned
glass substrate. The experimental conditions are the same as those in
Figures 3a,b. The dashed lines assume linear drop volume decrease
with time as in a pure water drop on a hydrophilic surface. The solid
blue line shows pure water of the same size.41

Figure 7. Schematics of the drop evaporation and polymer deposition
process of a gel-COOH−glycerol−water droplet (a) without and (b)
with surfactant. A highly viscous stagnation zone near the contact line
is formed for both cases because of the accumulation of gel-COOH
and glycerol. The strong Marangoni recirculation induced by
surfactant in conjunction with the stagnation zone leads to a
volcano-like deposition pattern with surfactant.

= {πd03/[3π tan(Θ/2)]}1/3 is the droplet deposition radius,
and d0 is the drop in-ﬂight diameter. This longer evaporation
time for the bisolvent polymer drop conﬁrms that as water
evaporates, the accumulation of gel-COOH and glycerol at the
pinned contact line reduces the evaporation ﬂux near the
contact line and suppresses the evaporation-driven outward
ﬂow as compared to that of a pure water drop. After 2.0 s,
evaporation slows down and the drop volume reduces from
20% to 14.9% in 2 h. Interferometry images shown in Figure
4b reveal the changes in fringe spacing over time. The fringe
spacing, corresponding to drop height variation, is small at an
early time, for example, t = 0.4 s, and increases when t = 0.8 s.
At t = 2.0 s, no fringe is seen at the drop center, indicating no
height variation or a ﬂat drop proﬁle.
Figure 5a shows the changes in drop shape every 0.4 s with
surfactant based on interferometry for the same case
considered in Figure 3b. The contact line is pinned during
the entire evaporation process and the drop initially maintains
a domelike shape at t = 0.4 s, similar to that without surfactant
shown in Figure 4a. The drop shape then starts to change from

Figure 9. Deposition proﬁles of inkjet-printed polymer droplets
containing 3 wt % gel-COOH−water (a) without and (b) with
surfactant on a plasma-cleaned glass, with the inset showing the threedimensional deposition proﬁles. The scale bar represents 50 μm. The
instantaneous drop shapes (c) without and (d) with surfactant. The
in-ﬂight drop diameter is 60 μm at a relative humidity of 35%.

domelike to volcano-like at around 0.8 s and maintains a
volcano-like proﬁle until evaporation ends. An inﬂection point
in drop proﬁle is observed near the contact line at t = 1.2 s,
which is not seen for the case without surfactant.
E
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volume deviates from the linear dependence with time as for a
pure water drop with a pinned contact line on a hydrophilic
surface.43,44 This deviation is due to the presence of a less
volatile component, glycerol, and the suppression of the
evaporation-driven outward ﬂow as a result of the accumulation of highly viscous gel-COOH and glycerol at the pinned
contact line.
As the drop evaporates, the accumulation of gel-COOH,
glycerol, and surfactant at the contact line induces a surface
tension gradient along the drop surface. The drop center being
rich in water has a higher surface tension compared to the drop
edge rich in low surface tension components, which results in a
Marangoni ﬂow from the drop edge to the center. To compare
the magnitudes of the Marangoni ﬂows caused by gel-COOH,
glycerol, and surfactant, individually, we calculated the
Marangoni force for each component using ΔγL, where L is
the drop deposition radius which is about 85 × 10−6 m in our
study and Δγ is the maximum surface tension diﬀerence
between the drop center and the edge. The values of Δγ are
estimated to be 44 mN/m for surfactant-induced Marangoni
force (as the surfactant concentration increases from 0 to 5 wt
%), 6 mN/m for glycerol-induced (as the glycerol concentration changes from 12 to 80 wt %), and 13 mN/m for gelCOOH-induced (as the gel-COOH concentration changes
from 3 to 20 wt %), respectively. The corresponding
Marangoni forces are 3.76 × 10−6 N for surfactant-driven,
0.53 × 10−6 N for glycerol-driven, and 1.11 × 10−6 N for gelCOOH-driven. This indicates that the surfactant-driven
Marangoni ﬂow dominates, and in the absence of surfactant,
the Marangoni ﬂow becomes much weaker. It is also important
to note that the surface tension is very sensitive to a small
amount of the surfactant (e.g., 0.75 wt %) but less sensitive to
gel-COOH and glycerol such that the actual Marangoni forces
due to gel-COOH and glycerol during the evaporation process
are expected to be less than the above estimated values on the
basis of the maximum possible Marangoni forces.
The schematics of the drop evaporation and polymer
deposition processes of the gel-COOH−glycerol−water
droplets without and with surfactant are illustrated in Figure
7. In the absence of surfactant as shown in Figure 7a, a strong
evaporation-driven outward ﬂow to replenish high evaporation
ﬂux at the pinned contact line drives gel-COOH and glycerol
to the contact line region at an early stage of evaporation and
creates a highly viscous region near the contact line. This
highly viscous contact line region suppresses the evaporation-

Figure 10. Final deposition proﬁles, including ring (yellow), uniform/
dome (red), and volcano (blue) shapes, for diﬀerent initial drop
viscosities (η0) and Marangoni forces (ΔγL) for an evaporating
polymer drop with a pinned contact line.

Interferometry images shown in Figure 5b reveal the changes
in fringe spacing over time. At t = 0.4 s, the fringe spacing
increases from the drop edge to the center, indicating a
domelike proﬁle. By analyzing interferometry images every
0.02 s, we found that the transition from domelike to volcanolike proﬁle occurs right before 0.8 s. At t = 0.8 s, a few fringes
are concentrated near the contact line but no fringe at the drop
center, indicating a near ﬂat drop proﬁle. At t = 2.0 s, several
fringes with decreasing spacing appear near the drop center,
indicating a concave or volcano-like proﬁle. After 2 s, the drop
volume changes from 20% to 11.3% within 2 h. The smaller
drop volume (or the faster evaporation rate) compared to the
without surfactant case is mainly due to the surfactant-induced
Marangoni recirculation, causing better mixing of remaining
water and glycerol inside the drop. When the interferometry
images of the same times in Figures 4b and 5b are compared,
the instantaneous drop shape is found to be completely
diﬀerent after t = 0.8 s by adding a small amount of surfactant.
Figure 6 shows the comparison of the normalized drop
volumes, V/V0, as a function of time with and without
surfactant for droplets containing 3 wt % gel-COOH−12 wt %
glycerol−85 wt % water on a plasma-cleaned glass substrate.
The instantaneous drop volume is always smaller (or, in other
words, the evaporation rate is higher) with surfactant until the
drop volume reduces down to 20% at t = 1.6 s when water is
almost depleted. For both cases, the instantaneous drop
Table 2. Properties of the Ink Solutions Included in Figure 10

Δγ (N/m)

symbol

reference

component

□
◇
☆

Kajiya et al.25
Fukai et al.17
De Gans and Schubert18

△

Eales et al.20

○

Eales et al.26

◁

present study

butanol−PDMA
xylene−PS
acetophenone−PS
ethyl acetate−PS
MB−LEP Ink A
MB−LEP Ink B
MB−LEP Ink C
MB−LEP Ink G
MB−LEP Ink A
MB−OX−LEP Ink C
MB−AN−LEP Ink F
gel-COOH−glycerol−water
gel-COOH−glycerol−water−Surfynol440
F

0.6
−2
9.04
−6.61
8

×
×
×
×
×

10−3
10−3
10−3
10−3
10−3

8
2.68
−9.48
19.2
63.4

×
×
×
×
×

10−3
10−3
10−3
10−3
10−3

L (m)
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driven outward ﬂow and forms a stagnation zone as gel-COOH
and glycerol continue to accumulate. A weak Marangoni ﬂow is
induced from the drop edge to the center, and in conjunction
with the suppressed evaporation-driven outward ﬂow, the
microﬂow inside the drop is not expected to be signiﬁcant such
that the solvent evaporates uniformly at the drop surface and
results in a domelike deposition pattern.
In the presence of surfactant, as shown in Figure 7b, the
accumulation of gel-COOH, glycerol, and surfactant to the
contact line by the strong evaporation-driven outward ﬂow
creates a highly viscous stagnation zone near the drop edge
that is similar to the case without surfactant. A strong
Marangoni ﬂow is induced from drop edge to center mainly
because of the high surfactant concentration near the contact
line. This strong Marangoni ﬂow meets the stagnation zone
near the drop edge and creates a recirculating ﬂow inside the
drop as shown in the third graph of Figure 7b. The combined
recirculating ﬂow with stagnation zone is believed to be
responsible for the inﬂection point observed during drop
evaporation in Figure 5a and the volcano-like deposition
proﬁle for gel-COOH−glycerol−water−surfactant drops.
To demonstrate the existence of a Marangoni recirculation
with a stagnation zone at the contact line, the microﬂows
inside a 500 nL drop consisting of 3 wt % gel-COOH−12 wt %
glycerol−0.75 wt % surfactant−water was examined using
ﬂuorescent particles as ﬂow tracers. A larger drop size was
chosen to ensure enough ﬂuorescent particles for ﬂow
visualization. As shown in Figure 8b, a stagnation zone near
the drop contact line is formed within 20 s of evaporation
because of the accumulation of gel-COOH and glycerol, and
its width increases over time. A stagnation point of zero
velocity appears at the edge of the stagnation zone and close to
the drop surface. The microﬂow outside the stagnation zone is
demonstrated using two ﬂuorescent particles at two diﬀerent z
planes. The particle located near the bottom of the drop moves
toward the stagnation line and another on the focal plane
about 10 μm above the substrate moves toward the drop
center as shown in Figure 8b, indicating a Marangoni
recirculation is set up some distance away from the contact
line as illustrated by the streamlines in Figure 8a. To further
verify the Marangoni recirculation, particle image velocimetry
(PIV) algorithms were implemented to approximate the ﬂow
ﬁeld inside the evaporating drop using open-source software,
PIVlab (time-resolved digital particle image velocimetry tool
for MATLAB).45 Fluorescent images, every 0.2 s, were
preprocessed through high-pass ﬁltering and background
noise subtraction algorithms to remove the out-of-focus
particles. Velocity vectors shown in Figure 8c were obtained
from consecutive frames at t = 20 and 20.2 s based on twodimensional cross-correlations with 48 × 48 pixels of 50%
overlap. Marangoni recirculation with inward velocity on the
focal plane of 10 μm above the substrate is clearly shown.
To understand the eﬀect of surfactant in polymer drops with
water-only solvent, deposition morphologies and instantaneous
drop proﬁles are observed for an inkjet-printed 3 wt % gelCOOH−water droplet without and with surfactant. While a
uniform deposition with a small center bump is obtained for
the case without surfactant as shown in Figure 9a, a coﬀee-eyelike deposition with a central deposit and a thick ring at the
contact line is observed in the presence of surfactant as shown
in Figure 9b. With use of high-speed interferometry,
continuous receding of the contact line is observed for the
case without surfactant as shown in Figure 9c because of the

lack of glycerol and hence no stagnation zone in the
evaporating drop. In contrast, the contact line is initially
pinned for the case with surfactant and an inﬂection point of
the drop proﬁle appears at t = 0.64 s and around r/Rdepo = 0.76.
And then, at t = 0.68 s, the contact line starts to depin, leaving
behind a ring deposition for the case with surfactant as shown
in Figure 9d. Note that, in Figure 9c,d, only half of the drop is
shown because of symmetry. The results show that the
presence of surfactant reduces the drop surface tension and
causes the depinning of contact line to be diﬃcult. This
observation is consistent with the model of Orejon et al.,43
where the energy for depinning is found to be proportional to
surface tension, and hence as the surfactant lowers the surface
tension, the energy for depinning diminishes. The initial
pinning of the contact line causes gel-COOH to accumulate at
the drop edge, which further enhances pinning. As evaporation
continues, the contact angle decreases. Once the contact angle
becomes smaller than the critical receding contact angle, the
contact line depins and a coﬀee-eye-like deposition is formed
because of the Marangoni recirculation, which brings some gelCOOH to eventually deposit at the drop center as shown in
Figure 9b.
Figure 10 summarizes the ﬁnal deposition proﬁles from the
literature and the present study, including ring, uniform, dome,
and volcano shapes, for diﬀerent initial drop viscosities (η0)
and Marangoni forces (ΔγL) for an evaporating polymer drop
with a pinned contact line, representing two competing forces
inside the drop. Diﬀerent symbols in Figure 10 denote
diﬀerent studies and diﬀerent colors indicate diﬀerent
deposition morphologies. The Marangoni force, ΔγL, can be
induced by the gradient of solute, solvent, and surfactant along
the drop surface and added together for a complex drop
containing diﬀerent causes of the Marangoni force. The
properties of the ink solutions included in Figure 10 are
summarized in Table 2. Positive and negative ΔγL imply the
inward and outward Marangoni ﬂows, respectively. Initial drop
viscosity, η0, along the x-axis, is experimentally determined in
the literature, except Eales et al.26 for the bisolvent case. For
the bisolvent case, viscosity is calculated using η0 = x1η1 + x2η2,
where x1 and x2 are the volumetric percentage and η1 and η2
are the viscocity of each solvent.26,46,47 Change in viscosity by
adding polymer in the bisolvent case is considered to be
proportional to that of a single solvent.20 A large Marangoni
force with a high initial viscosity creates Marangoni
recirculation because of the formation of stagnation zone at
the contact line and is responsible for the volcano-shape
deposition. However, a low initial drop viscosity and a reversed
Marangoni force (i.e., negative ΔγL value) are responsible for
the ring-shape deposition. The uniform and dome shapes
result from a low initial drop viscosity and a medium
Marangoni force ΔγL. For the present study, the initial drop
viscosity is high because of the presence of glycerol and
polymer and a stagnation zone is formed. The Marangoni
recirculation in the conjunction of the stagnation zone
transitions the deposition from dome to volcano shape in
the presence of surfactant, opposite the uniform deposition
due to surfactant as observed by others.30,48

■

CONCLUSION
In this study, the instantaneous evaporation process of inkjetprinted picoliter gelatin carboxyl drops containing glycerol and
water is observed in real time using interferometry. In contrast
to other drop deposition studies with surfactant, bisolvent
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gelatin drops with surfactants yield a volcano-shape deposition
as a result of a strong Marangoni recirculation in conjunction
with a stagnation zone near the contact line. Without
surfactant, the suppressed evaporation-driven outward ﬂow
combined with a weak Marangoni ﬂow results in a domelike
deposition. For polymer drops in pure water, contact line
depinning is observed without the stagnation zone for both
with and without surfactant, and the presence of surfactant
transitions the deposition morphology from uniform to coﬀeeeye-like. This study helps to understand the deposition
dynamics of polymer drops to better control the deposition
patterns for a broad range of polymer printing applications
from OLEDs to biomedical implants.
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