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ABSTRACT: Recent interest in printable electronics and in
particular paper- and textile-based electronics has fueled research in inkjet printing of colloidal drops on porous substrates. On nonporous substrates, the interplay of particle
motion and solvent evaporation determines the ﬁnal deposition morphology of the evaporating colloidal drop. For porous
substrates, solvent inﬁltration into the pores adds a layer of
complexity to the deposition patterns that have not been fully
elucidated in the literature. In this study, the deposition of
picoliter-sized aqueous colloidal droplets containing nanometer- and micrometer-sized particles onto nanoporous anodic
aluminum oxide substrates is examined for diﬀerent drop and particle sizes and relative humidities as well as pore diameters,
porosities, and wettabilities of the porous substrates. For the cases considered, solvent inﬁltration is found to be much faster than
both evaporation and particle motion near the contact line, and thus when the substrate fully imbibes the solvent, the well-known
“coﬀee-ring” deposition is suppressed. However, when the solvent is only partially imbibed, a residual droplet volume exists upon
completion of the inﬁltration. For such cases, two time scales are of importance: the time for particle motion to the contact line
as a result of both diﬀusion and advection, tP, and the evaporation time of the residual drop volume, tEI. Their ratio, tP/tEI,
determines whether the coﬀee-ring deposition will be formed (tP/tEI < 1) or suppressed (tP/tEI > 1).

1. INTRODUCTION
The physics involved in an evaporating droplet has inspired
the scientiﬁc community in recent years by its complexity and
form. In particular, colloidal droplet evaporation is of value to a
number of applications including inkjet printing such as 3D
nanoprinting and printable electronics, drug discovery, sensors,
and others.1−6 The ubiquitous characteristic of a ring formed by
a drying colloidal droplet with a pinned contact line (CL) on a
substrate, otherwise known as the “coﬀee-ring” eﬀect, and the
suppression thereof have been a central theme, although it is
markedly advantageous for some applications including coﬀeering lithography and transparent electronics.3,7,8 Since the
seminal work done by Deegan et al.,9 a slew of studies have
proven to successfully “tune” the coﬀee-ring eﬀect via controlling the solvent composition, substrate temperature, particle
size and concentration, and others.10−22 Previously, Deegan’s
work focused primarily on the evaporation-driven particle
transport where the particles in millimetric-sized volatile drops
act as ﬂow tracers and are characterized less by Brownian
motion. However, Shen et al.23 have shown that for colloidal
drops on the picoliter scale or smaller with a high particle
concentration, the diﬀusive motion of the particles may become
more signiﬁcant as compared to the particle motion due to
the evaporation-driven ﬂow. They proved experimentally that
the coﬀee-ring eﬀect is suppressed when the diﬀusive time scale
of the particle−particle interaction in the vicinity of the drop
CL exceeds the drop evaporation time scale, leaving insuﬃcient
time for the particles to assemble and deposit at the CL.
For porous substrates, the coﬀee-ring eﬀect can be tuned by
© 2015 American Chemical Society

introducing solvent inﬁltration to control the volumetric loss of
the solvent in lieu of tuning the evaporation rate.24
Porous substrates are of special interest for applications in
paper- and textile-based electronics and microelectromechanical
systems.25,26 While research has been conducted for drop
impact on porous substrates,27 few authors have reported the
eﬀect of solvent inﬁltration on particle deposition morphology.
Recent work done by Dou and Derby24 has demonstrated the
correlation among the pore size, the inﬁltration, and the coﬀeering eﬀect for colloidal drops of bisolvents depositing on
porous substrates. They found that with solvent inﬁltration into
the porous substrate, the Marangoni ﬂow induced by bisolvent
evaporation in the direction opposite to the evaporative outﬂow
is suppressed, leading to the enhancement of the coﬀee-ring
eﬀect. By treating particles as ﬂow tracers, they associated the
coﬀee-ring deposition with the competition between evaporation and inﬁltration.
Inspired by the work of Shen et al.23 and Dou and Derby,24
in this study, we examine the eﬀects of solvent removal (by
both evaporation and inﬁltration) and particle motion in the
vicinity of the CL on the deposition morphology of inkjetprinted picoliter colloidal droplets onto nanoporous substrates.
Highly ordered nanoporous alumina of various pore sizes, porosities,
and wettabilities were used, in conjunction with aqueous colloidal
drops of diﬀerent particle sizes and drop diameters, to systematically
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2. EXPERIMENTAL METHODS
A custom-built drop-on-demand inkjet printing setup was used in our
experiments as shown in Figure 1. The jetting was controlled via a
waveform generator (JetDrive) triggered by a computer and sent to a
piezoelectric inkjet printhead with oriﬁce diameters of 40 and 60 μm
(MicroFab MJ-Al-01), respectively. The pressure in the nozzle was
maintained by a pneumatic control device (MicroFab, Plano, Texas).
A high-speed camera was used to obtain images at 50 000 fps with a
resolution of 256 × 128 pixels at 1.667 μm/pixel (Phantom V12.1).
A Navitar 12× zoom lens (Rochester, NY) and a light source were also
used to capture side-view images of the drop deposition. A custombuilt stage controlled the X−Y−Z location of the nozzle whereas an
automatically controlled X−Y stage moved the substrate.
The substrates used in the experiments were 50- and 100-μm-thick
nanoporous anodic aluminum oxide (AAO) open on either end. The
AAO of various pore sizes, 55−150 nm with porosities of 10−35%,
were obtained from Synkera Technologies. All experiments took place at
an ambient temperature of 22 °C in a custom-built environmental
chamber with relative humidity at 20, 40, and 70%. The substrates were
initially cleaned by rinsing in acetone, ethanol, isopropyl alcohol, and
deionized water sequentially; this process was repeated three times before
ﬁnally rinsing them three times with deionized water. The substrates were
allowed to dry for 30 min at 50 °C on a hot plate before any further
treatment was carried out. Oxygen plasma treatment was conducted using
a plasma cleaner (18 W and 250 mTorr, Harrick Plasma PDC-32-G) for
2 min to increase the wettability of the substrate surface.
Colloidal suspensions of carboxylate-modiﬁed polystyrene particles
(Invitrogen) 230 nm and 1 μm in diameter were diluted to 0.5 vol %
using deionized water. The particles were subsequently homogenized
in a sonicator (Cole-Parmer 8891) for 5 min prior to printing.
The same particle concentration and in-ﬂight diameters of 42 and
60 μm were used in all of the printing experiments. A scanning electron microscope (SEM, Zeiss Supra 50VP) and an optical proﬁlometer
(Zygo 7100) were used for postmortem analysis of the particle deposition morphologies. A custom-built goniometer in conjunction with
the LB-ADSA drop analysis plugin of ImageJ (http://rsbweb.nih.gov/ij/)
was used to determine the intrinsic contact angle of the DI water
inside the nanopores by measuring the contact angle of a sessile drop
on a nonporous, amorphous alumina surface. Moreover, ImageJ was
used to measure the apparent contact angle and volume of the printed
drops from the images of the high-speed camera. A summary of the
experimental parameters used in the present study is given in Table 1.

Figure 1. Schematic of the inkjet printing experimental setup and the
scanning electron microscopy images of the side (left) and top (right)
views of the AAO substrate with average pore size of 150 nm.

vary the particle motion, evaporation, and inﬁltration. Diﬀerent
from Dou and Derby,24 we focus on single-solvent colloidal
drops where the Marangoni convection is not pronounced.
Colloidal drops on the picoliter scale are of interest due to
their relevance to materials printing applications, where both
diﬀusive and advective particle motions near the drop CL are
important, especially for drops with a high particle concentration. The particle size is selected to be larger than the pore
size such that only solvent inﬁltration is allowed and the thickness of the porous substrate is of the same order of the drop
diameter where the inﬁltration is assumed to be much faster
than evaporation. The drop imbibition and evaporation processes were captured by high-speed imaging inside an environmental chamber of well-controlled humidity. A model that
governs the competition among particle motion, solvent evaporation, and inﬁltration is developed and is used to predict
the deposition patterns on porous substrates with good
agreement with the experiments. For cases where the solvent
is fully inﬁltrated into the porous substrate, the correlation of
the particle deposition morphology with the inﬁltration rate
to near-CL particle motion ratio is established. When the
solvent is only partially imbibed to leave a residual droplet
upon completion of the inﬁltration, the competition between
the particle motion in the vicinity of CL and solvent evaporation of the residual drop as well as the resulting deposition patterns on porous substrates is examined. The results
presented here will be used, among others, to guide ink and
substrate designs for paper- and textile-based printable
electronics.

3. MODEL
The deposition of inkjet-printed colloidal drops onto porous
substrates can be characterized by three sequential stages as
outlined in Figure 2: (i) drop impact and spreading, (ii) solvent
inﬁltration, and (iii) solvent evaporation and particle deposition. The following assumptions are made for the transport
analysis in the present model: (1) The drop “deposits” on the
porous substrate upon impact as a result of a low splashing
parameter Kd = [d03v05ρ3/(μσ2)]1/4 ≈ 6, where d0 is the drop inﬂight diameter, v0 is the drop impact velocity, ρ is the density, μ
is the dynamic viscosity, and σ is the surface tension of water.28
(2) The substrate pore size is much smaller than the drop
deposition diameter, and as a result of much faster spreading
than inﬁltration, the inﬁltration depth in highly ordered pores

Table 1. Summary of the Experimental Parameter Space
particle
type
polystyrene

particle
diameter,
dpart (nm)

particle
concentration,
Cp (particles/mL)

relative
humidity,
H (%)

pore
diameter,
dpore (nm)

porosity,
ε (%)

230
1000

7.85 × 1011
7.64 × 1010

20
40
70

55
80
100
150

10
13
15
35

7954

substrate
thickness,
L (μm)

contact
angle,
Θ (deg)

50
100

30−35 (plasma)
50−95 (nonplasma)
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evaporative ﬂow-induced advection, both of which are evaluated
using the initial particle concentration.
Here we assume solvent inﬁltration is governed by the Washburn29
equation where the instantaneous inﬁltration length x in a
cylindrical capillary of diameter dpore is related to the inﬁltration
time t following
x=

σd poret cos θ
4μ

(1)

where θ is the intrinsic contact angle of the pore. For a drop
of spherical-capped shape with volume V0, the time it takes to
fully inﬁltrate a porous substrate containing a bundle of highly
ordered capillary tubes of uniform size is given by30
tI =

μddepo 2 tan 2

Θ
2

4ε 2σd pore cos θ

(2)

where ddepo is the drop deposition diameter, Θ is the apparent contact angle of the drop at the end of spreading, and ε is the porosity
of the substrate. Equation 2 denotes the case when the substrate
thickness (L) is larger than that required for total imbibition (LI).
Recall that for a spherical cap V0 = ((πddepo3/24 sin3 Θ)(2 − 3 cos
Θ + cos3 Θ) ≈ (π/16)tan(Θ/2)ddepo3) for small Θ and V0 =
LI(π/4)εddepo2 for a uniform inﬁltration depth at diﬀerent drop
radial locations. In the present study, for an aqueous drop of
113 pL inﬁltrating an AAO substrate of 150 nm pore size, 35%
porosity, and 42° intrinsic contact angle, the inﬁltration time is
around 600−800 μs depending on the substrate wettability.
For a diﬀusion-limited evaporating drop with a pinned CL
and a small contact angle (<90°), the total evaporation time tE
can be approximated by the Hu−Larson31 model following

Figure 2. Schematic depicting the three stages of drop deposition on a
porous substrate [(i) spreading, (ii) inﬁltration (at ﬂux JI), and (iii)
evaporation (at ﬂux JEI of the residual volume)] and (iv) particle
motion (velocity vP) in the vicinity of the drop CL due to the interplay
of evaporation-driven advection and Brownian motion.

is assumed to be independent of its radial distance to the drop
center. (3) During the inﬁltration and evaporation stages, the
drop CL is pinned and the drop surface is assumed to be a
spherical cap where the gravitational eﬀects are neglected (the
drop bond number is Bo = ρgd02/σ < 0.005, where g is the
gravitational acceleration). (4) The evaporation process is
assumed to be diﬀusion-limited where the drop surface is assumed
to be in phase equilibrium. (5) The particles are homogeneously
dispersed and dilute. They do not enter the pores and therefore
deposit on the substrate upon solvent removal by inﬁltration and
evaporation. (6) Particle motions are governed by diﬀusion and

tE =

πρddepo 2
32D(1‐H )c v

tan

Θ
2

(3)

Figure 3. Side-view images of droplet impact, spreading, inﬁltration, and evaporation on nanoporous AAO substrates of 55 nm pore size with and
without plasma treatment. The drop is in contact with the substrate at t = 0. The apparent contact angle is ∼75° on the non-plasma-treated substrate
and ∼33° on the plasma-treated substrate. The drop impact velocity is 1.5 m/s, the inﬂight diameter is 60 μm, and the relative humidity is 40%. The
scale bar represents 100 μm.
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where D is the diﬀusivity, H is the relative humidity, and cv is
the saturated vapor concentration. For the case when the substrate thickness L < LI, a residual drop volume V0 − VI exists
at the end of inﬁltration (VI is the inﬁltrated volume), and the evaporation time for this residual volume can be calculated from

(

πρddepo 2 1 −
t EI =

VI
V0

32D(1 − H )c v

) tan Θ
2

(4)

It should be noted that aside from assuming diﬀusion-limited
evaporation, the evaporation in the poresaccounting for only
∼1.27% of the total evaporation estimated by considering
diﬀusion-limited evaporation of a planar liquid surface inside
the cylindrical capillariesis neglected in the present study.
Assuming that the particles are homogeneously dispersed,
the distance between two particles is approximated by Lm =
[(V0 − VI)/N]1/3, where N is the total number of particles in
the drop. The diﬀusive time scale of particle motion is then
approximated by the Einstein diﬀusion equation,32 namely, tD =
Lm2/(2Dp), where Dp stands for the diﬀusion constant of the
particle in a low-viscosity ﬂuid following Dp = kBT/3πμdpart.
Here kB is the Boltzmann constant, T is the temperature, and
dpart is the diameter of the particles. The mean diﬀusion velocity
of the particle, vD, is then given by

vD =

2kBT
3πμd partLm

(5)

In addition, particles are advected by the ﬂuid ﬂow inside the
drop mainly due to the uneven evaporative ﬂux along the surface of a drop with a pinned CL. For example, the initial radial
velocity of the evaporation-driven outﬂow inside the sessile
drop is given by the Hu−Larson model33 following
⎧
⎤⎡⎛ ⎞2
⎛ z ⎞⎤
⎪3 1
z
⎡⎣(1 − r 2̃ ) − (1 − r 2̃ )Θ / π − 1/2 ]⎥⎢⎜ ⎟ − 2⎜ ⎟⎥
vr = ⎨
⎪ 8 r̃
⎥⎦⎢⎣⎝ h0 ⎠
⎝ h0 ⎠⎥⎦
⎩
2 ⎤⎫
⎡ 4rh̃ 2 ⎛
⎤⎡
1
z
3 ⎛ z ⎞ ⎪ ddepo
0 ⎜
+⎢
J ̃ −Θ/π ))(1 − r 2̃ )Θ /2 − 3/2 + 1⎥⎢ − ⎜ ⎟ ⎥⎬
2 ⎝
⎪ 2t
⎢⎣ ddepo
⎥⎦⎢⎣ h0
2
2 ⎝ h0 ⎠ ⎥⎦⎭
E

(6)

where r̃ is the dimensionless radius, h0(r̃) is the local drop
height, J(̃ r̃) is the local evaporation ﬂux, and J ̃ = (tE/ρh0)(1 − r̃2)Θ/π − 1/2(2Dcv(1 − H))/ddepo(0.27Θ2 + 1.3)[0.6381 −
0.2239(Θ − π/4)2] is obtained from curve ﬁtting numerical
solutions of an evaporating sessile drop.33
As discussed in the Introduction, particle deposition from an
evaporating colloidal drop on a porous substrate is a result of the
interplay among particle motion, solvent evaporation, and inﬁltration. For the case where the substrate thickness is large enough for
total drop imbibition (i.e., L ≥ LI), the competition between the
time scales of inﬁltration and particle motion in the vicinity of CL
determines whether the particles have enough time to form a coﬀee
ring at the drop edge. Here, the time needed for particles to form
the ﬁrst layer of the coﬀee ring can be approximated by tP = Lm/vP,
where the particle velocity vP is characterized by both diﬀusion and
advection, i.e., vP = vD + vA. The particle motion to inﬁltration time
scale ratio near CL is hence given by
π 2ddepo 4ε 2σd pore cos θLm
tP
=
tI
64μV0 2vP

Figure 4. Comparison of the drop residue volume over time between
experiments and model predictions for substrates with pore sizes of 55,
100, and 150 nm, thicknesses of 50 and 100 μm, and with and without
plasma treatment: (a) the eﬀect of pore size, (b) the eﬀect of substrate
wettability, where NP stands for a non-plasma-treated substrate and P
stands for a plasma-treated substrate, and (c) the eﬀect of substrate
thickness depicting the inﬁltration- and evaporation-dominated
regimes with the inset articulating the transition. All cases are for
40% relative humidity. Error bars are obtained on the basis of three
independent experiments.

approximated by the radial velocity, vr, of the microﬂow inside
the drop described by eq 6 and evaluated at r̃ = [1 − 2(Lm +
Lp)]/ddepo.23 Here, Lp = dpart/tan(Θ/2) is the distance between
the CL and the ﬁrst layer of the coﬀee-ring deposition assuming that
the drop forms a wedge shape in the CL region. When tP/tI > 1,
solvent inﬁltration dominates and there is insuﬃcient time for
particles to move to the CL to form a coﬀee ring before the drop
is fully imbibed. For tP/tI < 1, particle motion to the CL dominates
and a coﬀee-ring deposition is predicted at the drop edge.

(7)

For particles advected by an evaporation-driven ﬂow inside the
sessile drop, the advective part of the particle velocity, vA, can be
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Figure 5. Scanning electron microscopy images depicting the coﬀee ring eﬀect (a) on AAO substrates with a pore diameter of 55 nm without (upper
panel) and with plasma treatment (lower panel) and (b) on glass without (upper panel) and with plasma treatment (lower panel). The drop
spreading is much larger on the glass substrate, while the coﬀee ring width is similar in all cases that form a coﬀee ring. Each drop contained
polystyrene particles of ∼230 nm in diameter with a 0.5% volume fraction in DI water printed in 40% relative humidity.

For the case when the substrate thickness satisﬁes L < LI
and the solvent is only partially imbibed, the competition between the evaporation time of the residual drop volume, V0 − VI,
and the particle motion in the vicinity of CL determines whether
the particles have enough time to form a coﬀee ring before the
solvent dries out. For such cases, the particle motion to evaporation time scale ratio near the CL is given by
⎛
tP
Lm 2D(1 − H )c v ⎜
16
=
⎜
2/3
⎜ π tan
t EI
vP
V0 ρ
⎝

( Θ2 )

⎞1/3
−1
VI ⎞
⎟ ⎛
−
1
⎜
⎟
⎟⎟ ⎝
V0 ⎠
⎠

inkjet-printed aqueous colloidal drops onto nanoporous AAO
substrates with varying drop size, particle size, relative humidity,
pore diameter, porosity, and substrate wettability.

4. RESULTS AND DISCUSSION
4.1. Drop Impact, Spreading, Inﬁltration, and Evaporation. Figure 3 shows a succession of high-speed images of an
inkjet-printed colloidal drop impacting nanoporous AAO
substrates of 55 nm pore size with and without plasma treatment, capturing the entire drop spreading, inﬁltration, and
evaporation stages characterized by low Weber numbers (We =
ρv0d0/σ < 10). Upon contact with the substrate at t = 0, the
drop quickly spreads until it reaches the maximum diameter at
t = 31 μs for both cases. This is followed by drop relaxation as
the drop surface oscillates and ﬁnally reaches a spherical cap

(8)

When tP/tEI > 1, evaporation dominates and the coﬀee ring is
suppressed, whereas a coﬀee ring forms at tP/tEI < 1. In the next
section, the model predictions are compared to experiments of
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shape at t = 91 μs, where Θ ≈ 76° and ddepo ≈ 85 μm are
observed for the non-plasma-treated surface and Θ ≈ 33°
and ddepo ≈ 110 μm for the plasma-treated surface. As the
solvent imbibes the porous substrate, the drop volume quickly
decreases for both cases. For the non-plasma-treated case, for
t = 1.2 to 2.5 ms, a clear reduction in the normalized residue
drop volume from 0.592 to 0.486 is observed by a decrease in
the contact angle while the CL remains pinned. However,
between t = 2.5 and 3.8 ms, the normalized drop volume is
reduced only by 0.006, which is much smaller than the predicted inﬁltration volume during the same time interval estimated
using the Washburn model, indicating the termination of the
inﬁltration regime. The residue drop continues to evaporate until it
fully vanishes at ∼258 ms, indicating much slower evaporation as
compared to inﬁltration (∼2.5 ms). For the case of the plasmatreated substrate, the solvent vanishes within 2.5 ms, leaving traces
of the deposited 230 nm polystyrene particles. It is noted that the
solvent inﬁltration depth is the same with and without plasma
treatment (Here, we assume plasma treatment aﬀects only the
wettability of the substrate surface but not inside the pores.) However, because of the increased substrate wettability with plasma
treatment and hence the increased drop deposition area, much
more solvent is imbibed into the porous substrate, leaving no
residue volume for evaporation. A quantitative analysis of the drop
imbibition and evaporation dynamics is found in Figure 4a−c.
⎧
σd porecos θ
⎪ π d 2ε
⎪ 4 depo
4μ
VI(t ) = ⎨
⎪
⎡
⎤
π
⎪ min⎢V0 , εddepo2L ⎥,
⎣
⎦
4
⎩

Figure 4 shows the comparisons between the experimentally
determined and model predicted residual volumes versus time
for inkjet-printed colloidal drops on AAO substrates of diﬀerent
pore sizes, wettabilities, and thicknesses. The results for the
three pore sizes and porosities, namely, 55 nm and 13%, 100 nm
and 15%, and 150 nm and 35%, are shown in Figure 4a. Within
the ﬁrst ∼100 μs of drop impact, fast imbibition is observed
for all pore sizes, resulting in a 10.6% reduction of the initial
drop volume at 91 μs for dpore = 55 nm, 28.9% for dpore = 100 nm
pore, and 50.9% for dpore = 150 nm. However, the corresponding
inﬁltration volumes based on the Washburn model in 91 μs
are 5.37, 8.36, and 23.9% for dpore = 55, 100, and 150 nm,
respectively. One possible explanation of the initial fast
imbibition beyond the simple capillary inﬁltration is the water
hammer eﬀect on the drop impact on porous substrates, where
the water hammer pressure exerted by the impacting drop to
capillary pressure ratios, ΔPWH/ΔPc = dporeρCΔv/(4σ cos θ),
are 0.56, 1.03, and 1.54 for the 55, 100, and 150 nm pore sizes,
respectively, very likely causing the underestimation of the
inﬁltration volume from the model as compared to the experiments. In this study, the water hammer and other initial
transient eﬀects are accounted for by directly taking the residue
volume from the experiment at the end of drop oscillation
(at ∼91 μs) where the drop reaches a stable spherical cap
shape. The instantaneous inﬁltration volume is then given by

⎡
⎤
π
t − tos + V0,I , VI(t ) ≤ min⎢V0 , εddepo2L ⎥
⎣
⎦
4
⎡
⎤
π
VI(t ) > min⎢V0 , εddepo2L ⎥
⎣
⎦
4

where tos is the drop oscillation time and V0,I is the experimentally determined inﬁltration volume at the end of oscillation. As the pore size and porosity increase from 55 nm and
13% to 150 nm and 35%, the inﬁltration rate increases as
a result of the inﬁltration length LI ∼ (dpore)1/2 and inﬁltration
volume VI ∼ ε. The inﬁltration volume increases with time until
it is limited by either the total drop volume or the substrate
thickness, whichever comes ﬁrst. For example, for a pore size
and porosity of 150 nm and 35%, the drop volume is fully
imbibed within 500 μs. As shown in Figure 4a, for the cases
considered, good agreement is reached between the model and
experiments. The increase in the solvent inﬁltration rate due
to the increase in pore size and porosity results in a faster
reduction of the normalized residue drop volume.
Figure 4b shows the eﬀect of substrate wettability on the
instantaneous residue drop volume using AAO substrates of 55 nm
pore size. Using plasma treatment to increase the substrate wettability (i.e., a larger ddepo) while keeping other parameters the same
clearly increases the inﬁltration rate as predicted by eq 9 and hence
decreases the residue drop volume as compared to that of the nonplasma-treated case. Figure 4c shows the eﬀect of substrate thickness for L = 50 and 100 μm, both with 55 nm pores. For the case
of L = 50 μm, the rate of volumetric loss of the solvent signiﬁcantly
decreases at around 2.5 ms, whereas a continued high volumetric
loss rate is observed for the case of L = 100 μm. This change in the
volumetric loss rate for L = 50 μm indicates the transition from the
inﬁltration-dominated to the evaporation-dominated regime for
the case where the solvent is only partially imbibed. In such a case,
the residual drop due to evaporation, VE(t), can be predicted using
the Hu−Larson model,31 namely,

VE(t ) =

(9)

2
ddepoD(1 − H )c vt
ρ

(10)

Considering both inﬁltration and evaporation follows
V (t )
1
= 1 − (VI(t ) + VE(t ))
V0
V0

(11)

For the case of L = 100 μm, the experimental data agrees well
with the Washburn model, and thus the drop is presumably totally
inﬁltrated by the substrate.
4.2. Particle Deposition. Figure 5 shows the comparison
of the deposition morphology of aqueous colloidal drops containing 230 nm particles with a 0.5% volume fraction on nonplasma- and plasma-treated AAO (55 nm pore size) and glass
substrates at 40% relative humidity. On the non-plasma-treated
AAO substrate, a dense multilayered aggregation near the CL is
observed via SEM as shown in Figure 5a, whereas the coﬀeering eﬀect is suppressed for the plasma-treated AAO substrate.
For comparison between porous and nonporous substrates,
deposition morphologies of the same colloidal drops on glass
substrates with and without plasma treatment are demonstrated
in Figure 5b. For non-plasma-treated glass, a multilayered
coﬀee ring is observed much like its porous counterpart.
However, for the plasma-treated glass (ddepo ≈ 200 μm), the
deposition is nearly twice as large as for its AAO counterpart
(ddepo ≈ 110 μm) due to the ∼0° contact angle. In contrast to
that of the porous AAO, coﬀee-ring depositions are observed
on both plasma-treated and non-plasma-treated (nonporous)
glass substrates, indicating that an increase in porosity leads
to the suppression of the coﬀee-ring eﬀect. The averaged
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deposition height proﬁles along the normalized drop radius,
r/Rm, obtained using an optical proﬁlometer on AAO substrates
of 55 nm pore diameter with and without plasma treatment are
shown in Figure 6, where the maximum particle deposition

Figure 6. Optical proﬁlometry data showing the comparison of the
deposition height against normalized radius r/Rm on AAO substrates
with and without plasma treatment. The blue line indicates the nonplasma-treated case, and the red dashed line represents the plasmatreated case. The relative humidity was ﬁxed at 20%.

radius is Rm = ddepo/2 − Lp. For the non-plasma-treated substrate, the surface proﬁle shows a peak on the order of ∼800 nm
or a three- to four-particle layered coﬀee ring near the edge of
the deposition, while a more uniform deposition height along
r is observed for the plasma-treated substrate. Interestingly, the
widths of the coﬀee rings across all experiments are on the
order of a few micrometers.
To better understand the formation of a coﬀee-ring deposition from an evaporating drop, the particle velocity in the vicinity
of the CL due to both diﬀusion and advection, estimated using
eqs 5 and 6 at r̃ = [1−2(Lm + Lp)]/ddepo respectively, is shown in
Figure 7a as a function of the particle concentration. On the basis
of eq 6, for a certain radial location, the maximum evaporationdriven ﬂow velocity exists at the air−water interface and the
minimum velocity exists at the substrate−water interface,
depicted as the maximum and minimum advective velocities of
the particle in Figure 7a where the shaded area delineates the
range of particle advective velocity at Lm + Lp away from the CL.
As can be seen from Figure 7a, for the particle concentration range of 108−1016 mL−1, the maximum advective velocity
of a particle near the CL peaks at ∼1.5 × 108 mL−1 and then
decreases with increasing particle concentration. The diﬀusion
velocity, however, grows monotonically with the particle
concentration as vD ∼ 1/Lm. In our study, the particle concentration for the 230 nm particle case is 7.85 × 1011 mL−1 ,where
the advective and diﬀusive velocities of the particle are of the
same order as shown in the inset of Figure 7a and are hence
both included in the subsequent particle velocity calculations.
For the case where the substrate thickness is large enough for
total drop imbibition (i.e., L ≥ LI), the competition between
the inﬁltration time and the time required for particle motion to
the CL is governed by eq 7. Figure 7b shows the ratio of tP/tI
for diﬀerent pore diameters and substrate contact angles, where
tP/tI > 1 denotes the solvent-inﬁltration-dominated regime
with insuﬃcient time for particles to move to the CL to form
a coﬀee ring. For tP/tI < 1 the particle motion to the CL dominates and a coﬀee ring is predicted at the drop edge, as demonstrated by deposition patterns obtained from experiments for
diﬀerent pore sizes and substrate wettabilities. As shown in

Figure 7. (a) Comparison of the nanoparticle velocities contributed by
diﬀusion and advection based on eqs 5 and 6 for diﬀerent particle
concentrations. The evaporative ﬂow velocities are calculated at Lm +
Lp away from the CL. The maximum ﬂow velocity is calculated at the
liquid−vapor interface with a contact angle of 20°, and the minimum
evaporative ﬂow velocity is computed at dpart/2 above the substrate
surface for a contact angle of 80°. (b) Dependence of the deposition
morphology (coﬀee ring vs no coﬀee ring) on contact angle and pore
diameter for complete inﬁltration. (c) Dependence of deposition
morphology on contact angle and normalized residue volume for the
presence of the residue drop volume at the end of inﬁltration. The
drop size is 113 pL, and particles are 230 nm in diameter at a 0.5%
volume fraction. The averaged error for the contact angle measurement is 4°, and the averaged error for the normalized residue volume
is 0.04. NP stands for the non-plasma-treated substrate, and P stands
for the plasma-treated substrate.

Figure 7b, depending on the wettability of the substrate, the
critical pore size for coﬀee ring formation is on the order of
10 nm or smaller for a substrate of thickness L ≥ LI.
As discussed in section 3, for the case when a residual drop
volume is formed at the end of inﬁltration (i.e., L < LI), the
competition between the evaporation time and time for particle
motion to the CL determines whether the coﬀee ring is formed
or suppressed, where most residual volumes propagate the
coﬀee-ring eﬀect because the particle motion is much faster
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evaporation rate would make all three competing parameters
(inﬁltration, evaporation, and particle transport) competitive,
and utilizing a larger particle size would also have the same
eﬀect by making the evaporation of the residual volume competitive with the particle motion. The latter has been proven
experimentally by increasing the particle size to 1 μm while
maintaining the same particle volume fraction (Figure 8).
Figure 8 shows the dependence of the deposition morphology on the properties of nanoporous AAO substrates for
colloidal drops of 39 pL containing 1 μm particles at 0.5 vol %.
With an increased particle size from 230 nm to 1 μm while
maintaining the same particle volume fraction, the Brownian
motions of the particles decrease as vD ∼ 1/dpart, and the evaporative ﬂow velocity at the distance Lm + Lp away from the
CL decreases as the particle number density reduces from
7.85 × 1011 to 9.55 × 109 mL−1. The resulting decrease in the
particle velocity near the CL leads to a signiﬁcant increase in
the area of the no-coﬀee-ring region, i.e., the region of tP/tI > 1
for cases of full imbibition (L ≥ LI) as shown in Figure 8a and
the region of tP/tEI > 1 for cases with residue drop volumes
(L < LI) as shown in Figure 8b. As a result of the larger particle
size, the 80 nm pore size plasma-treated substrate falls in the
no-coﬀee-ring region as compared to the coﬀee-ring deposition
for 230 nm particles on the same substrate. The two insets in
Figure 8b show a comparison of the experimentally obtained
deposition patterns on the 80 nm pore sized substrates with
and without plasma treatment, suggesting the validity of using
tP/tEI in predicting the coﬀee-ring deposition morphology on
porous substrates with residual drop volumes.

than the evaporation of the solvent. Figure 7c shows the ratio of
tP/tEI for diﬀerent drop residue volumes and substrate contact
angles, where tP/tEI > 1 denotes the solvent-evaporationdominated regime where the coﬀee-ring eﬀect is suppressed
and tP/tEI < 1 indicates the particle-motion-dominated regime
forming the coﬀee ring. The model prediction is consistent with
experimental results for diﬀerent pore sizes and substrate
wettabilities, where red symbols are for coﬀee ring formation
and blue symbols are for coﬀee ring suppression. As the
normalized residue volume, 1 − (VI/V0), increases, the particle
diﬀusion velocity vD decreases following vD ∼ (1 − VI/V0)−1/3
while the advection velocity, vA, remains unaﬀected. Thus, the
time scale for particle motion is tP ∼ (1 − (VI/V0)1/3) when
particle diﬀusion dominates and independent of 1 − (VI/V0)
when advection dominates. On the other hand, tEI increases
linearly with 1 − (VI/V0) so that the ratio tP/tEI monotonically
decreases with increasing 1 − (VI/V0). The deposition morphology hence changes from no coﬀee- ring to coﬀee ring as
the normalized residue volume increases.
In light of particle motion, Brownian motion depends on
viscosity, temperature, particle size, and concentration, whereas
the advective motion is contingent upon relative humidity,
diﬀusivity of the solvent in air, density of the solvent, and
wettability of the substrate. Utilizing a solvent with a faster

5. CONCLUSIONS
The eﬀect of solvent inﬁltration on the deposition morphology
of inkjet-printed colloidal drops on porous substrates is explored using highly ordered nanoporous alumina of varying
pore diameter, porosity, wettability, and thickness. As predicted
by the classic Washburn model, the inﬁltration rate increases
with the pore size. The porosity and substrate thickness also
deﬁne the total imbibed drop volume as does changing the
wettability of the substrate due to the change in the wetted area.
For the cases considered, both diﬀusion and advection are
important in determining the particle deposition in the vicinity
of the CL. When the solvent is fully imbibed into the porous
substrate, the competition between the particle motion to the
CL and the solvent inﬁltration rate is of importance in determining the ﬁnal deposition morphology. When the particle
motion to inﬁltration time ratio is tP/tI > 1, solvent inﬁltration
dominates and the coﬀee-ring eﬀect is suppressed. For tP/tI < 1,
particle deposition in the CL dominates, and the coﬀee-ring
deposition is expected. However, when a residual volume is
formed at the end of inﬁltration, the competition between particle motion and evaporation rate governs the ﬁnal deposition
patterns. This complex interplay is simpliﬁed by using the
particle motion time over the evaporation time ratio where a
coﬀee-ring deposition is formed when tP/tEI < 1 and suppressed
when tP/tEI > 1. This study adds to the gamut of knowledge in
understanding the fundamental physics that governs particle
assembly to the CL and the ways that the famed coﬀee-ring
eﬀect may be controlled.

Figure 8. (a) Dependence of deposition morphology (coﬀee ring vs
no coﬀee ring) on contact angle and pore diameter for complete inﬁltration for colloidal drops containing 1 μm particles. (b) Dependence
of deposition morphology on normalized residue volume and contact
angle. The drop size is 39 pL, and the particle volume fraction is 0.5%.
The averaged error for the contact angle measurement is 4°, and the
averaged error for the normalized residue volume is 0.04. NP stands
for the non-plasma-treated substrate, and P stands for the plasmatreated substrate.
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