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Sessile droplets of colloidal dispersions tend to exhibit the coffee-ring phenomenon in the drying
process. The suspended particles are transported especially at the final stage of the drying process,
which is called the rush hour. Conventional inkjet printers require the ink liquid to have a sufficiently low
viscosity for inkjet discharge, but such liquids tend to be subject to the coffee-ring effect. The coffee-
ring effect is an issue for conventional printing applications and drawing wires in printed electronics. We
show by microscopy movie data analysis based on single particle tracking that the addition of a small
amount of cellulose nanofibers (CNFs) to the colloidal dispersion works in such a way that the initial low
concentration satisfies the low viscosity requirement, and the three-dimensional structural order of the
CNFs formed during the final stage of droplet drying owing to the high concentration hinders the
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transport of particles to the periphery, suppressing the coffee-ring effect. This is a spatio-temporally
controlled process that makes use of the inherent process of ordinary ink printing situations by the
simple protocol. This is also an approach to seamlessly link the ink and substrate since CNFs are
regarded as a promising substrate material for flexible devices in printed electronics because of their fine
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1 Introduction

Drying of a sessile droplet is a key process in inkjet printing
technologies. The dried films that consist of a collection of dots
or lines are not only recognized by the human eye as characters
and pictures, but also the printed lines can be employed as
electric circuits when the ink is conductive.'™ The technologies
to draw wires of conductive inks are the fundamentals of the
printed electronics.* ® Although screen printing has the advan-
tage of compatibility with viscous ink, it has the drawbacks of
the higher cost of wasted ink and the need for masks for each
circuit design. In contrast, printing based on conventional
inkjet printers does not require masks and the amount of
waste ink is negligible compared with screen printing. The
drawback is that conventional inkjet printers require a suffi-
ciently low viscosity of the ink liquid to achieve stable discharge
from the nozzles. When sessile droplets of ink liquid with a low
viscosity dry, they tend to be subject to the coffee-ring effect.””®
Namely, colloidal particles suspended in a liquid are trans-
ported to the periphery of the sessile droplet in the drying
process. This transport is most drastic at the final stage of the
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texture that keeps conductive nanoparticles on the surface.

drying process, which is sometimes referred to as the “rush
hour”.® The final state of the dried up film is ring-shaped.
However, the surface coating of paints and inks is, in general,
desired to be uniform after drying. The electric wires formed by
inkjet printing with conductive ink are no exception. Usually, it
is preferred that the coffee-ring effect is avoided for achieving
sufficient electrical conductivity since the conductivity is
affected by the cross sectional shape of the wire."°

The sufficient electric conductivity of the ink wire also calls
for substrate materials that keep the conductive nanoparticles
in the ink on the substrate surface. While it is difficult for
conventional copy papers to satisfy this condition, the so-called
nanopapers' "> made of cellulose nanofibers (CNFs)"® show
good performance on this aspect.'” In fact, nanopapers are
already recognized as promising substrate materials for flexible
devices, and numerous demonstrations of functionalities have
been reported.”” ' Nanopapers made of pure CNFs or
cellulose-related materials are highly environmentally friendly
as there is an abundance of raw materials.?>*! Therefore, the
long-term pursuit of printed electronics and flexible device
technologies in turn expects innovations in the area of con-
ductive inks. There are several types of conductive inks that are
well-recognized in the research field, and the most typical are
those based on conductive nanoparticles that consist mainly of
Ag>** or PEDOT:PSS**?® for conductive colloidal particles.
There are commercial products for both types of conductive
ink. The main dispersant/solvent is water, but several other
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components are usually added to avoid the coffee-ring effect. It
is desired that these components are also sufficiently environ-
mentally friendly.

In our previous work, we proposed that the coffee-ring effect
of a sessile droplet containing colloidal particles can be sup-
pressed by the addition of a small dose of CNFs.>” The micro
particle image velocimetry (UPIV) approach revealed the sup-
pression of particle transport in the rush hour. While our
previous work demonstrated that CNFs work as such, the
mechanism for wide-spread application remains to be fully
addressed. Although we had shown that only a small amount of
CNFs is sufficient, it is a finite value larger than zero. Although
the coffee-ring effect was suppressed beyond a certain initial
CNF concentration, too small an initial concentration left some
non-uniformity of the radial distribution. It does not make
much sense merely to state a specific numerical value of the
optimal concentration because there is no uniform standard
for CNFs but there are several types depending on the fabrica-
tion protocol.”® Therefore, it is important to clarify how CNFs
work at the mesoscale between the molecular scale and the full
continuum scale viewpoint. If the addition of CNFs was just a
matter of achieving a preset viscosity from an overall perspec-
tive, this is not novel in physical principle although environ-
mental friendliness is a clear advantage in industrial
applications. We show in this article that this approach is more
than that. The role of the initial concentration is important in
the nonequilibrium process of drying. Whereas the earlier work
focused solely on the consequent phenomenon in the rush
hour, this study reveals the drying process from the initial stage
with a focus on the mesoscopic state of the aqueous CNF
dispersion.

We reveal the mechanism of suppression of the coffee-ring
effect by CNFs by resorting to microscopy movie data analysis
in the drying process. Microscopic observations of CNFs are
usually conducted by scanning electron microscopy (SEM), but
SEM is not compatible with the fully wet state. Atomic force
microscopy (AFM) is compatible with wet state but it basically
probes surface of the structure, and the existence of the tip
interferes with the physical process that is relevant to the
coffee-ring effect. Optical microscopy is compatible with
the wet state and is non-invasive; however, the limitation is
the space resolution of observation, and single CNFs are not
visible using optical microscopy. Nevertheless, the colloidal
particle to be transported or not in the drying droplets can be
observed using standard optical microscopy. We focus on the
dynamics of suspended Brownian particles in the drying drop-
lets with different concentrations of CNFs. We have already
established the approach for revealing the basic characteristics
of the surrounding media to the particles through trajectories
obtained by single particle tracking (SPT).>® The stark contrast
with our previous study,”” originating from this difference of
approach, is that this study reveals the mesoscopic state of CNF
dispersion without flow. In this study, we intermittently capture
the movie data in the droplet drying process, and uncover the
spatio-temporally controlled process that is highly advanta-
geous for implementation in inkjet printing technologies.
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2 Methods

2.1 Sample preparation

The colloidal particles used in this study were polystyrene
particles (Chemisnow, SX-130H, Soken Chemical & Co., Ltd)
with a diameter of 1.4 um. The particles were dispersed in
purified water (purified water, Kenei Pharmaceutical Co., Ltd).
The CNFs were diluted from a 2.1 wt% aqueous dispersion
(I-2SX, DKS Co., Ltd). The polystyrene particle concentration
was always 0.05 wt%, and the CNF concentrations were 0, 0.01,
0.02, 0.03, and 0.05 wt% in the overall dispersion samples.
First, a 1.0 wt% polystyrene particle dispersion was prepared by
dilution with purified water. Separately, a 0.42 wt% CNF dis-
persion was prepared by dilution with purified water. Each
dispersion was mixed by first shaking the sealed container
(1.5 mL screw cap tube, AsOne Corporation) by hand and then
applying the ultrasonic homogenizer (NR-50M-MT2, Microtec.
Co., Ltd) for 30 s at 30% power under PWM control. Second, the
target concentration was attained by mixing of the pure poly-
styrene dispersion and the pure CNF dispersion in water by
micropipette. The sample liquids were mixed again by the same
protocol as that for preparation of the pure CNF dispersions.

2.2 Measurement

4.0 pL aliquots of the prepared sample liquids were placed on
glass slides (silane-coated slide glass, 5196, Muto pure chemi-
cals Co., Ltd) using a micropipette. The surface-coated glass
slide was employed for its moderate wettability. The drying
process of the droplets was observed from the vertical direction
using an inverted microscope (IX73, Olympus Corp.) and
captured by a camera (Zyla5.5, Andor Technology Ltd) as shown
in Fig. 1. The horizontal position of the observation was the
center of the sessile droplet. The observation height was 50 pm
away from the focus of a 1.4 pm particle adhered on the glass
slides, which is approximately 50 um away from the surface of
the glass slide. The height was tuned based on the dial of the
microscope. The measurement and analysis are limited within
the time range where the air-liquid interface is significantly
beyond the observation height of 50 um. The objective lens was
%20, and the pixel pitch of the camera was 6.5 pm. The image
size of the captured movie data was 512 x 512 px’, corres-
ponding to an observation domain of 166 x 166 pum> The
frame interval Atgpy, of the camera was 10> s, and the exposure
time Atep was 9.0 x 10~ * s. A single movie consisted of 10°
frames. The movie was captured intermittently. The first movie
of a sample started 60 s after the droplet was placed on the
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Fig. 1 Schematic diagram of the experimental measurement system.
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substrate. Thereafter, the movie data were obtained at intervals
of 80 s, where the interval was defined from the final frame of
the last movie. The movie data were recorded as time-
sequential 16-bit gray-scale TIFF images. Measurement for the
same condition was repeated for three sample droplets to
confirm the reproducibility. The dried films were captured by
a digital microscope (VHX-6000, Keyence Corp.) at a magnifica-
tion of x50. The measurement was conducted under ambient
conditions, where room temperature was in the range of
26.9-29.0 °C and the humidity was in the range of 31-38%.

2.3 Data analysis

The first step of the data analysis was single particle tracking
(SPT)**7 to obtain the trajectory data sets. The tracking algo-
rithm was that of Sbalzarini and Koumoutsakos.”® The input
parameters for the SPT were determined by systematic exam-
ination of the dependence on the results for the benchmark
system of a pure colloidal dispersion without CNFs. The
specific values of the parameters are as follows: radius, 4 px;
intensity percentile, 0.1%; cutoff score, 0; link range, 1; and
displacement threshold, 2 px. We have shown in our previous
study® that the SPT approach reveals the microscopic char-
acteristics of the CNF dispersion beyond the effective viscosity
and provides information including the confinement effect by
CNFs. The generalized diffusion coefficient®* is useful for the
elucidation of superdiffusive and subdiffusive characteristics:*’

(Ir®) = rO)*) =~

where ngy is the dimension, r(¢) is the position of the particle of
interest at time ¢, (- - -) indicates the ensemble average, and we
call D, the generalized diffusion coefficient in this article. The
term (|r(t) — r(0)|?) is called the mean squared displacement
(MSD). The scaling exponent o = 1 indicates normal diffusion,
and o < 1 and « > 1 indicate the subdiffusive and super-
diffusive behaviors, respectively. The generalized diffusion
coefficient D, and the scaling exponent « were evaluated from
the finite amount of data in the frame-based (FB) manner:*°

2ngD,t%, (1)
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where the subscript FB indicates the frame-based average, N is
the total number of individual particles, ry(t;) is the position of
the i-th particle at the j-th frame, Aty = ¢4 — ¢; is the time span
to evaluate the MSD, and Ny, is the number of the frames
during which i-th particle is consecutively tracked. In this

(a) Conr=0 W% b) G = 0.01 W%

¢) Cone = 0.02 Wt%
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article, two types of displacements to derive the MSDs are
defined: one is the overall displacement that includes the
possible flow component, and the other is the displacement
perpendicular to the flow direction. The quantities derived
from the latter are labelled with a subscript “n”, e.g., the
generalized diffusion coefficient and the scaling exponents in
the latter framework are denoted as Dypp, and o,pg, respec-
tively. The flow direction of the observation domain was
evaluated for each time span At,, to evaluate the specific
displacements. We try to summarize the time evolution of the
distribution of displacements in such a way that the MSD is
summarized by D, and o. First, the shape of the distribution is
represented by the kurtosis K, of the displacement Ar,
defined as:

<Ar— (Ar)) >
((Ar—(A >) )

where K, = 3 indicates the Gaussian distribution. Then, the
time evolution of K, is modelled as:

K, (Ar) ~

Ku(Ar) = 3)

Ky ALK (4)

where Ky, and ox are the coefficient and scaling exponent in
this model, respectively.

3 Results and discussion

First, we show the optical microscopy images of the dried films
from sessile droplets of aqueous dispersions of polystyrene
particles with and without CNFs in Fig. 2. The colloidal disper-
sion without CNFs forms a ring-like structure through the
coffee-ring effect (¢f. Fig. 2(a)). There is also partial aggregation
inside the ring structure of the droplet size, which is indicative
of depinning and pinning during the drying process. Details of
pinning and depinning are dominated by interactions with the
substrate surface, which is out of the scope of this article. The
clear ring-like structure is blurred by the addition of the lowest
amount of CNFs among the studied concentrations (cf. Fig. 2(b)).
The slight but significant increase in the initial CNF concentration
Ccnr leads to a substantially uniform distribution of the colloidal
particles (cf. Fig. 2(e)). The parameter Cong refers to the initial CNF
concentration of the droplet throughout this article. As each CNF
has a diameter of several nanometers, it is transparent and
negligible in the digital microscope images. From these images
we can observe that the small portion of CNFs is indeed effective
for suppressing the coffee-ring phenomenon, but the initial
concentration matters as well. Hereafter, we focus on this aspect

d) Gne=0.03Wt%  (e) G = 0.05 Wi%

Fig. 2 Digital microscopy images of dried colloidal films with and without CNFs. The initial CNF concentration Ccyr of (a

0.05 wt%, respectively. The scale bars indicate 1 mm.
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from the mechanism revealed by the microscopy movie data
analysis. As we defined in the Methods section, we pay attention
to multiple time scales: the time span At, to evaluate the
displacements and the mean squared displacements (MSDs),
and the drying time scale ¢* defined as the dimensionless quantity
scaled by the time tg4,, to complete the drying, i.e., t* = 1 is defined
as the completion of the drying. 74, was in the range from 17 min
to 22 min in this article. Az, is a multiple of the frame interval
Aty of the camera to capture the movie data. Since Atg,p/tary < 1,
the diffusion coefficients are evaluated based on the equilibrium
viewpoint within a unit of movie data.

Fig. 3 shows the MSDs as a function of time, based on two
types of displacements, ie., the overall displacement that
includes possible flow transport, and the displacement
perpendicular to the flow direction. The addition of CNFs
causes a decrease of the MSDs at the same time span. The
final stage of the drying process (¢* = 0.9) shows a variation in
the slopes of the MSDs for the overall displacements (Fig. 3(c))
and a monotonic decease in the slope for the MSDs without
flow components (Fig. 3(f)). These characteristics are summar-
ized by the framework of the generalized diffusion coefficients
and the scaling exponents (¢f. eqn (1) and (2)) as shown in
Fig. 4. Fig. 4(a) and (b) clearly show the drastic increase in Dgg,
and app at the final stage of the drying process when the
droplets did not include CNFs or when Ccny Was too small.
This is a hallmark of the coffee-ring phenomenon, where the
flow transport is most active at the final stage of the drying
process. Here, apg > 1 corresponds to the directed persistent
motion caused by the flow. On the other hand, evaluation of the
pure Brownian component by the displacement perpendicular
to the flow reveals the microrheological state of the drying
droplets (cf: Fig. 4(c) and (d)). The generalized diffusion coefficient
Dyrg, shows a significant difference depending on the Ccyg.
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Fig. 4 Time evolution of the generalized diffusion coefficients ((a) and (c))
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((c) and (d)), respectively. The solid line indicates the prediction by the
Stokes—Einstein relation for bulk system without CNFs.

Dypp,, further decreases with ¢*. It is manifested more for higher
Ccnr Values, whereas it is constant when Ceng = 0 wWt%.
Furthermore, o,pg & 1 for most of the time t*, and o,
drastically decreases at the final stage of drying process for a
sufficiently high Ccny. This indicates the subdiffusive behavior
of the particles because of the confinement effect from the
structural order made of the collection of CNFs. Thus, the
confimement effect plays a vital role besides the viscocity effect.
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The viscocity effect is considered to play a more important role
before network structure formation, and confinement effect by
the network structure is considered to be stronger once it is
formed. This difference originates from whether CNFs them-
selves significantly diffuses or not. It should be noted that the
boundary of sol and gel is not completely clear in general®®
compared with the liquid and solid state of water or metals.
Overall, the scaling exponent ogp being substantially smaller
than 1 at the late stage of the drying process indicates the
existence of the collective structural order of the CNFs. The
concentration-dependent variation of the rheological characteristics
is basically consistent with the existing reports with a specific focus
on the aqueous CNF dispersion®”*® including the gelation.* In fact,
many of the existing reports on the rheological characterization of
CNFs are based on an invasive protocol in the experimental setup.
Therefore, details on the collective structures are the future scope in
the field of CNFs.

The suppression of the coffee-ring phenomenon for a suffi-
ciently high Ccnr is attained by the hindrance of particle
transport, mainly at the final stage of the drying process, as
we have observed in Fig. 4. Since the dispersant water disap-
pears in the drying process and the final stage of the drying
process is the main contribution, it is worth noting how the
initial concentration Ccnp matters in deciding whether sup-
pression of the coffee-ring effect is substantial or not. When the
Ccnr is too low, a substantial portion of the CNFs are trans-
ported to the periphery of the sessile droplets before the rush
hour by the preliminary part of the coffee-ring phenomenon.
On the other hand, a sufficiently high Ccnr resists flow trans-
port before the rush hour after drying has proceeded to some
extent. Therefore, the choice of Ccny matters in such a way that
drying before the rush hour enables a suitable concentration to
be reached for forming the hydrogen bond network, which
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increases the structural order of the CNFs, which in turn
hinders the transport of particles to the droplet periphery.
From the viewpoint of industrial applications, this mechanism
is highly advantageous for implementation with conventional
inkjet printers. The initial state of the working fluid satisfies
the need for a sufficiently low viscosity, and the confinement
effect by the CNFs emerges after inkjet discharge. Thus, this is a
spatio-temporally controlled process making use of the func-
tion of timing besides the structural order.

So far, we have focused on the time evolution of the MSDs.
We now move onto the ensemble characteristics while paying
attention to the time dependent behaviors. We show the
displacement distributions based on those perpendicular to
the flow directions at t* = 0.05, 0.5, and 0.9 in Fig. 5. The
displacements always show a Gaussian distribution when
the water droplet contains only the polystyrene particles. The
particle dispersions with CNFs also show a Gaussian distribu-
tion of displacements before the final stage of the drying
process. At t* = 0.9, the displacements tend to be closer to
zero, indicating the confinement effect by the CNFs. This
significant deviation of displacement distribution from Gaus-
sian suggests the emergence of structural order by the network
of CNFs with hydrogen bonds. These results are consistent with
the discussion on the generalized diffusion coefficients and the
scaling exponents (¢f: Fig. 4). A more detailed inspection of the
displacement distribution reveals the nature of the confine-
ment. Fig. 6 shows that non-Gaussian behavior with a higher
probability of smaller displacements is more prominent when
the displacements are evaluated with a smaller time span At,.
In other words, the longer time span shows a greater fraction of
released particle motion from the temporary confinements. On
the other hand, the final stage of the drying process also
shows a higher fraction of larger displacements over typical
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(i.e., root mean square) lengths besides the smaller displace-
ments. This is attributed to the characteristics where the
particles released from confinement temporarily tend to have
a larger kinetic energy than that which corresponds exactly to
the temperature. It should also be noted that the smaller MSDs
indicate that the overall motion is confined compared with the
condition without CNFs. The events of particle release from
confinement are more rare compared with the motion under
the confined states. The precise estimation of the trapping
potential is nontrivial since the escape time depends not only
on the height but also on the shape of the potential.*

The above-mentioned characteristics of the time evolution
of the displacement distributions are summarized as that of the
kurtosis K, as shown in Fig. 7. K,, converges to 3 corresponding
to the Gaussian shape (¢f. eqn (3)) within 107" s for most of the
cases except for the final stage of the drying process when Ceng
is sufficiently high. Fig. 8 summarizes these behaviors based on
the model of eqn (4). The effect of CNFs until the middle stage
of the drying process for sufficiently low initial concentrations
is mainly the net increase of viscosity. This is consistent with
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Fig. 8 Time evolution of the generalized coefficients of (a) kurtosis and
(b) its exponent. The displacement distribution perpendicular to the flow
direction is employed in this analysis.

the roughly constant scaling exponent of the generalized diffu-
sion coefficient (c¢f Fig. 4). This includes those conditions
where the suppression of the coffee-ring phenomenon is
attained. The convergence to the Gaussian distribution
indicates that the central limit theorem holds. The displace-
ments are independently and identically distributed (I.I.D.),

Fig. 7 Time evolution of the kurtosis of displacement distribution when t*
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and sufficient collection of the finite sum of displacements at
shorter time scales results in the Gaussian distribution. In
other words, these particles were not fixed at a specific position
with reference to the substrate coordinate but had some room
to explore the space scale accessible at the time scale of 107" s.
Last but not least, it should be noted that the observation and
measurement are sufficiently away from the substrate surface
to avoid the hydrodynamic slowing down effect of the
diffusion.”’*® The measurement finishes at t* = 0.9 before
the air-liquid interface significantly enters the observation
depth. Therefore, it is expected that the confinement effects
by CNFs will be more obvious for ¢* > 0.9. Furthermore, we did
not examine a higher Conr than 0.05 wt%. If more importance
is to be placed on the uniformity of the dried film than shown
in Fig. 2(e), there is still room to increase the Cong.

4 Conclusions

We have revealed the mechanism to suppress the coffee-ring
phenomenon of sessile colloidal droplets by the addition of a
small amount of cellulose nanofibers (CNFs). This is not merely
a difference of viscosity in equilibrium, but a confinement
effect by the structural order formed by the CNFs in the none-
quilibrium process of the drying time scale. The confinement
effect of CNFs emerges at the final stage of the drying process
when the CNF concentration is sufficient to form collective
structural order. Therefore, the initial condition of the aqueous
dispersion with CNFs does not have to be highly viscous. As a
result, this approach is advantageous for implementation with
conventional inkjet printing that requires a sufficiently low
viscosity of the sample liquid. As the coffee-ring effect is also
dominated at the final stage of the drying process, ie., the
so-called rush hour, the proposed approach is based on the
spatio-temporally controlled process. In contrast to the limita-
tion that pPIV can discuss the role of dispersed CNFs only when
there is a difference in the flow velocity field, the SPT-based analysis
in this study proved this mechanism by clearly addressing the
mesoscopic state of the aqueous CNF dispersion including the time
before the rush hour when significant flow is not observed regard-
less of whether the CNFs are added or not. There is a single subtlety
in the initial condition of the CNF concentration. Although the
drying process increases the CNF concentration, the emergence of
structural order should not be too late for the suppression of the
coffee-ring phenomenon. While the necessary initial CNF concen-
tration is sufficiently low with respect to conventional inkjet
implementation, the CNF concentration needs to be sufficiently
high before the rush hour to form structural order. This is a key to
turn the initial condition into the control of the transient process.
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