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ABSTRACT

Previous studies on light-driven droplet transport often use light to heat the substrate to generate a temperature difference, thereby changing
the wettability or surface tension at two ends of a droplet, to propel the droplet forward, and not much attention has been paid to the droplets
with photothermal properties. Herein, we introduce a method of ink droplet manipulation via near infrared light-driven on lubricant infused
surfaces. Rather than heating the substrate itself, this method uses near-infrared light to irradiate one end of an ink droplet, creating a temper-
ature gradient inside it and forming a Marangoni flow that pushes the droplet forward. It is demonstrated that the ink droplets would experi-
ence two stages during sliding, and the movement ability of the ink droplets depends on their absorbance and size; specifically, the average
acceleration and steady velocity of the droplets are both positively correlated with their absorbance and negatively correlated with their vol-
ume. The work not only proves that the method can realize conventional individual droplet manipulation such as controllable transport along
arbitrary paths, but also proposes a unique customized transport and merging strategy for multiple ink droplets. This investigation offers a
simple and versatile manipulation approach for ink droplets, and the relevant results have potential applications in the fields of precise
maneuver of light-driven droplets and droplet-based inkjet printing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0241263

Droplet manipulation has been widely concerned because of its
important applications, in which the controllable transport of droplets
is one of the research hotspots."” Various strategies for droplets trans-
port draw inspiration from natural biological structures, such as the
biomimetic and efficient water collection chips inspired by cactus
spine, the bioinspired chips capable of spontaneous and directional
droplet transportation by synergistically combining geometric asym-
metry and surface super-hydrophilicity,” the directional water collec-
tion artificial fiber designed to imitate the periodic spindle knots of
spider silk," and the intelligent fluid control interface inspired by the
flexible nano tips and the overlapping micro scales arranged in direc-
tions on the wings of butterflies.” In addition to these, a variety of
bionic functional surfaces for directional transport of droplets have
also been successfully developed.” '

Droplets tend to move toward areas with a higher wettability, but
due to the limited range of surface wetting gradient force, it is difficult
to achieve efficient droplet transport over long distances.'” **
Therefore, scientists proposed to use external fields to assist the

directional transport of droplets, including but not limited to magnetic
driven,”” ?’ electric driven,”**’ optical driven,”"”! and photothermal
driven.””” Tt is worth noting that lubricant-infused surface (LIS) has
emerged as a new and remarkable type of surface since the pioneering
work of Ref. 34. Chemically homogeneous lubricant with low surface
energy and mobility makes LIS defect-free, spontaneously smooth, and
repellant, allowing droplets to achieve an extremely low contact angle
hysteresis.”” In addition, most of the droplets transported on LIS are
common pure droplets such as deionized water or ethanol, and little
attention has been paid to the composite droplets such as magnetic
droplets, photothermal droplets, and ink droplets. The precise manip-
ulation of ink droplets has very important application value in droplet
inkjet printing and textile printing, but there is little related research
work, which is worthy of further exploration.

In this work, ink droplets with inherent photothermal properties
can directly generate heat from the light, eliminating the need for an
additional photothermal layer. This simplifies the substrate structure
and is eco-friendly. Compared to the method driven by the surface
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temperature gradient, this direct driving of droplets by near-infrared
light (NIR) can achieve more precise manipulation. Our experimental
results show that different colored ink droplets have different absor-
bances, and the ability of the droplets to move depends on the absor-
bance and size of the droplets. By moving the irradiation position of
the NIR, the ink droplets can not only travel in a straight line, but also
follow a variety of curved paths. Furthermore, by controlling the irradi-
ated area of near-infrared light, it is also possible to realize customized
merging of ink droplets of various sizes and colors.

The schematic diagram of substrate preparation is shown in
Fig. 1(a), and more details can be found in the supplemental material.
Numerous micropores are formed inside the silica nanoparticle layer
sprayed on the quartz glass substrate, as shown in the scanning elec-
tron microscope (SEM) image of Fig. 1(b). The porous structure makes
the surface superhydrophobic, which also provides conditions for the
storage and retention of lubricant. Silicone oil was chosen as the lubri-
cant, and the prepared surface is called silicon based porous sliding
surface (SPSS). The silicone oil layer on the SPSS facilitates the manip-
ulation of the light-driven droplets. The NIR laser with uniform inten-
sity irradiates straight down to one end of the droplet and heats it up,
driving the droplet forward, and the laser is moved with the droplet in
the experiment. If the ink droplet is replaced with a pure deionized
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water droplet, no obvious temperature change and droplet movement
can be observed, which indicates that the composition of the ink drop-
let plays a key role in the droplet movement. The principle of photo-
thermal driven ink droplets is that the local heating of the ink droplet
generates a temperature gradient between the two ends of the droplet,
which leads to the formation of a gradient in the surface tension of the
droplet at the droplet-air interface and generates a Marangoni flow
[Fig. 1(c)], the liquid inside the droplet flows through the top of the
droplet from the heated side to the unheated side, while the liquid in
contact with the base flows in the opposite direction, and the two flows
constitute a closed cycle inside the droplet. Figure 1(d) shows the four
different colors of ink used in the experiment, which are black, blue
black, blue, and red. The absorbances of the four colors of ink in the
near infrared band are shown in Fig. 1(e). Black ink has the strongest
absorbance, which is about 2, 3, and 5 orders of magnitude stronger
than blue black, blue, and red ink, respectively. The temperature curve
of light irradiated inks with time measured by infrared thermometer
can also reflect the difference of light absorption capacity of different
colored inks. The darker the color of the ink, the stronger the absorp-
tion ability, the faster its heating rate. Figure 1(f) shows the tempera-
ture measurement results of ink droplets fixed on the glass sheet under
near-infrared light, which can be seen that black ink is quickly heated
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FIG. 1. (a) Cartoon diagram showing the preparation process of the SPSS. (b) The SEM image of the substrate surface before lubricant infusion. (c) Schematic illustration of
near-infrared light irradiating one end of an ink droplet to excite a Marangoni flow inside it, driving the droplet forward. (d) Four different colors of ink used in the experiment.
(e) Absorbance spectra of four different colored inks. (f) The time-depended temperature profiles of four different colors of ink droplets fixed on the glass sheet under NIR irradi-

ation (808 nm, 1 W).
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up to 100°C in a second or two, while red ink can only reach about
50 °C even after taking ten times longer.

The movement of four ink droplets with different colors but the
same volume (15 pl) on SPSS under the NIR irradiation is shown in
Fig. 2(a). The four ink droplets start from the same spot. As time con-
tinues to increase, the difference in the distance traveled by different
color ink droplets increases. If the droplets are arranged according to
the movement distance from farthest to nearest, the order is black,
blue black, blue, and red, which is consistent with the absorbance order
of ink. Figure 2(b) plots the displacements Ax of the four 15l ink
droplets relative to the starting point over time ¢. Overall, the displace-
ments of the four ink droplets increase significantly at different speeds.
Specifically, the black ink droplet is the fastest, the blue black ink drop-
let is slightly faster than the blue one, and the red ink droplet is the
slowest. But they all show a tendency to change from nonlinear to lin-
ear, which means that the movement of the ink droplet goes through
two stages. In the first stage, the displacement increases nonlinearly
with time, indicating that the ink droplet is undergoing a variable
acceleration motion, which can be seen more clearly in the enlarged
inset at the lower right corner of Fig. 2(b). After a characteristic time,
the ink droplet reaches the second stage, and its displacement begins
to increase linearly, indicating that the ink droplet enters the stage of
uniform motion. Moreover, the time varying velocities v of the four
different color ink droplets are extracted, and the corresponding curves
are shown in Fig. 2(c). It is easy to see that the four droplets do go
through two phases from accelerated motion to uniform motion.

In addition to the color of the ink droplet, its volume is also an
important parameter that affects its movement. Figure 3(a) shows the
snapshots of the movement of black ink droplets of five different vol-
umes. All ink droplets start from the same point, and at the 3s
moment, the smallest ink droplet is noticeably ahead of the other drop-
lets. It illustrates that the smaller the size of the ink droplet, the faster it
moves. As time goes on, the spacing between the droplets of different
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sizes become larger and larger, demonstrating their difference in veloc-
ity of motion. The average accelerations a of the four colors and five
sizes of ink droplets during the accelerated motion stage, as well as
their steady-state velocities V; during the uniform motion stage, are
shown in Figs. 3(b) and 3(c), respectively.

It can be seen from Fig. 3(b) that for the same color ink droplets,
the average acceleration decreases as the volume of the droplet
increases, in which the black ink droplet and blue black one have the
most significant changes. For ink droplets with the same size, the
smaller the droplet (such as 5 and 10 ul cases), the average acceleration
of the droplet decreases faster as the color changes from black to red.
However, when the volume increases to a certain extent (for example,
above 15 ul), the average acceleration gap between different color ink
droplets rapidly decreases. As shown in Fig. 3(c), with the increase in
the ink droplet size, the steady velocity of the black, blue black, and
blue ink droplets all decreases in different degrees, while the steady
velocity of the red ink droplet does not change much. For the same
volume of ink droplet, its steady-state velocity varies significantly with
the change of ink droplet color. Specifically, the steady velocity of black
ink droplet is the largest, followed by the blue black, and blue ink drop-
lets, and the velocity of red ink droplet is the smallest, which is also the
same as the results discussed above. Two conclusions can be drawn
from Figs. 3(b) and 3(c): the average acceleration and steady velocity
of the ink droplet increase with the increase in the absorbance of the
droplet, but decrease with the increase in the droplet size. It is worth
noting that the second conclusion is contrary to the previous conclu-
sion that the speed of droplets is proportional to their volume.”® This
is because in that work, the temperature gradient is generated on the
substrate surface rather than on the droplet, so the larger volume of
the droplet means a larger contact radius, and a larger temperature
gradient can be obtained, so the droplet moves faster, which is different
from the case of direct heating of the ink droplet with near infrared
light in this work.
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FIG. 2. (a) Snapshots of four ink droplets
of the same volume but different colors
L moving on the surface under the NIR irra-

J diation. All the ink drops appear black is
because the high-speed camera used
was monochromatic. The color of the
droplets at time zero is artificially added to

make them easier to distinguish. (b) The
plots of the time-depended displacements
of the four 15 ul ink droplets. The lower-
right inset enlarges the displacements dur-
ing the variable acceleration stage. The
shadows show the error range of the data.
(c) The plots of the time-depended veloci-
ties of the ink droplets.

Appl. Phys. Lett. 126, 021602 (2025); doi: 10.1063/5.0241263
Published under an exclusive license by AIP Publishing

126, 021602-3


pubs.aip.org/aip/apl

Applied Physics Letters

a 0s 3s

4ﬂﬂ Ll

i X

_Jdk

BN

Ik

ARTICLE pubs.aip.org/aip/apl

6s 9s
T T
B AN
1EL 1E L |

L_|

0.6 ®  black 3.0 = black
= blue black L] = blue black 56.4°C
05 = blue 25 i L] = blue
— = red > i = red
o4t & L20f ¥
2 £ L]
E = 1 E
£03 % E1s
= »
T 0.2 ? > 10
L
0.1 * i i osf " - . -
. . [ ] .
ool—s . . . . o ; : ;
5 10 15 20 25 5 10 15 20 25
Volume (pL) e Volume (pL)
80
371-0 " = black .0
S 705 = blue black s
E : = blue T ® 6
~=70.0 = red o
[t {2
g g P4
2 69.5 S . ? i %
0 69.0 2
[=)]
Q c
Q685 Z 65
S 680
w "
675 1 1 L 1 1 1 1 1 " ‘L![’ o
20 30 40 50 60 70 0 5 10 15 20 25 'ﬂ’%’“ 27.9°C
Temperature (°C) Volume (uL)

FIG. 3. (a) Snapshots of five black ink droplets with different volumes moving on the surface under the NIR irradiation. (b) Variation of the average acceleration of different color
ink droplets with their volume. (c) Variation of the steady velocity of different color ink droplets with their volume. (d) Variation of the surface tension of ink droplets with tempera-
ture. (e) Variation of the advancing contact angle and receding contact angles of the black ink droplet with volume. (f) Snapshots of a blue ink droplet (15 l) taken by an infra-

red thermal camera.

For droplets on the sliding surface irradiated by near-infrared
light, there are two main driving forces to promote their movement.
One is the Marangoni force, which arises from the thermocapillary
convection inside the droplet as described above, and is proportional
tog the temperature gradient at the air-liquid interface. Its expression
is™®
dy,dT
dr dx’
where R is the contact radius of the droplet with the substrate and y, is
the surface tension of the droplet. Thus, the Marangoni force depends
not only on the size of the droplet, but also on the change rate of the
surface tension of the droplet with temperature dy,/dT and the tem-
perature gradient at the two ends of the droplet dT/dx. Figure 3(d)

Fy; ~ R

1)

shows the change of the surface tension of four different color ink
droplets with the increase in temperature. The absorbance has an effect
on the temperature gradient. Specifically, the higher the absorbance of
the ink, the faster the temperature of the irradiated end of the droplet
rises, the higher the temperature value is reached, and the temperature
gradient at both ends of the droplet with the same volume is corre-
spondingly higher. The other driving force is the Laplace force. It is a
net surface tension force due to the different contact angles at the two
ends of the droplet, which is expressed as”’

Fp = 2Ry, (cos 04 — cos Og), (@)

where 0,4 and Og are the advancing and receding contact angle of the
droplet, respectively. In addition, as the droplet moves forward, it is
also subjected to a backward hydrodynamic resistance force caused by
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the viscous obstruction of the lubricant and the liquid medium, which
could be expressed as™

Fyg ~ a(pt, + )R, 3)

where o is a numerical factor, y, and y; are the viscosity of the lubri-
cant oil and liquid, and their values are 0.78 and 1.2 mPas, respec-
tively. Since the viscous resistance force is proportional to the velocity
of the droplet, this can qualitatively explain the two stages of droplet
motion observed in the experiment. Under the irradiation of NIR, a
stationary ink droplet begins to accelerate. As the speed gradually
increases, the resistance increases, the resultant force gradually
decreases, and the droplet experiences variable acceleration motion.
When the droplet reaches the steady velocity, the hindering force and
the driving force are balanced, and the droplet maintains a uniform
motion. At the same time, different sizes and different temperature
gradients (caused by different heating rates) directly affect the driving
force of the ink droplet, which would inevitably affect the acceleration
and steady velocity of the droplet. This is also consistent with experi-
mental results.

To further figure out which driving force plays a more important
role in the movement of the ink droplet, we carried out a quantitative
analysis of the force. Figure 3(e) exhibits the measurement data of the
advancing and receding contact angles of the black ink droplet of dif-
ferent sizes in the process of movement. There is little difference
between the two contact angles, suggesting that the effect of the
Laplace force is so small as to be negligible. Figure 3(f) shows the tem-
perature distribution of a blue ink droplet captured by an infrared
thermal camera at different times during its movement. T4 and Ty are
the temperatures at the front end (non-light irradiated end) and the
tail end (light irradiated end) of the moving droplet, respectively.
Taking the fourth second as an example, when the ink droplet has just
moved, and the temperature difference between its two ends is
AT = Ty — T4 ~ 3°C. So that such a 15 ul blue ink droplet has a
temperature gradient dT'/dx of 1.54 K mm . Plugging in all the data,
we obtain F; ~ 0.6 and Fy; ~ 0.597 uN, and the corresponding accel-
eration a = (Fy — Fy)/m is 0.2 mms 2 where m is the mass of the
ink droplet. Then, let F; = Fjy, the steady velocity V of the ink drop-
let is obtained as 1.5 mm s~ '. Here, the value of the numerical factor
is set as 33, which is also close to the reference value mentioned in a
previous work.” The values of acceleration and steady velocity are in
good agreement with the results shown in Figs. 3(b) and 3(c), respec-
tively, which shows that the theoretical model is applicable to this ink
droplet-SPSS sliding case.

Through the investigation of previous literature, we find that the
manipulation of light-driven droplets in the past was usually limited to
the extent of a single droplet,” for example the high-fidelity transport
of droplets along various paths, which is also easily achieved in our
experiment (see Fig. S3 in the supplementary material). However, it is
rare to maneuver multiple droplets simultaneously. To this end, we
propose a customized transport and merging strategy for multiple ink
droplets, as shown in Fig. 4. The first step is to expand the beam spot
of the near infrared ray to an appropriate size to cover more ink drop-
lets. This is thanks to the high-power NIR light source, which ensures
that there is enough intensity of light irradiated on each droplet. Then,
a circular baffle (the shape of the baffle can be adjusted according to
demand) is used to the block part of the light spot to form a hollow cir-
cle light field, and the four different color ink droplets of the same size

pubs.aip.org/aip/apl

FIG. 4. The demonstration of simultaneous regulation of the transport and merging
process of multiple ink droplets using a tunable hollow NIR field. The color differenti-
ation of black, blue black, and blue ink droplets is limited due to shooting
conditions.

are located at the boundary of the hollow light field [see Fig. 4(i)].
Stimulated by light irradiation, the ink droplets move toward the cen-
ter at different speeds, with black moving the fastest and red moving
the slowest, as shown in Fig. 4(ii). In this process, the hollow radius
of the light field is constantly regulated (which can be achieved by
controlling the distance between the baffle and the light source) to
ensure that all droplets are within the light control range. At moment
(ili-v) of Fig. 4, four colors of ink droplets arrive at the merging cen-
ter one by one to merge, and finally, all four ink droplets merge into
one large droplet, as shown in Fig. 4(vi). In a practical application,
the color and size of the ink droplets can be adjusted to achieve the
desired merging order. The customized multiple ink droplets trans-
port and merging strategy proposed in this work may have potential
applications in droplet-based printing or other areas related to droplet
manipulation.

In summary, here we present a method for the precise maneuver
of ink droplets via near infrared light-driven on LIS. It is found that
the ink droplet would experience two stages from variable acceleration
to uniform motion, and the absorbance (color) and size of the ink
droplet can affect its motion ability, which is reflected in the difference
of the acceleration of the droplet in the acceleration stage and the
steady-state velocity in the uniform phase. Our work further reveals
that the Marangoni flow inside the ink droplet caused by the tempera-
ture gradient at two ends of the droplet under the excitation of light is
the main driving force, rather than the Laplace force. We have not
only demonstrated that this approach can achieve conventional precise
manipulation of individual ink droplets, including robust transport
along any path, but also innovatively proposed and validated a custom-
ized multiple ink droplets transport and merging strategy. This study
may inspire more studies of precise manipulation of light-driven drop-
lets and may find potential applications in droplet-based inkjet print-
ing, textile printing, or other fields related to droplet manipulation.

See the supplementary material for more details of experiments
and data analysis, including (1) surface preparation, (2) characteriza-
tion, (3) the plot of displacement and velocity of ink droplet for varied
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color and volume, and (4) demonstration of path manipulation of a
single ink droplet.
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