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Abstract: Efficient droplet transport
plays an important role in many fields
such as liquid collection, microfluidic
management, and reaction control.
However, it remains a key challenge to  j=m-nnn---- .
achieve fast and precise droplet motion
control along a predetermined path. !
Herein, a magnetically driven cilium
array (MDCA) was developed by a
simple one-step spraying method. The MDCA exhibits both upright and prostrated states under a programmable
magnetic field, achieving in-situ pinning and driving of the droplets, respectively. In particular, the MDCA
modified by the silicone oil can not only be used for precise droplet manipulation on the spatio-temporal scale (S-
shaped trajectory transport, selective control of target droplets, and velocity control) but also provides a self-
enclosed space for droplet fusion for chemical microreactions, allowing fine-tuning of reaction parameters and
isolation from external contamination. Based on the theoretical analysis of droplet transport, MDCA can be applied
to the development of dynamic digital displays and chemical microreactors and provides inspiration for the
development of environmental monitoring, drug delivery, and energy purification.
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1. Introduction

Dynamic programmable regulation of droplet motion [1,2] is of great scientific importance and application
value in the fields of droplet transport [3], reaction control, environmental monitoring [4], 3D printing [5—8] and
biomedicine [9,10]. However, it is difficult for conventional droplet regulation methods to achieve effective switching
between in-situ pinning and fast sliding of droplets on a single surface, limiting their application in complex motion
path scenarios [11,12]. Therefore, it remains a key challenge to achieve fast and precise motion manipulation of
droplets along a programmable path through simplified design.

To improve droplet controllability [13], researchers have attempted to achieve controllable liquid dynamics
through the design of material surface energy gradients [14—16] and the construction of hierarchical micro-
nanostructures [17,18], aided by external fields such as heat [19], light [20,21], acoustic [22], electric [23,24], and
magnetic fields [16,25,26]. In particular, magnetic drive offers unique advantages, including non-contact real-time
control, fast response, and no specific environmental requirements. The design principles can be summarised
in two different categories: (1) Direct actuation [27] of droplets by adding magnetic particles directly to the
droplet [28]; (2) Indirect actuation of droplets by deforming the magnetic particle assemblies wrapped in flexible
membranes in response to the magnetic field [29—31]. However, the direct addition of magnetic particles to a droplet
limits the types of droplets that can be driven. Meanwhile, the deposition of magnetic particles tends to deteriorate
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the driveability. On the contrary, for the typical indirect liquid manipulation method driven by an external magnetic
field, the magnetic cilia [32] produce a directional motion [33—35] that enables the control of the liquid’s directional
rolling. This technique provides controlled directional transport of liquids while also demonstrating adaptability to
different droplet actuation and magnetic field conditions, making it a promising solution for microfluidic [30],
biomedical engineering, and environmental monitoring applications. However, conventional magnetically controlled
cilia exhibit limitation: The inertial rolling of droplets on cilia makes tuning of the adhesion properties [36,37] difficult,
affecting the precision of programmable pathway transport of droplets.

In this work, a magnetically driven cilium array (MDCA) was developed by a simple one-step spraying method.
The MDCA achieves fast switching between two states (upright and prostrated) driven by a magnetic field, leading
to pinning and sliding behaviours of droplets, respectively. This design not only simplifies the preparation process
but also significantly improves the flexibility of droplet manipulation. To further optimise the droplet motion
performance, silicone oil [38,39] was used for surface modification of MDCA. The silicone oil formed spontaneously
a closed environment at the periphery of the droplet, which created a smooth start-up of MDCA when it switched
from the upright state to the prostrated state, thus overcoming the detrimental effect of inertia on the accuracy of
droplet manipulation. The SOMDCA reduces the impact of natural cilia defects on droplet driving. Specifically,
silicone oil-modified MDCA (SOMDCA) was capable of driving droplets in programmable pathways (inversed S-
shape motion, in-situ selective drive of the target droplet, and velocity control) based on droplet static thermodynamic
mechanism and dynamic slippage principle. In addition, the proposed optimal SOMDCA is critical for the design of
digital display screens and chemical microreactors that isolate the outside environment. This superwettable surface
provides new research ideas and technical guidance for the development of magnetic fluid manipulation technology,
environmental monitoring, microfluidic chips and biomedicine.

2. Methodology

2.1. Fabrication of the MDCA

To fabricate the MDCA, a 4 cm x 4 cm neodymium magnet (~0.5 T), an airbrush, and polyethylene
terephthalate (PET) substrates were prepared. The PET substrate was fixed at a 6 mm precise distance above the
magnet to ensure the vertical alignment of the magnetic particles encased in liquid during the spraying process.
The detailed fabrication procedure is described as follows: The precursor solution was prepared by adding 2.4 g
polydimethylsiloxane (PDMS), 0.17 g curing agent and 2.4 g carbonyl iron powder (CIP, 5 um in diameter) to 5 g
ethyl acetate (EA). The solution was thoroughly stirred with a glass rod for 30 min to ensure uniform dispersion
of CIPs within the PDMS and EA matrix. The prepared solution was then transferred into an airbrush, maintaining
PDMS in a 30 cm distance between the airbrush nozzle and the PET substrate (Figure 1a), which is to ensure that
the magnetic particles encased in liquid were evenly deposited parallel to the substrate surface. The spraying
process was conducted for 50 s, after which the magnet and coated PET substrate were immediately placed in an
oven and dried at 60 °C for 5 h. This process resulted in the successful fabrication of the MDCA surface.
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Figure 1. Dynamically reconfigurable SOMDCA design and working Principle. (a) Preparation diagram of MDCA.
(b) Optical UDFM images of MDCA. The interpolated scales are 500 um and 100 um respectively. (¢) Mechanical
force analysis of droplets and schematic diagrams illustrating the mechanisms of the sliding and pinning states. (d)
Applications of SOMDCA surface (I: Dynamic digital display screen; II: Chemical microreaction).
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2.2. Droplet Adhesion Property on SOMDCA

The centrifugation was utilized to measure the maximum adhesion strength of a 10 uL. droplet on the MDCA
surface which was modified with silicone oils of varying viscosities, in an upright state. The experimental procedure
was as follows: the SOMDCA was placed directly above the magnet to maintain the cilia in an upright orientation.
This combination was placed at a radial distance of R from the rotation center. By systematically varying the rotational
velocity and employing an external camera to capture the instant of droplet detachment, the adhesion strength of the
droplet under the influence of silicone oils with different viscosities was evaluated. The adhesive force of the droplet
on the SOMDCA was calculated using the equations w = 27nn/60 and F = mw?R, where w represents the
angular velocity, n is the rotational velocity, m is the mass of the droplet, and R is the radial distance from the
rotation center.

2.3. Chemical Microreaction

The droplets of FeCl;-6H,0 and KSCN were prepared at a concentration of 1 M and 3 M each. The chemical
equation is as follows: Fe3* + 3SCN~ = Fe(SCN)5. The temperature of the chemical reaction was measured
using a thermal imager (Hti HT-18, made in Zhejiang, China). Gaussian 16 is used to measure molecular energy
values before and after chemical reactions. The red droplets (10 pL) are consist of a mixture of carminic acid and
water at a weight ratio of 1:50.

2.4. Characterization

The morphological characteristics of the MDCA were characterized using the Ultra-deep Field Microscope
(UDFM, Keyence VHX-6000, made in Osaka, Japan) and Laser Scanning Confocal Microscope (LSCM, Zeiss
LSM 980, made in Oberkochen, Germany). The water contact angle and sliding angle were obtained by a contact
angle measurement system (Sindin SDC-100, made in Shenzhen, China). Magnetic force simulation tests of
magnets were conducted by Comsol 6.0.

3. Results and Discussion

3.1. Design and Working Principle of Dynamically Reconfigurable SOMDCA

To achieve stable droplet pinning and sliding behaviors, a surface capable of rapid switching between two
states (upright and prostrated state) under magnetic actuation has been developed. In this work, a simple spray-
coating method was employed, leveraging the unique magnetic responsiveness of magnetic particles. By
systematically adjusting the ratios of PDMS, CIP, and EA, the formulation with high spray-coating uniformity
was optimized. The detailed preparation method has been comprehensively described in the experimental section,
as illustrated in Figure la. Specifically, the magnetic particles produce a magnetic force in the presence of a
magnetic field. As the system tends to reach its minimum energy state, the magnetic dipole interactions between
the particles cause them to align into chain-like structures within the magnetic field. This ordered arrangement of
particles in the magnetic field reduces the system’s magnetic energy, thereby promoting CIPs upward growth. The
magnetic moment of CIPs can be described by the following formula: M = yH. M is the magnetization (A/m),
x is the magnetic susceptibility of the CIPs, and H is the applied magnetic field strength (A/m). The growth
direction is determined by the magnetic field gradient and the magnetic moment of the particles. After the PDMS
encapsulating the magnetic particles has been cured, the magnetic particles maintain an upright configuration even
in the absence of an applied magnetic field. Figure 1b presents the topographic characteristic of the MDCA under
UDFM, revealing that the magnified single magnetic cilium exhibits a stacked growth pattern of magnetic particles
to minimize energy.

After the surface modification of the MDCA with silicone oil, the force analysis of droplets, as well as the
mechanisms underlying the pinned and sliding states, along with their contact angles respectively, were further
investigated (Figure 1c). Due to the low surface energy (21.2 mN/m, 1000 cP) of silicone oil, when the droplet
was deposited on the superwetting surface of the prostrated cilium array, the silicone oil may spread and “mask”
the droplet. As the silicone oil infiltrates and submerges the microstructure surface, the SOMDCA exhibits an
extremely low roll-off angle, with negligible contact line pinning. In this case, the total interfacial energy per unit
area: E =v,,, + ry,s. Where y is the interfacial tension between the two phases designated by subscripts water
(w), oil (0), and air (a). And r is the ratio of the total surface area to the projected area of the solid. Different from
the prostrated state, when a droplet resides on a superwetting surface with upright cilia, despite the droplet’s
tendency to slide forward due to gravitational force, the array of upright cilia with a high aspect ratio obstructs the
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droplet’s sliding progression, macroscopically manifesting as a pinned state. On this basis, dynamically
reconfigurable MDCA can achieve the switching between the pinning and sliding states of droplets under the
actuation of a magnetic field thereby enhancing the programmed design and precise control of droplets.
Specifically, by utilizing the surfaces with super wettability, a new generation of digital dynamic display screens
and chemical microreactors (Figure 1d) was designed. These innovations hold promising prospects for various
fields, including magnetic fluid manipulation technology, environmental monitoring, drug delivery, and energy
purification.

3.2. Characterization and Optimization of MDCA

To further optimize the driving performance, the MDCAs and the magnetically controlled properties were
characterized and refined. Six kinds of MDCAs were prepared based on varying contents of PDMS and CIP.
Specifically, three grades (high (H), middle (M), and low (L)) were set for both PDMS and CIP content. The first
letter of the abbreviation is PDMS content and the last letter is CIP content. Detailed content information is
provided in Table S1. Utilizing UDFM, an investigation was conducted into the height, magnetic compliance, and
uniformity of MDCA distribution fabricated using various contents (Figure 1b). As illustrated in Figure 2a, the
cilia comply with the magnetic field direction, regardless of whether the magnetic field is designed to be orientated
perpendicular or parallel to the substrate. The magnetic cilia compliance to the magnetic field is shown in Figure S1.
The growth and alignment of MDCA are significantly influenced by the PDMS and CIP concentrations in the
solution, as well as the strength of the external magnetic field. Based on the experimental results and relevant
theories, the following analysis is conducted. The viscosity n of the PDMS solution can be described by the
equation: 7 = 7/y. Where 71 is solution viscosity (Pa‘s), T is the shear stress (Pa), y is the shear rate (1/s).
Specifically, PDMS serves as the structural matrix of the cilium array, providing flexibility and strength. The
PDMS concentration has a substantial impact on the solution viscosity, which in turn affects the spraying process
and the subsequent cilia morphology. For sample LM with lower PDMS concentrations, the solution exhibits
reduced viscosity, leading to a more uniform spray pattern and the formation of taller cilia. However, this lower
viscosity also results in weaker adhesion between the cilia and substrate, causing an increased propensity for cilia
detachment (Figure S2b). As the concentration of PDMS increases in sample HH, the solution becomes more
viscous, which can hinder the uniform distribution of particles during the spraying process leading to a decrease
in cilia height (Figure S2c¢). Higher viscosity results in poorer particle dispersion, as predicted by the particle
deposition model. Thus, an excessive PDMS concentration leads to a reduction in cilia height due to non-uniform
particle distribution during the spraying process.

The magnetic responsiveness of cilia is attributed to CIPs. The concentration of CIPs directly influences the
magnetic alignment of cilia in an external magnetic field. At lower CIP concentrations, the limited number of
magnetic particles tends to adhere more closely to the substrate, resulting in shorter cilia growth heights. At higher
CIP concentrations of the sample MH, the enhanced magnetic responsiveness leads to increased interparticle
interactions, potentially causing agglomeration and uneven particle distribution. This effect, commonly referred
to as magnetic agglomeration, results in higher average cilium heights but reduced uniformity. At moderate CIP
concentrations of sample MM, the cilia effectively align under the magnetic field, leading to uniform growth and
optimal height. The magnetic field facilitates the directional alignment of CIPs, promoting uniform self-assembly
of cilia. The sample MM exhibits the most uniform cilium distribution and optimal magnetic compliance.

Subsequently, LSCM was employed to conduct an in-depth investigation into the morphological
characteristics and distribution patterns of cilia (Figure 2b). This process successfully obtained height simulation
distribution maps of magnetic cilium arrays in both upright and prostrated states, agreeing with the results obtained
by UDFM. A detailed quantitative analysis using Abbott curve simulations was further conducted on the cross-
sectional area fractions of the MDCA (Figure 2c—e). Figure 2c illustrates the trend of cross-sectional area fraction
varying with height in the upright state. Specifically, the highest cross-sectional occupancy is gradually increasing,
possibly due to the increasing diameter and height of the cilia with increasing CIP concentration, which is
consistent with the results of previous analyses. Notably, PDMS and CIP at middle concentrations exhibit dual
peak cross-sectional areas, suggesting probably the presence of two types of cilia: tall cilia and short cilia. This
situation not only increases the retention capacity of silicone oil on the surface of the cilia but also reduces the
height of the cilia in the prostrated state and decreases the surface roughness. In contrast, the simulation results for
the samples LL and MM do not reflect the presence of these two types of cilia. Similarly, Figure 2d demonstrates
the variation of cross-sectional area fraction changing with height in the prostrated state. With the increase in CIP
concentration, the prostrated cilia height also increases. Notably, the sample MM exhibits a more marked
prostrated effect, which may be attributed to the dual height peaks of cilia in Figure 2c. Ultimately, based on the
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analysis in Figure 2e, the samples MM in the prostrated state have the highest percentage of cross-sectional
integration, which suggests a certain degree of homogeneity of the cilia, a property that positively affects droplet
sliding.
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Figure 2. Characterization and optimization of MDCA. (a) UDFM images of the upright and prostrated MDCA.
The interpolated scale is 1 cm. (b) LSCM images of the upright and prostrated MDCA. Cross-section proportion
of (¢) upright and (d) prostrated. (e) Cross-section proportion diagram of four kinds of MDCAs.

3.3. Magnetically Driven Droplet Transport Performance and Optimization

To demonstrate that the prepared SOMDCA surface possesses tunable droplet adhesion, a centrifuge was
utilized to characterize the adhesion force of droplets on the SOMDCA surface with varying viscosities, based on
the action of centrifugal force, as shown in Figure 3a.
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Figure 3. Optimization of magnetically driven droplet transport performance. (a) The critical adhesion of droplet
adhesion on SOMDCA surface under different viscosity of silicone oils. (b) The sliding velocity of 10 pm droplet
under different viscosity of silicone oils. (¢) Effect of volume on droplet sliding ability. (d) The sliding ability of
droplets at different obliquity angles of SOMDCA surface. (e) The droplet pinning state diagram of at different
angles of SOMDCA surface.

The experimental results indicate that after placing a cylindrical permanent magnet beneath the SOMDCA
surface, the pinning force of droplets on the SOMDCA surface increased with the viscosity of the silicone oil. The
adhesion force of the silicone oil with a viscosity of 1000 cP on the SOMDCA surface reached 1.2 mN, which is
12 times the mass of the droplet itself. Subsequently, MDCA surfaces were modified with silicone oils of different
viscosities, which significantly influenced the sliding velocity of the droplets (Figure 3b). As the viscosity of the
silicone oil increased, the droplet sliding velocity changed from 0.019 mm/s to 2.7 mm/s, which illustrates the high
viscosity of silicone oil significantly reducing droplet mobility. At a 30,000 cP viscosity, droplet movement on the
SOMDCA surface was negligible. An appropriate droplet viscosity should enable control over droplet pinning and
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precise manipulation of droplet movement under fast sliding conditions. The SOMDCA with a viscosity of 100 cP
exhibited excessively fast sliding velocities, making it difficult to precisely control the motion trajectory of the
droplets, while those with viscosities above 2000 cP resulted in excessively slow droplet sliding, neither of which
were considered to possess excellent precision control over droplet movement. Therefore, silicone oil with a
viscosity of 1000 cP was selected for subsequent droplet manipulation experiments. Although droplets can also be
driven at 0°, the velocity is too slow (Figure S7). To demonstrate the superior droplet control performance of the
prepared SOMDCA surface, the sliding capability of droplets with varying volumes was explored on the
SOMDCA in a prostrated state at a 10° tilt angle. The driving magnets effect model for droplets on SOMDCA is
shown in Figure S3. As shown in Figure 3¢, a 2 uL droplet, even on the prostrated SOMDCA surface, only slid a
short distance before pinning to the surface. This is because when the droplet falls onto the surface, its gravitational
potential energy is partially converted into kinetic energy, causing a brief sliding phenomenon. After this energy
is expended, the droplet, with insufficient gravitational force, cannot overcome the resistance of the higher parts
of the prostrated cilia, resulting in complete pinning on the surface. Secondly, when the droplet volume reached 4 pL,
the droplet exhibited sliding capability on the surface, but the sliding velocity was relatively slow, taking
approximately 8 min to cover a distance of 10 mm. When the droplet volume reached 15 pL, the sliding velocity
(0.61 mm/s) significantly increased, being 29 times that of the 4 pL. droplet. Additionally, the sliding capability of
the droplets varied at different tilt angles, as shown in Figure 3d. The greater the tilt angle, the faster the sliding
velocity of the droplets. At a 40° tilt angle, the droplets could roll rapidly off the surface, instead of being pinned or
sliding on the SOMDCA surface for silicone oil struggling to capture droplets with an excessively large gravitational
potential energy component. In contrast, when the magnetic field causes the cilia to stand upright, a 10 pL droplet
remains firmly fixed on the surface even as the SOMDCA is tilted from 0° to 90° (Figure 3e), which is different from
sample LL for droplet sliding off the upright SOMDCA surface with a 10° tilt angle (Figure S4 and Video S1). This
observation underscores the robust adhesion and stability of the SOMDCA over the droplet under the influence of
the magnetic field, highlighting the effective control over droplet immobilization achieved through the upright
cilia configuration. To ensure controlled droplet movement, a 10° inclination was selected for subsequent
experiments.

3.4. Droplet Programmed Manipulation

Utilizing the gravitational force of droplets to facilitate their sliding or pinning on inclined surfaces represents
a traditional methodology. Nonetheless, the challenge of achieving controllable regulation of droplet pinning and
sliding in situ is not easily surmounted through mere material and structural design. Intriguingly, magnetically
actuated droplet sliding emerges as a microfluidic technology underpinned by magnetic field modulation, which
enables rapidly dynamic regulation with minimal energy expenditure. By judiciously designing the magnetic field
distribution and changing surface characteristics, it is feasible to effectuate in situ toggling between sliding and
pinning of droplets on inclined surfaces. However, this technique typically confines droplet propulsion to the
direction dictated by gravity, thereby presenting challenges for precise manipulation and the customization of
droplet trajectories. This research employs magnets to customize droplet sliding paths by modulating droplet
slippage and pinning, demonstrating significant advantages in the field of micro-droplet manipulation.

During the experiment, the SOMDCA surface was tilted at 10°, and the droplet moved along a predetermined
inverted S-shaped trajectory under the influence of a magnetic field. The superwetting surface properties changed
with the magnetic field gradient, enabling the droplet to overcome the effects of gravity and slide precisely along the
inverted S-shaped path. This method not only exceeds the limitations of traditional droplet sliding, which relies solely
on gravity for directional movement, but also the ability of SOMDCA to switch between in-situ anchoring and sliding
provides new possibilities for precise droplet control on complex paths. As shown in Figure 4a and Video S2, the
droplet exhibited an inverted S-shaped curved slide under the driving action of two small magnets. To detail the
driving method and principle of this path, a simulation of two small magnets (N35) was conducted using Comsol.
Combining finite element analysis, the spatial distribution of the magnetic field, as well as the direction and intensity
of their magnetization vectors, were obtained by solving Maxwell’s equations (Figure 4¢). During the preparation of
MDCA, the magnetic particles were influenced by the magnetic field, causing the magnetic poles to align
directionally. This alignment allows the cilia to bend towards the direction of the magnetic field lines under the
influence of an external magnetic field, overcoming their inherent elastic force. According to the distribution
characteristics of the magnetic field, the magnetic cilia above the two magnets stand upright, while those between the
two magnets collapse. Therefore, by continuously adjusting the position of the magnets, the droplet is positioned
between 1.5 mm magnets, allowing the droplet’s sliding path to be altered, thus enabling the droplet to slide along
the predetermined inverted S-shaped path. Similarly, using the magnet shown in Figure 4b,e2 and Video S3 demonstrate
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the droplet’s ability to slide along a programmed path at an inclination of 30°, and Figure 4c and Video S4 show the
ability to switch between selective in-situ pinning and droplet sliding for two droplets. Additionally, the sliding velocity
of the droplet can be controlled based on the distance between the magnet and the droplet (Figure 4d,f and Video S5).
This phenomenon arises because the closer the droplet is to the magnet, the greater the compliance of the cilia,
resulting in reduced surface roughness and consequently lower resistance to droplet sliding. Conversely, when the
magnet is farther from the droplet, the magnetic force struggles to overcome the inherent elastic force of PDMS,
resulting in greater surface roughness, which limits the droplet’s sliding velocity. In comparison, silicone oil with a
viscosity of 100 cP cannot achieve precise droplet control solely through gravitational force. However, with an
appropriate 3D printing platform (Figure S5), it is possible to facilitate the C-shaped and S-shaped motions (Figure S6)
sliding of droplets by adjusting platform tilt angle.
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Figure 4. The precise control and path programmability by SOMDCA over droplets. (a) The magnet guides the
droplet through the inverted S shape. (b) The magnet guides the droplet through the 30° inclination. (¢) Selective
pinning and sliding of droplets. (d) Effect picture of distance between magnet and droplet on droplet sliding velocity.
(e) Magnetic line distribution of double round magnet and square magnet. The unit is Gs. (f) Effect of distance
between magnet and droplet on droplet sliding velocity. The interpolated scale bars of all pictures are 2 cm.
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3.5. Application Demonstration of the SOMDCA

Based on the aforementioned principles and phenomena of droplet programmed manipulation, the magnetic
field-regulated microfluidic control technology demonstrates broad application prospects in multiple fields due to
its non-contact nature, high precision, and programmable characteristics.

In this work, by controlling the pinning and sliding of droplets on the SOMDCA surface, dynamic digital
display functionality and the driving of droplet coalescence for chemical microreactions can be achieved.
Specifically, the number and position of droplets along the x-axis are pre-designed and allocated to the upright
cilia at the top of the sample. Subsequently, the droplets are allowed to slide under the influence of gravity from
the prostrated SOMDCA surface to the pre-designed positions, where they are anchored by the upright SOMDCA
surface. This process is then repeated multiple times to stack the droplets layer by layer along the y-axis, akin to
building blocks, until the formation of the letters “JLU” is achieved (Figure 5a and Video S6). Based on the
standard deviation of the path, the deviations of the x-axis and y-axis are 0, = 1.2% mm* and o), = 2.3% mm’
respectively (Table S2). The specific locations of the letters “JLU” are illustrated in Figure 5b. Notably, based on
the influence of SOMDCA on the sliding velocity of droplets with varying sizes and distances, more sophisticated
dynamic patterns could be engineered in future designs to address more stringent requirements. This capability of
dynamic droplets to perform digital stacking, with each droplet acting as a new unit sliding along a pre-designed
path, provides novel insights for the design of next-generation dynamic digital displays.

Precision manipulation of droplets exhibits significant applications not only in dynamic digital displays but
also in various areas such as droplet fusion, chemical microreactions in a self-enclosed environment, and reducing
energy loss rate (Figure 5c and Video S7). Typically, in a silicone oil-enclosed environment, the fusion process of
two droplets involves overcoming their surface tension and regulating interfacial dynamics. When magnetically
driven to gradually approach each other, a sudden rapid movement towards each other occurs between the droplets,
which is attributed to the attractive force between molecules, prompting the two droplets coated with oil to
approach each other. Subsequently, as the droplets approach, the silicone oil film between them gradually thins.
When the film thickness reaches a critical value (typically at the nanoscale), the film becomes unstable and ruptures.
Mechanisms leading to film rupture encompass van der Waals forces, thermal fluctuations, or external
perturbations. Upon film rupture, direct contact between the droplets results in a reduction in interfacial energy,
thereby driving the fusion process. A chemical reaction occurs between 1 M Fe3* and 3 M SCN-, resulting in the
transformation of the droplets from pale yellow and colorless to a blood-red color, accompanied by the generation
of energy. Furthermore, Figure 5d demonstrates energy generation by employing the density functional theory
method within the Gaussian 16 to conduct energy simulations before and after the reaction, as well as experiments
on heat loss rates in a self-contained environment in Figure 5e. Theoretical calculations indicate that the sum of
the energies of 1 M Fe?* and 3 M SCN- is higher than the energy of Fe(SCN); (Figure 5d), with an energy difference
of —2.165 Hartree. Typically, the reaction primarily releases energy in the form of thermal energy. Based on this,
an infrared thermography camera was utilized to record the changes in thermal energy on microdroplet chemical
reactors of oil-free MDCA surfaces and microdroplet chemical reactors of oil-loaded MDCA surfaces (Figure 5e).
On the MDCA surface, the temperature at the center of the droplet was the lowest, with the ambient temperature
surrounding the droplet being higher. As the chemical reaction progressed, the temperature at the droplet’s center
increased by 2.6 °C over 5 s and returned to normal after 10 s. In contrast, due to the encapsulation by the silicone
oil layer, the baseline temperature of the droplet was approximately 6°C higher than that of the unencapsulated
droplets, and the infrared thermography camera had a lower sensitivity to temperature changes the droplets on the
SOMDCA surface compared to the droplets on the MDCA. The exothermic duration of the reaction lasted for 9 s,
with an energy retention capacity approximately 1.8 times higher than that of the droplets without silicone oil
encapsulation. In conclusion, the performance of SOMDCA in droplet fusion and reduction of energy loss within
a confined environment holds significant potential across various fields. In chemical reaction engineering, it can
optimize reaction conditions, minimize the occurrence of side reactions, and enhance product purity as well as
experimental reproducibility. In the energy sector, it contributes to improving energy storage density and
conversion efficiency. Within the realm of 3D printing and material synthesis, it ensures the uniformity and
stability of materials post-fusion, thereby enhancing printing precision and material performance. In the food and
cosmetics industry, droplet fusion and emulsification help maintain product stability and the efficacy of active
ingredients. Furthermore, in the fields of dynamic displays and smart materials, it improves display quality and
the responsiveness of materials. Finally, Table S2 shows the superiority of SOMDCA compared to other articles.
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Figure 5. Dynamic screen and microreaction application of the SOMDCA. (a) SOMDCA manipulates the droplet
for display instances. (b) SOMDCA manipulates the time profile of the droplets. (¢) SOMDCA controls the droplet
for microfluidic reactions. The interpolated scale bar is 1 cm. (d) Gauss 16 software simulates molecular energy
maps. (e) Heat distribution diagram of chemical reaction with or without silicone oil coating.

3.6. Mechanism Analysis of Droplet Driven

The stable configuration of droplets on the surface of SOMDCA can be predicted through a thermodynamic
framework: for the external interface (in an air environment), the oil spreads across the entire droplet as a thin
covering layer, forming an oil-water interface, where E,, < E,,,. For the internal interface (the droplet-substrate
contact layer), a “wetting ridge” exists at the bottom of the droplet, where E,; < E,,;. The subscripts denote oil,
air, water and substrate. The influence of structure on sliding behavior can be modelled by balancing gravitational
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force and pinning force. When a droplet undergoes motion, its behavior can be characterized by the roll-off angle
model. On a lubricant-infused surface, the roll-off angle is governed by the pinning force along the contact line,
particularly influenced by contact angle hysteresis. The movement and rolling angle of the droplet are affected by
the surface microstructure and the viscosity of the liquid. The equilibrium of forces at the point of tangency on the
surface, which corresponds to the stable configuration of droplets on a surface wetted by a lubricant, is formulated
based on the force balance principle: p,Vgsina = R,®Y2[Ysy, (COSOrecosw) — COSOaavosw)) +
Yoa (€0S0reco5(a) — €0SOaav,0s(a))], Where p,, is the liquid density, g is the gravitational acceleration, V' is
the droplet volume, R,, is the droplet base radius, @'/2 is the fraction of R,, Oaavws(a) and Orecws(q) are the
advancing and receding contact angles of the droplet in air on the smooth solid surface, ¥, _water> Yoii—air denote
the oil-water and oil-air interfacial tensions, a represents the inclination angle of the substrate. In the presence of
silicone oil, the triple contact line or the quadruple contact line does not exist, which is the reason why droplets
can slide down with a low rolling angle even on MDCA surfaces with certain structures.

Furthermore, once the gravity of the droplet overcomes the pinning force, the droplet acquires a certain
velocity to slide or roll off. For a droplet of volume it is anticipated that this velocity will depend on the contact
line pinning and the viscosity of the lubricant. According to the research by J. David Smith et al. [40],
V23p,,9/Vwa(sina — sina*) VY3 /R, = w,v/Yia, Where p,, is water dynamic viscosity, v is the steady-state
shedding velocity, and R;, is the droplet base radius. This model suggests that the gravitational potential energy
of the rolling droplet is primarily consumed in the viscous dissipation around the wetting ridge at the base of the
droplet’s slide. The thin layer covering the droplet has negligible inertial and gravitational forces. Therefore, the
velocity is uniform along the streamline, and viscous dissipation can be ignored.

4. Conclusions

In summary, based on the principle that CIPs are magnetized and arranged in an orderly manner under the
influence of a magnetic field, MDCA with strong subcompliance was developed in this paper. The Abbott curve
simulation results of MDCA showed that the optimized MDCA had two types of heights of cilium array as well
as excellent spatial distributability, which reduces the roughness of the cilia in a prostrated state and enhances the
droplet slipperiness. Particularly, the presence of the micro-cilia increases the retention time of the silicone oil to
a certain extent. In addition, under the drive of the programmable magnetic field, the droplets showed two states,
upright and prostrated, which realized in situ fixation and actuation of the droplets, respectively. In order to further
optimize the slippage performance of the droplets, the MDCA was surface modified with silicone oil. The
SOMDCA can be not only used for precise manipulation of droplets on both spatial and temporal scales (S-
trajectory transport, selective control, and velocity control of target droplets), but also provide a self-enclosed
space for droplet fusion in chemical microreactions, thus enabling fine-tuning of reaction parameters and isolation
from external contamination.

Supplementary Materials: The supporting information can be downloaded at: https://www.sciltp.com/journals/mi/2025/1/812/s1.
References [41-47] are cited in Supplementary Materials.
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