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Abstract  

Colloidal particles are irreversibly attached to fluid-fluid interfaces. Such adsorption is 

depends on the surface charges, wetteablity, and characteristic of trapped particles. 

Adsorption of solid particles decreases the interfacial tension and consequently stabilizes the 

interface. Accordingly, solid particles can be good alternatives to replace molecular 

surfactants. The behaviors of interface-trapped particles and their assembled structures at the 

interfaces are affected by two competing interactions: electrostatics and capillarities. 

Typically, the electrostatics interactions effectuate repulsions of the particles due to 

asymmetric charge distribution across the interface, whereas the capillary interactions lead 

to attractions to stabilized the system by minimizing the surface free energy. Since the 

relative strength between these interparticle interactions determines the assembled colloidal 

microstructures and their rheological properties, it is significant to quantitatively investigate 

the electrostatic and capillary interactions. In the context of fundamentally understanding the 

effect of particle size on the interparticle interactions, we fabricate polystyrene particles with 

controlled size distributions via the microfluidic method, and measure the interactions of 

between the particles with different dimensions using optical laser tweezers. 
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Introduction.  

Charged particles trapped at a fluid-fluid interface typically experience two competing 

interactions: electrostatic and capillary [1-6]. For instance, when colloidal particles of 

micrometer dimensions are adsorbed to an interface [7, 8], electrostatic repulsion occurs due 

to asymmetric distribution of dissociated surface charges and counterions across the interface 

[9-11]. Capillary interactions are caused by excess interface surface area, which is caused in 

turn by interface deformation around individual particles [12-18]. When two interface-

trapped particles are within a sufficiently small neighborhood, they spontaneously migrate 

toward one another to decrease the excess area. Accordingly, equilibrium microstructures 

and corresponding rheological properties of such particle-laden interfaces inevitably depend 

on the relative strengths of the two interactions. When electrostatic repulsion is stronger than 

capillary attraction, the particles tend to form triangular lattice structures with finite 

interparticle separations [19-23]. In the alternative case, the strong capillary attraction 

induces aggregation of the particles, resulting in percolated microstructures [24-33]. Such 

particle-interface systems have been intensively investigated and exploited over a broad 

range of applications [1, 34-40], such as food, cosmetics, drug delivery, oil/water recovery 

processes, phase transfer catalysts, and stabilization enhancement of complex fluid systems. 

Capillary interactions between particles floating at a fluid-fluid interface can be either 

repulsive or attractive depending on the local shape of the interface deformation around each 

particle and the relative orientations between the particles [14, 41-45]. For two particles that 

can freely rotate horizontally at the interface, the surface free energy is always minimized by 

an attractive capillary interaction. In general, typical spherical microbeads with surface 

charges dominantly exhibit electrostatic repulsion, while the magnitude of capillary 

attraction is relatively small. Electrostatics can be suppressed by adding a significant quantity 

of electrolytes and/or surfactants; electrolytes screen the surface charge effects in the aqueous 

phase, and molecular surfactants alter the wettability of the particles at the interface [17, 21, 

30]. In such conditions, in which electrostatics are suppressed, capillary interaction of the 

micrometer-sized particles is mainly induced by the undulated interface meniscus around 

individual particles [12, 14]. The interface undulation is attributed to non-homogeneous 

surface properties of the particles [46, 47]. After fitting the undulated interface using a 

multipole expansion, the lowest stable pole is found to be the quadrupole, while the effects 



of other higher poles (e.g., hexapole, octapole, etc.) on capillary interaction are negligible 

[12, 14]. The capillary attraction force between two particles with quadrupolar interface 

deformation decays as 𝐹𝑞𝑢𝑎𝑑~𝑟−5, where r is the center-to-center separation. This scaling 

exponent has been also experimentally demonstrated for quadrupolar capillary force for 

particles with diameters of a few micrometers over long-range separations [13, 26, 41, 42, 

48]. 

Note that the effect of gravity on interface deformation likely becomes significant as 

particle size increases [16, 49-52]. Gravity pulls the particle downward against the interfacial 

tension force that tends to flatten the interface. The ratio of the two forces corresponds to the 

Bond number, expressed as 𝐵𝑜 =
𝑅2𝑔(𝜌𝐵−𝜌𝐴)

𝛾𝐴𝐵
, where g is gravitational acceleration, R is 

particle radius, 𝛾𝐴𝐵 is the interfacial tension between A and B fluids, and 𝜌𝐴 and 𝜌𝐵 are the 

respective densities of superphase A (e.g., oil) and subphase B (e.g, water) [1]. Therefore, 

when the Bond number is sufficiently small (𝐵𝑜 ≪ 1), the gravity-induced capillary force 

can be considered negligible. A simple calculation for a particle with 2R = 1 mm at an oil–

water interface with 𝛾𝑜𝑤 = 50 mN/m results in the Bond number of O(-3). Technically, this 

result suggests that particles can remain as singlets without forming aggregates when they 

experience sufficiently strong electrostatic repulsion. However, the Bond number argument 

is apparently inconsistent with experimental observations by Monteux et al., in which 

polystyrene (PS) particles with 2R ≈ 8.7 μm formed an aggregated network [53]. It was 

suggested that the attractions could be attributed to gravity-induced capillary force. 

Alternatively, it was reported that PS particles with 2R ≈ 200 μm, surface-stabilized by 

polyvinyl alcohol, organized into unique patterns at a curved oil–water interface due to strong 

electrostatic repulsion [54-56]. 

 

 

 

 

 

 



Materials and Methods.  

 

Optical laser tweezers 

The optical laser apparatus was built with an inverted microscope (Nikon Ti-U, Japan). To 

optically trap individual PS particles of diameter 2R ≈ 3 μm, the time-sharing optical trapping method 

was used, in which a single laser beam generated multiple traps [41, 42, 57, 58]. A 10 W CW Nd:YAG 

laser beam (Coherent Matrix, USA) with wavelength 1064 nm passed through an acousto-optic 

deflector (AOD, Opto-electronic DTSXY-400-1064 2D, USA) and reached a 60× water immersion 

objective with a numerical aperture (NA) 1.2 (CFI Plan Apo VC 60XC WI, Nikon, Japan) of the 

microscope. The objective lens converged the laser beam to the focal plane at a large convergent 

angle, leading to the formation of optical traps at designated positions. The positions of the optical 

traps could be controlled with the AOD operated by LabVIEW software. To measure the force 

between PS particles of diameter 2R > 80 μm that were fabricated via the microfluidic method, a low 

NA objective (4×) with NA 0.13 (CFI Plan Fluor, Nikon, Japan) was used to bring two large particles 

together. In this case, the Gaussian laser beam was widely focused on the focal plane. The laser power 

was measured in front of the objective lens with an optical power meter (PM100D, Thorlabs, USA). 

 

Force measurement between PS particles at an oil-water interface 

 

Preparation of flow cell 

The oil–water interface was formed in a flow cell made of inner and outer cylinders, as used in 

previous work [42]. The inner cylinder was composed of aluminum and Teflon rings, and the interface 

was pinned at the junction of the two rings (Figure 1). A circular coverslip (Marienfeld, no.1.5H) was 

attached to one side of the outer glass cylinder. The small coverslip pieces present between the inner 

and outer cylinders, acting as glass spacers, provided space for water to pass. The flow cell was placed 

on the mechanical stage of an inverted microscope (Nikon, Ti-U) with an optical laser apparatus 

installed. After adding ultrapure water and n-decane (Acros Organics) into the flow cell, a diluted 

particle solution of 30 vol% isopropanol (Sigma-Aldrich) was added to the oil–water interface. Note 

that, prior to use, n-decane was filtered with aluminum oxide particles (Acros Organics, acidic 

activated, particle size 100–500 μm) to remove any polar impurities. After 30min, the flow cell was 

sealed with another coverslip using vacuum grease (Dow Corning, USA) to minimize convective 



flows. This flow cell was used for directly measuring the interaction force of pairs of particles of 

diameter ~3 μm 

Direct force measurement 

The time-sharing optical laser tweezers were used to individually trap the particles at the oil–water 

interface formed in the flow cell (Figure 1 and Figure 4) [21]. PS particles with two different 

functional groups on the surface were used; PS with sulfonate groups (SPS, Invitrogen, USA) and PS 

with carboxyl groups (CPS, Invitrogen, USA). Particle size was analyzed with a scanning electron 

microscope (SEM, AIS2000C, Seron Technologies Inc.): 2.96 ± 0.05 for SPS and 3.16 ± 0.07 for 

CPS. The ζ-potential was measured with a Zetasizer (ZEN3600, Malvern Instruments): −57.5 ± 2.2 

for SPS and −65.6 ± 3.2mV for CPS. 2 μL of a dilute suspension of PS particles in a mixture of water 

and isopropyl alcohol was dropped on the surface of oil. The particles attached irreversibly to the oil–

water interface due to the strong attachment energy [59, 60]. To directly measure the pair interaction 

force, two particles at the oil–water interface were trapped initially at a far distance (SPS: r ≈ 33 μm, 

CPS: r ≈ 40 μm), at which interactions between them were assumed to be negligible. As one particle 

was translated stepwise to the other stationary particle, the particles were displaced from their 

equilibrium positions (Δ𝑥 = 0). A microscope image sequence was captured at a rate of 30 frames per 

second (fps) using a charge-coupled device (CCD) camera (Hitachi, KP-M1AN), and the recorded 

images were analyzed via ImageJ software [61]. The displacement of the stationary particle Δ𝑥 

determined by image analysis was converted to interaction force as a function of r using 𝐹𝑟𝑒𝑝(𝑟) =

𝜅𝑡Δ𝑥, in which 𝜅𝑡 represents trap stiffness. Prior to the measurement of pair interaction force, a drag 

calibration was carried out to obtain the value of 𝜅𝑡. We refer the reader to the detailed method of 

drag calibration in previous work. 

 

 



 

Figure 1. Direct measurements of the interaction force using optical laser tweezers. (a) 

Schematic of sample flow cell. (b) Optical microscope images for measuring the pair 

interaction force of PS particles with 2R ≈ 3 μm at the oil-water interface. 

 

 

 

 

 

 

 



 Indirect force measurement 

For large PS particles of diameter 2𝑅 > 80 μm, the interparticle force was indirectly measured by 

applying a widely focused laser beam to the particles [54]. As shown in Figure 2 and Figure 4, the PS 

particles in water-IPA (1:1 volume ratio) were spread at the surface of water in a petri dish (Falcon, 

35 × 10 mm). After 30 min, the particles at the air-water interface were individually, manually 

transferred to the surface of another water-filled petri dish using a micropipette. After adding two PS 

particles at the pristine air-water interface, 1.5 mL of n-decane was carefully added to cover the water 

surface completely. When the widely focused laser beam issued from the 4× objective, the two 

particles at the oil–water interface began to approach to each other due to the optical gradient force. 

At a certain separation r, the laser traps were removed by blocking the laser with an infrared (IR) 

detector card (VRC2, Thorlabs). The particles repelled each other with an initial velocity v0 due to 

electrostatic repulsion. The same procedure was repeated multiple times, varying the release 

separation sequence. All runs were captured at a rate of 30 frames per second (fps) using a CCD 

camera (Hitachi, KP-M1AN). ImageJ software was used to obtain the distance between the two 

particles as a function of time t. 

 

 

 

 

 

 

 

 

 

 



 

Figure 2. Schematic illustration of indirect force measurement between two large PS 

particles at the oil–water interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3. Optical microscope images showing indirect force measurements between two PS particles 

of diameter 2R ≈ 213 μm. As the laser was repeatedly switched on and then off, the particles 

approached and then repelled one another. The laser power was P20× = 11.21 mV. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 4. Schematics illustrating measurements of pair interaction forces between two particles at 

the oil–water interface using an optical laser apparatus. (a) Direct force measurements using time-

sharing optical traps, in which the two particles were individually trapped at the interface. The 60× 

water immersion objective with NA = 1.3 generated a highly focused laser beam, leading to the 

formation of optical traps at the focal plane. One particle was translated toward the other particle held 

stationary by a trap. The displacement Δx of the stationary particle was converted to pair interaction 

force (Frep) as a function of the separation r, 𝐹𝑟𝑒𝑝 = 𝜅𝑡Δ𝑥. (b) Indirect force measurements using a 

widely focused laser beam generated from the 4× objective. Two larger particles at the oil–water 

interface came closer due to the optical force. At a certain distance, the laser was removed to release 

the particles. The release velocity v(t) = v0 at the moment of laser-off was determined via image 

analysis, and the corresponding force was calculated as a function of r using the Stokes drag force 

equation. 

 

 

 



Results and Discussion 

Indirect force measurement result 

To determine the force between two large PS particles at the oil–water interface, the release 

velocity was measured immediately after the screening of the laser. As shown in Figure 3, two 

particles began approaching at the time of laser-on, and began repelling at the time of laser-off. For 

instance, Figure 5a shows the separation profile as a function of time for a scenario in which the laser 

was turned on and off three times repeatedly. The light blue region represents particles approaching 

while the laser was on. The light orange region represents particles repulsing each other. The red solid 

line indicates the slope of the separation curve at the moment of laser-off, corresponding to the release 

velocity 𝑣0(𝑟) =
𝑑𝑟

𝑑𝑡
 at various separation distances r. Note that the separation distance between 

particles was maintained at a finite value without attachment while the laser remained on. The same 

procedure was repeated many times for the same particle pair, and also repeated for several different 

particle pairs. The observed release velocity values are plotted as a function of separation distance r 

in Figure 5b. The release velocity 𝑣0 was then converted to force using the Stokes drag force equation 

𝐹(𝑟) = 6𝜋𝑅𝜂𝑒𝑓𝑓𝑣0(𝑟) that corresponds to the repulsive force between the particles (Figure 5c). The 

effective viscosity could be approximated depending on the portion of a particle exposed to each fluid 

phase, given by 𝜂𝑒𝑓𝑓 = [𝜂𝑜(1 − cos 𝜃𝑜𝑤) + 𝜂𝑤(1 + cos 𝜃𝑜𝑤)]/2, [19-21] where 0.925 mPa ∙ s was 

used for the oil viscosity value 𝜂𝑜, and 1.0 mPa ∙ s was used for the water viscosity value 𝜂𝑤. The 

three-phase contact angle 𝜃𝑜𝑤 at the oil–water interface was measured to be ~ 130º using the gel-

trapping method. Each force data set was fitted with 𝐹𝑓𝑖𝑡(𝑝𝑁) = 𝐹0 (
2𝑅

𝑟
)

4
, in which F0 is the 

magnitude of the repulsive force. 

 

 

 

 



 

Figure 5. Indirect force measurements. (a) Interparticle distance r as a function of time, with a 

scenario in which the laser was turned on and then off three times. (b) Release velocities plotted as a 

function of r for all moments at which particles were released from optical force. Different symbols 

indicate four different particle pairs. (c) Electrostatic repulsive force calculated using the Stokes drag 

force equation. 

 

 



Electrostatic repulsive force measured by direct/indirect measurements 

The repulsive force was measured for many particle pairs of various diameters: 2R ≈ 330, 213, 

117, and 84 μm. For the small particles of diameter 2R ≈ 3 μm (i.e., SPS and CPS), the time-sharing 

optical trap was employed to directly measure interaction force. The measured force was then 

normalized by F0 and plotted as a function of r/2R (Figures 6a and 6b). Regardless of the particle size, 

all of the experimental data points obtained from the two measurement methods conformed to the 

relationship of 𝐹~𝑟−4 , which is a hallmark for electrostatic dipolar repulsion between colloidal 

particles at an oil–water interface [2, 10, 11]. Note that the capillary forces caused by either gravity 

or undulated meniscus were reported as attractive forces scaling respectively as r−1 or r−5 [12, 14, 50]. 

The scaling exponent of −4 obtained from the force measurements is strong evidence that capillary 

interactions of such large particles are negligible and that electrostatic repulsion dominates. The 

origin of the electrostatic repulsion can be attributed to the presence of PVA on the surface that was 

used as a stabilizer when the PS emulsion droplets were generated in the microfluidic channel [57]. 

Indeed, the PS/chloroform solution was emulsified in PVA-water by vortexing, under fluid conditions 

identical to those of the microfluidic protocol. After removing the solvent from the PS droplets, the 

measured ζ-potential was found to be in the range of −30.9 ± 0.87 mV. 

The interaction magnitude between particles of equal size depended on each particle pair. The 

error bars for mean magnitude of the interaction force 〈𝐹0〉 in Figure 6c demonstrate the interaction 

heterogeneity that has been observed elsewhere previously [19, 21, 41, 42, 55, 60]. For particles 

fabricated by the microfluidic method, 〈𝐹0〉 tended to increase with increasing particle size. This is 

likely because, for the case of particles made with the same protocol, the larger the particle, the more 

functional groups on the surface. Additionally, the lower effective surface-to-surface distance 

between larger particles at the same center-to-center separation distance tended to boost 𝐹0 for larger 

particles relative to smaller particles. 

On the other hand, measured 〈𝐹0〉 values were similar for particles of diameter 2R ≈ 330 and those 

of diameter 213 μm. We attribute this to differences in fabrication protocol. The total quantity of 

surface function groups (i.e., PVA) likely depends on the initial emulsion size and the polymer (PS) 

concentration in the emulsion droplets. It would be interesting to quantitatively investigate the 

relationship between surface charge, electrostatic repulsive force, and particle production protocol 

via the microfluidic method. However, such an investigation is outside the scope of the present study, 

and here we focus on clarifying the relative magnitudes of repulsive force and capillary force and 

their dependence on particle size. 



 

 

 

 

Figure 6. Electrostatic repulsive force measured by direct and indirect measurements. (a) Repulsive 

force normalized by F0 as a function of r/2R. Different colors indicate different particle sizes. 

Different symbols of the same size denote different particle pairs. (b) The corresponding log-log plot. 

The solid line in panels a and b is the guide line for F ~ r-4. (c) Mean magnitude of interaction force 

〈𝐹0〉 as a function of 2R. 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusion. A brief paragraph that summarizes the major achievements of the research. 

We quantitatively investigated the relative strengths of electrostatic repulsion and capillary 

attraction of PS particles at an oil–water interface. Regardless of particle size in the diameter range 

of ~3 μm ≤ 2R ≤ ~330 μm, the interaction force measured with optical laser apparatus was purely 

repulsive. The estimated capillary force caused by gravity-induced interface deformation was several 

orders of magnitude smaller than that of the measured repulsive force. This study empirically revealed 

that even for particles of diameters of several hundred micrometers, interparticle interaction can be 

dominated by electrostatic repulsive force, rather than by capillary force caused by interface 

deformation. In a subsequent study, we will focus on finely controlling particle size and surface 

charge in the microfluidic fabrication. Using these particles, we will quantitatively investigate the 

conditions under which electrostatic repulsive force does not dominate. We suggest using optical 

laser tweezers and laser microscopes to address the effect of the dipole component of meniscus 

undulation on capillary force and its dependence on particle size. 
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