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Slip of a liquid crystal droplet rotator in viscous fluids  

Keita Saito and Yasuyuki Kimura 

Microscale flow plays an important role in several areas, including microbiological systems and microfluidic devices. These 

systems are often placed in viscous or complex fluids such as polymer solutions. Understanding microscale flow in viscous 

fluids will lead to a further development of microfluidic devices and elucidation of the collective motion of microorganisms. 

We studied the microscale flow induced by the optically driven rotation of a nematic liquid crystal (NLC) droplet in an 

aqueous glycerol solution. The rotation of the droplets was controlled using circularly polarized optical tweezers. In water, 

the induced flow agrees well with the theoretical flow assuming a solid rotating particle and a no-slip boundary condition. 

However, the induced flow velocity deviated from the theoretical value as the viscosity of the glycerol solution increased. 

This deviation was mainly due to slip on the droplet surface. As an application of the NLC rotator, the viscosity of the solutions 

and the hydrodynamic interactions between the two rotating particles were measured. 

1. Introduction 

Microscale flow plays an important role in various biological 

phenomena1,2 and for particle separation in microfluidic 

devices.3 For example, induced flow due to the rotation of 

bacterial flagella leads to a turbulence-like collective motion 

characteristic of bacteria.2 A particle moving in a linear 

microfluidic channel is subjected to a force perpendicular to the 

direction of movement because of the difference in the flow 

velocity at the top and bottom of the particle. This force 

depends on the particle size; therefore, particles can be 

separated based on their sizes.4 Analyzing and handling 

microscale flows is useful for understanding the collective 

motion of microorganisms and for developing cell-separation 

techniques. These systems are often placed in viscous or 

viscoelastic fluids such as bacteria in polymer solutions5 or cells 

in the blood6. Therefore, elucidating the flow field of viscous 

fluids is important for understanding the behavior of 

microparticles in a real environment. 

Optical tweezers are powerful tools for investigating 

microscale flows because they enable noncontact and non-

destructive control of the positions of micro-objects and 

microscale flow.7 Birefringent objects can be rotated by 

transferring the angular momentum of the light.8 Therefore, 

circularly polarized light can be used to rotate birefringent 

objects and induce local flow fields at arbitrary positions.9 

Nematic liquid crystal (NLC) droplets are typical birefringent 

objects, and their rotation can be induced by circularly polarized 

optical tweezers.10–13 

The rotational mechanism of NLC droplets depends on its 

inner structure.13 The Inner structure of an NLC droplet varies 

with the size and boundary conditions of molecules on the 

droplet surface.14,15 When the molecular alignment at the 

droplet surface is tangential, the inner structure of the droplet 

is bipolar, LC molecules are aligned along the surface, and there 

are two-point defects at the poles of the droplet.15 For a bipolar 

NLC droplet, the main rotation mechanism is the waveplate 

effect, which has high energy efficiency.13 The advantages of 

using an NLC droplet are the ease of droplet fabrication and the 

ability to control droplet size at the microscale.16 Therefore, 

bipolar NLC droplets are appropriate for controlling microscale 

flows. 

In this study, we investigated the flow field induced by the 

rotation of an NLC droplet by varying the viscosity of the 

surrounding solution to understand the effect of viscosity on 

rotation. For this purpose, the rotational frequency of the 

droplet and the flow velocity around the droplet were 

simultaneously measured using circularly polarized optical 

tweezers. The experimental results were discussed by 

comparing the rotation frequency with the magnitude of the 

flow velocity. We constructed a micro-viscometer using an 

optically trapped rotating droplet. Subsequently, hydrodynamic 

interaction between two rotating droplets was studied using 

holographic optical tweezers (HOT).17. 

2. Materials and methods 

2.1 Materials  
E7 (a mixture of 51 wt% 5CB (TCI), 25 wt% 7CB (Sigma-

Aldrich), 16 wt% 80CB (TCI), and 8 wt% 5CT (TCI)) was used as 

the NLC. A mixture of E7 and ultrapure water was stirred using 

a vortex mixer to produce E7 droplets. The diameters of the 

droplets ranged from 4 to 12 µm, and the inner structure of the Department of Physics, Kyushu University, Motooka 744, Fukuoka 819-0395, Japan; 
E-mail: kimura@phys.kyushu-u.ac.jp 
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droplets was bipolar. 

   Solid birefringent particles were prepared by mixing E7 and 

15 wt% RM257 (Sigma-Aldrich, photopolymerizable monomer) 

with toluene.16 After stirring the mixture (E7 and RM257) with 

a magnetic stirrer for 3 h, toluene was evaporated. The droplets 

were prepared in the same manner as E7 droplets. They were 

irradiated with ultraviolet light for 30 min for solidification via 

photopolymerization.  

The droplets dispersed in water or aqueous glycerol solutions 

were sealed in a glass cell that was approximately 85 µm thick. 

 

2.2 Methods 
The wavefront of the laser beam (YLM-10-CP, IPG Photonics, 

wavelength 𝜆 : 1064 nm) was modified using a spatial light 

modulator (SLM, X10468-03, Hamamatsu) to control the spatial 

intensity pattern in the focal plane, as shown in Fig. 1(a). The 

reflected beam was modulated to circularly polarized light using 

a pair of 1/2 and 1/4 waveplates. The polarized beam was 

focused using a 100 × objective lens (Plan Fluor, Nikon, NA1.4). 

The E7 droplets were trapped approximately 10 µm above the 

bottom of the cell to avoid wall effects. The laser power ranged 

from 5.6 to 47 mW. 

Images of the droplets were captured every 10 ms using a 

complementary metal-oxide-semiconductor (CMOS) camera 

(OrcaFlash 4.0, Hamamatsu, 2048 × 2048 pix2) attached to an 

inverted optical microscope (Eclipse Ti, Nikon). The rotation 

frequency of the droplet was estimated from the temporal 

change in the image intensity captured by crossed Nicols 

polarizers.13 Images captured under the bright field were used 

for the particle image velocimetry (PIV) analysis. 

 Silica particles (Sicastar-greenF, Micromod) with 0.15 wt% 

and a diameter of 500 nm were used as tracer particles to 

visualize the flow field. Because the silica particles sedimented 

at the bottom, rotating droplets were set at the bottom of the 

cell. The captured images were analyzed using the PIV lab in 

MATLAB to calculate the flow field.18  

3. Results and discussion 
 

3.1 Induced flow field in viscous fluids 

A bipolar NLC droplet receives optical torque 𝛤 by circularly 

polarized beam via waveplate effect, 𝛤 ∝ 𝐸2(1 − cos Δ) ,  

where 𝐸 is the amplitude of electric field of incident beam and 

Δ  is the retardance described by Δ = 4πΔ𝑛𝑎 𝜆⁄  ( Δ𝑛 : the 

birefringence, 𝑎: radius of the droplet).11,13 Angular frequency 

𝜔  is determined by balance between optical torque 𝛤  and 

viscous resistance from a surrounding fluid19, 

 𝛤 = 8𝜋𝜂𝑎3𝜔,                                        (1) 

where 𝜂  is the viscosity of the surrounding fluid and no-slip 

boundary condition is assumed. The flow fields around a 

droplet were measured by PIV. It was difficult to measure the 

flow field near the droplet due to fringe pattern at the vicinity 

of the surface (An image of the fringe pattern is shown in the 

supplementary information). The flow field induced by an NLC 

droplet in a 60 wt% aqueous glycerol solution was compared 

with that in water, as shown in Figs. 2(a) and 2(b). The flow fields 

were similar, except for the magnitude of the flow velocity. The 

tangential component of induced flow velocity 𝑣𝜃  at distance 

𝑟 from the center of the rotating particle is expressed as19 

𝑣𝜃 =
𝑎3

𝑟2 𝜔.                (2) 

Eqn (2) assumes a solid spherical particle and no-slip boundary 

condition. We took the radial average of 𝑣𝜃  and compared the 

measured 𝑣𝜃  with the theoretical value estimated using Eqn 

(2), as shown in Figs. 2(c) and 2(d). In water, the measured 

dependence of  𝑣𝜃  on 𝑟  is in good agreement with the 

theoretical one estimated by Eqn (2) shown by a solid line in Fig. 

2(c). This confirms that the droplet behaved as a solid particle. 

Because the viscosity of E7 was several tens of times higher than 

that of water,20 the droplet in water could be regarded as a solid. 

In contrast, in the 60 wt% aqueous glycerol solution, the 

measured values of 𝑣𝜃  were smaller than the theoretical 

values according to Eqn (2) (solid line in Fig. 2(d)). 

First, the effect of changes in the refractive index of the 

solutions on 𝛤  was examined. The refractive index of the 

solution depends on the mass concentration of glycerol Cm. The 

refractive indices of water (Cm = 0 wt%) and the aqueous 

Fig. 1 Experimental system. (a) Holographic optical tweezers and schematic 
of the sample cell. The small silica particles were added to NLC droplet 
dispersion for PIV measurement. (b) Microscope images of an NLC droplet 
under bright field (left) and crossed-Nicols polarizers (right). 
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glycerol solution (Cm = 60 wt%) are 1.33 and 1.42, respectively.21 

The amplitude of the electrical field inside droplet 𝐸d  is 

expressed by the Fresnel equation under normal incidence as 

follows: 

𝐸d =
2𝑛1

𝑛1 + 2𝑛2
 𝐸in ,                                     (3) 

where 𝐸in  is the incident electric field and 𝑛1  and 𝑛2  are 

the refractive indices of the solution and liquid crystal, 

respectively (𝑛2 = 1.50 for E722). The variation in 𝑛1 changes 

the amplitude of the electric field. Because the optical torque 

𝛤 is proportional to the square of the electric field 𝐸𝑑
2,11 𝛤 at 

Cm = 60 wt% increases by 6 % compared with 𝛤 at Cm = 0 wt% 

with a fixed laser power. The change in 𝛤 expected from the 

variation of the refractive index is relatively small. Therefore, 

this was ruled out as the major reason for the discrepancy 

between the theoretical (Eqn (2)) and experimental values of 𝛤. 

Next, we considered the wall effect on the tracer particles 

because the particles were settled down near the cell bottom.23 

Effective viscosity 𝜂eff  is expected to increase due to the 

particle-wall interaction. We estimated 𝜂eff  by observing 

Brownian motion of the particle near the bottom (detail 

discussion is presented in the supplementary information). At 

Cm = 60 wt%, the calculated 𝜂eff is 9.8 mPa∙s and this is larger 

than literature one in bulk 𝜂0 (8.8 mPa∙s).24 The velocity of the 

particle near the bottom is reduced by about 11% due to the 

increase in effective viscosity. The measured velocity from PIV 

was corrected by multiplying 𝜂eff 𝜂0⁄  by the measured velocity 

to remove the influence the velocity reduction due to the wall 

effect. In addition, the solution viscosity relative to the droplet 

increased because the droplet was also closer to the bottom. 

Experimental observations show that the viscosity at the 

bottom is approximately 1.1 times the bulk viscosity 𝜂0 .13 

However, the decrease in 𝑣𝜃 relative to the theoretical value 

estimated by Eqn (2) at Cm = 60 wt% cannot be explained by wall 

effect alone. 

We consider the origin of the difference between the results 

in water and those in the aqueous glycerol solution to be a 

violation of the assumptions of a solid particle and the no-slip 

boundary condition. Possible origins are fluidization inside the 

droplet and slippage at the surface of the droplet. Due to fluidity 

of LC, the disagreement between the direction of LC director 

and flow velocity inside the LC has been reported in a rotating 

cholesteric LC pillar.25 To verify these possibilities, we used 

optically cured solid particles (a mixture of E7 and 15 wt% 

RM257) that showed no internal fluidization in water.16 We 

compared 𝑣𝜃/𝑎𝜔  for the droplet and a cured particle as 

shown in Fig. 2(e) because 𝑣𝜃/𝑎𝜔 can be scaled by 𝑟/𝑎 as in 

Eqn (2). The average ratio of 𝑣𝜃  for the droplet to the 

estimated one by Eqn (2) was 0.21, which can be attributed to 

both slip and fluidization inside the droplet. Conversely, the 

ratio of the cured particle was 0.4. In this case, only the slip 

contributed to this decrease. The viscous resistance of a droplet 

is 
2𝜂s+3𝜂d

3(𝜂s+𝜂d)
 times smaller than that of a solid particle where 𝜂d 

and 𝜂s are the viscosities of the liquids inside and outside the 

droplet, respectively.26 Even in Cm = 60 wt%, the factor, 
2𝜂s+3𝜂d

3(𝜂s+𝜂d)
, 

is 0.94 where 𝜂d = 40  mPa·s and 𝜂s = 8.8  mPa·s.20,24 This 

decrease (0.06) due to fluidization is relatively small to the 

whole reduction of the flow velocity. We considered that the 

remaining difference between the droplet and the cured one 

was attributed to changes in slip condition arising from the 

polymerization. In both cases, the slip at the surface appeared 

to have a dominant influence on the decrease in the induced 

flow velocity. The tangential component of the induced flow 

Fig. 2 Flow field induced by a rotating NLC droplet. (a) Flow fields in water. 
(b) Flow fields in a 60 wt% aqueous glycerol solution. The laser power used 
was 28.2 mW. The white circle represents the area where flow velocity 
cannot be correctly measured by PIV, and microscopic image of an NLC 
droplet was placed at the center of the white circles. The white arrow 
indicates the direction of rotation. Radius a in (a) is 3.4 μm and (b) is 4.5 μm. 
The red arrows represent local velocity vectors. (c, d) Variation in the 
azimuthal component of induced flow velocity 𝑣𝜃  with the distance 𝑟  
from the droplet center in water (c) and in the glycerol solution (d). The solid 
line represents theoretical values determined by Eqn (2) (e) Variation in the 
scaled azimuthal component of induced flow velocity 𝑣𝜃 𝑎𝜔⁄  with the 
scaled distance 𝑟 𝑎⁄  from the droplet center: a droplet in water (filled blue 
circles) corresponding to (a), a droplet in the 60wt% aqueous glycerol 
solution (filled red diamonds) corresponding to (b), an optically cured 
particle ( 𝑎  = 3.6μm) in 60wt% aqueous glycerol solution (filled green 
squares) and theoretical values determined by Eqn (2) (solid line). 
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velocity 𝑣𝜃s under the slip boundary condition is written as,27-

29 

𝑣𝜃s =
𝛽𝑎

𝛽𝑎 + 3𝜂

𝑎3

𝑟2 𝜔,                                    (4) 

where 𝛽 is the slip coefficient and the particle-wall interaction 

is not considered. The corrected measured data was used by 

removing the influence of the particle-wall interaction. The 

measured dependence of corrected 𝑣𝜃  on r in the glycerol 

solution at Cm = 60 wt% can be fitted using Eqn (4) with fixed ω 

and the fitting parameter , as shown in Fig. 3(a). The optimal 

value of 𝛽  is 3.50×103 N·s/m3 and the corresponding slip 

velocity is 14.6 µm/s. In this study, slip velocity 𝑣slip  is the 

difference between surface velocity of the droplet and flow 

velocity at the surface, 𝑣slip =  𝑎𝜔 − 𝑣𝜃s(𝑎), as schematically 

shown in the inset of Fig. 3(a). This value is comparable in 

magnitude to the slip velocity reported for microchannels (from 

30 to 50 µm/s30). The variation of 𝑣𝜃  at the droplet surface 

with 𝑎𝜔  was also measured by changing the power of the 

incident beam, as shown in Fig. 3(b). The experimental results 

agree well with the theoretical equation 𝑣𝜃s(𝑎) =
𝛽𝑎

𝛽𝑎+3𝜂
𝑎𝜔, 

which is a modified version of Eqn (4) using the same 𝛽 as in 

Fig. 3(a). This confirmed that the slip effect was dominant. In a 

cholesteric LC droplet, the disagreement between the 

calculated flow velocity by the droplet rotation and the 

measured one is also observed.31 The slippage at the droplet 

surface has been cited as one of the possible origins of this 

disagreement. Slip phenomena are widely observed at the 

interface between the polymer solution and solid surface,32 and 

the initial shear stress at which slip occurs is normally as large 

as 105 Pa.33 However, at the liquid–liquid interface, the initial 

shear stress is smaller than that at the solid–liquid interface, 

with a value of approximately 4 Pa.34 In our experiment, the 

shear stress acting on the droplet 𝜂
𝜕𝑣𝜃𝑠

𝜕𝑟
|

𝑟=𝑎
 was 

approximately 0.02 Pa where 𝜂 = 9.8 mPa·s, 𝛽 was 3.50×103 

N·s/m3, 𝑎 = 3.4 μm and 𝜔 = 6.0 rad/s, which is two orders of 

magnitude lower than the above value. Although the origin of 

the slip is unclear in this study, it may be related to the 

alignment of the LC molecules. In a glycerol solution, the NLC 

molecules align along the surface because glycerol induces 

planer anchoring.35 The surface roughness with planer 

anchoring is smoother than that with homeotropic anchoring.36 

The slip easily occurs for a smoother surface.37 We assume that 

this is also applicable to an LC droplet, and the planer anchoring 

promotes slippage at the interface. Further, intermolecular 

interactions at the interface also affects the slip.38 Since the 

adhesive force between glycerol and 5CB (main component of 

used LC) in the nematic phase due to hydrogen bond is weaker 

than that between water and 5CB, slip at the glycerol-5CB 

interface is more likely to occur.39 Adding glycerol could reduce 

the adhesion force between the droplet surface and the 

surrounding fluid and promotes sliding.  

 

3.2 Application of NLC droplet as a micro-viscometer  
For the application of the rotating droplet, we used a droplet as 

a micro-viscometer. In our micro-viscometer, a single rotating 

droplet was captured with optical tweezers while varying the 

glycerol mass concentration Cm in a laboratory-made flow 

device, as schematically shown in Fig. 4(a). Rotational angular 

Fig. 3 Flow field induced by an NLC rotator (radius 𝑎 = 3.4 μm) in a 60 wt% 
aqueous glycerol solution. (a) Variation in the tangential component of the 
flow field 𝑣𝜃  with the distance r from the center of the droplet with a 28.2 
mW laser power. The solid line represents the best-fitted curve of Eqn (4) 
with 𝛽 = 3.50 × 103 N·s/m3. The inset represents a schematic of a velocity 
profile under the slip boundary condition. (b) Variation in the flow velocity 
at the droplet surface 𝑣𝜃(𝑎) with 𝑎𝜔 (𝑎: fixed). The laser power used 
ranged from 9.4 mW to 47 mW. The solid line is the theoretical value 
determined using Eqn (4) with the same 𝛽 as in (a). 

Fig. 4 Micro-viscometer utilizing an NLC droplet in aqueous glycerol 
solutions. (a) Schematic of the micro-viscometer. The surrounding solution 
is exchanged via holes at the top. The black arrow represents the direction 
of solution flow during solution exchange. (b) Variation in rotation 
frequency 𝜔 with Cm. Radius a of a droplet was 5.2 μm and the laser 
power used was 18.8 mW. (c) Variation in the flow velocity at the droplet 
surface 𝑣𝜃(𝑎) with 𝑎𝜔 in 20 wt% (filled blue circles, 𝑎 = 2.5 μm), 40 
wt% (filled red circles, 𝑎 = 2.8 μm), 50 wt% (filled green circles, 𝑎 = 3.8 
μm) and 60 wt% (filled yellow circles, 𝑎 = 3.4 μm) glycerol solutions. The 
laser power used ranged from 9.4 mW to 47 mW. The solid line represents 
the linearly fitted line (blue: 20 wt%, red: 40 wt%, green: 50 wt% and 
yellow: 60 wt%). The inset represents the variation in the slip coefficient β 
with Cm. (d) Variation in viscosity 𝜂  of the glycerol solutions with the 
mass concentration Cm measured by our micro-viscometer. The solid line 
represents literature values.24 
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velocity 𝜔 of the same droplet at the same laser power was 

measured for each Cm. Because the viscosity of the solution 

increased with increasing Cm, the measured 𝜔 decreased with 

increasing Cm, as shown in Fig. 4(b). In water, the optical torque 

𝛤𝑊  was estimated using Eqn (1) with a literature value of η, 𝛤𝑊  

= 0.804 pN∙µm. In the aqueous glycerol solutions, the boundary 

condition changed to slip boundary condition. The viscous 

torque in the slip boundary condition 𝛤slip is 
𝛽𝑎

𝛽𝑎+3𝜂
 times the 

viscous torque in the no-slip boundary condition, 𝛤slip =

 8𝜋𝜂𝜔𝑎3 𝛽𝑎

𝛽𝑎+3𝜂
.29 In slip condition, 𝜂 =  

𝛤

8𝜋𝜔𝑎3 (
𝛽𝑎

𝛽𝑎+3𝜂
)

−1
.To 

estimate of the factor 
𝛽𝑎

𝛽𝑎+3𝜂
, the variation of 𝑣𝜃  at the droplet 

surface with 𝑎𝜔 was measured by changing the power of the 

incident beam in several Cm, as shown in Fig. 4(c). Since the 

variation of 𝑣𝜃  was described by modified Eqn (4) 𝑣𝜃s(𝑎) =
𝛽𝑎

𝛽𝑎+3𝜂
𝑎𝜔 , we can obtain 

𝛽𝑎

𝛽𝑎+3𝜂
 from the slope of the best-

fitted line to data. We also considered the increase of 𝛤 due to 

changes in the refractive index 𝑛 using Eqn (3). At low 𝜂, the 

estimated 𝜂 agreed with the literature value24, as shown in Fig. 

4(d). Because an NLC droplet behaves as a solid one because the 

viscosity of the NLC is much higher than that of solutions, 

fluidization inside the droplet is negligible at low 𝜂. However, 

at high 𝜂 , a discrepancy becomes apparent. With the above 

correction method, the difference between the rotation speed 

and flow velocity is attributed only to slippage at the surface. 𝜂 

may have been overestimated because the effects of slip and 

fluidization were not properly separated at this stage. 

 

3.3 Measurement of hydrodynamic interaction  

As another application of LC droplets, we studied the 

hydrodynamic interactions between two rotating droplets in 

the same direction. We measured the dependence of rotation 

frequency 𝜔 on the interparticle distance l by controlling trap 

patterns with an SLM under crossed-Nicols polarizers, as shown 

in the inset of Fig. 5(a). Water and a 70 wt% aqueous glycerol 

solution were prepared as the surrounding media. In water, 

when the droplets were close together (l < 7 µm), both 𝜔 for 

the left and the right droplet decreased as the droplets 

approached each other, as shown in Fig. 5(a). As the optical 

torque varies slightly with the trapping position, 𝜔 gradually 

decreases with l even if the droplets were sufficiently separated 

(l > 12 µm). The rotation frequency 𝜔𝑖𝑡ℎ  of the i-th droplet, 

considering the hydrodynamic interaction with the Ronte-

Prager approximation is written as27,28  

𝜔𝑖th =
𝛤𝑖

8𝜋𝜂𝑎𝑖
3 −

𝛤𝑗

16𝜋𝜂𝑙3 ,                                    (5) 

where 𝑖  and 𝑗  are the indices of particle ( 𝑖 ≠ 𝑗 ). We 

measured 𝜔 for each droplet in the single-particle system and 

estimated 𝛤 using Eqn (1). The measured values are in good 

agreement with the calculated values by Eqn (5), as indicated by 

the solid line in Fig. 5(a). We replaced the surrounding medium 

with a glycerol solution and measured the dependence of 𝜔 

on l in the same manner as described above. We compared the 

measured values with the calculated values for the water and 

glycerol solutions, as shown in Fig. 5 (b). Ratios 𝜔 𝜔𝑖th⁄  were 

almost close to one in water, which is consistent with the results 

shown in Fig. 5(a). Ratios 𝜔 𝜔𝑖th⁄  were also almost close to 

one in the glycerol solution, except for the nearest-neighbor 

distance (
𝑙

𝑎right+ 𝑎left
 = 1.2). When l is small, the second term on 

the right side of Eqn (6) becomes large, and 𝛤𝑗  becomes 

significant for 𝜔. In the case of the slip being significant, slip 

reduces viscous torque 𝛤𝑗 . The viscous torque in the slip 

boundary condition 𝛤slip  is 
𝛽𝑎

𝛽𝑎+3𝜂
 times larger than that in 

the no-slip boundary condition, 𝛤slip =  8𝜋𝜂𝜔𝑎3 𝛽𝑎

𝛽𝑎+3𝜂
.29 The 

value of β in Cm = 70 wt% was estimated by linear extrapolation 

with three data points in the inset of Fig. 4(c), β = 2.1×103 

N·s/m3. We calculated 𝜔 derived from Eqn. (5) with 𝛤slip, as 

shown in the solid line of Fig. 5(b). The calculated 𝜔  also 

slightly larger than unity when l is small, and this supports the 

reduction of hydrodynamic interaction due to the slip. 

4. Conclusions 

 The rotational motion of an NLC droplet in aqueous glycerol 

solutions was studied using circularly polarized optical 

tweezers. In water, the flow field induced by the rotation of the 

droplet was in good agreement with the theoretical field 

Fig. 5 Rotating frequencies of two particles placed at distance l. (a) 
Variation of rotation frequency 𝜔 of the left particle with l in water 
with 5.6 mW laser power. The solid line represents the calculated values 
using Eqn (6) under the no-slip boundary condition. The inset represents 
a schematic of two particles rotating in a sample cell. (b) Ratio of the 
measured values ω to the theoretical ones 𝜔th estimated by Eqn (5) in 
water (blue dots) and a 70 wt% aqueous glycerol solution (red dots). The 
solid line represents the calculated values using Eqn (6) under the slip 
boundary condition. The horizontal axis is normalized by contact 
distance 𝑎right +  𝑎left , where 𝑎right is the radius of the right droplet 

and 𝑎left is that of the left one. 
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according to Eqn (2), assuming solid–particle and no-slip 

boundary conditions. However, the induced flow velocity in the 

glycerol solution was lower than the theoretical value estimated 

by Eqn (2). This suggests that the assumptions of the solid 

particle and no-slip boundary conditions may have been 

violated. Using the optically cured particles, we tested whether 

the fluidization effect or slip at the droplet surface was 

dominant. The results indicated that the slip at the droplet 

surface was dominant in the reduction of the induced flow field. 

The degree of slip increased with increasing solution viscosity. 

We have shown examples of application for the NLC droplet 

rather than the cured particle because NLC droplets are very 

easy to fabricate. As a first application of the NLC droplet, we 

used a droplet as a micro-viscometer. For a medium with low 

𝜂 , the estimated values were in good agreement with the 

literature values. Conversely, the difference from the literature 

values became larger as 𝜂 increased. Accurate estimation of 

the fluidization effect and the slip effect seems important to 

estimate 𝜂  at high viscosity. In practice, solid rotating 

particles, such as vaterite crystals, are normally utilized to study 

the local viscosity.40,41 As another application, the 

hydrodynamic interaction between rotating particles was 

measured by monitoring 𝜔  of each particle. In water, the 

measured 𝜔 agreed well with the theoretical values calculated 

using the Ronte-Prager approximation. In the glycerol solution, 

the measured value was larger than the theoretical value 

estimated by Eqn (5) owing to slip when the interparticle 

distance was small. 

The origin of the slippage is unresolved at this stage. We 

considered the alignment of LC molecules at the droplet surface 

was related to a reduction in the flow field. The NLC molecules 

on the glycerol surface aligned along the droplet surface 

(homogenous alignment), and this alignment appeared to be 

relevant to slip.  

This study provides insights into microscale flow induced by 

rotating droplets in viscous fluids. This knowledge will lead to 

the further development of opto-microfluidic devices in viscous 

fluids.  
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