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Abstract 

The cleaning mechanism for brush scrubbing, known as the contact-type cleaning 

method, utilizes the direct contact of impurities onto brushes or brush-induced fluid flow 

depending on the contact condition. Applying brush cleaning to nanosized defects in 

advanced semiconductor manufacturing requires understanding of the interaction between the 

brush and scrubbing surface under actual operating conditions. We observed the near-surface 

brush volume ratio and brush nodule deformation using high-speed photography to obtain 

insights into efficient nanosized cleaning. Evanescent fields on a prism and a convex lens 

facilitate the definition of the observation depths of several hundred nanometers. Starting 

rotation experiments revealed a drastic reduction in the brush volume ratio, indicating that the 

static contact is far from the dynamic contact. The volume change during roller brush nodule 

deformation depends on the surface material. Furthermore, large friction materials exhibit 

large deformation and rapid recovery. These nodule deformations may generate a different 

fluid flow near the surface owing to the brush’s fluid absorption and desorption. 

 
1. Introduction 

Brush cleaning has been widely used for semiconductor cleaning and is indispensable, 

particularly for post-CMP (chemical mechanical planarization) cleaning. Polishing and slurry 

usage for the CMP process essentially produces impurities; thus, the PVA (polyvinyl acetal) 

brush is a powerful tool for cleaning flat surfaces1-8. The PVA brushes have very flexible 



 

 

hydrophilic porous bodies, and approximately 90% of the material is porous to use a brush 

containing plenty of water for cleaning scrubs. Two cleaning mechanisms have been 

proposed for cleaning with a PVA brush, depending on the contact condition. Transferring of 

the impurities via direct contact or fluid share flow has been proposed as the mechanism9-23. 

Since PVA brushes are categorized as contact cleaning methods, there exists the challenge of 

cross-contamination from the removed impurities or from the brush itself24-28. In addition, a 

break-in treatment is required before use to prevent contamination from the brush29-32. 

The production of state-of-the-art semiconductor devices requires the removal of 

nanoscale impurities33-36 to determine whether the conventional model can be applied. In 

particular, the scale of the brush structure was microscale; however, the cleaning target has 

become nanoscale in recent years. The flow is unlikely to be induced at the nanoscale 

because the solid surface velocity is zero. In addition, the size difference between the brush 

and impurities becomes large, and contact with the brush and contaminants rarely occurs. 

Several AFM (atomic force microscope) studies have reported the interaction among 

nanoscale particles, several surfaces, chemicals, and brushes37-38. For example, Ikarashi et 

al.38 directly measured the adhesion force of silica nanoparticles on a PVA surface in a 

cleaning solution. Yamada et al.39 proposed a technique to measure the adhesion force 

between a PVA brush and a flat surface; however, the adhesive force that appears due to such 

an interaction is hardly correlated with the torque when rotating. Therefore, they speculated 

that the force in a static state differed from that in the sliding condition. Furthermore, Sanada 

et al.40 investigated the real contact area on compressing the PVA brush to the surface and 

found that no contact area emerged without the skin layer case within the microscope optical 

resolution. Even brushes without a skin layer depicted the same order of torque as the skin 

layer case when rotating; thus, we speculate that the torque for the sliding condition differed 

from the static adhesion. Miyaki et al.41 and Hosaka et al.42 investigated the contact pattern of 

brushes and demonstrated the relationship between cross-contamination and its deformation. 

They concluded that the adsorption and desorption of water from the brush due to the volume 

change during brush deformation is crucial in surface cleaning. Therefore, we would like to 

know how close the brush exists to the surface to enhance the flow agitation. 

Furthermore, the absolute value of the adhesive force of nanoscale particles on the 



 

 

surface decreases, however reducing physical actions such as almost stagnant fluid flow 

caused the residues. For example, Miyaki et al.41 reported nano-scale particles could be 

moved from the initial position, however, the particles could not be removed within a typical 

cleaning period. Ranaweera et al.43 also shows removing nanoscale particles with a very short 

time of brush scrubbing, such as 10 sec. From these results, we need to clarify the flow near 

the wall surface which is related with the brush deformation. 

In this study, we investigated how PVA brushes exist near the surface when they begin 

rotating from the stationary state. Applying the evanescent field and a convex lens defines the 

visualization depth, and the technique clarifies the brush volume ratio to that of the liquid 

near the surface. In addition, we estimated the brush nodule volume change during rotation 

related to the movement of the fluid near the wall surface. Two high-speed video cameras and 

collimated LED lights enabled a reconstruction of the three-dimensional nodule volume. This 

study shows a drastic reduction in the near-surface brush volume ratio at the start of the 

rotation and its relation to surface wettability.  

 
2. Experimental Apparatus and Method  

This study visualized a total internal reflection optical device to examine how the brush 

exists near the wall surface when it is stationary or moving. In addition, the visualization 

experiments of nodule shape clarify how the sliding roller brush nodule is deformed, and 

image analysis evaluates the volume change of the nodule. The following sections describe 

each experimental method. The PVA brushes used in each experiment had a skin layer. The 

brush was soaked in ultrapure water for at least one day before the experiment to keep the 

PVA brush moist. In this study, non-semiconductor materials are used for the prism and 

contact surface materials due to the optical restriction of visualization. The surface wettability 

has correlated with brush contact condition (Hara et al.)44 and the cleaning performance 

(Wortman-Otto et al.)45, so that this study uses different wettability surfaces. 

 

2.1 Visualization of the near-surface brush volume ratio 

In this study, the brushes’ near-surface brush volume ratio to that of liquid (volume 

fraction) in the stationary or moving states under various conditions. Figure 1 shows a 

schematic diagram of the experimental setup that visualizes the brush volume ratio of the 



 

 

PVA brushes. Different prisms—BK7 (borosilicate glass), made of glass, and PMMA 

(polymethyl methacrylate), made of acrylic—enabled observation of the brush volume ratio 

of different wettability surfaces. The contact angles of BK7 and PMMA were 28° and 61°, 

respectively. We set the cylindrical-type brush or roller-type brushes on the prisms, as shown 

in Figures 1 (a, b). Figure 1 (a) shows that the traverse actuator pushed and pulled the 

cylindrical brush. A motor rotated the roller-type brushes, as shown in Figure 1 (b). The 

optical device in Figure 1 (c) uses the principle of total internal reflection to distinguish 

between the solid part of the PVA brush and the liquid or gas on the prism so that the 

existence of the brush near the prism surface can be visualized. This method is detailed by 

Sanada et al.40. 

In this study, the ratio of PVA brushes near the contact surface Vns was evaluated. The 

brush volume ratio near the surface depends on the visualization depth from the surface, that 

is, the binarization threshold for grayscale images (256 levels). Using a plano-convex lens 

installed on the prism shown in Figure 1 (c), the visualization distance was determined (refer 

to Shirota et al.46 for details). Figure 2 shows the definition of the surface neighborhood brush 

volume ratio Vns and the calculation method for the visualization distance. Figure 2 (a) shows 

the near-surface brush volume ratio determined as a percentage by multiplying the sum of the 

number of white pixels after image processing by the pixel conversion coefficient and 

dividing by the brush area. The plano-convex lens image in Figure 2 (b) has a grayscale, and 

the binarization radius rb after binarization differs depending on the binarization threshold. 

The visualization distance h can be calculated from the geometrical relationship between the 

binarization radius and radius of curvature of the plano-convex lens. Therefore, adjusting the 

threshold value facilitates the determination of the visualization distance. Note that the scales 

in the figure for depth and surface differ by 1000 times. 

We begin by observing Vns when the cylindrical brush was compressed for 1, 10, 100, 

and 1000 s to compare the adhesion force measurements conducted by Yamada39. Next, we 

observed the temporal change in Vns from the stationary to dynamic state — at the beginning 

of the rotation and sliding at a rotation speed of 80 rpm with both cylindrical and roller 

brushes. In addition, we observed the change in Vns when the rotating brush contact simulated 

the actual brush cleaning. In all the cases, the brushes were pressed at 1 mm. As the 



 

 

experimental parameters, we changed the surface wettability and visualization depth. By 

adjusting the incident angle φ in Figure 1 (c), the penetration depth of the evanescent wave 

was changed. Also, we compared the brushes under atmospheric and liquid (DI water) 

conditions. The images were captured at a frame rate of 60 fps and 2592 × 2048 pixels. 

Because the captured image was taken from an angle, the aspect ratio was corrected by image 

processing. Furthermore, background processing, binarization, and black/white reversals 

were performed to measure Vns using MATLAB. Figure 3 illustrates an example of the 

captured image of the brush after image processing. 

 

2.2 Volume change of nodules during rotational contact 

We observed stereoscopic nodule shapes and analyzed the volume change while rotating 

the roller brushes. Figure 4 delineates a schematic of the experimental setup and the shape of 

the brush. A servomotor and L-shaped gearbox enabled the observation of the PVA roller 

brush as a shadow. Two high-speed video cameras and collimated LED lights were used to 

measure the shapes accurately. The nodule of the roller brush was vertically compressed to 1 

mm at the bottom. The brush rotation speeds were set to 20 rpm and 80 rpm. Three contact 

materials having different wettabilities were used, namely glass, PMMA, and PTFE 

(polytetrafluoroethylene), with contact angles of 28°, 61°, and 97°, respectively. The images 

were captured at a frame rate of 300 fps and 1280 × 800 pixels. 

The volume change in the nodules was estimated by reconstructing images obtained from 

two directions after the background subtraction, binarization, and size correction. Figure 5 

shows the calculation procedure for the nodule volume. First, the bottom line of the nodule 

was detected, as shown in Figures 5 (a, b). Next, the nodule widths Lx and Ly in the region 

below the line segment were calculated for each pixel up to the contact surface. In this 

experiment, the nodule deformation was assumed to be small because of the small 

compression distance. Hence, the nodule cross-sections were assumed to maintain an 

ellipsoid. As shown in Figure 5 (c), an ellipse was reformed from the nodule widths Lx and Ly 

at each height. Finally, we reconstructed the three-dimensional nodule by stacking ellipses. 

The nodule volume was calculated by adding the areas of the ellipses and multiplying them 

by the pixel conversion factor.  



 

 

The interference volume of the rigid nodule with the contact surface was used as a 

reference value to compare the volume changes in the nodules. Figure 6 shows a schematic of 

the interference volume. Let θ = 0° when the rotating rigid nodule overlapping 1 mm 

penetrates the contact surface. The calculation method for the interference volume differs 

depending on θ. When the left end of the rigid nodule does not penetrate the contact surface, 

as shown in Figure 6 (b), the interference volume can be calculated by calculating the volume 

of the hoof-shaped cylinder. In addition, when the left side of the rigid nodule penetrates the 

contact surface, as shown in Figure 6 (c), the interference volume can be calculated by 

calculating the volume when the cylinder is cut diagonally. We also compared the nodule 

entrainment angle α, as shown in Figure 6 (a).  

 
3. Results 

3.1 Visualization of the near-surface brush volume ratio 

Figure 7 shows that the relative increase in Vns for t = 1 s when pressed the cylindrical 

brush for a long time. From Figure 7 (a), it is evident that Vns is increased slightly over time 

in the atmosphere. The increase rate of Vns is larger on the BK7 prism than on the PMMA 

prism. Furthermore, from Figure 7 (b), Vns hardly changed in water. In the experiment of 

adhesive force measurement by Yamada et al.39, the adhesion force increased over time, and 

the adhesion force was twice as different between 1 s and 1000 s. The overall Vns is almost 

unchanged, which is contrary to the expectation. Notably, the brush area increased and 

decreased in some places in observing the captured image, and the brush structure was 

gradually moving even in the stationary state.  

Figure 8 shows the results of observing the brush near the surface when it started rotating 

at 80 rpm from a stationary state. It is evident that the rotating Vns is significantly lower than 

the stationary Vns, as shown in Figure 8 (a). When the rotation started at t = 0 s, the white part 

decreased from the outside, where the speed was fast, as shown in Figure 8 (b). These facts 

indicate that the brush near the surface moves away from the surface during rotation. 

Table 1 and Figure 9 show the Vns with different visualization distances for liquid and 

atmospheric cases, same as Fig. 8, i.e. when it started rotating from a stationary state. 

Rotating Vns is again significantly lower than the stationary Vns. Besides, both rotating and 



 

 

stationary Vns decreased with the decrease of visualization depth. 

Next, we compare the Vns reduction between the stationary and sliding conditions, as 

shown in Figs 8 and 9, for cylindrical and roller brushes under various conditions. Table 2 

and Figure 10 show the comparison conditions and the results for Vns change when the 

brushes are moving. Vns at the stationary condition on the PMMA prism is larger than that on 

the BK7 prism based on the results of the same visualization distance of 300 nm in liquid 

(case a to d). Vns on the rotating cylindrical brush on PMMA (case b) is larger than those on 

the BK7 prism (case a). In contrast, Vns on the sliding of the roller brushes is almost identical 

for both prisms (cases c and d). Thus, Vns is material-dependent. In addition, Vns exhibited a 

large difference between cylindrical and roller brushes under stationary conditions. The 

atmospheric condition increases Vns under both stational and rotating conditions, although the 

visualization distance is smaller than in the liquid case (cases a and e). In addition, Vns 

increased as the visualization distance increased (cases a, f, and g). 

Subsequently, we measured the Vns change in contact with a cylindrical brush under 

rotation, which simulates the actual cleaning process. Figures 11 (a, b) depict the results of 

contacting the brush with the prism while rotating, and Vns at the time of rotational contact 

show similar trends as in Figure 10. Vns was smaller than that of the stationary condition and 

was larger on the PMMA prism. We then emphasize the Vns change when the rotating brush 

is stopped. Hence, Vns, particularly BK7, increased, as clearly confirmed at position (ii) in 

Figures 11 (b, c). However, Vns is far from the stational condition. In addition, we confirmed 

that the brush gradually rotated when the brush was stopped and lifted, indicating that the 

twisted brushes were rotating. We attached the video in the supplementary material45 because 

confirming this phenomenon with images was challenging. 

 

3.2 Volume change in nodules during the rotational contact 

Figure 12 shows an example of the reconstruction of the nodules by stereo imaging of the 

sliding roller-type brush. It is evident that the reconstruction of the nodules by ellipse 

approximation is successful. Figure 13 shows the law images when a roll-type brush is slid 

over three different wettability materials. From (i) to (iv) in Figure 13 (a), the front side of the 

nodule was pulled into the contact surface when the edge of the nodule came in contact. 



 

 

Thereafter, the nodule slides the contact surface in (v)–(vii) while maintaining entrainment. 

Then, the nodule side was released from the contact surface and recovered rapidly between 

(viii) and (ix). Finally, the nodule shape returned to its original shape when separated from 

the surface (x). Figure 13 (b) zooms in on Figure 13 (a). Here, we define the nodule front 

angle to surface α between the front side face of the nodule and the contact surface. The 

angles shown from (iii) to (v) in Figure 13 (b) were almost constant, and the brush moved 

while maintaining the entrainment side face during sliding. Figure 13 (c) shows the temporal 

change in the angles for the different contacting materials. The initial angle at contact (t = 0 s) 

was almost the same as that of the rigid nodule. However, the angle gradually decreased over 

time and quickly increased, approaching the rigid nodule (t ~ 0.5 s). 

Figures 14 (a, b) show the nodule volume changes at different speed rotations. Overall, 

the experimentally obtained volume change shows a large volume change compared to the 

interference volume of a rigid nodule. The volume gradually decreased at the beginning of 

compression, reached a maximum, and recovered rapidly. Sliding on PMMA showed the 

largest volume change. Glass and PTFE have different wettabilities; however, a similar 

volume change is observed. The material dependence is more clearly observed in the low-

rotation cases. 

 
4. Discussion 

 We begin by discussing why Vns hardly changed when the cylindrical brush was 

compressed for a long time. Yamada et al.39 showed that (1) the adhesive force increased as 

the brush contact time increased and (2) increasing the nanoscale contact point caused an 

increase in the adhesive force. The brushes observed in this study are brushes located at a 

depth of several hundred nanometers from the surface and are merely on an optically 

observable scale. Therefore, we considered that the adhesive force measured by Yamada et al. 

is due to the interaction between the polymer chain existing on the surface of the PVA brush 

and the surface, which is a force on a micro-scale that is hardly observed in this study. 

We then discuss that Vns at the brush movement was significantly lower than that during 

stationary. In this study, we observed the existence of the brush near the surface from 100 nm 

to 525 nm and found almost no brush near the surface when the brush was rotating and 



 

 

sliding. This study observed using with skin-layer brushes. The long-term use of the brush 

can sometimes remove the skin layer on the brush surface. Since the skin layer is a high-

density layer with a lower porosity than the internal structure of the brush, it becomes closer 

to non-contact when removing the skin layer. We have also observed the without skin-layer 

brushes and found almost zero brush existence ratio near the surface. Even significant lower 

Vns observed with rotating skin layer brushes, we believe that both long-term used and 

without skin layer brushes mainly conducted non-contact cleaning. These results indicate that 

the conventional cleaning model, wherein particles directly adhere to the solid part of the 

brush are removed, is hardly applied to nanoscale contaminants. We believe that the fluid 

motion induced by the brush is more essential for small contaminants. Increasing the 

visualization distance increased Vns. Therefore, the conventional cleaning model, that is, the 

direct particle removal by brush attachment, is sufficient to apply several micrometer-scale 

contaminants. 

Subsequently, the effect of wettability on the Vns difference is discussed. We consider that 

the water existing on the poor wettability prism, such as PMMA, easily moves to the brush 

side. This is because the PVA brush is hydrophilic and can absorb substantial water. 

Therefore, the brushes easily approached the prism surface and showed strong interactions 

with each other. Therefore, a larger Vns on PMMA emerged compared to Vns on BK7. The 

torques rotating on brushes measurements by Yamada et al39 showed the same tendency 

where a larger torque on PMMA emerged compared to that of BK7. The results of Hara et 

al.44 and Ito et al.49 also support this consideration. 

Furthermore, we considered the effect of liquid media on Vns. In general, the van der 

Waals interactions between the material and substrate significantly decrease in aqueous 

media. Vns under atmospheric conditions yielded a large value in both stationary and rotating 

conditions compared to the submerged in liquid case. We consider that water is always 

present between the brush and prism surface under submerged conditions, and the water 

weakens this interaction. Therefore, the brush and the surface easily interact with each other 

in the absence of water, so that there are many brushes near the surface, and thus Vns becomes 

a large value. 

We consider that the Vns contacting the cylindrical brush were rotated, stopped, and 



 

 

pulled up. Figures 10 and 11 show the same Vns tendency between the brush contacting with 

rotation and rotation starting from a stationary state. These results indicate that there is almost 

no brush near the surface during rotation, regardless of the contact method. Next, we discuss 

increasing Vns, which was particularly observed on BK7 when the rotating brush was stopped. 

For this phenomenon, we anticipated that hydrogen bonds are involved. The BK7 prism is a 

type of glass; thus, it has a larger hydrogen bond than PMMA. We consider that the polar 

surface groups interact more strongly at low-speed rotation or stationary state than at high-

speed rotation. The hydrogen bond, which is one of the interactions with the surface, is 

strengthened3. Therefore, Vns increased more on BK7, which has a strong hydrogen bond 

when the brush stops rotating. After lifting the brush, the brush was gradually rotated, which 

indicates that the twisting brush rotated. In the present visualization method, nanoscale 

interactions, such as hydrogen bond3, polymer adsorption, and roop-train-tail structure50-51, 

were impossibly measured due to the camera's resolution. Although the small Vns is observed 

during rotation, the twisted brush shows that the surface and brush interact during rotation. 

We consider this to be similar to gel friction52-54. 

Finally, we discuss the volume changes in the brush nodules. Because no brush existed 

near the contacting surface, we consider that the movement of the liquid near the surface is 

also crucial for cleaning. First, the experimentally obtained volume change confirmed a large 

volume change compared to the interference volume of the rigid nodule. During the contact, 

the front of the nodule was pulled into the cleaning surface so that the nodule was more 

deformed, resulting in a volume change different from the interference volume. Second, the 

volume gradually decreased at the beginning of the contact, the decline in the volume reached 

a maximum, and the volume recovered rapidly. Thus, the volume change was asymmetrical, 

in contrast to the interference volume. In the case of symmetrical deformation, the water 

inside the brush is desorbed to the outside during the contact, and the water is absorbed inside 

the brush at the time of recovery for its original shape. We believe that it may be effective for 

cleaning in the case of asymmetric deformation because it changes the water absorption and 

desorption.  

Xu et al.15 showed that the cleaning efficiency differed between the forward and reverse 

rotations of the brush against the wafer rotation. We have obtained similar results in 



 

 

nanoparticle cleaning tests. We consider that this is due to the brush deformation. The volume 

decreases rapidly and slowly recovers during the brush contacting. Accordingly, the water 

contained brushes desorbed rapidly. After that, the brush absorbed water containing 

nanoparticles near the surface. Therefore, large relative velocity rotation enhances the 

cleaning and vice versa.  

Third, let us consider the dependence of the contact surface material on the volume 

change. In the experiment, the maximum volume change was observed when sliding on 

PMMA. When the nodule slides, the brush is deformed and dragged. PMMA has a long 

interaction with the brush, the nodule is pulled into the contact surface, and the volume is 

significantly reduced. Wortman-Otto et al. 45 reported that surface energy is highly correlated 

with cleaning efficiency. We believe that the relationship between surface energy and 

cleaning efficiency is caused by water absorption and desorption from the nodule. The 

frictional force due to wettability shown by Hara et al.44 and the difference in the volume 

change of nodule deformation shown in this study is crucial to nanosized contaminant 

cleaning. 

 
5. Conclusion 

 The brush scrubbing technique, which is a promising candidate for post-CMP cleaning of 

state-of-the-art semiconductor device manufacturing, requires removing nanoscale impurities. 

However, the size difference between the brush and impurities is significant, and contact 

between the brush and contaminants hardly occurs. Therefore, we examined how close the 

brush exists to the surface. In this study, we established a visualization method to investigate 

the brush volume ratio near the surface. In addition, we estimated the volume change in the 

brush nodules during rotation related to fluid movement near the wall surface due to 

absorption and desorption from the brush. 

The visualization method used the evanescent field and convex lens, facilitating the 

calculation of the near-surface brush volume ratio. In addition, high-speed stereo photography 

of the rotating brush nodule was used to reconstruct a three-dimensional nodule shape to 

obtain the volume change. Thus, the experiments revealed a reduction in the near-surface 

brush volume ratio when moving and even when it interacted with the surface. The brush was 



 

 

twisted during rotation, and the near-surface brush volume ratio was related to surface 

wettability. The side face of the rotating brush nodules was pulled into the contact surface, 

and the volume was significantly reduced. Then, the brush quickly returned to its original 

shape. These results indicate that a very limited brush exists near the surface when moving, 

providing insights into the non-contact cleaning of the brush scrubbing for nanometer-scale 

particles. In addition, the fluid near the wall surface possibly moved due to the change in the 

volume of the brush nodules during rotation. 

The results imply that non-contact removal is essential for nanoscale particles, although 

direct contact removal is dominant for micro-scale particles. Therefore, surface wettability 

and the presence or absence of a liquid film are critical because they cause the brushes to 

approach the cleaning surface during brush scrub cleaning. In this study, we investigated the 

visualization and volume changes of brushes on non-semiconductor materials. In the future, 

we plan to investigate the near-surface brush volume ratio and the state of volume change 

observed during actual semiconductor cleaning. 
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Figure 1. Schematic diagram of the experimental setup: (a) Cylindrical brush drive unit, (b) 

Roller brush drive unit, (c) Total internal reflection optical device. 
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(b) 

 

 

Figure 2. Principle of imaging with evanescent waves: (a) Definition of the near-surface 

brush volume ratio Vns, (b) Calculation method of the visualization distance. 

 

  



 

 

 

(a)                                       (b) 

           
(c)                                       (d) 

 
 

Figure 3. Typical images of the cylindrical brush on BK7 prism: (a) captured image in liquid 

condition, (b)-(d) aspect ratio correction, background processing, binarization, and 

black/white reversal. Conditions were (b) visualization distance h = 300 nm in liquid, (c) h = 

100 nm in liquid, and (d) h = 100 nm in atmospheric condition. 

 

  



 

 

 

 

 

Figure 4. Schematic of the nodule deformation observation setup. 

 

  



 

 

 

(a)                        and (b) 
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Figure 5. Calculation method of the nodule volume, image after processing (a) in the x-

direction, (b) in the y-direction, (c) reconstruction of the nodule by staking the ellipses. 
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Figure 6. Interference volume of the rigid body nodules: (a) Definition of the interference 

volume, (b) interference volume at the beginning of the contact, (c) the interference volume 

at the end of the contact. 
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(b) 

 

 

Figure 7. Temporal evolution of near-surface brush volume ratio Vns in the stationary state. 

Here, Vns of the relative value at t = 0 s. The brush was pushed 1 mm at 1 s, 10 s, 100 s, and 

1000 s: (a) in the atmospheric conditions (b) in the liquid conditions. 
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Figure 8. Brush near-surface existence at the beginning of rotation: (a) Near-surface 

cylindrical brush volume ratio Vns (in liquid, visualization distance h = 300 nm, the brush 

starts rotating at t = 0 s), (b) Spatial and temporal change in brush near-surface existence on 

the BK7 prism. The white color indicates the part where the brush exists. See supplementary 

material47 for a movie corresponding to Figure 8 (b). 

 

  



 

 

 

Table 1. Observation conditions based on the brush type, prism, surface condition, and 

visualization distance for Fig. 9.  

 

case Surface material (Contact angle) Brush type Condition Visualization distance h 

a 

BK7 (28°) cylindrical 

in liquid 

50 nm 

b 100 nm 

c 200 nm 

d 300 nm 

e 400 nm 

f 
atmospheric 

50 nm 

g 100 nm 

 

 

  



 

 

 

 

 

Figure 10. Near-surface brush volume ratio static and rotating conditions for different 

visualization distances on BK7 prism. The solid line and dashed line indicate liquid and 

atmospheric conditions, respectively. Cases a to g correspond to Table 1. 

 

  



 

 

 

Table 2. Observation conditions based on the brush type, prism, surface condition, and 

visualization distance for Fig. 10.  

 

 

  

case Surface material (Contact angle) Brush type Condition Visualization distance 

a BK7 (28°) 
cylindrical 

in liquid 300 nm 
b PMMA (61°) 

c BK7 (28°) 
roller 

d PMMA (61°) 

e 

BK7 (28°) cylindrical 

atmospheric 100 nm 

f 
in liquid 

250 nm 

g 545 nm 



 

 

 

 

 

Figure 10. Near-surface brush volume ratio static and rotating conditions under various 

conditions. Cases a to g correspond to Table 2. 

 

  



 

 

 

(a)                        (b) 

 

(c) 

 

 

Figure 11. Near-surface cylindrical brush volume ratio during various movements: The time 

indicates (i) rotation start, (ii) rotation stop, and (iii) Brush lift-up. (a) brush contact under 

rotating and lift-up, (b) brush contact under rotating, rotation stops, and lift-up, (c) brush 

contact stationary, rotation starts, rotation stops, and lift-up. See supplementary material48 for 

a movie corresponding to Figure 10 (c). 

 

  



 

 

 

 

 

Figure 12. Stacked and reconstructed image of sliding roller brush’s nodules. 

  



 

 

 
(a)          (b) 
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Figure 13. Nodule deformation during sliding: (a) continuous photographs of deformation 

taken from the x-direction (BK7, 20 rpm), (b) nodule front angle to the surface (BK7, 20 

rpm), (c) temporal change in the nodule front angle α. 
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Figure 14. Nodule volume change during contacting and sliding compare to the rigid nodule's 

interference volume: (a) 20 rpm and (b) 80 rpm. The volume before contacting uses as a 

reference for normalization. 

 

 

 


