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1. Calculation of VR-nmp between a Body-1 and a sliced piece of a Body 2 

According to the given geometrical parameters (i.e., dimensions of length, thickness, and width 

of Body 1: 2L1, 2T1, 2W1; dimensions of length, thickness, and width of a sliced piece of a 

Body 2: 2L2/n, 2T2/m, 2W2/p; x-, y-, and z-directional separation distance: hx, hy, and hz), the 

integrations were calculated numerically based on a rectangular coordinate system,1 

 = ( 1)  
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where Vxyz is 
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Here, ai, bj and ck of Eq. S2 were determined according to the specific geometrical 

configurations, which were categorized into parallel-orienting configurations (Fig. S1a), 

coplanar configurations (Fig. S1b), and twisted configurations (Fig. S1c). The configurations 

were defined by the center position of the Body 1 (0,0,0) and a sliced piece of the Body 2 (xc-

e1, yc-e2, zc-e3), and relative angles ( x, y, z). 



 
1) Parallel-orienting configurations:  x= y= z=0 and xc-e1 yc-e2 zc-e3  
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2) Coplanar configuration: x= z=0, y xc-e1 zc-e3  and yc-e2=0 
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3) Twisted configuration: y= z=0, x xc-e1 yc-e2 zc-e3  

= + 2 ; = + 2 + ; = + ; = ; = + 2 ; = + 2 + ; = + ; = ; = + 2 ; = + 2( + / ); = + 2 / ; = ; 
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Bookmark 

not 

defined.Eq. 
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Table S1. Parameters for calculating VR-nmp according to the configuration.  

 Right Delta Tetragon Left Delta 

Domain Height 

= 2( / ) sin  = ( / ) cos( / ) sin  
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2 /cos / sin cos 2 /cos / sin cos2 /sin / sin cos 2 /sin
zl

/sin + (+ )/ tan
/cos( ) tan /cos( ) tan/sin + ( )/ tan

Configuration 
2

hx + + + +
hy 2 2 2
hz

Configuration 
3
hx ( + / ) ( + / ) ( + / )
hy + + + +
hz

Additionally, other various configurations, which were defined as y z x xc-e1 yc-e2 zc-

e3 , would be estimated by the vector summaption of the a sliced piece of a Body 2 using the 

twisted configurations. 

2. Numerical differentiation.

A centered difference was applied to obtain vdW forces (FvdW) and torques ( vdW) in each 

direction:

x
z

y

hz

(0,0,0)

hx
hy

(xc_e1,yc_e2,zc_e3)

2L1

2T
1

2L2/n

2T2/m
2W2/p(a)

x

z

y

(0,0,0)

(xc_e1,yc_e2,zc_e3)

y2W
1

2L1

2W2/p
2T2/m

(b)

x

z

y

(0,0,0)

(xc_e1,yc_e2,zc_e3)

x

2T
1

2L1

2W2/p

(c)

Body-1

Body-2

Body-1

Body-2

Body-2
Body-1

Fig. S1 Schematic drawing of (a) parallel-orienting rectangular Body -1 and a sliced piece of a 
Body-2, (b) Rectangular Body-1 and a sliced piece of a Body-2 in a coplanar configuration with 

y, and (c) Rectangular Body-1 and a sliced piece of a Body-2 in a twisted configuration with x. 
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Data and tools supporting the findings of this study are available from the 
corresponding authors on request. 
 
3. Configurations. 

The center positions (x,y,z) and rotational angles ( x, y, z) of Body 1 and Body 2 for Fig. 6, Fig. 

7, and Fig. 8 are described in Table S2, Table S3, and Table S4, respectively. 



Table S2. Configurations of Fig. 6

Table S3. Configurations of Fig. 7

Point-to-
Point

Edge-to-PointEdge-to-EdgeFace-to-PointFace-to-EdgeFace-to-Face

Scheme

X=0, 
y=0,
z=0

X=0, 
y=0,
z=0

X=0, 
y=0,
z=0

X=0, 
y=0,
z=0

X=0, 
y=0,
z=0

X=0, 
y=0,
z=0

Center 

Body 1

x=0,
y=45, 
z=45

x=0,
y=0, 
z=45

x=0,
y=0, 
z=45

x=0,
y=0, 
z=0

x=0,
y=0, 
z=0

x=0,
y=0, 
z=0

1

X= 0 to 4, 
y=0,
z=0

X= 0 to 4, 
y=0,
z=0

X= 0 to 4, 
y=0,
z=0

X= 0 to 4, 
y=0,
z=0

X= 0 to 4, 
y=0,
z=0

X= 0 to 4, 
y=0,
z=0

Center 

Body 2

x=0,
y=45, 
z=45

x=0,
y=45, 
z=45

x=0,
y=0, 
z=45

x=0,
y=45, 
z=45

x=0,
y=0, 
z=45

x=0,
y=0, 
z=0

2

Face-to-PointFace-to-EdgeFace-to-Face

Scheme

X=0, 
y=0,
z=0

X=0, 
y=0,
z=0

X=0, 
y=0,
z=01

x=0,
y=0, 
z=0

x=0,
y=0, 
z=0

x=0,
y=0, 
z=01

X= 0 to 4, 
y=0,

z=-0.45

X= 0 to 4, 
y=0,

z=-0.45

X= 0 to 4, 
y=0,

z=-0.452

x=0,
y=45, 
z=45

x=0,
y=0, 
z=45

x=0,
y=0, 
z=02



Table S4. Configurations of Fig. 8

4. Additional results.

Face-to-PointFace-to-EdgeFace-to-Face

Scheme

X=0, 
y=0,
z=0

X=0, 
y=0,
z=0

X=0, 
y=0,
z=01

x=0,
y=0, 
z=0

x=0,
y=0, 
z=0

x=0,
y=0, 
z=01

X=3, 
y=0,

z= -3 to 3

X=3, 
y=0,

z= -3 to 3

X=3, 
y=0,

z= -3 to 32

x=0,
y=45, 
z=45

x=0,
y=0, 
z=45

x=0,
y=0, 
z=02



Fig. S1. FvdW of cube-cube with face-to-face 
configurations as a function of separation distance. 

(a) (b) (c)

(d) (e) (f)

0.00235

0.015
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0.034

(d) (e)
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Fig. S3 Normalized van der Waals interaction potential (V/A) as a function of rotation angle 
( x) (a) between Body 1 (L1=1) and Body 2 (L2=1), (b) between Body 1 (L1=1) and Body 2 
(L2=1.5), and (c) between Body 1 (L1=1) and Body 2 (L2=2) at h/L1=0.3.Normalized van der 
Waals interaction force (Fx/(A/L1)) as a function of rotation angle ( x) (d) between Body 1 
(L1=1) and Body 2 (L2=1), (e) between Body 1 (L1=1) and Body 2 (L2=1.5), and (f) between 
Body 1 (L1=1) and Body 2 (L2=2) at h/L1=0.3.



(a) (b)

Fig. S4 (a) The ratio of the maximum normalized torque on L2 to the maximum normalized 
torque of L2=1 at normalized separation distance (h/L1) =0.1 over different sizes of L2.  

z

x
y

h
x

z

(a) (b)

Fig. S5 (a) face-to-edge configurations, and (b) normalized van der Waals interaction 
x) between cubes having smooth surfaces.



Face-to-Face

Fig. S7. Normalized van der Waals interaction torque ( /A) as a function of rotation 
angle ( x) between smooth surfaces and rough surfaces (Roughness=0.105)

Face-to-Face force Face-to-edge force Face-to-point forceFace-to-Face force

0.165 0.21

0.169

Face-to-edge force

00000.169

0.195

Face-to-point force

0.160

0.208

(a) (b) (c)

Edge-to-Edge force Edge-to-point force Point-to-point forceEdge-to-Edge force

0.162

0.201

Edge-to-point force

0.168

0.241

Point-to-point force

0.173

0.209

(d) (e) (f)

Fig. S6. Normalized van der Waals interaction force (F/(A/L1) as a function of normalized 
separation distance (heff/L1) between smooth surfaces and rough surfaces (Roughness=0.105) 
with normalized thermal force (kT/L1)/(A/L1) for different configurations: (a) face-to-face, (b) 
Face-to-edge, (c) Face-to-point, (d) Edge-to-edge, (e) Edge-to-point, and (f) point-to-point. 
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