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(a)
Solid

(LSS

(b)

Liquid

Water

S

Solid

(c)

> o de 4

Ice

Dry friction

Friction coefficient

Mixed friction

Hydrodynamic
fritcion

Sliding velocity

Fig. 1.1 (a) Schematic diagram of capillary bridge. (b) Microscopic

schematic diagram for the interface between slider and ice. (c) Schematic

diagram for frictional coefficient between slider and ice.
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(a)

Micro clip — pinned

Glass cantilever

Capillary bridge

Linear stage

High speed camera /P

(b)

Fig. 2.1 (a) Experimental setup for measuring the force induced by

shear—deformed capillary bridge. (b) A glass cantilever used in experiment.



Diameter D (um)

Length L (cm)

Flexural rigidity (N-m?)

180

250

320

420

5

7

4.5

6

54 x 10
26 x 10°
19 x 10°

1.1 x 10

Table 1 Geometric

in experiment.

parameters and flexural rigidity of glass cantilevers used

q&r)eti



SAg Bt Avwd 8 A9, §o Addvish mAw nsiAe)

o
IR
rlo
H
o,
N
N,
o
Q

=i

(s}

@

&
_>|i
do
e
=
)

o

1)

5

-~
o
fru
-
oX,
i
2
pass
K
Ho
AC)
=
)

s 9%
x

1
gola, s @ WPFolth A A FElel RA, 2 o] 2]
2 2% & 5 9da, o o3
El——=0 (2)

A A Ao R, 33 v gH ] S 7RI o

4
Wi AAGAAH (=000 veat 22 dAzAS 7T

=0 (3)

do

P 0 (4)
- 7 -



At (e = D)ol M= ofefet 22

)
L
3
B F ©®)
XL

1ol Ul 7HA AAxAS A1) il 33 WA A tdstA =4,

Agme Afoe] 283
Aok 2ol T 5 At

2

WP ) Abole] BANE of

3ET
(7)

A AN ol &8t Hd, e Aden e 3 HEFEs
EAE BEX7F debdg e weh FAE = g Ar]E Atd

tt.

=43 o2 A

2~ 0]

T



(a)

U=0.5,10 mm/s

Fig. 2.2 (a) Shear deformation of a capillary bridge and bending

of a glass cantilever.

Euler-Bernoulli beam which have fixed end and free end.

(b) The coordinates and bending of
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Fig. 3.1 (a) Visualization for shear-deformed capillary bridges. (b)

Description for advancing contact angle (6,) and receding contact angle

(0y) (c) The advancing contact angle (6,) which is measured experimentally.

Experimental condition is =320 pym, #=195 pm, V=86 nL and the liquid is

glycerine 60 wt% (40 wt% water).
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O 1 1 1 1
0 100 200 300 400
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Fig. 3.2 Comparison between U=05 mm/s and U=10 mm/s.

Experimental condition is D=420 um, /=245 pym, V=19 nL and the liquid

is glycerine 60 wt% (40 wt% water).
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(a)
Fixed edge and face

Volume
constraint  Define Refine

* ‘ Repeat

ate

Equally angulate Calcul

(b)
200 T T -
Experiment
— Simulation
150
;E:S./ 100
-~
50+
0 I L
0 100 200 300
x (um)

Fig. 3.3 (a) Calculation process of surface evolver for capillary
bridge. The surface evolver derives the most stable state of the
liquid. (b) Meniscus shape of capillary bridge compared between
experiment and simulation. Experimental condition is =250 um,
/=150 um, V=5 nL and the liquid is glycerine 60 wt% (40 wt%

water).
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Shear-deformed limit ¢
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(é\ -1 F Lateral surface area Smp ° E
o ] . =
< 2 Ruptured state o !
) ;
3+ ™ ;
([ J . :
-4 ? ° ! I ifo
0 100 200 300
X (pum)

Fig. 3.4 Difference of Gibbs free energy between the
shear-deformed capillary bridge and ruptured state. At the
shear-deformed limit, deformation distance (x) is defined as
critical deformation distance (:Ecr). Experimental condition is
D=320 ym, /195 um, V=8.6 nL and the liquid is glycerine 60
wt% (40 wt% water).
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(a)

Shear-deformed limit
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(b)

Shear-deformed
capillary bridge

Fig. 41 (a) Force induced by the shear-deformed
capillary bridge. Experimental condition is =320 pm,
/=195 pym, V=8.6 nL and the liquid is glycerine 60 wt%
(40 wt% water). (b) The free body diagram of

shear—-deformed capillary bridge at the force equilibrium.
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Fig. 4.2 The maximum force induced by capillary bridges.
Experimental conditions for each symbol are shown in

Table 2.
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Symbol D (um)

V (nL)  Liquid (aqueous solution)

o (mN/m)

o 180 0.92
[ | 180 1.2
4 250 49
> 320 6.1 ,
Glycerine 80 wt% 68

A 320 8.6
v 320 105
¢ 420 19
X 420 24
O 180 0.84

Ethylene glycol 60 wt% 50
L] 180

Table 2 Experimental conditions for the symbols.
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(a) (b)

Fig. 4.3 (a) Real shape of shear-deformed capillary bridge. (b) Assume that

initial shape of a capillary bridge is cylinder.

_25_



rup (22)

7|4 A BElA e WAL surface evolverE &3

1% =YwFe Pz ded  weld e ZW mdge

as)

ol& 2(18)°] WYstY, HFTHowm Hd REAFH BEHA o] Wi

scaling lawg otee} o] 45 4 At}
F  ~(@Vh? (24)

21(24)¢] scaling lawol] W} Fig. 439 A3E vpA] 2= 2 VR,
Fig 4404 & 4 dxeo] EE dolH7t sty Add & collapse™ =

A& B i, o]% scaling law7t B} 8ttt RS HoFEoh

_26_



101 B

(uN)

max

F

10!
VI (uN)
Fig. 44 The maximum force induced by shear-deformed
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Experimental conditions for each symbol are shown in Table 2.
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(b)

5 mm

Viscous force region Capillary bridge force region

Fig. 45 (a) Contac area measurement between the ice and a slider.
Experimental conditions are ambient temperature is - 1°C, the
velocity of slider(v) is 0.01 m/s and normal force(/MNV)is 78 mN.(C.

Yun and H. Kim) (b) Mixed friction regime of ice.
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Viscous force Capillary bridge force

. ) Total
region region
Contact area A (mm?) 0.064 0.02 0.084
Friction (mN) 6.4x107 10 10

Table 3. Theoretical prediction of friction between the slider and the ice for

each region(viscous force region and capillary bridge force region).
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Abstract

Shearing dynamics of capillary bridges

Dongjo kim
School of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

The liquid between the solids is classified as a film when the amount
of liquid is sufficient to cover the whole interface between the solids.
However, if the amount of liquid is insufficient, the liquid between the
solids will have a specific shape because of the surface tension of the
liquid and the geometric constraints. This specific shape of the liquid is
called a capillary bridge. Capillary bridges are formed on a variety of
scales ranging from macroscopic to microscopic scales. In spite of their
small size, micro capillary bridges cause shear deformation of micro
structures that is the reason why AFM (atomic force microscope)
cantilever deform and adhesion force of wet granular media increase. In
this research, shear deformation of micro -capillary bridges was
experimentally observed and the theoretical results were analyzed. The
micro capillary bridges were shear deformed at low and high speed.

Here, we observe that the magnitude of capillary bridge force and the
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mechanism of shear deformation were independent of the speed. The
magnitude of capillary bridge force is so small that it can not be
measured with a load cell. Therefore, an experimental apparatus using a
thin glass cantilever was constructed. Using this experimental setup,
the force induced by shear deformed capillary bridge is experimentally
measured. In addition, we construct the scaling law which is expressed
by independent variable such as the height, volume, and the surface
tension of the capillary bridge for maximum force induced by shear
deformed capillary bridge. The scaling law suggested in this work
contribute to the understanding and analyzing the effects of capillary

bridge forces on micro scale mechanisms.

Keywords: Capillary bridge, Shear deformation, Ice friction,
Mixed friction

Student numper. 2015-20712

_36_



	1. 서론
	2. 실험장치 및 실험방법
	2.1 모세관 브릿지 힘 측정 장치 및 실험방법
	2.2 고체변형을 통한 힘 측정 방법

	3. 모세관 브릿지의 전단변형
	3.1 모세관 브릿지의 전단변형 가시화
	3.2 Surface evolver를 이용한 전단변형 시뮬레이션
	3.3 모세관 브릿지 전단변형 메커니즘 분석

	4. 모세관 브릿지 힘
	4.1 모세관 브릿지 힘 측정
	4.2 최대 모세관 브릿지 힘 모델링
	4.3 얼음마찰에 대한 모세관 브릿지의 영향

	5. 결론
	참고문헌
	Abstract (영문초록)


<startpage>12
1. 서론 1
2. 실험장치 및 실험방법 4
 2.1 모세관 브릿지 힘 측정 장치 및 실험방법 4
 2.2 고체변형을 통한 힘 측정 방법 7
3. 모세관 브릿지의 전단변형 10
 3.1 모세관 브릿지의 전단변형 가시화 10
 3.2 Surface evolver를 이용한 전단변형 시뮬레이션 14
 3.3 모세관 브릿지 전단변형 메커니즘 분석 16
4. 모세관 브릿지 힘 19
 4.1 모세관 브릿지 힘 측정 19
 4.2 최대 모세관 브릿지 힘 모델링 21
 4.3 얼음마찰에 대한 모세관 브릿지의 영향 28
5. 결론 32
참고문헌 33
Abstract (영문초록) 35
</body>

