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Abstract

This study investigated the formation of capillary force bridges between two solid
silicon surfaces, due to DI water liquid meniscus (ambient) and nitrogen nanobubbles
(aqueous-ambient) under varying roughness (rms) conditions using LAMMPSmolecular
dynamics simulations. The output capillary force was then compared to its corresponding
result from the theoretical models and the experimental values from other studies.
The research focused on two geometries: plane-plane (P-P) and sphere-plane (S-P).
For theoretical formulas, surface tension was measured to accurately characterize
liquid’s cohesive properties and its impact on capillary force formation. Due to
limited time and a wrong choice of parameters, simulations of the aqueous-ambient
conditions were not performed. For ambient conditions, results indicated significant
discrepancies between simulated, theoretical, and experimental (AFM) capillary forces,
largely attributed to simulation parameter inaccuracies. Under ambient conditions,
water’s surface tension was vastly overestimated, ranging from 101 to 102 N/m,
compared to the literature value of 71.97 mN/m [1], impacting capillary force magnitudes.
Simulated capillary forces ranged from 100-101 N for plane-plane to 103 N for sphere-
plane configuration, while theoretical values were in the order of 10�6 N. Thus, both
approaches overestimated the experimental capillary forces that were in the range of
10�7� 10�9N[2]. The study found that roughness did not significantly alter capillary
forces within the tested range of 0.00 to 1.36 nm of total RMS roughness (sum of
two components), aligning with experimental (AFM) data and suggesting a threshold
roughness beyond 1.36 nm necessary for the magnitude to decrease. Theoretical
models displayed trends partially agreeing with simulated behavior, highlighting their
limitations in providing accurate descriptions for varying roughness. In the same
roughness range, the plane-plane geometry displayed an increasing step-like behaviour,
while the sphere-plane configuration did not show any specific trends. The results
of the study emphasize the need for refined simulation parameters and advanced
theoretical models (that focus on roughness outside of its surface tension definition) to
bridge the gap between theoretical and experimental results, providing more reliable
predictions of capillary forces in various conditions.
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1 Introduction

Adhesion forces are one of the fundamental forces that occur at the interfaces of materials

and play a crucial role in nano-scale research. They o�er a lot of possibilities in various

sectors, such as coating techniques or aid in the development of the transport of �uids [3],[4].

However, they can also act as a hindrance, introducing permanent solid friction between

small, moving components and, thus, causing damage [2],[5]. Therefore, a thorough

investigation and comprehension of the interactions between surfaces at nanoscale separations

is a fundamental requirement for almost any nanotechnology-related �eld.

Accurately analyzing the adhesion force is highly challenging due to the complex nature

of the geometrical contributions from the interacting surfaces. Determining the optimal

separation distances between real surfaces, where the surface forces change direction, could

enhance applications in micro/nano�uidics and micro/nanoelectromechanical (NEMS/MEMS)

systems that operate in liquid environments [2]. This is particularly relevant for future

energy conversion systems requiring self-controlled motion [6]. As devices continue to

miniaturize, the issue of stiction caused by surface forces between micro/nano-components

becomes increasingly signi�cant. However, it also presents an opportunity to control motion

by manipulating the direction of the force acting between these moving parts [2].

The primary types of adhesion forces between surfaces include van der Waals forces(due to

the temporary dipoles), electrostatic forces (electric charges on the surfaces ), and capillary

forces. Among these, capillary forces play a dominant role in the direction and magnitude

of the adhesion force behaviour at the nano-scale in relatively smooth surfaces (roughness

[rms] <3nm) [5]. This phenomenon occurs due to their in�uence on the behaviour of liquid

"bridges" that form between surfaces in close proximity [2]. They can occur even at low

relative humidities due to adsorbed water layers on samples and the magnitude of its force

is highly dependent on the geometry of the bridge itself [5].

Capillary forces are responsible for phenomena such as Capillary Rise. This �ow of liquid

in narrow spaces occurs due to an interplay between cohesive forces within the liquid and

the adhesive forces between the liquid and its surrounding interfaces [7]. In a similar way,

when a liquid spans the gap between two solid surfaces, an attractive or repulsive force is

created between them. Thus, forming a capillary force bridge in ambient conditions. This

force depends on the contact angle of the liquid with the solid and the surface tension of

the liquid [2]. A great number of studies, such as Bakhshandehseraji et al [2], Zwol et al

[5], and Sedighi et al [8], were performed to study this physical behaviour and investigate

whether it can be minimized or controlled. One of the variables that proved to have a

signi�cant in�uence on the adhesive forces is the rms roughness of the samples [5],[2],[8].

Surface roughness can arise from various mechanisms and it is challenging to prevent and

control. In the interaction between two bodies, the in�uence of roughness on adhesion

and friction becomes signi�cant when the space between them is minimal (for example
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((a)) ((b))

Figure 1: Figures illustrating the results and the AFM tip from the pull-o� forces study

done by Bakhshandehseraji et al. (a) Pull-o� force vs the total rms roughness of Au plate

and sphere in ambient (air - right axis) and aqueous (DI water - left axis) conditions. The

insets illustrate the capillary bridges for both smooth and rough surfaces in an ambient

environment. (b) SEM image of an AFM cantilever from a colloidal-probe technique with

a diameter of 20� m. [2]

<100nm) [9]. Current formulas used to describe the forces for this system are only reliable

for smooth surfaces. With an increasing height of the asperities, the nonadditivity of the

dispersion forces complicates the short-range interactions and breaks the existing models.

In recent years, there have been some advances in the theoretical approaches to this issue.

Regardless, these solutions still include a considerable number of simpli�cations. [9]

The established theoretical models suggest the magnitude of capillary force should increase

with an increase in roughness [5],[10]. However, due to the aforementioned simplifying

assumptions, they do not account for all real-world complexities. For instance, the circular

approximation allows for computations of capillary forces between axisymmetric objects,

assuming the liquid surface is circular, dominated by surface tension, and negligible gravity.

Numerical calculations show this assumption causes less than 5% error for speci�c angles,

but it fails near vapor saturation where Laplace pressure drops [10]. Often neglected factors

in calculations also include surface heterogeneity, line tension, microscopic contact angle,

and surface deformation [10].

Experimentally, the capillary force can be measured under diverse conditions with a pN

to nN sensitivity range by using the AFM force-distance curves between rough surfaces

with an uneven shape [2]. Based on research performed by Bakhshandehseraji et al [2],
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Zwol et al [5] and Sedighi et al [8], that employed the colloidal probe technique in AFM

force measurements, the data showed a promising decreasing trend with an introduction of

roughness onto the solid surfaces for the sphere-plane geometry (�gure 1(a)). The special

AFM probe simulating the geometry can be seen in �gure 1(b). In the rough surface

regime, the samples are more irregular and uneven compared to the smooth surfaces,

which limits the number of interaction points between the surfaces. Consequently, only the

highest asperities come into proximity and create capillary-like bridges between them, as

shown in the insets of �gure 1(a). Accordingly, in the smooth regime, capillary-like bridge

formation is more uniform across the interacting surfaces for a greater number of interaction

points between the surfaces resulting in increased capillary force (increasing pull-o� force)

[2]. However, these interactions are reliable only for the sphere-plane geometry, since the

plane-plane geometry is signi�cantly less stable in the AFM setting [11]. Therefore, a more

in-depth investigation into this variable is required.

The formation of capillary bridges due to liquid meniscus is not the sole origin of this

phenomenon. In recent years, nanobubbles (NBs) have been observed to create a capillary-

like behaviour in aqueous-ambient conditions between two solid surfaces as well [12].

Nanobubbles can be de�ned as gas-�lled cavities with a diameter of less than 1� m

[12]. Nanobubble technology has applications in various industries, such as environmental

technologies for water puri�cation and wastewater treatment, agriculture for improving

irrigation and plant growth, and biomedicine for drug delivery and diagnostic imaging.

Additionally, NBs are used in food processing to enhance cleaning and sterilization [13].

Contrary to macrobubbles, NBs are very stable and can stay suspended in a liquid for hours

or days at a time. This e�ect occurs due to the Brownian motion, which dominates their

behaviour at the nano-scale [12]. This nature allows for the possibility of NBs adhering or

nucleating on the solid surface's particles. Further, they seem to contradict the Epstein-

Plesset theory due to their high internal pressures [13]. There exist several theories that

try to explain this phenomenon. The most popular one argues, that due to the negative

charge of pure water, NBs form an electric double layer. Thus, stabilizing their existence

with the formation of an ion di�usion layer. Another signi�cant theory suggests that a

decreased hydrogen bonding length is responsible for reducing the interfacial gas di�usivity,

and hence, making NBs stable [13].

Research has demonstrated a signi�cant di�erence in capillary forces between air and liquid

environments, particularly DI water [2]. To understand this discrepancy, it is essential to

examine the formation of capillary bridges in both settings. As shown in �gure 2, the

adhesion of thin water layers on the edges of hydrophilic surfaces is proportional to the

capillary force in the air. Conversely, when two solid surfaces are submerged in a liquid,

nanobubbles can migrate and coalesce between them, forming a capillary gas bridge that

generates the nanobubble-induced capillary force (NBCF) [2],[12].

To mitigate current limitations in both theoretical and experimental approaches, the
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Figure 2: Schematic illustrations of the capillary bridge formation in both ambient and

aqueous conditions. (a) Liquid meniscus formed between two asperities due to thin water

layers on the rough surface. (b) Sphere-plane geometry in ambient conditions. (d)

Nanobubble capillary force (NBCF) bridge formation in an aqueous environment. (e)

Sphere-plane geometry for the NBCF bridge. [2]

primary objective of this study is to simulate a simple capillary bridge in both ambient and

aqueous-ambient conditions with the use of the molecular dynamics software - LAMMPS.

This will involve creating models that accurately represent the interactions and behavior

of liquid bridges within two silicon surfaces in these environments. The resulting force

from the models will then be compared to theoretical predictions and discussed alongside

experimental data (sphere-plane con�guration), to investigate the extent to which this

phenomenon can be accurately simulated with current technology. Further, the simulations

will be performed for two types of geometries: plane-sphere and plane-plane, and then

compared. This comparison will help determine whether the geometric con�guration of

the surfaces a�ects the behavior of capillary bridges. Another key objective is to analyze

how varying the roughness (rms) of silicon surfaces a�ects the capillary forces and observe

whether the trend is decreasing or increasing.
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2 Theory

While discussing the capillary forces due to the liquid meniscus bridge formation, it is

important to mention two formulas that govern its behaviour: The Young-Laplace formula

and the Kelvin equation. The former draws a relation between the curvature of the bridge

and the pressure di�erence between the liquid-gas phases and is written as follows

� P =  (
1
r1

+
1
r2

); (1)

where � P is the pressure di�erence, is the surface tension of the liquid interface, while

r1 and r2 are principal radii of curvature (�gure 3) [10]. This formula assumes that the

gravitation acting on this system is negligible. The latter fundamental equation relates the

curvature of the bridge with the vapour pressure and is written as

RT ln
P
P0

= V m (
1
r1

+
1
r2

); (2)

where R is the ideal gas constant,PP0
is the relative humidity, Vm is the molar volume of

the liquid, and T is the temperature. Rearranging the equation in terms of Kelvin length

gives the range of the capillary forces in the form of

� K =
V m

RT
; (3)

where� K is the Kelvin length. Hence, for a capillary bridge to form, the distance between

two solid surfaces should be equal to or less than2� K .[10]

The simpli�ed capillary model for relatively smooth surfaces can be described using the

Attard model as a basis. In this model, the capillary force can be divided into two main

components. The �rst component is the surface tension at the gas-liquid-solid contact,

while the second is the pressure force caused by the pressure di�erence [12]. Hence giving

the overall equation

Fcap = Fs + Fp: (4)

2.1 Plane-Plane Geometry

The plane-plane system is one of the simpler shapes to model, due to its geometry.

However, with current technological limitations, it is also a con�guration that cannot

be measured experimentally [11]. While formulating the theoretical capillary force model,

equations di�er depending on whether the bridge originates from the liquid meniscus or

the nanobubbles [10],[12]. Therefore, di�erent approaches have to be taken based on the

origin of the capillary bridge. For the ambient conditions equation 4 is transformed into

Fcap = 2�r 0 cos� + �r 2
0 (

1
r2

�
1
r1

); (5)

for D � r2c and Fcap = 0 for D> r2c, where c = cos� 1 + cos� 2 and D is the separation

distance between two plates [10]. The visualization can be seen in �gure 3, where�
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Figure 3: Schematic illustration of the concave capillary force bridge due to the liquid

meniscus in the plane-plane con�guration.

corresponds to the contact angle between the solid and the liquid, andr0 is the radius

of the bridge region in contact with the solid surface. The radius of the curvature is

denoted asr2, while r1 is the length from the normal of the bridge to the end of the

curvature on the same vertical height as the middle of the curvature circle. Here the �rst

part corresponds to the surface tension component, while the second part to the pressure

di�erence component [10]. For the NB capillary force bridge, the formula is slightly altered

to accommodate the switch in the gas-liquid position. Hence giving the expression

Fcap = � 2�r 0 sin� + �r 2
0 (

1
r1

�
1
r2

): (6)

The minus sign in theFs component appears due to a sign convention, which indicates the

direction of the force that is typically opposite to that of the meniscus force [12]. Thus,

negative values represent an attractive force, whereas positive values indicate a repulsive

relation. As can be seen in �gure 3, most of the variables (�; r 0; r1; r2) can be measured

o� of the bridge's snapshots. Further, both formulas draw the same conclusion, being,

that as the contact angle� between the liquid-solid interface decreases and is below90� ,

the capillary force should increase. Further, in the case of CA above90� , increasing� will

increase the force magnitude as well.

2.2 Plane-Sphere Geometry

The plane-sphere con�guration, often analyzed using Atomic Force Microscopy (AFM),

presents a di�erent set of equations for capillary forces due to the curved geometry of the

sphere interacting with the plane. The capillary force due to liquid meniscus formation

can be obtained using the equation

Fcap = �R [� sin� +(cos (� 1 + � )+cos � 2)� sin� 2(1� cos� +
D
R

)� 1]+2�R sin� sin (� 1 + � );

(7)

where R is the equivalent sphere radius, D is the closest distance between the sphere and

the plate, � 1 is the contact angle of the liquid and the sphere,� 2 is the contact angle of the

liquid and the plane, and� is the �lling angle of the sphere (�gure4) [5]. This equation is
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Figure 4: Schematic illustration of the concave capillary force bridge due to liquid meniscus

in the sphere-plane con�guration. [5]

constructed ignoring the van der Waals forces and modeled for relatively smooth surfaces

[5]. A simpli�ed formula is used for D � R (� � 0� ) [5]. However, for the simulations

performed in this report, the values of the �lling angle� are not close to 0� , since the size

of the sphere is not signi�cantly bigger than the thickness of the capillary bridge.

Based on equation 7, for angles� or � < 90� , if the liquid-solid contact angles decrease,

the capillary bridge should spread more across the solid surfaces and therefore increase

the �lling angle � value. Thus, the � sin� term will become more negative, whilesin2 �

will increase, increasing the overall force. Further, the second term withsin� sin (� 1 + � )

will increase due to the signi�cant contribution from sin� . The net capillary force is

then expected to increase as� increases with decreasing� 1 and � 2. However, the precise

change signi�cantly depends on the exact relation between� and the contact angles.

This highlights the importance of the interplay between the angles and the curvature

in determining the behavior of capillary forces in the sphere-plane con�guration.

On the contrary, for angles� > 90� and � < 90� , the capillary force will depend on the

exact values of� 1 + � and the balance between the negative contributions from the �rst

term and the positive or negative contributions from the second term. Generally, if� 1 + �

results in a positive sine term, the force could remain positive or reduced. If it results in

a negative sine term, the force could be signi�cantly reduced or change the direction.

Due to the nanobubble capillary forces (NBCF) being a relatively recent discovery, there

are no coherent established theoretical models for the sphere-plane geometry. However,

similarly to the NBCF in the plane-plane con�guration, one could argue that the capillary

force still mainly consists of the surface tension and the pressure di�erence components [2].

Therefore, a decrease in the contact angle between the solid and liquid should lead to an

increase in the total force as well.
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