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Abstract: This work investigated the basic adhesion mechanisms of biomimetic elastomeric nanostructures 

using molecular dynamics simulation. The model based on a network of beads in the form of a specifically 

shaped pillar interacting with a flat substrate has captured the directionality of adhesion and the geometric 

asymmetry. The simulation results showed an excellent match with the experimental results of similar 

systems. Our results have explained the mechanisms behind strong adhesion and easy detachment. The stress 

concentration occurring when the displacement is imposed in the opposite direction to the angle of pillar tilt 

allows easy detachment as an unzipping effect. We have also found that by switching the angle of 

displacement one can increase or decrease the overall adhesion strength 4-folds or more. This work has 

potential implications for creating uniquely designed micro or nano-structures with desired attachment and 

detachment properties. 
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Model Biyomimetik Nanoyapılarda Yapışma Mekanizmalarını Anlamak  
 

Öz: Bu çalışma, biyomimetik elastomerik nanoyapıların temel yapışma mekanizmalarını moleküler dinamik 

simülasyon metodunu kullanarak araştırdı. Düz bir alt tabaka ile etkileşime giren şekillendirilmiş sütun 

şeklindeki boncuk ağı olarak tasarlanmış bu model, yapışmanın yönselliği ve geometrik asimetri özelliklerini 

oluşturabildiğini göstermiştir. Simülasyon sonuçları benzer sistemlerin deneysel sonuçlarıyla mükemmel bir 

uyum göstermiştir. Sonuçlarımız, güçlü yapışma ve kolay ayrılmanın altındaki mekanizmaları 

açıklayabilmiştir. Yer değiştirme, sütun eğiminin açısına zıt yönde uygulandığında ortaya çıkan gerilme 

konsantrasyonu, bir fermuar açma etkisi göstererek kolay ayrılmayı sağladı. Ayrıca yer değiştirme açısının 

farklılaştırılmasıyla genel yapışma mukavemetinin 4 kat veya daha fazla artırılabileceğini veya 

azaltılabileceğini gözlemledik. Bu çalışmanın, istenen yapışma ve ayrılma özelliklerine sahip benzersiz bir 

şekilde tasarlanmış mikro veya nanoyapılar oluşturabilme üzerinde potansiyel etkileri bulunmaktadır. 
 

Anahtar Kelimeler: biyomimetik nanoyapılar, yapışma, moleküler dinamik simülasyonları  

 

1. Introduction 

 

Geckos have an exceptional ability to climb a variety of surfaces. The mechanism of strong 

adhesion is actually a result of the microstructure of geckos’ pads. The gecko pads have a hierarchy 

of structures: rows of ~100 μm long setae branching into hundreds of projections terminating in 

nanoscale spatula-shaped structures.[1] Microscopy has revealed a spectacular hierarchical structure 

of gecko’s foot with hundreds of setae (i.e. hair) made of keratin. Each setae with 30-130 μm length 

is consisted of hundreds of projections. These projections or so called spatulae varies  from 200 to 

500 nm in size.[2] The hierarchical structure creates a remarkable surface coverage accessible to the 

geckos’ pads on the surfaces they climb. Even though the basic interactions between the pads and 
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the surfaces are known to be weak non-bonded van der Waals interactions[3], the large surface area 

allows the weak interactions to be able to sustain their body weight. These observations have led to 

several studies to achieve strong adhesion by biomimetic microfiber arrays [4–8]. Experiments have 

shown that the tilted pillar structure is an effective biologically inspired surface engineering 

approach to realize strong adhesion.[6] 

 

It is equally remarkable that, besides the strong adhesion, geckos can switch between strong 

adhesion and easy detachment with minimal effort. Understanding the mechanical principles of this 

phenomenon and unique geometry in the nanoscale of candidate structures are key components of 

developing bio-inspired reversible dry adhesives. There have been several research studies creating 

synthetic pillar structures at micro and nano scale mimicking the hierarchical microstructure of the 

gecko’s foot.[8] These studies have established that several material parameters impact the adhesion 

behavior of synthetic pillar microstructures. They include fiber aspect ratio, fiber stiffness, shape of 

the fiber terminal, and tilting of fibers. It has been shown that unlike in the typical wet adhesive 

surfaces, the geckos pads contain stiff keratinous fibers that form very effective adhesive 

surfaces.[8] Synthetic structures made of less stiff fibers run into clumping of fibers, which 

significantly deteriorates the adhesive behavior.[9] The tilting of the fibers has been demonstrated 

to create adhesive anisotropy via friction experiments on a surface made of fibrillar microstructural 

arrays.[4]  

 

The fabrication of bio-mimetic microstructures include a common method of polymer replica 

molding[10] and recently emerging techniques of nano-imprint lithography[11] and colloidal 

lithography[12]. Regardless of the fabrication method, creating irregular and unique shapes at the 

nanoscale in a hierarchical structure is a very challenging task.[8] On the other hand, theoretical or 

computational modeling are ideal methods to investigate this phenomenon, since they allow 

creating nanoscale geometries while capturing the fundamental van der Waals interactions. 

  

The molecular modeling of structures mimicking the unique shape of a spatula approximated as soft 

networked systems are achievable. There have been several computational modeling studies 

modeling crosslinked polymers that can be used as material for this purpose. Previously, a single 

step cross-linking structure of epoxy resin was modeled[13] and a poly(dimethyl siloxane)) 

(PDMS) network was modeled by carrying out crosslinking in a dynamic fashion[14].  These 

atomistic models captured atomistic resolution of these system, at the expense of limited scale. An 

alternative approach used a coarse grained representation of these networks with a dynamical cross-

linking procedure [15–18]. Recently, a theoretical model of a fiber array with hierarchical structure 

was presented.[19] This model has taken both the seta and the terminal spatula in gecko’s pads. The 

authors were able to predict the adhesive force of the system with good a good match with 

observations in the nature. Another recent study used a coarse-grained model to investigate the 

mechanical properties of gecko setae and spatula[20]. The model considered soft and stiff material 

types corresponding to the proximal and distal regions, respectively. The study has demonstrated 

the anisotropic behavior by comparison of the shear and Young’s modulus of the stiff fibril region.  

 

The main objective of this work is to understand the mechanisms behind the adhesion of bio-

inspired nanostructures.  We also wanted to shed some light on related phenomena such as the 

directionality of adhesion, the geometric asymmetry, strong adhesion and easy detachment using a 

computational model. Such understanding can help understand design parameters and guide 

relevant material fabrication efforts. 

 

In Sec. 2, we explain the details of the model used in building the model system and the simulation 

protocol.  In Sec. 3, we provide insight into the results of our simulations and we share our 

concluding remarks in Sec. 4. 
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2. Modeling and Simulation Method 

 

A 2-dimensional cross-section of a spatula is shown in Figure 1. We simplified this structure to a 

parallelogram pillar. Since it is important to capture the geometric asymmetry in our model, the 

pillars are tilted with respect to the surface normal. The pillar structure was modeled using cross-

linked beads using bead-spring model [15–17]. The interactions were represented using 6-12 

Lennard-Jones (LJ) potential.  
 

 
         (1) 

 

u0 is the LJ energy, d is the LJ diameter and r is the distance between a given pair of beads. Cutoff 

distance was set at 2.5 d.  u0 and d are taken as being equal to 1.  
 

 
 

Figure 1. Schematic diagram of spatula on the left. A simplified tilted pillar and substrate surface 

model with displacement and tilt angles is shown on the right. 

 

The bonds were represented a quartic bond potential. It is has been previously used in modeling of 

similar systems[15]  
 

 
         (2) 

   

where k = 1434.3 u0/d
4
, y = r − ∆r, b1 = -0.759 d, b2 = 0, ∆r = rc = 1.5 d and U0 = 67.223 u0. rc is the 

cutoff distance. The bond potential is turned off at distances larger than rc. Once bonds form they 

become permanent. The ceiling of the bonding force is 156.7 u0/d. This force is 65 times that of the 

LJ force = 2.4 u0/d. 
 

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) program was used for the 

simulations [21]. The Verlet algorithm [22] with a time step of 0.05 τ (τ = LJ time unit). Nose-

Hoover algorithm was used to control pressure and temperature (damping constant was set at 0.1τ). 

The crosslinking simulations initiated two and three beads trapped inside temporary two layers of 

beads organized and fixed in space (i.e., a contour layer) according to the geometry of the pillar 

desired. The bead chains had one crosslinking bead for the following the of crosslinking process. 

These crosslinking beads interact with all beads with the exception of the same kind of beads. A 

total of 37,585 beads were used. The ratio precursors with different lengths (2 or 3 beads) were 

decided according to the stoichiometry required. The box was initially equilibrated in a constant 

ULJ(r) = 4u0   
d

r
 
12

−  
d

r
 
6

  

Uq(r) =  
k(y− b1)(y− b2)y

2 + U0, r < rc
U0, r > rc
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volume and temperature (i.e., NVT) ensemble at reduced temperature unit (T
*
) =1. After that, the 

equilibration was performed in a constant pressure and temperature (i.e., NPT) ensemble to reach 

the density at the equilibrium. 

 

a b 

c d 
 

Figure 2. Visualizations of the displacement simulations for a pillar of tilt angle,  = 40
o
 and 

separation angle,  = 70
o
 at various stages of detachment. 

 

 
a 

 
b 

 
c 

 
d 

Figure 3. Visualizations of the displacement simulations for a pillar of tilt angle,  = 40
o
 and 

separation angle,  = -70
o
 at various stages of detachment. 

 

Subsequent to equilibration of the mixture, dynamical crosslinking was performed within the body 

of the mixture and also to the bottom layer of 509 beads. The bottom layer was used to fixate the 

structure to this fixed layer of beads. The beads of the fixed layer were made of (111) plane of FCC 
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lattice structure. The lattice spacing was set at 1.2. The bead pairs as candidates for crosslinking 

distance-based method was used. Pairs with distances starting from 1.1 d until 1.35 d were cross-

linked. The cross-linking of the cross-linkers to beads was done iteratively. In each iteration; pairs 

were determined, bonds were formed, and the system was equilibrated. As a result, 43,398 

crosslinking bonds were created. The network was equilibrated at T* = 1. The bond forces were 

calculated using quartic potential. The system was slowly cooled down to 0.3 T*. 

 

After creating an intact pillar structure with a rubber-like material, we placed a layer of substrate 

beads on top of the pillar as in Figure 2. The substrate beads were made of (111) plane of FCC 

lattice structures with a lattice spacing of 1.2.  This layer was brought on the pillar surface and a 

further equilibration simulation run of 100,000 steps was performed. This substrate layer was 

displaced in the direction defined by the separation angle () in simulations that were run for 

200,000 steps at a displacement speed of 0.5×10
-1

d/τ.  

 

We created pillars at 7 different tilt angles () starting from 0
o
 to 60

o
 at 10

o
 increments to 

investigate the effect of the tilt angle. For each of the pillars, we ran simulations of 19 different 

separation angles () from -90
o
 to 90

o
 at 10

o
 increments. The visualizations of the displacement 

simulations for a pillar of the tilt angle,  = 40
o
, and the separation angle,  = 70

o
 and -70

o
 are 

shown in Figure 2 and Figure 3, respectively. The main variables and parameters used in the model 

were listed in Table 1.  
 

Table 1. Parameters and variables used in the model. 
 

Parameter /Variable Description Set Value 

ULJ Energy between pairs per 6-12 Lennard-Jones Potential - 

u0 Lennard-Jones energy in 6-12 Lennard-Jones Potential  - 

d Lennard-Jones diameter - 

r Distance between two pairs - 

Uq Bond energy per Quartic Bond Potential - 

k Quartic Bond Potential Constant 1434.3 u0/d
4
 

r Bond length in Quartic Bond Potential - 

rc,  ∆r Cutoff length in Quartic Bond Potential 1.5 d 

y Deviation of the bond length from the bond length in 

Quartic Bond Potential 

r − ∆r 

U0 Cutoff length in Quartic Bond Potential 67.223 u0 

b1 A constant in Quartic Bond Potential -0.759 d 

b2 A constant in Quartic Bond Potential 0 

T
*
 Reduced temperature unit  - 

τ Lennard-Jones Potential time unit - 

 Tilt angles of the pillar - 

 Angle of separation  - 

 

3. Results and Discussion 

 

The aspect ratio of the pillar is one of the important design parameters in a synthetically created 

bio-mimetic surface.[8] In pillars made of soft materials such as PDMS, a long aspect ratio causes 

clumping[9] which reduces the adhesion strength. On the other hand, for rigid fibers such as carbon 

nanotubes[23], the desired adhesive strength can only achieved via high aspect ratio. Our choice of 

the aspect ratio (= 3.1) was based on these two design criteria. This selection was supported by 
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earlier studies, where the gecko’s adhesion mechanism was successfully demonstrated using a 

synthetically fabricated polymeric microstructures [2,6].   

 

The force exerted to the substrate layer by its interaction with the pillar as it was being separated 

was calculated in the lateral (Fx) and the vertical (Fy) directions. The unit of force is u0/d (u0 is the 

LJ energy, d is the LJ diameter).  The interactions between the substrate and the pillar are non-

bonded van der Waals interactions. Fx as a function of the simulation time (t) was presented in 

Figure 4. Fx(t) was at its maximum when the substrate layer was in direct contact with the top 

surface of the pillar. Shortly after the Fx begins to decay rapidly as a sign of rapid detachment of the 

pillar from the surface. At t=500 it decays entirely.  

 

 
 

Figure 4. Lateral force (Fx) as a function of simulation time (t) for a pillar with  = 20
o
. 

 

By varying tilt angles () and separation angles (), we carried out a total of 133 simulations to 

generate data that allows us to investigate the directionality of adhesion. In Figure 5, we present Fx 

as a function of the separation angle  for each pillar with the tilting angle . Each data point was 

derived from the same type of graph as shown in Figure 4 at maximum Fx(t). At  = 0
o
, when there 

was no tilt, Fx exhibited a bell-shaped dependence on . Fx was minimum at  = 0
o
 and increases 

symmetrically going away from it. This was expected behavior, since lifting the straight pillar does 

not involve any lateral forces. As the direction of the displacement changed, the lateral forces 

appeared and reached a maximum at -90
o
 and 90

o
 pulls. The center of the bell-shaped curve moved 

towards the opposite of the tilting angle , when the same simulations were performed on tilted 

pillars.  

 

When we analyze the vertical component of the force vector Fy, at  = 0
o
 in Figure 6, the maximum 

resistance to the separation occurred at  = 0
o
, when the substrate was pulled vertically. Fy shows an 

upside-down bell-shaped curve dependence on the displacement angle . As the tilting angle  

increases, the center of the curve Fy shifted towards the opposite direction of the tilting angle. At  

= 30
o
 and higher, the peak point diminished and at  = 50

o
 the Fy showed a gradual increase as a 

function of displacement angle  from -90
o
 to 90

o
.  
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Figure 5. The lateral component of the detachment force (Fx) vs. the displacement angle  for 

pillars with tilt angles () 0
o
 to 50

o
 with increments of 10

o
. Open circles are the data points. The 

lines are the polynomial fits to the data. 
 

 

 
Figure 6. The vertical component of the detachment force (Fy) vs. the displacement angle  for 

pillars with tilt angles () 0
o
 to 50

o
 with increments of 10

o
. Closed circles are the data points. The 

lines are the polynomial fits to the data. 

 

There are several important inferences we can draw from Figure 5 and Figure 6. First of all, these 

graphs demonstrate that the model is able to capture the directionality of adhesion for the pillar with 
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no tilting. In other words, the resistance to separation in both lateral and vertical directions are 

dependent on the angle of the displacement. This is an important outcome of our simulations 

because it gives us confidence in our model to capture the basic mechanism of non-bonded 

adhesion of soft material on to a rigid substrate.  In addition, we observe the geometric asymmetry: 

the tilting of the pillar results in significant changes in adhesion strength in both lateral and vertical 

components. We discuss the potential implications of these results later in the article.  

 

 
Figure 7. The detachment forces in the vertical (Fy) (top), lateral (Fx) (middle) directions, and the 

total force (F) (bottom) for the pillar with no tilt ( = 0
o
). Open symbols are the simulation results 

and closed symbols are the experimental results[6]. The simulation results of Fx and Fy have been 

linearly scaled to match their arbitrary dimension to the dimensions of the experimental results. 

 

Having established that the model is able to capture previously reported basic adhesion mechanisms 

of a nano pillar – rigid substrate system, we would like to compare the adhesion behavior of our 

models to experimental results of similar systems [6]. The resistance to separation in the lateral (Fx), 

the vertical (Fy) directions, and the total force (F) for pillars with no tilt are presented in Figure 7. 

There is a remarkable overlap of the experimental results to our models in the total force and its 

vectoral components. The only qualitative difference observed is that our models show a steeper 

peak in Fy compared to the experimental results. This is possibly due to the fact that the dimensions 

of the pillar in our model is in the nano-scale versus the experiments that were carried out on 

micron-sized pillars. This difference in scale might very well have resulted in a steeper response of 

the vertical component of the separation force compared to the experiments.  

 

A notable comparison is also observed for the pillar with a 40
o
 tilt between the experimental and the 

modeling results as shown in Figure 8. The vertical component of the detachment force overlaps 

very nicely over the entire range of displacement directions. For the lateral force component, just as 
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in the experimental results, the simulation results also predict the shifting of the bottom of the curve 

away from the angle of the tilt direction. However, the experiment shows this valley at around -20
o
 

versus -35
o
 in the simulations. One possible explanation for this shift is that the tilt angle of the 

pillars’ changes during the adhesion experiments.[6] This might have played a role in the difference 

in the results. 

 
 

 
 

Figure 8. The detachment forces in the vertical (Fy) (top), lateral (Fx) (middle) directions, and the 

total force (F) (bottom) for the pillar with no tilt ( = 40
o
). Open symbols are the simulation results 

and closed symbols are the experimental results[6]. The simulation results of Fx and Fy have been 

linearly scaled to match their arbitrary dimension to the dimensions of the experimental results. 

 

Both experimental and simulation results show that the vertical detachment force (Fy) is small at 

low displacement angles and steadily increases as a function of , while the lateral detachment force 

(Fx) exhibits a non-centric quadratic function.  It is worth highlighting that at the displacement 

angle , where the minimum lateral detachment force (Fx) occurs, there is substantial vertical 

detachment force (Fy). This means that when the pillar can be moved laterally with almost no 

resistance, the pillar still adheres to the substrate with considerable adhesive strength. 

 

The total detachment force curve shows how one could manipulate the angle of displacement to 

switch between easy detachment and strong adhesion. For example, there is a 4-fold increase in the 

detachment force from about 200 mN to 800 mN by switching the displacement angle from -50
o
 to 

80
o
. The difference between the detachment mechanisms at these two displacement angles can be 

visualized in Figure 2 and Figure 3. When the angle of displacement is in the same direction as the 

tilt angle of the pillar the detachment mechanism between the pillar and the substrate is similar to a 
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uniaxial pull (Figure 2). On the other hand, when the angle of displacement is in the opposite 

direction to the angle of tilt, then the detachment mechanism is similar to a peeling action (Figure 

3). The peeling mechanism allows the stress imposed by displacing the substrate from the pillar to 

concentrate at a small area. The stress concentration in this area allows layers to begin to detach at 

smaller overall detachment forces and continue throughout the area of contact until complete 

separation occurs. This mechanism, we call it unzipping, is the underlying explanation of the 

geometric asymmetry.  

 

4. Conclusion 

 

In this study, we devised a relatively simple model of an elastomeric nanostructure with geometries 

that allowed us to investigate basic adhesion mechanisms.  The results of the molecular dynamics 

simulations have shown an excellent match with the experimental results of similar systems. Our 

model has captured several important mechanisms of adhesion: the directionality of adhesion, the 

geometric asymmetry, strong adhesion and, easy detachment. We have found that one can increase 

or decrease the overall adhesion strength 4-folds or more by changing the angle of displacement. 

This work has potential implications for creating uniquely designed micro or nano-structures with 

desired attachment and detachment properties. 
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