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Abstract: This study presents a numerical investigation into the adhesion strength of micro fibrillar
structures, incorporating statistical analysis and the effects of excessive pre-load leading to fibril
buckling. Fibrils are modeled as soft cylinders using the Euler-Bernoulli beam theory, with buckling
conditions described across three distinct states, each affecting the adhesive properties of the fibrils.
Iterative simulations analyze how adhesion strength varies with pre-load, roughness, number of
fibrils, and the work of adhesion. Roughness is modeled both in fibril heights and in the texture of
a rigid counter surface, following a normal distribution with a single variance parameter. Results
indicate that roughness and pre-load significantly influence adhesion strength, with excessive pre—
load causing substantial buckling and a dramatic reduction in adhesion. This study also finds
that adhesion strength decreases exponentially with increasing roughness, in line with theoretical
expectations. The findings highlight the importance of buckling and roughness parameters in
determining adhesion strength. This study offers valuable insights into the complex adhesive
interactions of fibrillar structures, offering a scalable solution for rapid assessment of adhesion in
various rough surface and loading scenarios.
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1. Introduction

Recent research has increasingly focused on the contact mechanics of rough surfaces.
Classical theories reveal that even small roughness amplitudes can significantly impact
adhesion strength, particularly in materials with a low Young’s modulus, such as smooth
rubber against rough rigid surfaces [1-3]. This complexity poses a challenge for accurately
predicting adhesive strength when one of the contacting surfaces is textured. To address this,
several formulations have been proposed, including statistical models like the Greenwood—
Williamson model [4] and fractal models. For a comprehensive overview of these models,
see [5].

In numerical and statistical models, surface roughness is typically described using
a distribution function such as the Gaussian distribution [4]. Each asperity is generally
represented as a geometry such as hemispherical geometry that deforms independently
during contact between two surfaces. The Hertzian solution can be applied to describe
this contact. When adhesion is considered, the Johnson-Kendall-Roberts (JKR) model [6]
can be used to determine the adhesion of a single hemispherical asperity. This approach
allows for the investigation of the adhesion of rough surfaces with a distribution function,
assuming each asperity contacts independently without influencing others. This method
is powerful for studying contact mechanics as it allows for the use of different asperity
shapes [7].

It is well-known that roughness negatively influences adhesion [1]. One way to
mitigate this negative impact is by splitting the contact into finer parts [8]. Generally,
partitioning the contact into smaller or finer parts, a process known as contact splitting
or the gecko effect [9,10], is accomplished using fibrillar structures. These structures
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are renowned for their exceptional adhesive properties, even on rough surfaces [11-13].
They are inspired by biological attachment systems, such as those found in geckos [14].
Gecko-like fibrillar structures are typically fabricated using elastic polymer fibrils through
techniques like soft lithography or molding [15]. These fibrils texture surfaces and modify
contact mechanics [16]. The creation of fibrils on a textured surface distributes contact forces
among them, allowing for the adjustment of adhesive strength by varying fibril geometry
or dimensions. Research in this area primarily explores the impact of different fibril
geometries [17,18] and tip shapes [19] on adhesion. However, the influence of roughness
on the adhesion strength of fibrillar structures requires further detailed investigation.

Several studies have investigated the adhesion strength of fibrillar structures exhibit-
ing various types of roughness, either in the height distribution among the fibrils [20-22]
or in the texture of the counter surface [23,24]. Porwal et al. examined the effect of counter
surface roughness and fibril variability on adhesion strength in fibrillar systems [20]. They
modeled fibril height and detachment strength using probability distributions and per-
formed Monte Carlo simulations to analyze adhesion strength, with fibril heights following
normal or uniform distributions and attachment strengths described by a power-law dis-
tribution. Their results indicated that roughness reduces adhesion. Li et al. investigated
the adhesive contact between an elastic half-space and rigid fibrillar structures using
the FFT-based boundary element method [21]. They found that roughness in the fibril
height distribution decreases adhesion, with adhesion depending on the applied pre-load.
He et al. conducted a similar study numerically, modeling the fibrils as soft cylinders
with constant stiffness and normally distributed heights [22]. Using the adhesive strength
of a flat—-punch based on the Kendall’s solution [25], they examined adhesive strength
under various applied pre-loads, roughness, and fibril stiffness. They concluded that
adhesive strength diminishes as roughness increases, with the application of additional
pre-load eventually causing the strength to level off at a plateau. These studies reveal that
variations in fibril heights affect adhesive strength and that adhesion reduces to a limit at
a certain roughness parameter. Additionally, increasing the pre-load on the fibril array
enhances adhesion strength to some extent. However, the effect of excessive pre-load was
not evaluated in these studies. Excessive pre-load can cause fibril buckling [26], which
reduces adhesion [27]. Zhang et al. examined the effect of pre-load on the adhesion of
fibril arrays in contact with a rough rigid surface [23]. The roughness of the rigid surface
is modeled by steps following a normal distribution. Increasing the pre-load enhances
adhesion up to a threshold value. In the numerical model, the adhesion is considered to
be reversible despite the buckled fibrils, assuming the pre-load is not very large. How-
ever, even a small increase in pre-load beyond the buckling load can lead to irreversible
adhesion, as shown in [28]. Hu et al. studied the effect of contact splitting on the adhesion
strength of fibrillar structures in contact with a rough rigid surface using the finite—element
method [24]. The fibrils buckled, and the adjacent fibrils can make contact. They concluded
that at lower roughness parameters, splitting the contact into finer fibrils slightly affects the
adhesion, whereas under higher roughness conditions, having fibrils enhances adhesion
due to increased compliance. In their study, since all the fibrils are in contact and buckled,
the resulting adhesion strength was almost the same for all the fibrils, which can be defined
by a constant parameter of compliance. Under different pre-load (indentation displacement
in this case), some of the fibrils can buckle while others do not. Buckling of a fibril results
in lower adhesion compared to unbuckled states [26,28-30]. Therefore, a comprehensive
investigation into the adhesion strength of fibrillar structures, considering differences in
height or contact with a rough rigid surface, must account for the buckling failure of fib-
rils due to excessive pre-load while differentiating the unbuckled ones. Computational
algorithms frequently overlook the effects of excessive pre-load, which can lead to fibril
buckling and subsequently influence adhesion properties. Therefore, it is crucial to develop
efficient algorithms capable of accurately addressing these factors.

This study employs a numerical and statistical approach to investigate the adhesive
strength of fibrillar structures, differentiating between buckled and non-buckled fibrils
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and identifying non-contacted fibrils. Roughness is incorporated either into the fibril
height distribution or the texture of the rigid surface. Adhesion strength is examined
across various levels of roughness, pre-load, number of fibrils, and work of adhesion.
The structure of the paper is as follows: Section 2 details the materials and methods,
explaining the problem and the underlying theory. Section 3 presents the results. Section 4
offers a detailed discussion of the findings. Section 5 concludes the paper and suggests
directions for future research.

2. Materials and Methods
2.1. Problem Statement and Theory

This section addresses the challenge of quantifying the adhesive strength between a
fibril array and a rigid counter surface, incorporating fundamental equations from solid
and contact mechanics. The rigid surface, which may exhibit either smooth or rough
textures, interacts with an elastic fibril array characterized by varying heights across
its fibrils. Consider a scenario where a rigid surface comes into contact with an elastic
array composed of n fibrils, illustrated in Figure 1. The fibrils are supported by a fixed
backing layer at their base. Contact initiation involves incremental movement of the rigid
surface in the —y direction by a relative displacement dy. Upon reaching a certain relative
displacement, contact is established, creating a pre-load between the rigid surface and the
fibril array. This phase is referred to as the loading process.

After establishing initial static contact with a desired pre-load, the rigid surface
proceeds to move incrementally in the opposite direction (+y) by the displacement Jy. At a
specific displacement, the fibrils within the array undergo elongation, thereby generating
adhesive forces or stresses due to their adhesive properties. As the displacement increases,
these adhesive forces come into play. If the adhesive force exerted by a single fibril surpasses
its intrinsic adhesive strength, contact between the fibril and the rigid surface is lost. This
phase is known as the unloading stage. Further increases in the relative displacement lead
to complete loss of contact.

Depending on the pre-load and the roughness of the contacting surfaces, some fibrils
may maintain contact, while others may buckle or fail to establish contact altogether. Fibril
buckling can manifest in two states: Low buckling and High buckling, triggered when the
pre-load on a fibril exceeds its Euler buckling load [31]. Buckled fibrils typically exhibit
reduced adhesion compared to their unbuckled counterparts [26,28-30], and the adhesion
force varies accordingly between low and high buckling states.

(a)
rITIITTITTEN Rigid Surface

/\_/ n Fibrils

V

Lb X
(b)

L _ __ ____ | Fibrils with no-contact

P W see

"\_x Fibrils with Low Buckling
’\_,;Fibrils with High Buckling

Figure 1. The interested problem: (a) A rigid surface attempting to make contact with an elastic fibril
array. (b) After the rigid surface indents the fibril array, a static contact occurs. Depending on the
pre-load and the roughness of the elastic fibril array (variation in their height) or the roughness of the
rigid surface, some fibrils establish contact, some fibrils become buckled, and the remaining fibrils
have no contact at all.
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2.1.1. The Loading Process

The loading process is governed by controlling the displacement of the counter relative
to an individual fibril. During this phase, contact is initiated between the fibril and the
counter surface. The load between the counter surface and the fibril can be calculated using
the stiffness of the fibril and the compressive displacement, represented by the equation:

Pf = Koy - d, 1)

where Py represents the load between the counter surface and the fibril, K, denotes the axial
stiffness of the fibril, and d signifies the compressive displacement of the counter surface
at the onset of initial contact. The axial stiffness K,y is typically determined by modeling
the single fibril as an Euler-Bernoulli beam, a method known for its close agreement with
experimental data [26,32,33]. Specifically, the axial stiffness of a single fibril is given by

o=
area, and Hy is the height of the fibril.

As the counter surface compresses the single fibril, a static load develops between the
fibril and the counter surface. This load increases with further compressive displacement.
Eventually, the load may reach a critical value where the fibril is susceptible to buckling,
significantly impacting its adhesion strength. Excessive loads can diminish the adhesion of
fibrils [26,28-30]. Therefore, precise control of the load between fibrils and a rigid counter
surface is crucial. The critical load of a single fibril, which marks the onset of instability
and potential buckling, is determined as follows [31]:

[31], where E 7 is the Young’s modulus of the fibril, A £ is the cross—sectional

7T2Ef1f.

P, =« Hf

(2)

Here, P, represents the critical load, a is the effective height factor depending on the
boundary conditions, E r I ¢ and H ¢ are the Young’s modulus, area moment of inertia
and height of a fibril, respectively. In this study, « = 0.25 is selected for a fixed—free
boundary condition, that resembles a frictional contact. The effective height factor is based
on experimentally observed results reported in [26]. However, it is important to note that
for different aspect ratios (the ratio of fibril height to its diameter) of a fibril, a different
effective height factor would need to be selected.

For a fibril array comprised of  fibrils, the total load is the sum of the individual loads
of the fibrils. The total force of a fibril array contacting a smooth, rigid counter surface,
can be easily computed by just multiplying the single fibril load by the number of fibrils.
However, for either a rough rigid counter surface or a rough fibril array (where the height
of the fibrils in the array may differ), the total load between the contacting surfaces can be
obtained via the following equations:

n
Protar = Z Pfi/ 3)
i=1

where Py, is the total load between a fibril array and a rigid counter surface, Py, is the load
of the ith fibril, and # is the number of the fibrils in the fibril array, respectively. The total
load can be adjusted by regulating the compressive displacement of the counter surface
(whether smooth or rough). This ensures that the total load can remain below the critical
load (- Prr). Consequently, the adhesion strength of a single fibril might fully contribute
to the total adhesion strength due to the unbuckled condition. It should be noted that
even if the total load is regulated to remain below the critical load, the contact load of
individual fibrils can exceed their critical buckling load. This can occur due to variations in
the roughness of either the rough fibril array or the rough rigid counter surface.
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2.1.2. The Unloading Process

The unloading process is similarly managed by controlling the displacement of the
counter surface after contact. During the unloading phase, the objective is to separate the
contact between the counter surface and a single fibril or fibril array. The load between the
counter surface and the single fibril can be calculated again using the stiffness of the single
fibril and the displacement, as expressed in Equation (1).

If the counter surface is moved above the initial height of a single fibril before contact,
the single fibril undergoes elongation, resulting in an adhesion force between the single
fibril and the counter surface. The adhesion force P, 4, between a circular flat-ended fibril
and a smooth rigid surface can be given as [34]:

Ppap = \/8AfRE* Wy, 4)

where R is the radius of the fibril, W,y is the effective work of adhesion, and E* represents
the contact modulus given by:

1— 02 2\ !
% f 1=
E* = L 5
( Ef E. ) )

Ef and E.s are Young’s moduli of the fibril and the surface, respectively, and v f and v

are Poisson’s ratios. Ay = 7R? represents the contacting area. Although Equation (4) is
originally derived for a rigid punch indenting an elastic surface, it serves as a suitable
approximation for the adhesive force of a circular fibril with a flat tip in contact with a
rigid surface [35]. In a fibril array where each fibril exerts an adhesive force on a surface,
the total adhesion force can be calculated by summing up the individual adhesive forces of
the fibrils. This can be expressed as:

Pagni, (6)
1

n
Paantor =

1=

where 7 is the number of fibrils in the array, P,4y;,; denotes the total adhesion force and
P,4n; is the adhesive force exerted by the ith fibril. In calculating the total adhesion force, it
is assumed that each fibril makes full contact with the surface, irrespective of surface rough-
ness, whether on the rough counter surface or within the fibril array. The adhesion force
of a fibril is influenced by the applied pre-load of a single fibril (Pf). Therefore, the total
adhesion force should be calculated taking into account the pre-load of a single fibril.

2.1.3. Roughness

In the context of a fibril array contacting a rigid surface, surface roughness can manifest
in either surface texture characteristics of a rigid counter surface or variations in the
heights of the fibrils within the array. These roughness are often described using well-
known distribution functions such as Weibull, Gaussian (normal), and non-Gaussian
distributions [36]. In this study, the distribution of fibril heights and surface roughness of a
rigid surface follows a normal distribution function given by:

1 _ (X—pé>2 "
e 20
oV 21
where x is the mean value of the height of a single fibril or the mean value of the asperity

height of a rigid counter surface, u is the mean parameter (selected as 0 in this study),
and ¢? is the variance. The variance o governs the extent of roughness variation from an

flx) =

initial height Hy of a single fibril or a rigid counter surface. The ratio 7f determines the
range of height variation across the fibril array or the counter surface. Hence, this approach
facilitates a quantitative characterization of fibril array roughness, which is crucial for
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understanding its impact on adhesion properties when in contact with either a smooth or
rough rigid surface.

2.2. Numerical Computation

This section focuses on the numerical computational method employed to analyze the
adhesion of a fibril array consisting of n fibrils in contact with either a smooth or rough
rigid counter surface. The numerical calculation is conducted in two phases: Loading and
Unloading. During the loading phase, the pre-load is monitored with each iteration of the
rigid counter surface’s motion. The calculation halts if the pre-load exceeds the desired
load. This condition is governed by a pre-load coefficient P, ff expressed as follows:

Protar < Pcoeff 1 Perp. 8)

Here, Pyy, represents the total load during the loading phase, P,y is the pre-load factor,
n is the number of fibrils, and P, is the mean critical load of the fibril array. The mean
critical load is calculated by the following:

n
Poym = mean[z Pei]. 9)
i=1
Here, P.,; denotes the critical load of the ith fibril, and 7 is the number of fibrils. This
approach ensures an accurate assessment of the adhesion behavior under varying pre-load
conditions compared to the buckling load. The numerical computation during the loading
phase follows the steps outlined in Algorithm 1 as detailed below:

Algorithm 1 Loading Phase

1: Define the variables: Young’s modulus E, Poisson ratio v, number of fibrils #, radius R
and height H; of the fibril, work of adhesion W,4;,, distribution parameter ¢, and pre-
load factor Pyyefy-

2: Compute the axial stiffness K,y, area moment of inertia | iz cross—sectional area A r

and critical load P, of a single fibril.

: Calculate the contact modulus E* using Equation (5).

: Move the counter surface with y = yy — dy, where y is the loading /unloading direction.

: for each dy do

Calculate the load of a single fibril using Equation (1).

Update the total load P,,;,; based on Equation (3).

Check the pre-load condition using Equation (8).

: end for

10: Output the results: total load Py, displacement y, number of fibrils in contact Ny;y,c,

and number of buckled fibrils Nj.

O e NS @ e W

A typical loading procedure of a rough rigid counter surface indenting a rough fibril
array is shown in Figure 2.

In the unloading phase, the adhesion force of individual fibrils varies based on their
buckling conditions, categorized into three distinct states: no buckling, low buckling and
high buckling.

*  No Buckling Condition: In this state, a fibril is not buckled. Under this condition,
the adhesion force remains as described in Equation (4).

e  Low Buckling Condition: In the low buckling state, the adhesion force P,;,; of the ith
fibril decreases to 75% of its value in the unbuckled state. This reduction is based on
experimental observations of fibril adhesion forces [26].

¢ High Buckling Condition: In contrast, under high buckling conditions, the adhesion
force of the fibril is reduced to 25% of its unbuckled value. This adjustment reflects
experimental findings that indicate significant decreases in adhesion forces under
severe buckling conditions, with values approximating 30% in some studies [28,29].
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For the purposes of simulation, a conservative estimate lower than the observed value
is used.
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Figure 2. Representative results in the numerical calculation of loading phase, where n is 10, Hy
is 600 um, R is 100 um, o is 100, Pcoeff is 2.5. (a) Initial Contact Configuration: Initially, there is
a gap between the rough fibril array and the rough counter surface, and the fibril array remains
undeformed with no contact established. (b) Partial Contact Initiation: As the counter surface begins
its compressive motion, partial contact is established between an asperity on the counter surface and
some of the fibrils in the array. (¢) Increasing Contact Area: With continued compressive motion of
the counter surface, nearly all fibrils come into full contact with the surface. However, some fibrils,
like the sixth, seventh and eighth fibril, may still not have made contact at this stage. (d) Contact
with Higher Pre-Load: With a higher pre-load factor, either all fibrils make contact with the counter
surface or some do not make contact. In this example, two fibrils do not make contact with the
counter surface. The simulation concludes once the total pre-load condition is met, ensuring a
comprehensive assessment of the fibril array’s adhesion behavior under varying pre-load conditions.
The red arrow indicates the direction of the counter surface’s motion. RRCS stands for Rough Rigid
Counter Surface, and RFA denotes Rough Fibril Array. Note that the radius of the fibrils is not scaled
in the illustrations, and the buckled condition of the fibrils is not depicted in these figures.

The boundary between the low and high buckling conditions is defined as occurring
when the load on a single fibril is less than 150% of its critical load. This value is based on
experimental observations in [26]. This categorization helps to more accurately model the
adhesive behavior of fibrils during the unloading phase, taking into account the varying
degrees of buckling and their impact on adhesion forces. The modified adhesion force of a
single fibril P;,, . due to the buckled condition can be described as follows:

Pu*dh,' = Ladhi if Piogdi < Peri (10a)
wini = 0-75 - Pogp; if Peri < Proga; < 1.5 Peri (10b)
P;dhi =0.25- Padhi if Ploadi 2 1.5- Pcri- (10C)
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When the counter surface moves beyond the initial height of a fibril in the elongation
direction after contact, causing deformation of the fibrils, the contact must be released if the
load between the fibril and the counter surface equals or exceeds the modified adhesion
force. This condition is governed by the following inequality:

|Proadil > |Pyanil- (11)

Here, | Pjy44;| denotes the absolute value of the load between the counter surface and the
ith fibril in the unloading phase, and the P, . represents the adhesion force of the ith
fibril. The absolute value is used because the load during loading is positive, while in
the unloading phase, the load becomes negative. The numerical computation during the
loading phase follows the steps outlined in Algorithm 2, as detailed below:

Algorithm 2 Unloading Phase

1: Set the number N and the index of the buckled fibril (ith).
2: Reassign the modified adhesion force Py, . to the buckled fibril using Equation (10).
: Move the counter surface to yy + dy from yo — oy where y is the loading/unloading
direction.
for each Jy do
Update the total load P;,;,; based on Equations (1) and (3).
Check the detachment criterion using Equation (11).
end for Py, is zero.
Output the results: total load Py, displacement dy.

@

A typical unloading procedure of a rough rigid surface indented a rough fibril array is
shown in Figure 3.

0.8 T T T 0.8 T T T
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Figure 3. Representative results in the numerical calculation of unloading phase, where 1 is 10, Hy
is 600 pm, R is 100 pm, 0 is 100, P,z is 2.5. (a) Final Contact Configuration: At the final stage,
the rough fibril array and the counter surface achieve contact depending on the applied pre-load
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factor. (b) Partial Contact Configuration: As the counter surface begins to move in the opposite
direction to compression, some fibrils start to lose contact with the asperities of the counter surface.
(c) Loss of Contact: With further movement of the counter surface in the opposite direction, most
fibrils begin to lose contact. However, certain fibrils, such as the ninth fibril, may still remain in
contact, depending on the motion of the counter surface and individual adhesion forces. (d) Complete
Loss of Contact: Depending on the adhesion forces and the loads on each fibril, contact is eventually
lost entirely. This procedure captures the dynamic process of contact release between the fibril array
and the counter surface during the unloading phase. The red arrow indicates the direction of the
counter surface’s motion. RRCS stands for Rough Rigid Counter Surface, and RFA denotes Rough
Fibril Array. Note that the radius of the fibrils is not scaled in the illustrations, and the buckled
condition of the fibrils is not depicted in these figures.

Multiple Simulations and Normalization

Due to potential variations in fibril height or the surface roughness of the counter
surface across different parameterizations, multiple simulations were conducted. For each
set of parameters, simulations were iterated 200 times with a constant variance. Subse-
quently, the variance was changed, and the simulations were repeated 200 times for each
new variance. The key metrics analyzed include the maximum adhesion force (| Py, |un),
the number of fibrils in contact (N;y,c), the number of buckled fibrils (Nj,), and the variance
(0) in the normal distribution.

To facilitate comparison, the results are normalized as follows:

*  Maximum Adhesion Force Normalization: The maximum adhesion force is normal-
ized against the adhesion force of a fibril array with no variance in fibril height or
surface roughness of the counter surface. This normalization is performed using the
single fibril adhesion value given by Equation (4) (P,4;,) and the number of fibrils (1) in
the array. This approach allows for a clear distinction of the effects of height variance
in the fibril array or roughness in the rigid counter surface on the adhesion strength.

*  Number of Fibrils in Contact (N;;,c) and Number of Buckled Fibrils (Nj) Normaliza-
tion: These metrics are normalized to the total number of fibrils in the array (n). This
normalization enables clear observation of the impact of the pre-load factor on the
number of fibrils in contact and buckled fibrils.

¢ Relative Displacement Normalization: The relative displacement of the counter sur-
face (dy) is normalized to the maximum elongation of the fibril, which is calculated
assuming no variation in fibril height or counter surface roughness before contact loss.
This maximum elongation occurs during the unloading phase due to the adhesive
interaction between the fibril and the counter surface. The maximum elongation is
determined using Equation (4) and the stiffness of the fibril (K;y) under ideal condi-
tions, where the pre-load is below the critical value and there are no height variations
or surface roughness. This normalization procedure ensures that the elongation of a
rough fibril array is accurately related to the maximum deformation experienced by a
smooth fibril array in contact with a smooth, rigid surface.

The normalized quantities are expressed as follows:

max | Pyotat | un

Paan = o e, (122)
Nfine, = N{; =, (12b)

Npck = NZCk, (12¢)

d, = le (12d)
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Here, Pyp,,, and max | Pyytqr|un represent the normalized adhesion force and the maximum
absolute value of the normal load during the unloading phase shown in Figure 4, respec-
tively. Ny and Ny, denote the normalized numbers of fibrils in contact and the actual
number of fibrils in contact. Similarly, Ny, and Ny refer to the normalized and actual
numbers of buckled fibrils, respectively. d, is the normalized displacement, while Jy
represents the incremental motion of the counter surface. These normalized quantities
allow for a consistent comparison of the effects of height variance and surface roughness
on adhesion performance. The representative results of these normalized values are shown
in Figure 4a—c for a smooth fibril array in contact with a rigid, smooth surface. The black
and blue lines represent the adhesion strength results when the pre-load is below the
critical value, while the yellow and green lines illustrate the adhesion strength when the
pre—load exceeds the critical threshold. In Figure 4a, the effect of excessive pre-load on
adhesion strength is evident, as it leads to reduced adhesion due to the buckling of the
smooth fibril array under high pre-load conditions (P r = 1.25). Additionally, Figure 4c
shows the status of fibrils in contact and those that are buckled. The blue and dark blue
lines correspond to cases where the pre-load is below the critical value, and under these
conditions, all the fibrils are in contact, as expected, since there is no roughness in either the
fibril array or the counter surface. When the pre-load exceeds the critical value, the fibrils
buckle, which is indicated by the orange dashed line in Figure 4c. Figure 4b—d present
the normalized force-displacement curves for a rough fibril array in contact with a rough,
rigid surface. The results indicate that the loading and unloading curves do not intersect,
leading to adhesion hysteresis. Similar hysteresis is observed in simulations involving
fibrils in contact with an elastic half-space [10]. This hysteresis can be attributed to the
roughness of the two contacting surfaces, as demonstrated in another study [37]. Addi-
tionally, the loading—unloading procedure and corresponding results are demonstrated
in Supplementary Video File S1: “video-loadunload” for a rough fibril array contacting a
rough surface.
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Figure 4. The representative results include (a) Normalized force (pre-load and adhesion) and
normalized displacement of the counter surface for a smooth fibril array in contact with a rigid,
smooth surface, where the blue and black lines represent the adhesion strength below the critical
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pre-load, the green and yellow lines illustrate the adhesion strength when the pre-load exceeds the
critical threshold, (b) Normalized force (pre-load and adhesion) and normalized displacement of the
counter surface for a rough fibril array in contact with a rigid, rough surface, (c) The percentage of
fibrils in contact and buckled fibrils during the loading phase for a smooth fibril array in contact with
a rigid, smooth surface, and (d) The percentage of fibrils in contact and buckled fibrils during the
loading phase for a rough fibril array in contact with a rigid, rough surface. The indicated values
correspond to the pre-load and maximum adhesion force.

3. Results

This section presents the results of 200 iterated simulations, focusing exclusively on
the mean and standard deviations of the normalized results unless otherwise specified.
The mechanical parameters of the fibril array and the rigid surface, along with the related
simulation parameters, are provided in Table 1.

Table 1. Parameters used in the simulations

Physical Parameter Value
Young’s modulus of fibril, E 'z 1.8 MPa
Young’s modulus of rigid surface, Es: 100 GPa
Poisson ratio of fibril, v & 0.5
Poisson ratio of rigid surface, v: 0.3
The radius of fibril, R: 100 pm
The height of fibril, H s 600 pm
The number of fibrils, n: 50, 100, 2000
Work of adhesion, W: 0.05, 0.25 J/m? [38]
Pre-load factor, Pryefy: 0.1:50

3.1. Adhesion between a Rigid Surface and a Rough Fibril Array

Figure 5a illustrates the normalized adhesion of a rough fibril array in contact with
a smooth, rigid surface, under varying roughness variances and low pre-load conditions
(below the critical buckling load). The results show that the fibril array maintains consistent
adhesion strength across different roughness variances, with maximum normalized adhe-
sion close to 1 at lower variances. However, as the variance increases, the adhesion strength
steadily decreases, likely due to the greater differences in fibril height caused by higher
variance. During the unloading phase, this height disparity leads to a sequential loss of
contact among fibrils, thereby reducing maximum adhesion. Furthermore, increasing the
pre-load enhances the adhesion strength, which is expected since a higher pre-load causes
more fibrils to be in contact, thus increasing adhesion strength. However, as the pre-load
approaches the critical value, even slight increases in roughness significantly impact adhe-
sion strength. This is because some fibrils buckle while others do not, leading to deviations
from the typical exponential decay in adhesion strength due to varying buckling conditions
among the fibrils. With further increases in variance, the adhesion strength returns to the
typical exponential decay observed at these pre-load values.

Figure 5b presents the adhesion strength under higher pre-load conditions. The results
indicate that increasing the pre-load reduces the normalized adhesion, with a maximum
of around 0.75 at the lowest variance. Additionally, a distinct adhesive characteristic is
observed: up to a pre-load factor of 1.5, the normalized adhesion decreases with increasing
variance. However, when the pre-load factor is between 1.5 and 5, there is an initial increase
in adhesion followed by a decrease. This can be explained by the fact that some fibrils
undergo low buckling while others become highly buckled. The increase occurs because
fibrils in the low buckling condition retain about 75% of their unbuckled adhesive strength,
whereas highly buckled fibrils retain only 25%. Despite these variations, the overall trend is
that adhesion decreases as variance increases due to greater differentiation in fibril height.
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Figure 5. The results of normalized adhesion with different variances (¢) are shown in the following
conditions (a) Low pre-load condition (P, 7 is less than 1.00), and (b) High pre-load condition
(Peoeff) is greater than 1.00.

Figure 6 shows the normalized number of fibrils in contact for a rough fibril array
interacting with a smooth rigid surface, under various variances and pre-load conditions.
The results demonstrate that, at low variances, almost all fibrils are in contact with the
rigid surface. At lower variances, the fibrils can adhere to the rigid surface due to the
nearly uniform height distribution among the fibrils, despite different pre-load conditions.
However, as the variance increases, resulting in greater height differences among the fibrils,
the percentage of fibrils in contact decreases. For a lower pre-load below the critical
buckling load, between 15% and 25% of the fibrils in the array maintain contact. Under pre-
loads higher than the critical buckling load, the normalized number of fibrils in contact
approaches the theoretical maximum value of 1. To achieve a higher pre-load, a greater
number of fibrils must be in contact. Ultimately, the higher the pre-load, the more fibrils
are in contact.
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Figure 6. The results of normalized fibrils in contact with different variances (c) are shown in the
following conditions (a) Low pre-load condition (P, + is less than 1.00), and (b) High pre-load
condition (Pyy, ) is greater than 1.00.

Figure 7 illustrates the correlation between normalized adhesion and the normalized
number of fibrils in contact for a rough fibril array interacting with a smooth rigid surface,
under varying pre-load conditions. The results show that under low pre-load conditions,
adhesion is linearly related to the number of fibrils in contact. This is expected, as the
total adhesion is the sum of the individual fibrils” adhesion strength, resulting in a slope of
approximately 1 for the adhesion—fibril in contact relationship. At high pre-load conditions,
almost all fibrils must be in contact to achieve the higher pre-load. However, as demon-
strated in Figure 5, higher pre-load reduces adhesion. Consequently, as the pre-load
approaches infinity, all fibrils would be in contact, but the adhesion would decrease.



Lubricants 2024, 12, 294 13 of 24

(a)

e e o
ES ) ©

Adhesion Strength

o
)

1 T T
| b +Pcoe =1.00
( ) +Pcoe: 125
) 08 Pcoeff 1.50 i
%’ +PCOE"_2 Oo
1 Bosfl+P,, 300 i
B |[+P =500
g 0.4 +Pcoeff=1o'00 -
1 87| p_, 45000
<
5]
4 < 0_2 = -
. ‘ . . s . s , . - or s s . . . . , . ‘ il
0 01 02 03 04 05 06 07 08 09 1 0o o1 02 03 04 05 06 07 08 09 1
Normalized Fibril In Contact Normalized Fibril In Contact
Figure 7. The correlation between the normalized adhesion and the normalized fibrils in contact
is shown under the following conditions: (a) Low pre-load condition (P, ffis less than 1.00), and
(b) High pre-load condition (Pfy) is greater than 1.00.

Figures 8 and 9 depict the normalized number of buckled fibrils with varying vari-
ances and the relationship between normalized adhesion and normalized buckled fibrils,
respectively, for a rough fibril array in contact with a rigid surface. As the variance in-
creases, the number of buckled fibrils exhibits a decremental characteristic. However, if the
pre-load factor approaches a very high value, all fibrils are expected to buckle due to the
excessive pre-load, as shown in Figure 8. When the pre-load is below the critical buckling
load, the number of buckled fibrils initially increases with the variance up to a certain value
(approximately 0.8 x 10~°. Beyond this point, the number of buckled fibrils decreases
very slowly as the variance continues to rise. Additionally, at low variance values, higher
pre-loads result in a greater number of buckled fibrils, as illustrated in Figure 8.
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Figure 8. The normalized buckled fibrils with different variances (o).
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Under varying pre-load conditions, the normalized adhesion varies with respect to the
buckled fibrils. At lower pre-load conditions, the total adhesion is primarily contributed
by the unbuckled fibrils. However, as demonstrated in Figure 9, as the pre-load increases,
fibril buckling becomes more prevalent. Consequently, the adhesion contribution from
the buckled fibrils increases, although it remains lower compared to the adhesion from
unbuckled fibrils. At higher pre-loads, the adhesion is predominantly due to the buckled
fibrils, as illustrated in Figure 9.

17 [P, ,=0-10
+P_ =030
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Normalized Buckled Fibrils

Figure 9. The correlation between the normalized adhesion and the normalized buckled fibrils in
different pre-load conditions.

3.1.1. Effect of Number of Fibrils on the Adhesive Strength

Figure 10 shows the adhesive strength of rough fibril arrays with varying numbers
of fibrils in contact with a smooth rigid surface under different pre-load conditions and
variances. The results reveal no significant variation in adhesive strength based on the
number of fibrils. Whether using a smaller or larger number of fibrils, the adhesive strength
remains consistent. In the numerical computations, adhesive forces are normalized with
respect to the maximum achievable adhesive force under conditions where there is no
roughness in either the fibril heights or the counter surface. Therefore, it can be concluded
that the number of fibrils in the array does not impact the maximum achievable normalized
adhesive strength. However, it is noted that increasing the number of fibrils results in more
absolute adhesive strength, but this does not translate to a change in normalized adhesion.
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Figure 10. The effect of number on the adhesive strength of fibrils under varying pre-load conditions
(@) Peoesr = 0.50, (b) Proess = 1.00, (€) Pegefr = 1.50, (d) Pegerf = 5.00.

3.1.2. Effect of Work of Adhesion on the Adhesive Strength

Elastic fibrils may exhibit different work of adhesion due to alterations in their me-
chanical properties [39]. Figure 11 illustrates the adhesive strength of rough fibril arrays in
contact with a smooth rigid surface, considering varying work of adhesion under different
pre-load conditions and variances. The results show that fibrils with a lower work of
adhesion demonstrate reduced adhesive strength. At both low and very high pre-load
values relative to the buckling load, the difference in adhesive strength due to varying
work of adhesion is less pronounced. However, this difference becomes more signifi-
cant when the pre-load exceeds the threshold that distinguishes between low and high
buckling states. This is because some fibrils are in a low buckling state while others are
highly buckled. Given that the difference in work of adhesion affects the adhesive strength
as a square root function, as stated in Equation (4), the maximum variation in adhesive
strength can reach up to 3.625. At the transition between lower and higher buckling states,
the adhesive strength reflects this maximum difference. Therefore, a reduced work of
adhesion results in decreased adhesive strength, which is expected as it directly influences
the adhesive properties.

3.1.3. Effect of Both Surfaces Being Rough on the Adhesive Strength

Figure 12 illustrates the normalized adhesion of rough fibril arrays under varying
pre-load conditions and different variances when in contact with both a smooth and a
rough rigid surface. The roughness of the rigid surface and the height distribution in the
fibril array follow the same variance condition. The results reveal a consistent pattern across
the same variance and pre-load conditions. However, the adhesive strength of a rough
fibril array in contact with a rough rigid surface is lower compared to that with a smooth
rigid surface. This reduction is expected, as surface roughness significantly diminishes
adhesive strength. Thus, the observed decrease in adhesion when both contacting surfaces
are rough, compared to when one surface is smooth and the other is rough, aligns with the
anticipated results.
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Figure 11. The effect of work of adhesion on the adhesive strength of fibrils under varying pre-load
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Figure 12. Normalized adhesive strength of a rough fibril array in contact with both a smooth rigid

surface and a rough rigid surface, where both surfaces have the same roughness variance, ¢. The data

is shown under varying pre-load conditions: (a) P, + = 0.50, (b) Poerr = 1.0, (€) Proers = 1.50,
(d) Poefr = 5.00. SRS indicates a smooth rigid surface, while RRS refers to a rough rigid surface.
RFA denotes rough fibril array.

4. Discussion

The variation in adhesion force with respect to the roughness parameter has been
studied in this study. It has been observed that the variation exhibits an exponential decay.
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The ratio of maximum adhesion strength to adhesion strength with roughness has also
been shown to follow an exponential relationship in other studies [36,40]. Additionally,
it has been demonstrated that the adhesion strength in the contact of fibrillar structures
with rough surfaces decreases similarly with respect to the roughness parameter and
other loading conditions [22]. However, it should be noted that different results may
emerge when considering a Weibull distribution as opposed to a Gaussian distribution,
as shown in [36]. This highlights the necessity of considering different distributions, which
can be adjusted by modifying Equation (7). Nevertheless, the main aim of this study is
not to investigate the effect of different distributions on adhesion strength, but rather to
demonstrate how the adhesion force changes in fibrillar structures, given that buckling
effects are often neglected in theoretical models. This is achieved through a quick and
simple algorithm, assuming that each fibril in the fibril array has an independent mechanical
effect. Some studies also indicate that each fibril can be modeled discretely [27,41,42],
and the same approach was applied here.

The contact mechanics of the fibril array are influenced by the distance between the
fibrils [42]. As the distance between two fibrils changes, interactions occur between them on
an elastic backing layer. This suggests that the adhesion force can be adjusted based on the
interaction between the fibrils. Therefore, the interaction between two fibrils should also be
considered in the adjustment of the adhesion force. Additionally, the aspect ratio (the ratio
of fibril height to diameter) has a direct impact on the adhesion force [17]. For fibrils with
a high aspect ratio, adjacent fibrils can collide with each other [43], leading to adhesion
between the adjacent fibrils [44]. In this study, the aspect ratio is conservatively set to 3,
which aligns with the values found in manufactured fibril arrays. The limit of the aspect
ratio can generally be determined by considering various fibril parameters, as discussed
in [44]. Naturally, changing the fibril height while keeping the diameter constant will also
alter the buckling load. Consequently, the effects of both the aspect ratio and the spacing
between adjacent fibrils can be incorporated into the adhesion force in Equation (4), taking
into account the backing layer model as well [45,46]. This approach ensures that both the
buckling condition and the structural interaction of adjacent fibrils are not overlooked.
However, the primary aim of this study is to consider the buckling condition of the fibrils
rather than the structural coupling in the fibril array. Therefore, it is assumed that all fibrils
are on a rigid backing layer in a decoupled manner.

We demonstrated that the number of fibrils has a negligible effect on normalized
adhesion when considering a normal distribution of fibril heights, which contrasts with the
findings in [42]. The efficiency of using different numbers of fibrils in a fibril array decreases
monotonically as the number of fibrils increases, impacting the load—sharing capacity of
the array [42]. The discrepancy arises from the assumptions in the theoretical model. We
neglected the effects of backing layer thickness [47,48], backing layer Young’s modulus [49],
and the structural coupling of adjacent fibrils in the array [33] on the adhesion capacity
of a fibril array. The load-sharing capacity in a fibril array is influenced by the elastic
coupling due to interactions with the backing layer [42,47]. Considering an elastic backing
layer with finite thickness would alter the load—sharing capacity of the array, making the
number of fibrils in the array more significant. During the unloading phase, the total
elastic deformation of a fibril is regarded as a combination of the fibril elongation and the
deformation of the elastic backing layer [49], which can be calculated using a compliance
matrix [50]. The compliance matrix includes non—diagonal terms due to structural coupling
over the elastic backing layer [50]. For fibrils on an infinitesimally thin backing layer,
the elongation of fibrils under load would be uniform, resulting in equal load sharing [47].
However, as the backing layer thickness increases, the elastic deformation at the backing
layer interface of the ith fibril would induce deformation in adjacent fibrils (jth), influenced
by the spacing between them [49]. This variation affects the adhesive force experienced
by the fibril [47], consequently affecting its load capacity. If the Young’s modulus of the
backing layer is significantly larger than that of the fibrils, the fibrils would undergo
uniform deformation, leading to equal load sharing [49], rendering the number of fibrils
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in the array less significant. Similarly, in the case of a very thin backing layer, which
can be considered rigid and with zero off-diagonal terms in the compliance matrix [51],
the backing layer remains undeformed, resulting in equal load sharing within the fibril
array [49]. The primary factor in the inconsistency regarding the effect of the number of
fibrils on adhesion strength lies in the assumption of a rigid backing layer, which makes the
number of fibrils inconsequential, as shown in Figure 10. However, the effects of backing
layer interaction and structural coupling due to varying spacings could be incorporated
into Equation (4).

The adhesion of flat-ended circular elastic fibrils is directly related to the work of
adhesion, as demonstrated in Equation (4) [34]. A decrease in the work of adhesion
consequently reduces the adhesion strength, as illustrated in Figure 11. However, other
parameters besides the work of adhesion can be used to describe the adhesion behavior of
flat-ended fibrils [52], such as the intrinsic adhesion strength, o5, and the adhesion range,
Cadn- These parameters relate the adhesion strength of flat-ended fibrils to the detachment
mode during unloading. The detachment mode, which determines how a fibril separates
from the contacting surface, can be categorized into two distinct regimes [53]: (i) the JKR
regime or energy—controlled adhesion regime, and (ii) the DMT-type adhesion or strength—
limited regime. A single non—dimensional parameter, x, governs the transition between
these two regimes and defines the adhesion strength of an elastic fibril in contact with a
rigid surface [54,55]:

_ o3 R (13)

X E W

where 0; the intrinsic adhesion strength, R is the fibril radius, E* is the contact modulus
determined by Equation (5), and W, is the work of adhesion. The value of x indicates
the detachment mode of the elastic fibril. When ( is less than 0.5, corresponding to the
strength-limited regime, the fibril detaches uniformly from the counter surface, exhibiting
strong adhesion strength. Conversely, when x exceeds 0.5, the adhesion falls within the
energy—controlled regime, leading to crack—propagated detachment with reduced adhesion
strength. The adhesion strength in the energy—controlled regime is significantly lower
than that in the strength-limited regime [56]. However, as the fibril radius is reduced,
the adhesion strength in the energy—controlled regime can approach the value observed in
the strength-limited regime. Thus, a critical radius for a single fibril, which delineates the
adhesion regime, can be determined by Ry = 7t - E* - W4,/ Uszt-

Using the physical parameters outlined in Table 1, the non—dimensional parameter x
is calculated as 26.52 with a critical radius of 1.8 um when assuming the intrinsic adhesion
strength of Polydimethylsiloxane (PDMS) fibrils to be 1 MPa [55]. Consequently, Kendall’s
solution, as stated in Equation (4), is applicable to the fibril arrays studied with the dimen-
sions provided in Table 1. Conversely, assuming an intrinsic adhesion strength of 0.1 MPa
for a typical PDMS fibril [57] results in x being 0.26 and the critical radius increasing to
180 pm, indicating that the adhesion regime is strength-limited. Therefore, the adhesion
force based on Kendall’s solution in Equation (4) would need to be adjusted to reflect higher
values in the strength-limited adhesion regime.

However, when the work of adhesion is reduced to 0.05 J/m?, the detachment mode
shifts to the energy—controlled regime, as x exceeds 0.5, regardless of the intrinsic adhesion
strength. In this scenario, the critical radius of the fibril decreases to approximately 38 um
and 0.38 um for the intrinsic adhesion strength, which is smaller than the radii of the
fibrils used in this study. The fibril radii thus fall within the energy—controlled regime,
aligning with Kendall’s solution. This shift notably affects the adhesion force described by
Equation (4).

Adhesion in both the strength-limited and energy—controlled regimes can be estimated
using the non—dimensional parameter x along with the constants g and « [57]. Thus, y is
crucial for determining the adhesion strength or the critical radius of the fibril. Although the
primary focus of this study is on the buckling behavior of the fibrils rather than their
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detachment mode, recalculating the adhesion force using x could offer additional insights,
particularly when considering different fibril radii.

This study assumes that all fibrils achieve full contact with the surface, irrespective
of roughness. However, in reality, a fibril’s contact behavior varies depending on its
diameter and the surface roughness [13]. When the fibril diameter exceeds the spacing
between adjacent roughness peaks, it establishes partial contact with multiple peaks,
and the adhesion strength is primarily determined by this partial contact. Increasing the
pre-load up to the critical value can enhance the contact area, thereby increasing adhesion
strength without inducing significant bending or buckling. In contrast, when the fibril
diameter is smaller than the spacing between peaks, the contact status depends on the
pre-load, leading to either partial contact or full surface conformity. Partial contact can
manifest either as a reduced contact area without noticeable bending or as a smaller contact
area accompanied by significant bending, resulting in a contact angle that is influenced
by surface roughness and fibril diameter [13]. This configuration can lead to potential
shearing effects.

Shearing substantially impacts fibril adhesion [58], with shear adhesion being par-
ticularly dependent on the fibril’s aspect ratio [59]. Normal adhesion strength typically
decreases due to bending induced by shearing [13,58]. Thus, the ratio of fibril diameter to
spacing between peaks, along with the fibril’s aspect ratio, are critical factors in determining
adhesive strength. Despite these complexities, this study employs a numerical and con-
servative approach to estimate the adhesion strength of fibrillar structures, accounting for
non—contact and buckled fibrils, which are influenced by the pre-load. Buckling, leading to
contact loss during loading, significantly impacts adhesion [26] and must be considered in
numerical models. To more accurately capture potential shearing when the fibril diameter
is smaller than the spacing between surface peaks, further discretizing the displacement
field along the x—axis (perpendicular to the normal load in Figure 1) could be beneficial.
Rather than modeling the fibril as a single discretized element, representing it as a series of
discretized segments across its diameter could offer a more precise depiction of shearing
effects and the resulting contact angles. This approach would better capture the nuances of
partial contact during loading.

It is well known that polymers exhibit a rate—dependent mechanical response due
to their viscoelastic nature. Fibrils are generally manufactured using polymers such as
PDMS [33]. Consequently, fibrils also demonstrate a rate-dependent adhesion behavior,
even when in contact with a smooth surface [60]. In unloading scenarios, the adhesion
behavior can be considered in relation to the unloading velocity [61]. This can be achieved
by considering the effective work of adhesion as a function of the unloading velocity.
To account for this, the motion of the counter surface () can be modeled with a time-
dependent behavior. The incremental motion can be converted into a time-related motion,
allowing the rate-dependent adhesion to be incorporated into the algorithm. This can be
represented as Py, . = Pudhi(#)” [62], where v, can be taken as the reference adhesion
force in a quasi-static unloading scenario. Hence, this approach accounts for the velocity
dependence of the adhesion in a fibril array.

This study investigated the adhesive strength of fibrillar structures, taking into account
the buckling conditions under varying levels of surface roughness, including both fibril
array height distribution and the texture of a rigid surface. It is well established that apply-
ing a high pre-load to achieve contact between fibril arrays and a rough surface enhances
adhesion strength [20-23]. Our findings also confirm that increasing the pre-load improves
adhesion strength, provided it does not surpass a critical threshold—namely, the critical
buckling load. Fibrils, being elastic long cylinders, become unstable under excessive com-
pressive forces, which reduces the contact area and, consequently, the adhesion [26,28-30].
Therefore, it is crucial to consider the pre-load condition to maximize the contact area while
maintaining the stability of the fibrils.

Figure 13 illustrates the ratio of normalized adhesion forces to the adhesion force at
the lowest pre-load (P.fr = 0.1) on a logarithmic scale against the variance in surface



Lubricants 2024, 12, 294

20 of 24

roughness. The results show that at low roughness variance and pre-loads below the critical
buckling load, normalized adhesion remains consistent. This consistency is expected since
the lower variance in fibril height distribution or an almost smooth surface results in
adhesion values similar to those observed in fibril arrays in contact with a smooth surface.
Notably, the change in adhesion strength remains nearly identical across different variance
parameters, irrespective of pre-load. As both the pre-load and variance increase, so does
the adhesion strength. The divergence in adhesion strength is closely tied to the buckling
limit. The adhesion strength increases when the pre-load is below the critical value at
the onset of a high buckling load. However, at higher roughness variance, the change in
normalized adhesion remains nearly constant up to a pre-load value of 1.5. Beyond a
pre-load value of 2, adhesion strength drops significantly as most fibrils buckle, as shown
in Figure 8. The pre-load factor values of 1.5 and beyond, which signify the onset of low
and high buckling conditions, respectively, align with experimentally observed buckling
effects on the adhesion of fibril arrays [26,28,29]. These values can be adjusted in algorithms
as conservative approximations. Consequently, it is imperative to account for the buckling
effect in numerical calculations of adhesion.
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Figure 13. Effect of pre-load on the adhesion strength normalized to the adhesion obtained at the
lowest pre-load.

For fibril arrays in contact with rough surfaces, shape memory polymers (SMPs) can
greatly improve adhesion strength under high pre-load conditions despite buckling fail-
ure of the fibrils [55,63,64]. SMPs can switch their modulus between glassy and rubbery
states [53,65,66]. When heated above their phase transition temperature (Tg), SMPs become
soft with a Young’s modulus of around 1 MPa, allowing them to easily conform to surfaces.
Cooling below Tg makes them rigid with a Young’s modulus over 1 GPa, which locks
their deformed shape in place, a process known as rubbery—to—glass (R2G) adhesion [55].
This combination of modulus change and shape-locking contributes to enhanced adhesion
strength, with the adhesion being energy—controlled in the rubbery phase and strength—
limited in the glassy phase. This transition is represented by a single non—-dimensional
parameter, with shape-locking being crucial for increased adhesion strength [53]. In ap-
plications with fibril arrays in contact with a rough surface, SMPs can help to minimize
adhesion strength loss due to buckling under excessive pre-load, compared to traditional
polymers. As fibril arrays buckle under high pre-load, side surfaces come into contact with
the counter surface due to significant bending deformation, which increases the contact
area [64]. Cooling below Tg can further enhance adhesion strength, even on rough sur-
faces, due to this increased contact area. Additionally, in the rubbery phase, SMPs provide
adhesion switchability with buckling failure, allowing for detachment on demand [55].
Therefore, SMPs could be an effective material choice for a fibril array, particularly in
managing excessive pre-load and surface roughness.
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5. Conclusions

In this study, the adhesion strength of fibril arrays in contact with either a smooth or a
rough rigid surface was investigated for various pre-loads, number of fibrils, and roughness
parameters. The fibrils in the arrays were considered as soft cylinders modeled using
Euler-Bernoulli beam theory. The adhesion model was incorporated into the numerical
computational model by assuming that the influence of each fibril does not affect the other
fibrils. The following conclusions were drawn from the results:

e  Effect of Roughness on Adhesion: The adhesion strength exhibits an exponential decay
with increasing roughness parameters. This relationship is consistent across various
pre-loads. This finding aligns with existing studies which show that the adhesion
strength decreases in a similar manner with respect to roughness. The numerical
model effectively captured the influence of surface roughness on adhesion strength.

*  Role of Fibril Number: The number of fibrils in the array has a negligible effect on
normalized adhesion strength when considering a normal distribution of fibril heights.
This finding contrasts with previous studies that incorporated backing layer effects
and structural coupling [33,42,47], indicating the importance of model assumptions in
predicting adhesion behavior.

* Impact of Pre-Load on Adhesion Strength: Increasing the pre-load enhances the
adhesion strength up to a certain threshold, beyond which the fibrils begin to buckle.
The critical pre-load is directly related to the onset of buckling, and exceeding this
value significantly reduces adhesion due to the instability introduced by buckling.

Buckling is pivotal to the adhesion performance in fibrillar structures [26]. High
compressive forces can cause these structures to buckle, leading to a reduction in contact
area and, consequently, adhesion strength. The numerical model developed in this study
accounts for buckling effects, underscoring the necessity of integrating this phenomenon
into both theoretical and computational models. The results offer valuable insights into
designing fibrillar adhesives by optimizing pre-load and surface roughness. Understanding
critical buckling loads and roughness impacts will facilitate the development of effective
fibrillar structures for practical use. Future research will include further discretization of
individual fibrils, and exploring different tip shapes, such as mushroom-like [67].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/lubricants12080294 /s1, Video S1: Video-loadunload represents
the typical loading-unloading results of a rough fibril array in contact with a rough surface.
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