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Abstract: According to the dynamic characteristics of the adhesion desorption process between
gecko-like polyurethane setae and the contact surface, the microcontact principle of an elastic sphere
and plane is established based on the Johnson–Kendall–Robert model. On this basis, combined with
the cantilever beam model, microscale adhesive contact models in the case of a single and an array
of setae are obtained. The contact process is numerically simulated and verified by the adhesion
desorption test. After that, the effects of external preload, the elastic modulus of setae material, the
surface energy, and the surface roughness on the contact force and depth during the dynamic contact
process of setae are studied. The results show that the error between the simulation and test is 15.9%,
and the simulation model could reflect the real contact procedure. With the increase in preload, the
push-off force of the setae array would grow and remain basically constant after reaching saturation.
Increasing the elastic modulus of setae material would reduce the contact depth, but have little effect
on the maximum push-off force; with the increase in the surface energy of the contact object, both the
push-off force between the objects and the contact depth during desorption would increase. With
the increase in wall roughness, the push-off force curve of the setae array becomes smoother, but the
maximum push-off force would decrease. By exploring the dynamic mechanical characteristics of the
micro angle of setae, the corresponding theoretical basis is provided for the numerical simulation of
the adsorption force of macro materials.

Keywords: Johnson–Kendall–Robert model; polyurethane setae array; surface energy; modeling;
simulation

1. Introduction

In recent years, substantial progress has been achieved in gecko-inspired adhesive
technology since the discovery of the uniquely layered footpad structure of geckos [1,2].
Geckos can climb on almost any surface, or even stand upright or upside down, because
their layered structure is composed of inclined villi, and the end of each villus is composed
of many thin setae [3]. Researchers have been able to understand the adhesion mechanism
of gecko feet and have promoted the development of biomimetic adhesion materials [4–6].
Based on the van der Waals force contact principle, biomimetic adhesive materials may
exhibit stable contact performance in complex environments [7,8]. The van der Waals force
exists in the molecules on the surface of various objects without any requirements regarding
the environment, so it is employed by animals such as geckos to adhere to the surfaces of
various objects [9].

A lot of research has been carried out on the design and production of gecko-like
adhesive materials and structures at home and abroad. In 2000, Autumn et al. [10,11]
studied the adhesion mechanism of gecko setae. In the United States, there has been an
upsurge in research on biomimetic dry adhesive materials and structures. The adhesion
mechanism of gecko setae dominated by the van der Waals force and supplemented by
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the capillary force has been widely accepted. However, the elastic deformation of the
setae was rarely involved, leading to the overestimation of the adhesion to the setae. In
2003, Geim et al. proposed a “gecko tape” material, which is fabricated with an array
of geometrically shaped flexible plastic posts. The structure has a repeatable attachment
function and self-cleaning capability [12]. Persson proposed a simple model to study the
effect of surface roughness on the adhesion of gecko foot setae. This model simplifies
the tongue depressor at the end of the setae and regards the tongue depressor as an
equivalent plane. Assuming that the surface roughness follows a normal distribution, the
simulation results show whether the adhesion depends on the magnitude of the surface
roughness [13,14]. The literature carries out experimental and theoretical analyses on
adhesion to rough surfaces, but does not emphasize the change in the adhesion force of
microscopic setae during adhesion. In 2005, the Max Planck Institute for Metal Research
in Germany simulated setae found on the foot of a gecko, then optimized and simulated
the pulling process of the gecko setae, but lacked research on the adhesion properties of
array materials [15,16]. Dai Liming et al., of the University of Dayton in the United States,
recently used chemical vapor deposition to obtain high-density, large aspect ratio carbon
nanotube-adhered arrays [17]. The literature did not further elaborate on the adhesion
principle of the array material. Guo et al. studied the dry adhesion of VACNTs in different
temperature ranges and explained the phenomenon of adhesion with temperature [18].
The microscopic morphology of the material was optimized by Mark Cutkosky et al. at
Stanford University to develop a millimeter-scale array with sharp ends. The adhesion
strength of the experimentally obtained adhesion array is about 0.24 N/cm2, with obvious
anisotropy, but the connection between the microscopic setae adhesion theory and the
macroscopic adhesion has not been explained further [19,20].

Research on the adhesion characteristics of geckos has good references regarding
the development of bionic adhesion materials. Therefore, we could explore the principle
of the microstructure of gecko feet to study the adhesion characteristic of polyurethane
setae array materials. The traditional Hertz contact theory is mainly used for the contact
between two elastomers. When the research scale is further reduced and the surface energy
is introduced, the Hertz contact theory cannot be explained. Based on the Hertz theory,
the Johnson–Kendall–Robert (JKR) contact theoretical model is established by introduc-
ing surface adhesion. The dynamic mechanical properties of setae in microcontact are
further studied by integrating the JKR contact theory model with the cantilever beam
model. Through the established mathematical model, the influence mechanism of rough-
ness, surface energy, and elastic modulus on the microcontact dynamic characteristics of
polyurethane, the setae array is analyzed.

The structure of this paper is as follows: Section 1 summarizes the relevant research
and the main contributions of this work. In Section 2, the microscale adhesion theory and
cantilever beam theory are studied and integrated to form the setae quasistatic contact
theory. Descriptions of experiments, simulations, and the model analysis are included in
Section 3. Section 4 concludes the whole research.

2. Micro Contact Theory of Setae
2.1. Microscale Adhesive Contact Theory

In the macroscopic theory, when objects are in contact with each other, the elastic
force is much larger than the surface force of the objects. Thus, the surface force is often
ignored. However, when the characteristic scale of the research object is reduced to a
certain range, there can be many phenomena that cannot be explained by the traditional
macroscopic contact theory. The reason is that the role of the surface force and surface
energy between two objects is the key factor in determining the adhesion, contact, and
deformation behavior of solid surfaces. In areas where surface forces are dominated,
traditional continuum mechanics methods are no longer applicable. The concept of surface
force was introduced in classical mechanics; thus, forming the theory of the microscale
adhesive contact.
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In the Hertz contact model, due to the lack of an adhesion force, when the applied
external load is Ph, a contact circular surface with a radius ah would be generated, and its
contact depth δh and pressure distribution Ph(r) in the contact area could be given by the
following formula:

a3
h =

3RPh
4E∗

(1)

a3
h =

3RPh
4E∗

(2)

ph(r) =
3Ph

2πa2
h
(1− r2

a2
h
)

1/2

(3)

where E∗ is the equivalent elastic modulus, E∗ = (
1−ν2

1
E1

+
1−ν2

2
E2

)
−1

and R are the equivalent
radius 1

R = 1
R1

+ 1
R2

, R1R2 are the radii of two contact spheres, respectively, and r is the
distance between the contact point and the center of the contact area.

Based on the Hertz contact model, the adsorption force Pa between the contact surfaces
is introduced, and its pressure distribution Ph(r) in the contact area could be expressed by
the following formula:

Pa(r) =
Pa

2πa2 (1−
r2

a2
h
)

− 1/2

(4)

The adsorption term Pa has a crack propagation singularity at the contact boundary,
and the corresponding pressure increase coefficient is KI = Pa

2a
√

πa . Using the Irwin for-
mula, the relationship between the adsorption energy and the adsorption energy could be
obtained as:

G =
K2

I
2E∗

= w (5)

Among them, G is the elastic energy release rate, w is the adhesion energy, and
w = 2

√
γ1γ2, γ1, and γ2 are the surface free energy of the two objects in contact with

each other, respectively. The expression of the adsorption term could be obtained from the
above formula:

Pa =
√

8πwE∗a3 (6)

The final JKR theoretical contact pressure distribution can be obtained:

PJKR = Ph − Pa =
4E∗a3

3R
−
√

8πwE∗a3 (7)

The expression of the contact circle radius aJKR is:

a3
JKR =

3R
4E∗

(P + 3πwR +

√
6πwRP + (3πwR)2) (8)

The corresponding normal displacement is δJKR and could be written as:

δJKR = δh + δa (9)

where δh is the Hertz compression depth, δa is the adsorption compression depth, and

δa =
Pa

2πE∗ =
√

8πE∗wa3

2πE∗ ; finally, the normal displacement could be written as:

δJKR =
a2

JKR

R
−

√
2πwaJKR

E∗
(10)
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To facilitate the analysis of the essence of the JKR contact model, the obtained dimen-
sionless external load P∗, contact circle radius a∗, and contact depth δ∗ are:

P∗ =
PJKR

πRw
(11)

a∗ = aJKR(
4E∗

3πR2w
)

1/3

(12)

δ∗ = δJKR(
9π2Rw2

16E∗2
)

− 1/3

(13)

Then, according to the formula (7), the expression of dimensionless load P∗ could be
obtained as:

P∗ = P∗h − (6P∗h )
1/2 = a∗3 − (6a∗3)

1/2
(14)

Based on Equation (10), so that the contact depth δ∗:

δ∗ = a∗2 − 2

2a∗
/

3

1/2

(15)

When the external load is 0, the contact radius generated by the van der Waals

force is a0 = (
6πR2w

/
K)

1/3

, and the following could be seen from Equation (8): the

maximum adhesion force: Fad = −1.5πRw; the separation radius: as = 0.63a0; the normal
displacement during separation: δs = −0.21a0

2R−1.

2.2. Cantilever Beam Theory

Since the JKR theory could only describe the micro-scale adhesion properties and can-
not characterize the elastic deformation of the setae rods, it may lead to the overestimation
of the adhesion strength. When analyzing the microscopic contact of setae, a single seta
rod could be regarded as a large flexible beam, and the end could be simplified as a viscous
elastic sphere. This simplified model could deal with issues related to setae contact.

By applying vertical pressure on the setae, they can gradually achieve close contact
with the surface. The setae would then be in the adsorption state. After that, a push-off
force could be applied on the setae to separate them from the contact surface. Based on
Figure 1, the mechanical analysis of a single polyurethane seta was carried out.
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Neglecting the instability, when the setae were compressed in their axial direction,
the ends of the setae were also subjected to a reaction force in the axial direction. Accord-
ing to the deformation theory of large flexible beams in the mechanics of materials, the
deformation of the seta in their axial direction was:

∆l =
Fl

πr2E1
(16)

where l is the length of the setae rod, E1 is the elastic modulus of the setae material, r is
the diameter of the setae rod, and F is the axial load on the setae. The above Equation (16)
could be transformed into a function F = Ka∆l, where Ka is the stiffness of the setae along
the axial direction, with the expression:

Ka =
πr2E1

l
(17)

when the end of the setae is subjected to an external force along its radial direction, the
bending deformation of the material would cause a relative displacement ∆h in the radial
direction. Therefore:

∆h =
Fl3

3E1 I
(18)

The above formula could be transformed into a function F = Kp∆h, where Kp is the
stiffness of the setae along the radial direction, and its expression is:

Kp =
F

∆h
=

3πr4E
4l3 (19)

The longitudinal stiffness Ky of the setae at the inclination angle θ could be expressed as:

Ky =
Fy

δy
=

KP · Ka

KP sin2 θ + Ka cos2 θ
(20)

In the same way, the expression of the lateral stiffness KX of the setae could be
expressed as:

Kx =
Fx

δx
=

KP · Ka

KP cos2 θ + Ka sin2 θ
(21)

To facilitate the study of the plastic deformation of the seta rod, the axial stiffness and
the radial stiffness of the inclined seta rod were converted into the longitudinal stiffness Ky
and the transverse stiffness KX . The comprehensive deformation of the seta rod could be
decomposed into the X-direction deformation and the Y-direction deformation according
to the coordinate system.

2.3. Quasi-Static Contact Theory

When the setae were pressed in or pulled out vertically at a low speed, the contact
state of a single polyurethane seta with the surface could be approximately regarded as the
quasistatic contact. As shown in Figure 2, the distance between the base of the setae and
the contact surface was Z, the length of the setae rod was L, and the radius of the end ball
was R. The seta was displaced as y in the Y direction. The initial distance of the setae from
the contact plane was h0. The distance between the end of the seta and the contact surface
during the movement was h.

h = Z− L sin θ − R− y (22)
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The setae contact state was judged by analyzing the size of h. Since the interaction
force of the setae in the process of contact and desorption was different, it was necessary to
analyze the mechanical state of the pressing and desorption of the polyurethane setae.

2.3.1. Quasistatic Indentation Force Analysis of Setae

The polyurethane setae were pressed vertically in the Y direction. Due to the van
der Waals forces acting at a small distance, the polyurethane setae were just in contact
with the surface without deformation at that time h = 0. The interaction force between the
polyurethane setae and the surface was 0 at this time. When h < 0, the polyurethane setae
were squeezed, and the interaction force between them was expressed as a repulsive force
F > 0.

The displacement of the base of the setae was y, and the contact depth between the
ball at the end of the setae was y1. When the rod of the setae was compressed, its elastic
deformation was y2. As shown in Figure 3a, the relationship between their displacements
could be obtained:

y = y1 + y2 (23)
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As the setae moved down, the displacement y1 for the end ball was the JKR theoretical
depth of contact:

y1 = δJKR (24)

Based on the force balance theory, as shown in Figure 3b, we could obtain:

F = PJKR = y2 × Ky (25)

By combining Equations. (7), (10), (20), (23), and (25), the relationship between the
contact force and the displacement of the setae in the Y direction could be obtained.
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During the pressing process, the seta would produce a lateral deformation x, which
could be approximated according to the deformation coordination relationship:

x = (y− y1)× tan θ (26)

The coefficient of friction between the setae and the surface was µ, and the setae
experienced a leftward frictional force Fµ during the press-in process:

Fµ = µ× F (27)

If the force generated by the lateral deformation of the setae was less than the friction
force, that is xKx ≤ µF, then the setae would not produce a lateral displacement. Addition-
ally, the friction force value was equal to the static friction. If the force generated by the
lateral deformation of the setae was greater than the friction force, that is xKx > µF, then
the setae would produce a lateral displacement. Additionally, the friction force value at
this time was equal to the size of the kinetic friction force.

2.3.2. Quasistatic Push-off Force Analysis of Setae

The polyurethane setae were perpendicular to the surface in the Y direction. When
h < 0, the polyurethane setae were squeezed, and the interaction force between them was
expressed as the repulsive force F > 0. In the Y direction, the contact force between the
setae and the surface was the same as that in the pressed state. The friction force was
opposite to that in the pressed state in the X direction.

When δs ≥ h > 0, the polyurethane setae end beads adhered to the surface, and
the interaction force between them was an attractive force F < 0, as shown in Figure 4.
Equation (25) was also applicable to the solution of the contact force in the desorption state,
but the force state was opposite to that in the press-in state.
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When h > δs the polyurethane setae were separated from the surface, and the interac-
tion force between them was F = 0.

3. Results and Discussion
3.1. JKR Model Analysis

By solving the normalized JKR model of the setae contact, the relationship between the
contact circle radius, contact force, and contact depth was obtained. Through the analysis
of the curve characteristics, the dynamic mechanical relationship between the two objects
in the mutual adsorption and desorption process was obtained.

The relationship between the force and the radius when the setae were in contact
with the surface is shown in Figure 5a. It could be seen from the figure that the maximum
adsorption force was at point C. The corresponding adsorption force was −1.5 µN at this
point, and the radius of the contact circle was 1.24 µm. This point was the critical point
where the ball end of the setae and the contact surface were separated from each other.
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When the ball at the end of the setae was 0 from the surface, the adsorption force
changed from point O (0, 0) to point A (0, −1.35 µN) in Figure 5b. The increase in the
contact depth led to a growth in the adsorption force, which changed in the AB direction
from point A. When the ball surface and the contact surface were separated from each other,
the force would gradually decrease along with BA. The positive pressure gradually became
the adsorption force, and then changed from point A to point D (−0.8, −0.75). When it was
further detached from point D, the adsorption force would change suddenly from point
D (−0.8, −0.75) to point E (−0.8, 0), which also meant that the polyurethane setae were
completely detached from the contact surface. Point D was the critical point, where the
polyurethane setae and the contact surface were separated from each other.
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3.1.1. Influence by Elastic Modulus

Based on the above theory, the effect of the material’s elastic modulus and surface
energy on the interaction force model was further analyzed. The dynamic mechanical
simulation analysis was carried out by selecting real polyurethane seta material parameters.
The sphere and the plane were selected to be in contact with each other, the radius of the
sphere at the end of the polyurethane setae was 4 µm, the elastic modulus was 1.413 Mpa,
the Poisson’s ratio was 0.3 mJ/m2, and the adhesion energy was 40 mJ/m2. The elastic
modulus of the contact plane was 55 Gpa, the Poisson’s ratio was 0.25, and the adhesion
energy was 170 mJ/m2.

Taking the elastic modulus as 0.1 Mpa, 1 Mpa, and 10 Mpa for the dynamic simulation,
we could obtain the relationship curve between the circle radius and the external load, and
the external load and the depth. It could be seen from Figure 6a that with the increase
in the elastic modulus, the contact circle radius under the same contact force decreased
significantly from 3.69 µm at 0.1 Mpa to 0.74 µm at 10 Mpa. An increase in the elastic
modulus resulted in less deformation under the same contact force. Under the same contact
force, the deformation became smaller as the elastic modulus increased. It was also found
that the maximum push-off force of spheres with different elastic moduli experienced little
change during the separation process.
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3.1.2. Influence by Material Surface Energy

Taking the sphere adhesion energy as 4 mJ/m2, 40 mJ/m2, and 100 mJ/m2, the
dynamic simulation was carried out. The relationship between the radius of the circle and
the load, and the load and the depth were obtained. It could be seen from Figure 7a that
with the increase in the surface adhesion energy, the maximum adsorption force when the
setae were desorbed increased significantly. The maximum adsorption force increased from
0.71 µN at 4 mJ/m2 to 3.55 µN at 100 mJ/m2. With the increase in the surface adhesion
energy of the contacting object, the corresponding contact depth also increased gradually
during desorption, from 0.23 µm at 4 mJ/m2 to 0.71 µm at 100 mJ/m2.
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To sum up, the contact depth would increase with the decrease in the elastic modulus
under the same contact load, but had little effect on the maximum push-off force. The
depth of the contact and maximum push-off force would increase as the surface energy
of the contacting object increased. Therefore, the main factor affecting the setae push-off
force was the surface energy of the material. When the material for creating the setae was
determined, no matter how the morphology and size of the setae changed, the value of the
push-off force was constant.
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3.2. Simulation of the Single Seta

The interaction force between a single seta and the surface adhesion or detachment
had different forms, so the micro-adhesion state of the setae needed to be considered
and analyzed separately. When δ > 0, the seta would be in contact with the surface and
elastically deform. When δ < 0, the polyurethane seta would undergo a plastic deformation
due to the effect of adhesion and remained in contact with the surface. Until the elastic
force overcame the adhesion δ > δ0, the setae detached from the surface.

The dynamic desorption process of a single polyurethane seta was simulated and
analyzed, and the parameters were selected as shown in Table 1. The dynamic desorption
process of setae was solved by Matrix Laboratory (MATLAB) programming.

Table 1. Selection of polyurethane setae parameters.

Material Name Slope Setae Diameter Length Poisson’s Ratio Elastic Modulus Adhesive Energy

Polyurethane 30◦ 3 µm 20 µm 0.3 1.413 Mpa 40 mJ/m2

The relationship curve between the contact force and the contact depth was obtained
through a simulation, as shown in Figure 8. The setae were slowly pulled out at a certain
speed, and the contact force decreased with the contact depth and changes toward BA.
When the setae were pulled apart to −7.2 µm, the contact was suddenly disconnected.
From point D to point E, the adsorption force suddenly changed from 4.1 µN to 0 N. The
EF segment setae were separated from the contact surface, and there was no interaction
force detected.
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3.3. Setae Array Simulation and Experiment
3.3.1. Rough Surface Model

An important assumption of the classical contact theory is that the contact surface
is geometrically smooth, but the real surface in engineering is rough. Therefore, it was
necessary to establish a roughness model that could approximate the actual surface and
could be easily calculated. As shown in Figure 9, assuming that the base surface of the setae
was parallel to the reference plane of the contact surface, the spacing was Z, the length of
each seta was L, the setae were parallel to each other, and the angle between the setae and
the base surface was θ.
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It was assumed that the peak height distribution of the contact surface conformed
to a normal distribution, and the reference surface of the rough surface was a plane. The
distance was h between the contact surface profile and the reference plane, and the height
satisfied the following Gaussian distribution:

g(h) =
1√
2πσ

e−
h2

2σ2 (28)

3.3.2. Dynamic Simulation and Experimental Verification

The dynamic adhesion process of polyurethane setae arrays was simulated and an-
alyzed, and the setae were pulled out vertically from the bottom to the top. When the
material area was 1 cm2 and the seta spacing was 4 µm, there was 1 × 107 setae in total,
and the inclination angle of the seta was 60◦. The elastic modulus was taken as 1.413 Mpa,
the Poisson’s ratio was 0.3, the surface adhesion energy was 40 mJ/m2, and the friction
coefficient between the end of the setae and the surfaces was 0.2. The elastic modulus of
the contact surface was taken as 55 Gpa, the Poisson’s ratio was 0.25, and the adhesion
energy was taken as 170 mJ/m2. The mean square error of the surface roughness was 1.
Using MATLAB programming to solve the dynamic desorption process of setae, the results
obtained by dynamic calculation are shown in the following Figure 10.
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The relationship between the push-off force and the depth was obtained through a
simulation, as shown in Figure 10. With the continuous pulling out of the setae array, the
contact force decreased gradually from 8.6 N. When the contact depth was less than 0 µm,
the direction of the contact force changed from pressure to adsorption. The curve had an
extreme point as the adsorption force reached a maximum value of −2.85 N. As the setae
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pulled further apart, the adsorption force gradually decreased to 0 N, and all the setae were
separated from the surface.

Figure 11a shows the relationship between the adsorption force and the preload on
the setae array when the mean square error of the roughness was 1. We could see from the
simulation curve that the adsorption force of the setae array increased rapidly with the
increase in pressure. After the pre-pressure reached 1 N, the adsorption force stabilized
at about 2.3 N. The experimental results matched well and the deviation error of the data
was 7.81%.

As the preload force increased, the number of setae arrays in contact with the surface
increased, so the preload force determined the distribution of adhesion between the array
and the surface. Different adhesion distributions would produce different interaction
force relationship curves during the detachment process. There was an extreme point of
adhesion force in the desorption curve under a certain pre-pressure, as shown in Figure 10.
By collecting the maximum desorption force under different pre-pressures, the relationship
curve between the pre-pressure and the maximum desorption force was obtained. During
dynamic detachment, the maximum adhesion force produced by the setae array increased
with an increasing preload, as shown in Figure 11a. The preload was further increased, and
the maximum adhesion attraction tended to reach a stable value. Because the area of the
material was constant in both experiments and simulations, there was a saturation value for
the number of setae contacts. The mean square error of surface roughness was selected as
0.5, 1, and 1.5, respectively. The experimental and simulation results of setae in contact with
surfaces of different roughness are shown in Figure 11b. The root mean square (RMS) was
used to describe the dispersion between the experimental data and the simulation data, and
the calculation result was 15.9% [21]. The peak adsorption force increased continuously at
different preloads as the root mean square deviation of the surface decreased. The contact
of the polyurethane setae array with the rough surface became better as the root mean
square deviation decreased, so the smooth surface was more favorable to the adsorption of
the setae array.
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4. Conclusions

This paper established a complete contact model for polyurethane setae arrays, which
considered the Hertz contact theory, the surface energy theory, the cantilever beam theory,
and the rough surface mode comprehensively. When analyzing the contact of a single seta,
the setae rod was simplified as a cantilever beam, with its axial and radial stiffnesses con-
verted into longitudinal and transverse stiffnesses. Integrating the single setae quasistatic
contact theory and the rough surface model, the setae array contact model was further
obtained. After that, a parameter analysis was conducted and verified by the corresponding
experimental data. The main conclusions were as follows:
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(1) By comparing the simulation with the experiment, the average discrepancy of the
data was 15.9%, which demonstrated the feasibility of the polyurethane setae arrays
contact model.

(2) Through the analysis of the JKR model for the ball end of the setae, it was found that
reducing the elastic modulus of the object would increase the depth of contact under
the same external load. The elastic modulus had little effect on the maximum push-off
force. Increasing the surface energy of the contacting object would grow the distance
between the objects, the push-off force, and the depth of contact during desorption.

(3) When the polyurethane setae array was in contact with the rough surface, it was
found that with the growth of the preload applied to the setae array, the number of
setae in contact rose. Its maximum adsorption force would also increase, but it would
reach saturation.

(4) Different properties of the contact surface material had different effects on adhesion.
The greater the surface energy of the contact surface, the greater the adsorption force
generated when the seta arrays were separated. The elastic modulus and Poisson’s
ratio of the contact surface had little effect on the adsorption force. The roughness of
the contact surface had a negative effect on the adsorption force of the seta array, and
the smoother the surface, the greater the adsorption force.
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