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Many researchers have reported that the robust adhesion that enables geckos to move quickly and securely across
a range of vertical and horizontal surfaces is provided by the hierarchical structure of their feet (i.e. lamellae, setae,
spatulae, etc.). Maintaining this robust adhesion requires an intimate contact between the terminal tips of the spatulae
and the surface. The aim of this study was to investigate the effect on the adhesive properties of the spatulae when a
particle becomes trapped at the contact surface. Using the Johnson, Kendall and Roberts (JKR) theory, a model was
constructed to assist in the analysis of the interactions between the spatula tip, the particle and the surface. The results
showed that the keratin (the natural material of the spatula) provides a robust system for adhesion even when there is
a particle in the contact area, and the effective contact area of spatulae will be 80%. When the particle is signiﬁcantly
harder than the surface, the adhesion properties of the contact surface inﬂuenced by the particle will be more obvious.
The results also reveal that the generated adhesion is considerably higher when the spatula is in contact with a softer
surface, such as wood or concrete, rather than a hard surface, such as glass or SiO2.
[Jeng Y-R and Mao C-P 2010 The effect of contaminants on the adhesion of the spatulae of a gecko; J. Biosci. 35 595–603]
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1.

Introduction

Nature has evolved a variety of mechanisms to enable species
of different kinds to move across (or through) various media,
including friction-based mechanisms (e.g. in hill stream ﬁsh,
snakes and birds) and adhesive organ-based mechanisms (e.g.
in tree frogs, spiders, and bats) (Scherge and Gorb 2001).
The latter mechanisms generally involve the use of smooth,
ﬂexible pads and setose surfaces to achieve robust adhesion
(Gorb et al. 2001). In general, the adhesive properties required
to enable locomotion are produced via such phenomena as
mechanical interlocking between the two contact surfaces,
intermolecular forces, secretory ﬂuids and so forth. The
current study concentrates on adhesive mechanisms and
explores the dry adhesive properties inherent in the contact
between the feet of geckos and the substratum.
Many studies have explored the robust adhesion
mechanisms of this particular contact system (Ruibal and
Ernst 1965; Russell 1975; Autumn et al. 2000, 2002, 2006;
Autumn and Peattie 2002; Arzt et al. 2003; Geim et al.

2003; Sitti and Fearing 2003; Thomas et al. 2002; Autumn
2006; Takahashi et al. 2006; Tian et al. 2006; Yao and Gao
2006). Some results suggest that robust adhesive attachment
arises primarily as a result of the hierarchical arrangement
of the geckos’ foot structure (Autumn et al. 2000; Takahashi
et al. 2006). Arzt et al. (2003) also demonstrated that the
foot of geckos has very efﬁcient attachment mechanisms
that split up that contact area into ﬁner subcomponents
that meet and interdigitate with the proﬁle of the substrate
to permit intimate contact. "Each foot carries hundreds of
thousands of setae, and each seta has approximately 200
to 1000 individual projections, terminating in a spatulashaped structure with a width of 200–500 nm" (Russell
1975; Autumn et al. 2000; Menon et al. 2004; Johnson
and Russell 2009). Several literatures further explored the
advanced structural properties of seta. For example, Johnson
and Russell (2009) suggested that the conﬁguration of setal
ﬁeld follows a predictable pattern, and Webster et al. (2009)
demonstrated that the numbers of setae are in relation to
body size and scaling of gecko.
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Hiller (1968, 1969, 1975) showed that intermolecular
forces, correlated with the surface energy of the substrate,
are responsible for adhesion in geckos. Subsequently,
Autumn et al. (2002) observed that the adhesion of geckos
to hydrophilic and hydrophobic polarizable surfaces was
similar. They then clarify that the precise nature of these
intermolecular forces depends on van der Waals interactions,
and it provides the dry adhesion of the individual spatula
on the foot to run on vertical or horizontal surfaces. On the
other hand, Huber et al. (2005) suggested that the adhesion
of geckos rises signiﬁcantly on air humidity and substrate
hydrophilicity. They demonstrated that capillarity effect
contributes signiﬁcantly to gecko adhesion on a nanoscopic
level.
The attachment and detachment of the gecko foot is
dominated by the incorporation of the adhesion and friction
on the contact surface. For the exploration of adhesion of
a single spatula, the contact mechanism of spatulae can
be modelled as a contact between an elastic solid (i.e. the
spatula) and a substrate (i.e. a wall or ceiling surface). The
adhesion between the elastic solid and the hard substrate
varies as a function of two competing mechanisms, namely,
the molecular binding energy (or the adhesion energy) and
the elastic deformation energy, respectively (Persson 2003).
In analysing the adhesion of the feet of geckos, each spatula
can be modelled as a cylinder with a hemispherical tip
(Russell 1975) and the setal force can be computed from
the van der Waals attraction forces between the cylinder
and the surface. The foot of the gecko is characterized by
strong adhesions and compliant tips, and hence the contact
is generally modelled (Autumn et al. 2002; Arzt et al. 2003;
Persson 2003; Sitti and Fearing 2003; Yao and Gao 2006)
using the Johnson, Kendall and Roberts (JKR) theory
(Johnson et al. 1971). More recently the spatulae of geckos
have been modelled as being akin to a thin tape (Tian et al.
2006), where a Lennard-Jones-type potential (Jones 1924)
is used to represent the van der Waals force for the adhesion
and friction of a single spatula. They macroscopically
explored the bending and peeling of a thin tape to determine
the relationship between attachment and detachment for a
single spatula.
During locomotion, contaminants will inevitably become
trapped in the contact between the foot of gecko and the
substrate. Hence, it is important to determine the effect of
these particles on the adhesion properties of the contact.
Despite extensive studies of general contact mechanics
(Greenwood and Williamson 1966; Chang et al. 1987;
Bhushan 1996, 1998; Lin and Lin 1999; Zhao et al. 2000;
Jeng and Wang 2003), relatively few researchers have
investigated the effects of trapped particles at the interface
(Jeng and Huang 2003, 2005; Horng et al. 2004; Hansen and
Autumn 2005; Hui et al. 2006). Hansen and Autumn (2005)
discovered the phenomenon of self-cleaning of gecko setae,
J. Biosci. 35(4), December 2010

and predicted that setal self-cleaning depends strongly on
particle and spatula size and the material properties of
spatulae. The current study, drawn on previous experience
in the study of trapped particles at the interface during
wafer polishing, focuses on the adhesion between the tip
of the spatula and the surface during loading processes
of an intimate contact. Accordingly, it presents a contact
mechanics model based on JKR theory with which to explore
the inﬂuence of particles on the adhesion characteristics of
gecko setae in contact with a variety of hard and soft surface
types.
2.

Method

Figure 1 presents a schematic illustration of the current
contact mechanics model. The model comprises three spheres
with radii of R1, R2 and R3, respectively, corresponding to the
spatula, the particle and the surface, respectively. Note that
the radius of the sphere (R3) is signiﬁcantly larger than that
of the spatula (R1). Therefore, it is considered to be inﬁnitely
large, and assumed to have the form of a ﬂat surface. The
three spheres were brought into contact with one another via
the application of an external load (P0). Our model attempted
to simplify the complex relationship between the three bodies
by using a two-step approach to deal with contact properties
between spatula–particle, particle–surface and spatula–
surface contact pairs. The ﬁrst step was to check whether
the spatula covers the particle and contacts the underlying
surface. The next step focused on the interactive relationship
between the spatula–particle and spatula–surface contact

Figure 1. The schematic illustrates the contact mechanics model
that comprises three spheres with radii of R1, R2 and R3 corresponding
to the spatula, the particle and the surface, respectively. The spatula
is so tiny that the radius of R1 is far smaller than the radius of R3.
Therefore, the sphere (R3) can be considered to be inﬁnitely large,
and assumed to have the form of a ﬂat surface.
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pairs in an attempt to estimate the adhesion of the gecko-like
spatula system involving a trapped particle.
In macrocontact problems, the relative inﬂuence of
adhesion is very small and can be ignored. However, in the
current contact mechanics model, the characteristic sizes of
the spatula and the particle are very small, and the applied
load is very low. Thus, adhesive effects have a signiﬁcant
inﬂuence on the overall behaviour of the contact system,
and the work of adhesion must therefore be taken into
account. Physically, the work of adhesion can be regarded
as the change of surface free energy required to separate the
unit areas of two surfaces in contact with one another to a
distance of inﬁnity in a vacuum. According to JKR theory,
the energy balance concept can be applied to compute the
adhesion between two solids. Here, we adopted JKR theory
as the basic theorem to develop the relation underlying the
current contact problem with adhesive effect.
For the simpliﬁed case of analysing the adhesion of
the gecko system, each spatula can be modelled as a
hemispherical contact (Autumn et al. 2000; Lee et al.
2007). Accordingly, the radius of the spatula used in the
current model was assigned a value of R1= 2.15 μm, and
such a curvature radius is approximately the actual scale of
a spatula pad with a width of approximately 200 nm at its
widest edge (Autumn et al. 2002; Yao and Gao 2006; Guo
et al. 2007; Johnson and Russell 2009; Webster et al. 2009).
In nature, the spatulae of a gecko are formed of keratin, a
tough, insoluble protein substance (Autumn et al. 2000).
Several studies have attempted to replicate gecko setae by
using synthetic materials (Thomas et al. 2002; Geim et al.
2003; Sitti and Fearing 2003; del Campo et al. 2007a, b;
Greiner et al. 2007; Lee et al. 2007). The development of
such novel materials would enable future wall-climbing and
surgical robots and other general dry adhesive applications
(Sitti and Fearing 2003; Menon et al. 2004). The simulations
performed in this study considered the setae to be made of
keratin or polyester. Geckos have the ability to move quickly
and securely across both smooth, clean surfaces and those
containing contaminants or asperities (Hansen and Autumn
2005). Therefore, using sand particles for illustrative
purposes, the current simulations considered various values
of the particle–spatula radial ratio (R2/R1) in order to analyse
the effect of the particle size on the adhesion properties of
the contact mechanics model. The size of particle is on the
nanoscale, which is smaller than the diameter of a spatula.
These tiny particles are generally atmospheric dust (Lide
1994), and can be covered by a spatula. They will, therefore,
affect the adhesive properties of contact of the spatula. Such
tiny particles are usually disregarded when macrocontact
systems are considered, but are of greater signiﬁcance for a
nanocontact system.
Previous studies have commonly used a SiO2 contact
surface when exploring the adhesive properties of synthetic
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materials to mimic the setae of geckos (Geim et al. 2003;
Persson 2003; Sitti and Fearing 2003). Accordingly, the
current simulations also considered a SiO2 contact surface
so that the numerical results could be compared against
those presented in the literature. Moreover, the simulations
also considered concrete, wood and glass contact surfaces
in order to investigate the effect of substrate hardness on the
adhesion properties of the contact surface.
The computations were based on three quite speciﬁc
contact relationships, namely, the contacts between the
spatula and the particle, between the particle and the surface,
and between the spatula and the surface. Initially, a load
(P0) was applied to the spatula, driving it into contact with
the particle. According to JKR theory, the force that acts
between the spatula and the particle (P12) is given by
2

P12 = P0 + 3W12 πR12 + (P0 + 3W12 πR12 ) − P02 ,

(1)

where W12 is the work of adhesion between the spatula and
the particle and R12 is the harmonic mean of the spatula–
particle contact pair, i.e. R12 = R1R2/(R1 + R2). The radius of
the contact area between the spatula and the particle (α12) can
be expressed as
a12 3 =

R12P12
K 12

=

R12
K 12

(2)

2
⎛
⎞
⎜⎜P0 + 3W12 πR12 + (P0 + 3W12 πR12 ) − P02 ⎟⎟ ,
⎝
⎠

where 1 K12 = 3 4 ((1 − ν12 ) E1 + (1 − ν 22 ) E2 ),
and E1 and E2 are the Young’s moduli of the spatula
and particle materials, respectively, and ν1 and ν2 are
the Poisson’s ratios of the spatula and particle materials,
respectively. The vertical displacement (δ12) between the
spatula and the particle in contact (Maugis 2000) is given
by
δ12 =

2
a12

R12

−

8πW12a12
3K 12

.

(3)

The application of a force P0 to the spatula results in a
contact force of P12 on the particle. The particle and the
surface are both assumed to be hard materials. Hence, the
particle–surface contact pair is characterized by a plastic
contact mode, and therefore the force imposed by the
particle on the surface (P23) is equal to that imposed on
the particle by the spatula (P12). According to Abbott and
Firestone (Abbott and Firestone 1993), the approach (δ23) of
the particle into the surface is expressed as
δ23 = 2πR23H 3 P23 ,

(4)

where R23 is the harmonic mean of the particle–surface
J. Biosci. 35(4), December 2010
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contact pair and H3 is the hardness of the surface. The contact
area between the particle and the surface (A23) is given by
2
A23 = 2πR23δ23 = πa23
,

(5)

where α23 is the radius of A23.
When a load is applied to the spatula, it is displaced
towards the surface, but is prevented from making full
contact with the substrate surface by the particle located
between them. Therefore, the extent to which the spatula
covers the particle and contacts the underlying surface
has a fundamental effect on the adhesion properties of the
spatula–substrate contact system. As shown in ﬁgure 2, the
criterion under which the spatula contacts the surface is as
follows:
δ12 + δ23 ≥ 2R2.
As with the spatula–surface contact pair, the contact
behaviour between the spatula and the surface can also
be modelled using JKR theory. The resulting force,
displacement and contact area relationships, i.e. between
P13, δ13 and α13, are similar to those derived for the spatula–
particle contact pair, i.e. P12, δ12 and α12. According to JKR
theory, at a zero applied load, the pull-off force between the
spatula and the surface is given by
Ppull-off = –3/2πW13R13.
Effectively, this pull-off force represents the strength of the
adhesion effect at the interface between spatula and surface,
i.e. the critical force required to separate the spatula and the
surface in the absence of an applied load. The adhesion is
governed by the surface energy (Us), where Us is given by

US13 = –γA13, in which γ is the energy per unit contact area, and
A13 is the contact area between the spatula and the surface,
i.e. πa132 . Hence, it is clear that the magnitude of the adhesion
depends on the actual contact area between the spatula and
the surface. However, as shown in ﬁgure 1, the spatula must
ﬁrst cover the particle before it can make contact with the
surface, and as a result, the contact area between the spatula
and the surface depends not only on the properties of the
spatula and the surface but also on those of the particle
between them. The distribution of the normal stress in the
contact area (Maugis 2000) is given by
σ13 =

−

P13 − P0
2πa

2
13

1
2

1 − (r a13 )

2
3 P13
1 − (r a13 ) ,
2
2 πa13

(6)
0 ≤ r < a13 .

The contact area between the spatula and the surface has an
annular form. Therefore, the effective force acting on the
contact area is derived by integrating equation (6) to give
p13

∫

effect

a13

a23

=

⎛
⎜⎜
⎜⎜ P13 − P0
⎜⎜ 2πa 2
13
⎜⎜
⎝

⎞⎟
2⎟
⎟
3 P13
1 − (r a13 ) ⎟⎟⎟2πrdr .
−
2
2
2 πa13
⎟⎟
1 − (r a13 )
⎟⎠
(7)
1

In the case of zero applied load, i.e. P0 = 0, P13effect is equivalent
to the adhesion (Padhesion), and equation (7) reduces to

padhesion

⎛
⎞⎟
⎜
2⎟
3W13R13 ⎜⎜
⎟
1
⎟
⎜⎜
=∫
− 3 1 − (r a13 ) ⎟⎟2πrdr
2
2
a23
⎜⎜
a13
⎟⎟
⎟⎠
⎜⎝ 1 − (r a13 )
⎞⎟
⎛
⎜⎜
2⎟
1
⎟
1
⎜
⎜
− 3 1 −(r a13) ⎟⎟⎟
= 6πW13R13 ∫
2
a23 a13 ⎜
⎜⎜
⎟⎟
⎟⎠
⎜⎝ 1 − (r a13 )
a13

(r a13 )d(r a13 ).

(8)
Neglecting temporarily the coefﬁcients for equation (8),
which can be represented as
⎛
⎞⎟
⎜
2⎟
⎟
1
r ⎜⎜
⎜
f ( r a13 ) =
− 3 1 − (r a13 ) ⎟⎟⎟,
2
a13 ⎜⎜⎜
⎟⎟
⎟⎠
⎜⎝ 1 − (r a13 )
Figure 2. Schematic illustration of the contact relationship of
current model, where δ12, δ13 and δ23 are the respective approaches
of each interface region. When the sum of δ12 and δ13 is larger than
2R2, the spatula will have a fundamental effect on the adhesion
properties in the interface between spatula and surface.
J. Biosci. 35(4), December 2010

(9)

the adhesion distribution curve is found to have the form
shown in ﬁgure 3.
From equation (8) and ﬁgure 3, it is clear that the
magnitude of the adhesion between the spatula and the
surface depends not only on the scale of the contact area

The effect of contaminants on the adhesion of the spatulae of a gecko
but also on the location of the annular zone. In other words,
the adhesion varies as a complex function of the material
properties of the three bodies in the contact system, the
magnitude of the applied load and the radial ratio of the
spatula and the particle.

3.
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Results and discussion

The current simulations considered two different spatula
materials, namely, keratin and polyester. The particle was
considered to be sand in every case. Four surface materials
were evaluated, namely, concrete, SiO2, glass and wood. The
relevant material properties are summarized in table 1.
In the presented results, the annotation spatula–sand–
concrete denotes the simulation case of the spatula with
the two materials shown in table 1, a sand particle and a
concrete surface. The abbreviation scheme can be applied
to several arrangements (e.g. keratin–particle–concrete or
spatula–sand–surface).
To conﬁrm the validity of the current model, the
simulation results were compared with experimental
data presented in the literature for bio-inspired synthetic
materials or the setae of actual geckos. As the experimental
data assume a smooth, clean contact surface, the veriﬁcation
simulations were performed using a radial ratio of 10–5
to approximate particle-free conditions. Autumn et al.
reported the adhesion acting on a single seta to be 20–40
μN (Autumn et al. 2000, 2002, 2006; Tian et al. 2006). As a
single seta has approximately 200 to 1000 spatulae (Autumn
et al. 2000), the adhesion on a single spatula is equivalent to
40–200 nN, which compares to a value of 242 nN computed
using the current model. Yao and Gao (2006) mimicked the
spatulae of geckos using a fractal model constructed by selfsimilar ﬁbrillar structures arranged in multiple hierarchical
levels. Assuming the ﬁbrillar structure to be composed of
keratin, the authors demonstrated the potential of bottom-up

Figure 3. The distribution of adhesion is due to work of adhesion.
It is clear that the magnitude of the adhesion between the spatula
and the surface depends not only on the scale of the contact area but
also on the location of the annular zone.
Table 1. Material properties
Young’s modulus (GPa)

Hardness (GPa)

Poission’s ratio

Surface energy (mJ/m2)

1

–

0.3

5

0.85

–

0.3

44.6

64
(Palchik and Hatzor
2002)

–

0.27
(Palchik and Hatzor
2002)

49.38
(Wu et al. 1994)

70
(Tasdemir et al. 1998)

0.03
(Ay and Topcu 1995)

0.2
(Tasdemir et al. 1998)

60
(Oliva et al. 2002)

SiO2

72
(Petersen 1982)

5.9
(Petersen 1982)

0.19
(Sitti and Fearing 2003)

160
(Sitti and Fearing 2003)

Glass

72
(Shackelford and
Alexander 2001)

4.9
(Shackelford and
Alexander 2001)

0.166
(Shackelford and
Alexander 2001)

49.64
(Wu et al. 1994)

12
(Panshin and DeZeeuw
1980)

0.029
(Panshin and DeZeeuw
1980)

0.3
(Panshin and DeZeeuw
1980)

58.5
(Mohammed-Ziegler
et al. 2004)

Material type
Material of the spatula
Keratin
(Yao and Gao 2006)
Polyester
(Sitti and Fearing 2003)
Material of the particle
Sand (Dolomite)

Material of the surface
Concrete

Wood (Pine)
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hierarchies in achieving robust and releasable adhesion.
At the lowest level of the hierarchical structure (the ﬁber
radius is 70 nm), the adhesion was found to be 308 nN. With
the same radius of the spatula, the value computed by the
current model was 274 nN. Sitti and Fearing (2003) used
synthetic materials to mimic the setae of geckos, and they
reported a pull-off force of 294±21 nN for a polyester hair
with a tip radius of 350 nm in contact with a SiO2 surface.
For the same conditions, the value computed using the
present model was found to be 119 nN. In general, the
present numerical results have been compared with other
ﬁndings presented in relevant literatures, and it is shown
that the current model provides reasonable predictions of
the nano-adhesive contact behaviour observed in practical
systems.
Figure 4 illustrates the effect of the particle size
on the actual contact area a* for the current spatula
materials of keratin and polyester examined herein. Here,
the effective contact area is computed as the actual
contact area normalized by the apparent contact area, i.e.
a* = (A13–A23/A13). The results show that, regardless of the
material of spatula, the effective contact area (a*) varies

Figure 4. The case is that two materials of spatula, i.e. keratin
and polyester, contact with concrete surface, which exists the
various scales of particle. Regardless of the material of spatula, the
effective contact area (a*) varies inversely with the particle size. In
general, the keratin attains a higher effective contact area than that
recorded for polyester.
J. Biosci. 35(4), December 2010

inversely with the particle size. Furthermore, it is apparent
that keratin attains a higher effective contact area than that
recorded for polyester, regardless of the particle size. Again,
this result is attributed to the lower work of adhesion of
polyester compared with keratin.
Figure 5 clearly shows that keratin results in a far higher
adhesion than does polyester, particularly at higher values of
the applied load. Furthermore, ﬁgure 6 shows that a keratin
spatula (of width approximately 200 nm) is capable of
maintaining an effective contact area for particle of up to 32
nm (A23≈A13/5) for applied loads lower than 300 nN.
Figure 7 illustrates the relationship between the adhesion
and the applied load for the case of concrete, glass, wood
and SiO2 surfaces. For the hard surfaces (i.e. SiO2 and glass),
it is observed that the magnitude of the applied load has little
effect on adhesion. For these surfaces, the particle is unable
to intrude into the hard surface to any great depth, and hence
the contact area between the particle and the surface (A23) is
small. Under these conditions, A23 approaches 0, and the size
of the actual contact area is dominated by the spatula. The
adhesion of the spatula to the surface is constant because,
according to JKR theory, its value is given by –3/2πW13R13,
in which W13 both R13 and are constant. However, for softer
surfaces, i.e. concrete and wood, ﬁgure 7 shows that the
adhesion increases with increasing load. The adhesion is
signiﬁcantly larger than that achieved on a hard surface,
particularly under higher values of the applied load, due to
the higher contact interface of the soft surface.

Figure 5. For the same size of particle, the adhesions of both
keratin and polyester spatula increase proporationately to add the
applied load. It clearly shows that the adhesions of keratin spatula
is far higher than that of polyester.

The effect of contaminants on the adhesion of the spatulae of a gecko
4.

Figure 6. When the keratin spatula contacts with concrete
surface, the variation of contact area with applied load as function
of radial ratio for spatula–sand–concrete contact model is shown.
The keratin spatula is capable of maintaining an effective
contact area for particle of up to 32 nm for applied loads lower than
300 nN.
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Conclusion

This study explored the contact relationships of
nanostructural gecko setae. For macrocontact systems, tiny
particles can be ignored because their scale is small compared
to that of the contact body. On the contrary, particles cannot
be disregarded for systems relying upon the nanocontact
system. The current study reported on numerical simulations
based on a contact mechanics model and JKR theory to
explore the effect of trapped particles on the adhesive
capabilities of the spatulae of gecko setae in relation to
substrates of various types. The spatulae were modelled
using keratin, the natural material of the spatulae of gecko
setae, and polyester, a synthetic material. The respective
effects of the spatulae, particle and substrate materials on
adhesion and contact area were examined systematically for
particles of various sizes. In general, the results showed that
the adhesion properties of keratin are consistently better than
those of polyester. Speciﬁcally, keratin spatulae with a width
of approximately 200 nm have an effective contact area of up
to 80%, i.e. (A13–A23/A13≈0.8), and can maintain an effective
contact area ever when a particle of up to 32 nm intrudes
between it and the contact surface, provided the applied load
does not exceed 300 nN. The results also conﬁrmed that the
generated adhesion is considerably higher when the spatula
is in contact with a softer surface, such as wood or concrete,
rather than a hard surface, such as glass or SiO2.
Nomenclature
Aij
aij
a*
Ei
Kij
P0
Pij
Pijeffect

Figure 7. Regardless of the variation of scale of the particle, the
adhesions of the spatula increase proporationately to the applied
load for softer surface, i.e. concrete and wood. For hard surfaces
(i.e. SiO2 and glass), it is observed that the magnitude of the applied
load has little effect on the adhesion.

Padhesion
Ppull-off
Ri
Rij
r
US
USij
δij

contact area between body i and body j
radius of contact area between body i and
body j
the effective contact area
Young’s modulus for the material of body i
effective elastic modulus of body i and body j
applied load
acting force between body i and body j
effective acting force between body i and
body j
adhesion between spatula and surface
pull-off force between spatula and surface
radius of body i
harmonic mean of bodies i and j
distance from the center of contact area
surface energy
surface energy between body i and body j
vertical displacement between body i and
body j in contact
J. Biosci. 35(4), December 2010
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γ
Wij
σij
νi
Sufﬁxes
1
2
3

the energy per unit contact area
work of adhesion between body i and body j
normal stresses in the contact area between
body i and body j
Poission’s ratios for the material of body i
spatula
particle
surface
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