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A B S T R A C T

The peeling phenomenon of films from rigid substrates has been extensively studied, most of which have
focused on flat substrates. However, in natural environments, curved substrates with irregular geometries
are more prevalent. In this study, the peeling behavior of films from curved rigid substrates is studied. The
theoretical model for V-shaped double peeling (VDP) of hyperelastic films from semi-cylindrical substrates
has been proposed based on the Griffith’s energy equilibrium theory. An implicit mathematical expression of
the relationship between vertical displacement and peeling length is obtained. The peeling length, peeling
angle, peeling force and energy change during the peeling process are analyzed and discussed. Subsequently,
experimental tests of V-shaped double peeling are carried out affirming the reliability and accuracy of the
model. Finally, a simple and efficient new method for evaluating the adhesive energy release rate is proposed.
. Introduction

The adhesion of soft materials is common in industrial and nat-
ral environments and it is significant to study the adhesion and
ebonding mechanisms of soft materials for advancing the fields of
iomedical engineering, soft robots and flexible electronics [1–5]. Some
xtraordinary creatures, such as geckos, beetles and other adhesion
asters, can rapidly crawl across vertical rocks and ceilings surfaces,
hich has inspired numerous studies on bio-inspired adhesive systems

6–9]. The adhesion mechanisms of these organisms rely on multi-
ayered V-shaped structures [10–19].

On a macroscopic scale, as shown in Fig. 1(a), to avoid detach-
ent, geckos form the V-shaped structure relative to their legs or

oes [10,11,20,22,23]. On a microscopic scale, as shown in Fig. 1(b),
heir enhanced adhesion ability and rapid switches between attachment
nd detachment are primarily attributed to multi-layered structures
onsisting of contralateral legs, toes and even setae [12,13]. As a
asic unit of multi-layered structures, V-shaped structure is used for
nderstanding adhesion mechanisms of organisms.

Most existing studies have been focused on VDP from flat substrates,
s shown in Fig. 1(c). In 2011, Pugno [12] proposed a multiple peeling
heory model for linear elastic films peeling from flat substrates based
n the Kendall [24] single peeling theory. This research revealed the
xistence of a limiting peeling angle, which corresponds to the critical
eeling force. And both limiting peeling angle and critical peeling
orce are related to the modulus of the film, geometry and interfacial

∗ Corresponding author.
E-mail address: lengjs@hit.edu.cn (J. Leng).

energy. The situation in which peeling force exceeds critical value is not
further discussed in this study. This theory was subsequently applied
to the analysis of VDP of elastic tapes and axisymmetric peeling of
films in 2013, and the situation in which peeling force exceeds critical
value were studied [11]. Specifically, the peeling angle stabilized at a
limit value with the advancement of the peeling process, which also
depended on the geometry, elastic modulus and interface energy. In
other words, VDP from flat substrates presents a self-similar situa-
tion. L. Afferrante et al. [14] further investigated peeling stability and
demonstrated that the presence of pre-tension does not change the
stability behavior of the system but significantly affects the peeling
force. Two experimental studies on the mechanism of VDP [10,15]
provided additional validation for the effectiveness of the VDP theory
model in 2017 and 2018. Gialamas et al. [25] introduced the cohesion
model into the VDP system by setting the cohesion region, which is
significant to the theoretical study of VDP, because this cohesion model
may be suitable as an approximation of more complex interaction for
soft film peeling. It is also found that for VDP, after the initial stage of
unstable peeling, peeling behavior gradually becomes a steady state,
showing a self-similar peeling. In recent research [13], the multiple
peeling behavior of hyperelastic films has been widely discussed. The
theoretical analysis adopts the constant displacement loading condi-
tion. Although the theoretical analysis method is different from above
studies, the conclusion that the angle and force are constant after
vailable online 10 October 2023
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Fig. 1. (a) Macroscopic scale V-shape structures on flat substrates [13]: i Gecko, ii spider and iii lady bug; (b) Microscopic scale V-shape structures on flat substrates [20]; (c)
Common characteristics regarding examples of V-shape structures peeling from flat substrate in (a) and (b); (d) Macroscopic scale V-shape structures on curved substrates: i Geckos
on the curved surface of plant [21] and ii flexible electronics on curved arms; (e) Common characteristics regarding examples of V-shape structures peeling from curved substrate
in (d).
stabilization is also obtained. It is not difficult to find that the VDP
based on flat substrates has the similarity of steady-state peeling. After
steady-state, peeling force and peeling angle does not change.

In fact, perfect flat substrates are rare, while substrates with uneven
curved surfaces are more common, as shown in Fig. 1(d). However,
only a few studies have been devoted to the peeling behavior of curved
substrates [26–30]. For example, Peng et al. theoretically studied and
analyzed the single peeling behavior of films on periodically sinusoidal
surfaces and provided closed-form solutions for peeling force [28].
Deng et al. studied the single peeling of elastic films with large surface
roughness on periodic surfaces and proposed a single peeling model
for surfaces with arbitrary roughnesses [29]. Most existing curved
substrate peeling studies have been focused on the analysis of single
peeling behavior. The theoretical model of single peeling has a basic
assumption that the direction of force is constant and the peeling arm
is always highly parallel. Obviously, this assumption has limitations in
studying the debonding behaviors of organisms.

As discussed above, VDP based on flat substrates will reach a steady
state and peeling force and angle will not change, the peeling arm is
always highly parallel for single peeling based on curved substrates.
However, the VDP based on curved substrate is more complex, so
the model of VDP from flat substrates and single peeling from curved
substrates are no longer applicable. Meanwhile, VDP based on curved
substrates can provide a more precise and profound model to explain
the adhesion mechanism of geckos and other organisms in real life
cases. Therefore, it is necessary to investigate the VDP behavior of films
from curved substrates as shown in Fig. 1(e). The main content of this
study are as follows: (1) A theoretical VDP model hyperelastic films
from curved substrates is constructed; (2) The theoretical VDP results
of hyperelastic films from curved rigid substrates are discussed and
analyzed, and the influence of adhesion energy release rate and shear
modulus of the film are considered; (3) The theoretical analysis of VDP
from curved rigid substrates are verified through experimental tests and
a new testing method of adhesion energy release rate is proposed.

2. Theoretical model of V-shaped double peeling from curved
substrates

The scheme of VDP is depicted in Fig. 2. A homogeneous, in-
compressible, and isotropic hyperelastic film uniformly adheres to the
inner surface a semi-cylindrical rigid curved substrate. Peeling occurs
2

due to the vertical displacement. In this system, semi-cylindrical rigid
substrate is fixed and constrained to be immovable with a center 𝑂
and its radius is denoted as 𝑅. The film has a width of 𝑏 and a
thickness of 𝑡. Peeling between the film and the substrate initiates
when a uniformly slow vertical displacement 𝑢 is applied at the lowest
point 𝐵 of the adhesive interface. Simultaneously, the peeling point
progresses forward along the arc of the substrate surface from point 𝐵
for a distance 𝐿1, which is peeling length. The process of peeling can
be regarded as quasi-static. The film that has been dispatched from the
substrate is called the peeling arm, which expands from the original
length 𝐿1 to the new length 𝐿2. The peeling angle, denoted as 𝛼, is
angle between 𝐿2 and the tangent line of the substrate. 𝛽 is angle
between 𝐿2 and 𝑢. The radian of the peeling length is denoted as 𝜃. It
is worth noting that the analysis only focuses on one half of the system
due to the complete symmetry of the model and the thickness direction
is not considered.

The Griffith’s energy balance theory can be employed to describe
the peeling of the film from the substrate and the following energy
balance equation can be obtained

𝑈𝑡 = 𝑈𝑒 + 𝑈𝑠, (1)

where 𝑈𝑡 is the external loading work, 𝑈𝑒 is the elastic strain energy
of the film, and 𝑈𝑠 is the energy required to generate a new surface. In
this problem, energy change due to film bending and energy loss due
to friction and inertia can be neglected. Therefore, the energy change
caused by debonding expansion can be written as
𝜕(𝑈𝑡 − 𝑈𝑒)

𝜕𝐴
=

𝜕𝑈𝑠
𝜕𝐴

, (2)

where 𝐴 is the debonded crack extension area and the right end of
Eq. (2) is the energy release rate of debonded crack tip, which is the
energy released per unit area of crack extension. Therefore, Eq. (2)
defines energy release rate as

𝐺 =
𝜕(𝑈𝑡 − 𝑈𝑒)

𝜕𝐴
. (3)

𝐺 does not refer to a derivative with respect to time; 𝐺 is the rate of
change in potential energy with the crack area. Since 𝐺 is obtained from
the derivative of a potential, it is also called the crack extension force
or the crack driving force. According to [31], 𝐺 is usually calculated by
displacement controlled or load controlled. In our study, displacement
controlled was used, which is the same with the methods of Fraldi [13]
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Fig. 2. The geometric parameters regarding V-shaped double peeling from a curved substrate.
and Hu [26]. When displacement controlled was used, Eq. (3) can be
written as

𝐺 = −
𝜕𝑈𝑒
𝜕𝐴

= −
𝜕𝑈𝑒
𝜕𝐿1

∗ 1
𝑏
. (4)

Assuming that the film is an isotropic, homogeneous, incompressible
hyperelastic material, the constitutive equation can be expressed as

𝑊 = 𝑊 (𝜆1, 𝜆2, 𝜆3), (5)

where 𝑊 is the strain energy density. It is a function of principal stretch
𝜆1, 𝜆2 and 𝜆3. The principal first Piola–Kirchhoff stress can be easily
derived [13]:

𝑃1 =
𝜕𝑊
𝜕𝜆1

, 𝑃2 =
𝜕𝑊
𝜕𝜆2

, 𝑃3 =
𝜕𝑊
𝜕𝜆3

. (6)

We assumed that the debonded portion of the film is in uniaxial tensile
stress state. Under this assumption, 𝑃1 = 𝑃 , 𝑃2 = 𝑃3 = 0, and
𝜆2 and 𝜆3 are both single-valued functions of 𝜆. At the same time,
𝑊 = 𝑊 (𝜆1, 𝜆2, 𝜆3) and the first Piola–Kirchhoff stress 𝑃 = 𝑃 (𝜆1, 𝜆2, 𝜆3)
are also single-valued functions, that is 𝑊 = 𝑊 (𝜆) and 𝑃 = 𝑃 (𝜆).
For hyperelastic film, the simplest neo-hookean model [32] is used
in this study. The elastic energy density under uniaxial tension is as
follow [33]

𝑊 =
𝜇
2
(𝜆2 + 2

𝜆
− 3), (7)

where 𝜇 is the shear modulus, and first Piola–Kirchhoff stress is

𝑃 = 𝜇(𝜆 − 1
𝜆2

). (8)

The elastic strain energy of the peeling arm is

𝑈𝑒 = ∫𝛺
𝑊 (𝜆)𝑑𝛺 = 𝑊 (𝜆)𝐿1𝑏𝑡. (9)

Substituting Eq. (7) into Eq. (9)

𝑈𝑒 =
𝜇𝑏𝑡𝐿1

2
(𝜆2 + 2

𝜆
− 3), (10)

where 𝜆 = 𝐿2
𝐿1

is the elongation ratio of the peeling arm. The geometric
relationship is

𝐿2
2 = [𝑢 − 𝑅(1 − cos 𝜃)]2 + (𝑅 sin 𝜃)2, (11)

where 𝜃 = 𝐿1
𝑅 . Substituting Eqs. (10) and (11) into Eq. (4)

2𝐺
𝜇𝑡

= 3 −
−2𝑅2 + 2𝑅𝑢 − 𝑢2 + 2𝑅(𝑅 − 𝑢) cos 𝐿1

𝑅

𝐿2
1

−
2(𝑅 − 𝑢) sin 𝐿1

𝑅
𝐿1

+
2𝐿2

1(𝑅 − 𝑢) sin 𝐿1
𝑅

[(−𝑅 + 𝑢 + 𝑅 cos 𝐿1
𝑅 )2 + (𝑅 sin 𝐿1

𝑅 )2]
3
2

−
4𝐿1

√

𝐿1 2 𝐿1 2
.

(12)
3

(−𝑅 + 𝑢 + 𝑅 cos 𝑅 ) + (𝑅 sin 𝑅 )
Eq. (12), an implicit expression between 𝑢 and 𝐿1, is influenced by
𝜇, 𝑡, 𝐺 and 𝑅. To simplify Eq. (12), we transform the variables and
parameters of Eq. (12) to dimensionless variables and parameters:

�̄� = 3 −
−2 + 2�̄� − �̄�2 + 2(1 − �̄�) cos𝐿1

𝐿1
2

−
2(1 − �̄�) sin𝐿1

𝐿1

+
2𝐿1

2(1 − �̄�) sin𝐿1

[(−1 + �̄� + cos𝐿1)2 + (sin𝐿1)2]
3
2

−
4𝐿1

√

(−1 + �̄� + cos𝐿1)2 + (sin𝐿1)2
,

(13)

where �̄� = 𝑢
𝑅 , �̄� = 2𝐺

𝜇𝑡 and 𝐿1 =
𝐿1
𝑅 .

When the peeing is extended to �̄� = 1, (1 − �̄�) sin𝐿1 = 0 and
(1 − �̄�) cos𝐿1 = 0. Eq. (13) becomes

�̄� = 3 + 1
𝐿1

2
− 4𝐿1. (14)

Eq. (14) is a simplification of Eq. (13). The adhesion energy release
rate, 𝐺, is a function of 𝐿1. This approach presents a new and simplified
method for measuring the energy release rate of adhesion, without the
need for direct measurement of peeling force loading. It is detailed
discussed in Section 4.

3. Results and discussion

3.1. The variation of peeling length with vertical displacement

Eq. (13) can be solved for the given �̄� to obtain the corresponding
𝐿1. The curve of the 𝐿1 relative to the �̄� can be plotted, as shown
in Fig. 3. When the value of �̄� is smaller, such as 1, the expansion
of peeling gradually decelerates as the increase of �̄�. The relationship
between �̄� and 𝐿1 is nonlinear. Because the geometric nonlinearity
of the peeling system plays a leading role in the peeling process.
Examining an extreme case: when the value of �̄� equals 0, represented
by the red line in Fig. 3, the entire peeling process becomes purely
geometric relationship. In this case, there is no stretch of the peel arm
and the length of the peel arm 𝐿2 is equal to 𝐿1. When 𝐿1 = 𝐿2,
according to Eq. (11),

(
𝐿1
𝑅

)2 = [ 𝑢
𝑅
−(1−cos

𝐿1
𝑅

)]2+(sin
𝐿1
𝑅

)2 = ( 𝑢
𝑅
−1)2+2( 𝑢

𝑅
−1)𝑐𝑜𝑠

𝐿1
𝑅

+1. (15)

Therefore,

(�̄� − 1)2 + 2(�̄� − 1) cos𝐿1 + 1 = 𝐿1
2. (16)

The nonlinearity in the relationship between �̄� and 𝐿1 is solely due to
geometric factors. It should be noted that this theoretical model does
not consider the bending of the peeling arm. However, when the value
of �̄� is larger, such as 5 and 10, the relationship between �̄� and 𝐿1 tends
to be linear. In this case, peeling is difficult to expand forward. Even if
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𝑢

𝑢

𝑢

𝑢

Fig. 3. The dimensionless peeling length 𝐿1 vs. dimensionless vertical displacement �̄�.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

̄ is larger, 𝐿1 is still smaller. Therefore, �̄� is an infinitesimal quantity
relative to 𝐿1 and in this case,

2𝐿1
2(1 − �̄�) sin𝐿1

[(−1 + �̄� + cos𝐿1)2 + (sin𝐿1)2]
3
2

≪ ( �̄�
𝐿1

)2. (17)

4𝐿1
√

(−1 + �̄� + cos𝐿1)2 + (sin𝐿1)2
≪ ( �̄�

𝐿1
)2. (18)

2(1 − �̄�) sin𝐿1

𝐿1
≪ ( �̄�

𝐿1
)2. (19)

−2 + 2�̄� + 2(1 − �̄�) cos𝐿1

𝐿1
2

≪ ( �̄�
𝐿1

)2. (20)

Therefore, a simplification of Eq. (13) is
√

�̄� − 3 = �̄�
𝐿1

, (21)

According Eq. (21), it can be found that the relationship between �̄� and
𝐿1 tends to be linear. On the other hand, as the value of �̄� tends to ∞,
the line where 𝐿1 varies with �̄� will be infinitely close to the horizontal
axis.

3.2. The variation of angle with vertical displacement

The peeling angle 𝛼 can be calculated by

𝛼 = 𝜋
2
+ 𝐿1 − 𝑎𝑟𝑐𝑡𝑎𝑛(

𝑠𝑖𝑛𝐿1

�̄� − 1 + 𝑐𝑜𝑠𝐿1
). (22)

Fig. 4 illustrates the relationship between peeling angle and dimen-
sionless vertical displacement, with different lines representing various
values of �̄�. When �̄� = 0, the value of 𝛼 gradually increases non-linearly
as �̄� increases, and the increasing speed becomes slow. In this case,
the adhesion surface energy is zero, and the film and the substrate
do not slide. The pure geometric relationship leads to the nonlinear
relationship between 𝛼 and �̄�, which is similar to Section 3.1. When
�̄� > 0, the value of 𝛼 quickly reaches a large value with a small increase
in �̄� and then increases nonlinearly with the continued increase in �̄�. It is
because in the initial stage, as long as there is a small peeling expansion,
the peeling arm will have a great stretch and lead to a large peeling
angle. However, when values of �̄� is larger (for example, �̄� > 5),
the relationship between 𝛼 and �̄� is almost linear. In this case, �̄� is an
infinitesimal quantity relative to 𝐿1. Therefore, in Eq. (22), 𝛼 can be
simplified as a linear function of 𝐿 . Therefore, when the value of �̄� is
4

1

larger the relationship between �̄� and 𝐿1 tends to be linear and there is
an almost linear relationship between 𝛼 and �̄�. Regardless of the value
of �̄�, the curve passes through a point where �̄� = 1 and 𝛼 = 𝜋

2 . This
point is significant as it corresponds to Eq. (13) simplified to Eq. (14).
Beyond this point, the peeling angle will be greater than 𝜋

2 , which is not
possible for VDP from flat substrates. For VDP from curved substrates,
with the progress of peeling, peeling angle will always change. VDP
from curved substrates does not become similar peeling state, which is
different from flat substrates.

The relationship between the angle 𝛽 and the vertical displacement
̄ is given by Eq. (23)

𝛽 = 𝑎𝑟𝑐𝑡𝑎𝑛(
𝑠𝑖𝑛𝐿1

�̄� − 1 + 𝑐𝑜𝑠𝐿1
). (23)

By plotting the dimensionless displacement �̄� as the abscissa and 𝛽 as
the ordinate, the curve shown in Fig. 4 is generated, with different
lines representing various values of �̄�. When �̄� = 0, the film does
not adhere to the substrate. The relationship is purely geometric. As
̄ increases, 𝛽 nonlinearly increases, and the increase speed becomes
slow. For the case, where �̄� > 0, as �̄� increases, 𝛽 initially increases and
then decreases in a nonlinear fashion, with the existence of a maximum
value during this process. 𝛽 depends on the swing of peeling arm.

3.3. The variation of stretch and peeling force with vertical displacement

By substituting 𝜆 = 𝐿2
𝐿1

and 𝜃 = 𝐿1
𝑅 into Eq. (11), the dimensionless

implicit expression of stretch 𝜆 as a function of �̄� can be obtained

(𝜆𝐿1)2 = [�̄� − (1 − cos𝐿1)]2 + (𝑅 sin𝐿1)2. (24)

In Section 3.1, 𝐿1 is a function of �̄�, which has been calculated. Take
̄ as the abscissa and the corresponding the 𝜆 as the ordinate to draw
the curve, as shown in Fig. 5(a). It can be observed that the stretch
of the peeling arm 𝜆 initially increases rapidly to a maximum value at
the beginning of peeling and then decreases gradually. In addition, the
rate of decrease becomes slower as the peeling process proceeds. It is
because that the peeling angle increases and peeling becomes easier.

The dimensionless tension force �̄� of the peeling arm is a function
of 𝜆

�̄� = 𝜆 − 1
𝜆2

, (25)

where �̄� = 𝑇
𝜇𝑏𝑡 and 𝑇 is the tension force of the peeling arm. Fig. 5(b)

shows the dimensionless tension force curve, where the dimensionless
displacement �̄� is the abscissa, and the dimensionless tension force �̄�
is the ordinate. It can be observed that �̄� initially increases rapidly,
reaching a maximum value. As the peeling progresses, the tension force
gradually decreases. Moreover, the rate of decrease slows down, which
is consistent with the trend observed in the stretch of the peeling arm.

The expression of dimensionless vertical peeling force is

𝐹 = cos 𝛽(𝜆 − 1
𝜆2

), (26)

where 𝐹 = 𝐹
𝜇𝑏𝑡 and 𝐹 is vertical peeling force.

Fig. 4(c) illustrates the relationship between the 𝐹 and �̄�. The trend
of the dimensionless vertical peeling force is similar to that of the
dimensionless tension force. VDP based on curved substrates is different
from that of flat substrates. In the case of VDP from the flat substrate,
as described in the work of Fraldi et al. [13], the vertical peeling
force initially increases rapidly and then reaches a stable value that
remains constant as 𝑢 increases. However, in the case of VDP from the
curved substrate, the vertical peeling force gradually decreases, which
is attributed to the change of 𝛼. The studies of VDP based on the flat
substrate [12,13] have shown that the peeling does not occur when
peeling angle is below maximum threshold. An increase in peeling force
results in an increase in peeling angle, resulting in peeling. The peeling
force is closely related to the peeling angle. For instance, geckos require
the peeling angle of less than 30◦ to prevent falling, whereas adjusting
it beyond 30◦ promotes rapid debonding [3].
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Fig. 4. The variation of angle with dimensionless vertical displacement: (a) peeling angle 𝛼, (b) angle between vertical tensile force and peeling arm 𝛽.
Fig. 5. The dimensionless stretch and force vs. dimensionless vertical displacement: (a) dimensionless stretch, (b) dimensionless tension force, (c) dimensionless vertical peeling
force.
3.4. The variation of energy with vertical displacement

The relationship between dimensionless energy �̄� = 𝑈
𝜇𝑏𝑡𝑅 and

dimensionless vertical displacement �̄� is shown in Fig. 6. It should
be noted that we theoretically assume that the crack tends to be
infinitely small, so surface energy is depicted throughout the whole
peeling process. The different curves represent the external work, strain
energy and surface energy during the peeling process of different �̄�.
The external work is the sum of the strain energy and surface energy.
Regardless of the value of �̄�, both the external work and surface energy
gradually increase as the peeling progresses and the rate of increase
5

slows down. When �̄� is smaller, nonlinear relationship between energy
and displacement becomes more apparent. Strain energy differs from
the external work and surface energy and its trend is strongly influ-
enced by the value of �̄�. When �̄� = 0.1 and 1, the strain energy initially
increases with the increase of �̄�, and the rate of increase gradually slows
down. Subsequently, the strain energy reaches a maximum value, and
then the strain energy starts to decrease. For relatively large values of
�̄�, such as 5 and 10, the strain energy increases with the increase of �̄�,
but the rate of increase slows down. This indicates a strong adhesive
situation, and the curve resembles the scenario of single tensile loading
of a hyperelastic film.
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Fig. 6. The dimensionless energy vs. dimensionless vertical displacement: (a) �̄� = 0.1, (b) �̄� = 1, (c) �̄� = 5, (d) �̄� = 10.
4. Experimental verification of VDP and a new test method of
adhesion energy release rate

4.1. Experimental verification of VDP

The information of the materials and devices used in the VDP tests
is given in Appendix. For the VDP test, the inner surface of the substrate
and the film were uniformly coated with adhesive, and then pressure
was applied using a pressure wheel (2 kg) to ensure uniform bonding.
Finally, samples were prepared by standing and curing at room tem-
perature for 3 h. The sample is mounted on a special fixture as shown
in Fig. 7 for peeling test. The SHIMADZU AGS-X mechanical testing
machine was used for VDP test and the moving speed is 25 mm/min.
In this paper, we think that the peeling process is a quasi-static process,
and the whole peeling process is considered to be composed of multiple
crack propagation modes with displacement controlled, and each crack
propagation is a static displacement controlled mode. During the VPD
test, the peeling length was determined by capturing the scale on one
side of the curved substrate. As shown in Fig. 7, the sample remained
intact at 0 s, and then a displacement was applied to initiate the
peeling. At a displacement of 𝑢 = 𝑅 (240 s), the corresponding angle
was measured as 35◦. The peeling continued until 645 s, at which point
the film fully detached.

Simultaneously, experimental results of vertical peeling force and
vertical displacement were recorded in Fig. 8 and the blue line repre-
sents the average values of three samples. The adhesion energy release
rate can be calculated using the same method of Li [34]. Based on the
test results, the adhesion energy release rates for the three samples
are 𝐺01 = 0.35 N∕mm, 𝐺02 = 0.36 N∕mm and 𝐺03 = 0.32 N∕mm, and
the average value of the energy release rate of adhesion is 𝐺0 = 0.34
N∕mm. The red line, in Fig. 8, represents the theoretical values with
6

𝜇 = 0.25 MPa, 𝑡 = 1, and 𝐺 = 0.34 N∕mm. There is a good agreement
between experimental and theoretical results, which proves the validity
of the theoretical model.

4.2. Test method of adhesion energy release rate based on curved substrates

For the case of flat peeling, when bending stiffness of the film is
negligible and tensile stiffness is infinite, the adhesion energy release
rate can be easily measured of using a material stretch tester with a
substrate moving device. However, when tensile stiffness of the film
is not infinite, the problem becomes more complicated. As mentioned
in [35], the peeling angle constantly changes, leading to measurement
errors. To solve this problem, a common approach is to attach a
backplane with smaller bending stiffness and infinite tensile stiffness to
the backside of the stretchable film. In addition, this test method still
requires the coordination of a complex substrate moving device. A new
method for measuring the adhesion energy release rate of stretchable
films is proposed.

This method is as follow. First, uniformly adhere a film with a
known thickness and shear modulus to a rigid substrate with a radius of
𝑅. Then pull the film along the radius slowly and uniformly. During this
process, the peeling length 𝐿1 is recorded when the vertical displace-
ment 𝑢 equals the radius 𝑅. Finally, Use the peel measurement data
𝐿1 to calculate adhesion energy release rate according to the explicit
expression

𝐺 =
𝜇𝑡
2
(3 + 𝑅2

𝐿2
1

−
4𝐿1
𝑅

). (27)

Eq. (27) is equivalent to Eq. (14).
This method is simple, convenient and easy to perform without the

need for a peeling force testing machine and a substrate moving device.
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Fig. 7. VDP test of a film from a curved rigid substrate.
Fig. 8. Vertical peeling force vs. vertical displacement. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

Noting that there are two cases that our method may not be suitable
for hyperelastic materials with strong adhesion involving large process
zones and strong adhesion that no delamination occurs. Because, for
peeling with large process zone involving complicated crack-tip defor-
mation field [36,37], the geometric relationship in Eq. (11) may not
accurate enough. When the adhesion between the film and substrate is
strong enough that no delamination occurs, Eq. (14) may overestimate
the value of 𝐺. The newly proposed energy release rate test method is
applied to process the test results obtained in the previous Section 4.1.
The adhesive energy release rates for the three tests are 𝐺11 = 0.36
N∕mm, 𝐺12 = 0.38 N∕mm and 𝐺13 = 0.35 N∕mm, with an average value
is 𝐺1 = 0.36 N∕mm. The relative error obtained from the new method
is 5.88%.

4.3. Sensitivity analysis of the new test method

Sensitivity analysis is a method of system stability evaluation. Ac-
cording to Eq. (27), the adhesion energy release rate 𝐺 is a function of
four variables

𝐺 = 𝑓 (𝜇, 𝑡, 𝐿1, 𝑅), (28)

where 𝜇, 𝑡 and 𝑅 are the known variables, and 𝐿1 is the measured
variable. A dimensionless sensitivity analysis should be used to analyze
sensitivity. Use the 𝛱 theorem for Eq. (28)

𝐺 = 𝛱(
𝐿1 ), (29)
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𝜇𝑡 𝑅
Fig. 9. Condition number vs. dimensionless peeling length.

where 𝛱 is dimensionless function. According to Eq. (27)

𝛱 = 3 + 1
𝐿1

2
− 4𝐿1. (30)

The condition number of a problem can measure sensitivity of
identified parameter to small changes in input data. The condition
number can be calculated by

𝐶𝑝 =
̄𝛥𝐿1

𝐿1
∕𝛥𝛱
𝛱

=
4𝐿1

3 + 2

4𝐿1
3 − 3𝐿1

2 − 1
, (31)

where 𝐶𝑝 is condition number. 𝐶𝑝 varying with 𝐿1 is shown as Fig. 9.
When 𝐿1 is smaller than 0.5, the value of 𝐶𝑝 is 2, which is basically

unchanged. Then, with the increase of 𝐿1, the value of 𝐶𝑝 becomes
gradually larger, and until 𝐿1 is less than 0.81, the value of 𝐶𝑝 is always
lower than 5. In this case, a smaller error of 𝐿1 will not lead to larger
error of 𝐺 and it is a well-conditioned problem.

5. Conclusions

V-shaped double peeling (VDP) behavior of films from curved
substrates is investigated via theoretical analysis, which is confirmed
through experimental validation. Firstly, a VDP theoretical model
for hyperelastic thin films on semi-cylindrical curved rigid substrates
based on the energy based Griffith fracture criterion is derived. An
implicit expression is provided to determine the peeling length and
vertical displacement. Subsequently, by solving for the peeling length
under given vertical displacement conditions, the relationship between
delamination length and vertical displacement is studied. When the
value of �̄� is smaller, there is a nonlinear correlation between the
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Fig. 10. Stress–stretch curve of the hyperelastic film under uniaxial stress regime.

peeling length and vertical displacement. However, it approaches a
linear relationship when �̄� is larger. Furthermore, the peeling angle and
vertical peeling force are studied. The peeling angle increases continu-
ously with an increase in vertical displacement. In contrast to flat VDP,
where peeling angle remains constant, peeling behavior of VDP based
on curved substrates is more complex and dissimilar. As peeling angle
increases, peeling force decreases as expected, making peeling process
more likely to occur. This is different from the constant peeling force in
flat VDP. In order to validate the theoretical model, experimental tests
are carried out, and the result prove the effectiveness of the theoretical
model. Finally, based on the VDP theory of curved substrates, a test
method is proposed to evaluate the adhesive properties of films on rigid
substrates, and the sensitivity analysis of the test method is carried out.
This method is simple and easy to implement without using a force test
unit.

This work contributes to understanding adhesion mechanisms of
organisms like geckos on curved surfaces, which holds the potential
for the design of novel biomimetic adhesive systems. Furthermore,
this work offers new insights to testing the adhesive properties of soft
materials. However, further research is needed for materials exhibiting
viscoelastic behaviors.
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Appendix. Materials and devices used in the VDP tests

In this study, the rigid substrate was made of glass with an in-
ner diameter of 200 mm, which was provided by Donghai Haotian
Quartz Glass Products Co., Ltd. Angular scales were set on the side
of the substrate to facilitate the measurement of peeling length 𝐿1.
The adhesive was Kraft K-705 silicone. 1 mm thick and 3 mm wide
hyperelastic silicone rubber produced by Guangdong Zhongying Plastic
Products Co., Ltd. was used for experiment. The shear modulus of the
film was determined using the SHIMADZU AGS-X mechanical testing
machine with a maximum range of 100 N. The test speed was set
at 25 mm/min. Fig. 10 shows an example of such a test. The shear
modulus was obtained by fitting, and the results of the three tests were
0.24 MPa, 0.26 MPa and 0.25 MPa, respectively, with an average value
of 0.25 MPa.
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