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a b s t r a c t

Adhesion behavior of elastic films is a common phenomenon in many biological processes and
industrial applications. Current film peeling theories and adhesion property testing methods are mostly
limited to flat peeling cases. In this paper, peeling behaviors of elastic films on tubular surfaces are
studied through theoretical analysis and finite element simulation. Based on the theory of non-linear
elasticity, mechanical behaviors of cylindrical films under finite deformation are investigated and the
total strain energy is obtained through dimensional analysis. Furthermore, an analytical expression for
energy release rate of an axisymmetric crack is derived. By balancing with the density of energy, the
length of crack varies linearly with the axial stretch. Finite element method is adopted to simulate the
peeling process of a film and the results agree well with theoretical predictions. Our peeling method,
which decouples the influence of surface frictions that commonly cannot be ignored in conventional
one degree of freedom peeling setups, represents a new, useful, and easy-to-implement strategy
to study elastic film peeling behaviors. Beyond this, the model and the results are also useful for
measuring adhesion properties of soft films.

© 2022 Elsevier Ltd. All rights reserved.
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1. Introduction

Adhesion behavior of soft matter is an ubiquitous
henomenon in both nature and engineering practices, which
ay have beneficial or catastrophic consequences. For instance,
ell-to-cell adhesion is able to transmit extracellular or intra-
ellular forces [1] which can maintain the normal function of
rganisms. Changes in cell adhesion may lead to a variety of
iseases, including arthritis, cancer and atherosclerosis [2–4]. An-
ther example is that marine animal attachment to hull surfaces
esults in increased weights and maintenance costs for marine
essels [5]. Understanding soft matter adhesion is also important
n deicing or anti-icing [5–7], implantable biomedical devices [8],
nd flexible electronics [9].
Soft matter adhesion has been usually studied by planar peel-

ng methods. Kendall [10] theoretically studied film peeling from
igid substrates utilizing the crack energy criterion, which has
een widely used to study film peeling behaviors. For example,
non-linear film peeling model considering the effect of pre-

training was proposed by Molinari et al. [11]. Besides, film plas-
ic/viscoelastic peeling behaviors were modeled and numerically
nvestigated [12–15]. In addition, effects of surface topographies
ere investigated [16–18].
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Very few attempts have been made to consider film peeling
rom curved surfaces which are more common in nature and
ractical applications. Thin film peeling from partial cylinder
urfaces was studied by Kruglova et al. [19], and shapes of the
ears can be observed by adjusting substrate curvatures. Brely
t al. developed a numerical model to simulate the peeling of
dhesive tape-substrate system, and substrate roughness, pat-
erning, curvature, and deformability were considered [20]. The
dhesive behavior of bonded pipes with curved-surface lap joints
as experimentally analyzed [21]. In a word, it is still an unmet
hallenge for successful theoretical analysis of elastic film peeling
rom tubular surfaces.

In this work, elastic film peeling from inner tubes, as a typical
urved surface, is studied. As shown in Figs. 1(a) and (b), the
ilm is initially adhered to the inner surface of a tube and then is
eeled under vertical stretch with fixed radius at the top end. The
ngle between the loading direction and the axis of symmetry is
ero. If the displacement load with zero peeling angle is applied
n a film attached to a flat substrate, it will cause difficulties
n theoretical analysis. The presence of frictional sliding at the
nterface between the detached film and the substrate leads
o significantly higher peeling forces [22]. Fixed non-zero angle
eeling methods [22,23] are usually used to avoid the coupling of
riction during peeling, but these methods may bring complicated

xperimental setup.
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Fig. 1. Schematics of film peeling: (a) Film is bonded on a tube with an initial crack before stretch. (b) Vertical displacement loading is applied at film top end with
fixed radius. The film can be divided into detached and glued regions with crack line in-between. (c) In axisymmetric model of half detached film, two coordinate
systems, (R, Z) and (r, z), are used to describe the undeformed and deformed film, respectively.
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Tubular zero angle peeling methods is a simple setup that
can decouple the influence of surface frictions that commonly
cannot be ignored in conventional one degree of freedom peeling
set-ups. As shown in Fig. 1(b), axial stretching of an elastic film
bonded to an inner tube causes finite deformation circumferen-
tial shrinkages. A peeling angle at the crack tip is automatically
generated due to necking[24–26]. Once the film is peeled off from
the tube, detached part of the film is free from the tube, so there
is no friction between the film and the tube. From this point,
tubular peeling naturally decouples the peeling behavior from
the frictional sliding under a very simple displacement loading.
Therefore, tubular peeling may have experimental significance in
measuring the adhesion property of film–substrate interfaces.

This paper is organized as follows. Theoretical modeling of
tubular films under uni-axial stretching is completed in Sections 2
nd 3. In Section 4, relationship between loading displacements
nd peeling behaviors is studied. The theoretical results are com-
ared with the finite element(FE) simulation, and a new method
o measure the adhesion properties of the film–substrate system
s proposed in Section 5.

. Theory

Based on the theory of non-linear elasticity about films
27,28], we establish an axisymmetric model to analyze the de-
ormation of the film, as shown in Fig. 1(c). Because the thickness
f the film is much smaller than its radius, the deformation
ifference along thickness direction can be neglected, and the
ntire film can be represented by its midsurface. In reference
onfiguration, a point of coordinate on the midsurface of the film
an be written as

= Rer + Zez, 0 ≤ Z ≤
L
2
, (1)

where {er , eθ , ez} are the unit vectors of the cylindrical coordinate
with {r, θ, z} as shown in Fig. 1(c), R is the initial radius of film
and L, Z are the length and z-directional coordinate of the film
midsurface in the reference configuration, respectively. Since the
upper and lower parts of the film are symmetrical, we analyze
half of the model illustrated in Fig. 1(c). The coordinate of a
point (X) in reference configuration mapping into the current
configuration can be written as

x = r(Z)er + z(Z)ez . (2)

As stated in literature [28], the principle stretch ratios of
tangential, azimuthal, and normal directions are

λs =

√
r ′2 + z ′2, λθ =

r
, λn =

h
, (3)
R H
2

where a prime denotes differentiation with respect to Z , and H
and h are the thickness of film in reference and current configu-
rations, respectively. The angle between tangential direction and
axial direction, ξ , can be expressed as

cos ξ =
z ′

λs
, (4)

which reflects the necking extent. The equilibrium equations in
the tangential, azimuthal, and normal directions are respectively
given by [28]

(rTs)′ − r ′Tθ = 0,
∂(rTθ )

∂θ
= 0,

κsTs + κθTθ = 0,

(5)

where Ts and Tθ are the principal stress resultants per unit length
in tangential and azimuthal directions, respectively. The second
equation in Eq. (5) is automatically satisfied due to the axisym-
etric feature of our model. κs and κθ are the principal curvatures

n the tangential and azimuthal directions, respectively,

s =
1
r ′

(
z ′

√
r ′2 + z ′2

)′

, κθ =
z ′

r
√
r ′2 + z ′2

. (6)

Now we derive Ts and Tθ from the constitutive model. A
ommonly used neo-Hookean model is chosen to study the me-
hanical behavior of rubber films under large deformation. The
train–energy function of neo-Hookean model is [27]

(λθ , λs) =
µ

2

(
λ2

θ + λ2
s +

1
λ2

θλ
2
s

− 3
)

, (7)

where µ is shear modulus and the incompressibility of the mate-
rial model ensures that λsλθλn = 1. The principle stress resultants
per unit length in the deformed film are defined as [28]

Ts =
H
λθ

∂W
∂λs

, Tθ =
H
λs

∂W
∂λθ

. (8)

3. Film stretching

In this section, we investigate the shape of film after deforma-
tion through theoretical analysis and finite element simulation.
The results of present section will be used to analyze the peeling
process of film from a tube (to be presented in Section 4). During
theoretical procedures, we set H = 1, µ = 1 and R ≥ 10H .

As the upper and lower parts are symmetrical with respect
to the transverse section Z = 0 in Fig. 1(c), the boundary
conditions for r ′ and z at Z = 0 are all zero. In addition, film is
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Fig. 2. Geometry and mesh of axisymmetric finite element models: (a)stretching of film, (b) peeling process of film from a tube.
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stretched under displacement loading with fixed radius at both
ends. Therefore boundary conditions can be summarized as

z(0) = 0, r ′(0) = 0, r
(
L
2

)
= R, z

(
L
2

)
=

∆

2
. (9)

Similar to the theoretical analysis, an axisymmetric model
with boundary conditions of Eq. (9) for half film is performed
by ABAQUS software to study the film stretch. As illustrated in
Fig. 2(a), 8-node biquadratic axisymmetric quadrilateral elements
with hybrid and reduced integration are used in this simulation
and the size of element is 0.25 × 0.25.

Through dimensional analysis, the relationship of multiple
physical quantities is studied. Strain energy Ee of the deformed
film is related to µ, H , R, L and the displacement of the top of
film ∆. Ee can be expressed as

Ee = µH∆2f
(

L
∆

,
R
∆

)
. (10)

The relationship between Ee and R is ascertained by exten-
ive theoretical analysis and finite element simulations. It can
e found that Ee varies linearly with R (details can be found in
ection 5) and Eq. (10) can be further written as

e = µHR∆f (η) , (11)

here η = L/∆.

. Tubular film peeling behavior

In present section, we study the process of film peeling from
tube. Lower part of film is bonded to a rigid tube and the rest
art is naturally lied on the tube. When stretching film using
he displacement loading denoted by ∆, the energy equilibrium
quation of the film-tube system can be written as

t = Ee + Es, (12)

here Et is the external work and Es is the surface energy. The
crack expands during deformation causing the energy change and
the derivative of Eq. (12) to the crack area A gives the energy
release rate G,

G =
∂Es
∂A

=
∂(Et − Ee)

∂A
. (13)

Quasi-static based displacement controlled loading mode is
sed to study the film peeling from a tube. Crack propagation
tops when the total energy of the system reaches the minimum
3

value. Due to axisymmetric deformation, we have dA = 2πRdL.
Eq. (13) can further be written as

G = −
1

2πR
∂Ee
∂L

. (14)

Substituting Eq. (11) into Eq. (14), we obtain

f ′ (η) = −
2π
µH

G. (15)

or simplification, G is assumed as a constant. If f ′ (η) is a
onotonous function of η, a constant value η0 can be determined

rom Eq. (15), that is L = η0∆, indicating that the crack length L
aries linearly with the applied displacement ∆ during peeling
rocess.
This interesting relationship between L and ∆ will also be

erified by FE simulations with similar material model, mesh
lements, boundary conditions, and simulation procedure used in
ection 3, as shown in Fig. 2(b). Besides, we use the Virtual Crack
losure Technique (VCCT) criterion as the crack propagation cri-
erion, with the key parameters GI = GII = 0.1, GIII = 0, and
= 1, to define the interaction between film and the inner tube.

n all the film peeling simulations, we create an initial crack with
he same length of H . The initial bonded length is set long enough
o ensure a complete capture of elastic film peeling process.

. Results and discussions

Theoretical film deformation under stretching can be solved
rom Eqs. (5) and (9), while film peeling behaviors can be ob-
ained from Eq. (15). All theoretical results are compared with
umerical simulations in this section.

.1. Film stretching results

The deformed film profile obtained from FE simulation with
= 20, R = 20, and L = 40 is illustrated in Fig. 3(a) where

ecking can be observed. Fig. 3(b) shows the comparisons of
he film deformation between theoretical analysis and FE simu-
ations under different displacement loading conditions ∆/R =

.25, 0.5, 0.75, 1.0, where R = 20 and L = 40. The theoretical
esults of normalized radius r̃ and normalized vertical coordinate
are in well agreement with FE simulation results, where z̃ = z/R
nd r̃ = r/R, indicating the appropriateness of the proposed
heoretical model to some extent.

Fig. 3(c) shows the normalized radius r̃h at the throat Z = 0
nd the angle ξh at the top end Z = L/2 varying with ∆/R. It
s found that ξ increases and r̃ decreases monotonically. The
h h
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Fig. 3. Theoretical analysis and FE simulation results for film stretching. (a) Front view and top view snapshots of film from FE simulation. (b) Curves of z̃ varying
ith r̃ for different ∆/R. (c) The radius (̃rh) at the throat and ξh at the top end of film versus ∆/R. (d) The dimensionless strain energy Ee/µH∆2 versus R/∆ with

η = 2.
Fig. 4. The curves of f (η): (a) from theoretical analysis, FE simulation and fitting of theoretical result, and (b) from tube and plane strain condition.
T

E

urves of dimensionless energy Ee/µH∆2 varying with R/∆ are
hown in Fig. 3(d) where we take L = 40, ∆ = 20 and R =

0, 20, 30, 40, 50. From both theoretical and FE results, Ee varies
inearly with R, then a simplified form of Ee in Eq. (11) is obtained.

We now ascertain the form of f (η) from Eq. (11). f (η) varying
with η are shown in Fig. 4(a) via both theoretical analysis and
FE simulations, and they match well with each other. A suitable
function is chosen to fit the theoretical curve f (η),

f (η) = aηb, (16)

where a and b is determined as a = 7.423, b = −0.874. It can
be found that f (η) and its derivative f ′(η) monotonously decrease
with η. When η approaches infinity, meaning ∆ = 0, f (η) tends
to zero corresponding to the case that film is in undeformed state
and Ee = 0. When η approaches zero, namely ∆ → ∞, and
f (η) approaches infinity which means that the stretching of film
is infinity and Ee → ∞.

When the radius R goes to infinity, the geometry of the un-
deformed tubular film becomes flat. A question arises that would
f (η) for tubes be degenerated to plane strain solution. In order to
answer this question, it is necessary to study the case of plane
 s

4

strain deformation, as shown in the inset of Fig. 4(b). Considering
material incompressibility, the stretch ratios of three principle
directions are λ1 = 1 + 1/η, λ2 = 1/λ1 and λ3 = 1, along
stretch direction, thickness direction, and the normal direction
of the plane, respectively. From Eq. (7), the plane strain energy
density W PE can be written as

W PE
=

µ

2

(
λ2
1 +

1
λ2
1

− 2
)

. (17)

he total energy of the entire film is
PE
e = 2πRHLW PE (18)

Comparing with the form of Eq. (11), a similar function f PE(η)
for plane strain deformation can be obtained from Eq. (18),

f PE(η) = πη

⎡⎢⎣(
1 +

1
η

)2

+
1(

1 +
1
η

)2 − 2

⎤⎥⎦ . (19)

Fig. 4(b) shows the curves of Eqs. (16) and (19), and they have
imilar trends and both f (η) decrease with η. However, f (η) for
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Fig. 5. Snapshops of film under different displacement: (a) axisymmetrical view, (b) view of 360 degrees rotation.
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Fig. 6. Curves of external work, strain energy and surface energy from FE
imulation during film peeling process.

ubes are always smaller than the one for plane-strain case, which
eans that the results for tubular films cannot be degenerated

o the plane strain case when R → ∞. The main reason is
hat necking causes the film to deviate from its initial surface,
hich makes this problem totally different from the plane-strain
roblem, even when the radius goes to infinity.

.2. Film peeling results

The peeling process of tubular film is performed by FE sim-
lation. The film with length L0 = 50 and radius R = 10 is
nitially bonded to the inner surface of a rigid tube. Axisymmetric
napshots of finite element model with various ∆ are shown
n Fig. 5. As expected, film necking occurs in the detached re-
ion, which leads to non-zero peeling angle at the crack tip. The
resence of peeling angle makes the film be peeled from tube
asier. Fig. 6 shows the FE simulation curves of external work,
train energy, and surface energy during tubular film peeling.
hen the displacement ∆/R is small, the crack will not propagate

nd surface energy is equal to 0, which implies the external
ork is all converted into strain energy of the film. Once the
rack propagation criterion is satisfied, the external work will
e converted into strain energy and surface energy. From the
5

efinition of the energy release rate G in Eq. (14), we obtain
= 0.244 from the curves shown in Fig. 6.
Substituting the obtained function of f (η) in Eq. (16) into

Eq. (15), the theoretical crack propagation criterion can be ex-
plicitly given

η =
L
∆

=

(
−

2πG
abµH

) 1
b−1

. (20)

It is obviously that the crack length L varies linearly with the ap-
plied displacement ∆ during peeling process. For a given tubular
peeling system with a crack length L, when the stretch loading
∆ exceeds L/η, the crack expands until the crack propagation
criterion (15) satisfied. Fig. 7(a) shows the curves of L linearly
varying with ∆ from theoretical analysis and FE simulation. The
slope of theoretical curve is 2.183, while the slope of simulation
curve is 2.175. They are very close.

Then we study the force F needed at the top of the film. In
our theoretical model, F can be obtained by integrating the axial
stress at the top end,

F =
2πRHσs cos ξ

λθλs
. (21)

n FE simulation, the F can be extracted as the reaction force of
he top end. Fig. 7(b) shows the curves of dimensionless force
/2πµRH versus ∆/R. The linear segment at the beginning repre-

sents the film stretching without peeling, which is caused by the
initial crack setting. Note that there is a sudden wave in F/2πµRH
when the crack start to propagate, which may be caused by the
transformation of two states of film. Then, F/2πµRH slightly
decreases with the displacement loading.

5.3. Measurement of adhesion properties

Determination of adhesion properties is one of the crucial
subjects of soft matter. The adhesion property is assessed by
mechanical tests [29] and peeling test is a typical one. In this
test, a common relationship between the strength of the adhesion
Γ and peeling angle β as well as the steady force Fss can be
defined as Γ = Fss/h0(1 − cosβ), where h0 is the width of the
adhesion region [30]. However, it can be seen that this equation
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Fig. 7. (a) The dimensionless peeling stretch vs. displacement of top of film. (b) The dimensionless pull force vs. displacement of top of film.
E

Fig. 8. The dimensionless critical energy release rate vs. η.

ecomes singular when the peeling angle is close to 0. The results
f the literature [31] show that there are two deformation modes
hat film peeling from a plate with zero peeling angle. When
he length of the glued region is short, the peeling is completed
nstantly as the force increases. When the glued region is long, the
lastomer peels from the substrate as the peeling force reaches
limit value, which is independent of the length of glued re-
ion. The peculiarity of peeling behavior with zero peeling angle
akes it difficult to carry out in experiments. As mentioned

n literature [32], a further restriction on Fss/h0(1 − cosβ) is
that the peeling angle should be sufficiently large such that the
denominator does not approach zero. In addition, peeling force
may theoretically diverge at vanishing peeling angle, due to the
presence of sliding friction at the interface [22]. Consequently, in
peeling tests, common peeling angles are π/2 and π with force
controlled loading mode.

The advantage of flat film peeling experimental setup with
zero peeling angle is that the directions of external force and
displacement are the same, which is one degree of freedom
loading mode and allows the adhesion property of film–substrate
system to be tested by tensile machine. A one degree of freedom
peeling test with no theoretical divergence is essential to ascer-
tain the adhesion property of film–substrate. From results of our
work, tubular film peeling can satisfy this requirement due to the
existing of non-zero tip angle, and could be used to measure the
surface properties. From Eq. (15), we can obtain G as
G

µH
= −

ab
2π

ηb−1. (22)

ccording to Eq. (22), a simple experimental setup can be de-
cribed below: First, a film is bonded to inner tube surface with
short length of the film outside the tube to form an initial

rack. Then, the film top end is fixed to a rigid rod with the same
adius of tube. Finally, the rod is stretched along axial direction
6

at a constant displacement loading rate. We can record the crack
length L and ∆. Recorded crack length L is the initial crack length
plus the distance between the crack and the top of the tube, so
the length of the film outside the tube does not affect the results.
The adhesion G can be estimated by substituting L and ∆ into
q. (22) with the geometry parameters µ and H . Fig. 8 shows

the results of Eq. (22), where G monotonically decreases with η.
The monotonous property guarantees that the estimated G can be
directly solved from Eq. (22) by measuring L and ∆.

6. Conclusion

Peeling behaviors of elastic films bonded to tubular surfaces
have been studied via theoretical analysis and finite element
simulations. Based on the non-linear elastic theory and energy-
based fracture criterion, we have established an axisymmetric
finite deformation model to study axial stretching behaviors of
films with one end glued onto an inner tube and the other end
fixed with a rigid ring, resulting expected film necking effects.
We have employed dimensional analysis to study the film free
energy. In addition, we have studied film peeling behaviors from
tubular surfaces under the displacement controlled loading mode,
manifesting that the direction of loading and film displacement is
the same. Key findings of this work include:

(1) For film stretching, the relationship between the elastic
film strain energy and material properties, geometric parameters,
and loading parameters is derived.

(2) Base on the film stretching strain energy, the crack prop-
agation criterion of the film part glued onto tubular surfaces
has been obtained, showing that there is a linear relationship
between the crack length and displacement load.

(3) Compared to planar zero degree peeling angle methods,
our solution has decoupled the surface frictions due to the film
necking, which has shown significant benefit and convenience
for theoretical analysis and experiments using only one degree
of freedom stretching.

This work also provides a new methodology for studying and
testing of adhesion properties of soft matter under large deforma-
tions. Future work includes but is not limited to 3D simulations
and experiments under complex loading conditions.
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