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An experimental investigation of the stability of peeling
for adhesive tapes

C. Kovalchick a, A. Molinari b, G. Ravichandran a,⇑
a Graduate Aerospace Laboratories, California Institute of Technology, Pasadena, CA 91125, USA

b Laboratoire d’Etude des Microstructures et de Mécanique des Matériaux, Université de Lorraine, Ile du Saulcy, 57045 Metz Cedex 01, France

A fundamental question of interest in peeling is the stability of the debonding process. A new experimental configuration has been 
developed to investigate the stability of the peel-ing process of elastic tapes. The experimental method allows for independent variation of 
the applied load and stiffness of the system. The role of various parameters including the stiffness of the loading system and geometry of 
the tape on the stability of peeling is inves-tigated. The change in stiffness can be tuned to trigger or delay the onset of instability. The-
oretical stability criteria are used to develop insights into the role of various experimentally varied parameters on the stability of the 
peeling process.

1. Introduction

The applications of peeling and adhesion are wide-

spread in both engineering and biology. A specific problem

that has captivated the attention of a diverse group of

scientists during the last decade is the enhancement of

the adhesive strength by studying analogous behavior in

nature such as the gecko. More specifically, investigations

focused on naturally-occurring reversible adhesion in

biological systems can be applied to the development of

engineered adhesive systems, which have a wide range of

applications including pressure sensitive tapes (Benedek

and Feldstein, 2008), biomedical devices (Bundy et al.,

2000), microelectronic storage and packaging (Harris and

Rubel, 2008), and surgical robotics (Balicki et al., 2010).

A fundamental question of interest in peeling is the sta-

bility of this process. The role of various parameters

including adhesion energy, compliance of the loading sys-

tem, and geometry of the film on the stability of peeling

are of interest. Recent studies have focused on understand-

ing the role of stability in the gecko adhesion problem

(Autumn et al., 2006; Tian et al., 2006; Yao and Gao,

2006), particularly with regard to the force distribution in

the contact of the gecko’s foot to a surface and the detach-

ment of setae (Autumn et al., 2006; Cheng et al., 2011).

The investigation of the stability of peeling can be

viewed as an application of concepts in fracture mechanics

(Hutchinson, 1979; Hutchinson and Paris, 1979) to the peel

test but has received relatively little attention. This study

aims to investigate the stability of peeling including the

role of compliance of the loading system. Experiments

are conducted to monitor the position of the peel tip in

an inextensible adhesive tape over time subject to a con-

stant vertical load applied at the tape extremity while

the width of the tape is decreased as a function of the tape

length. In addition to examining the effect of the applied

load and the change in width on the stability of the deb-

onding process, the stiffness of the loading system is varied

using an elastic spring. This change in stiffness in a direc-

tion parallel to the substrate also affects the peel tip veloc-

ity, and can be tuned to trigger or delay the onset of

instability. Experimental observations are interpreted
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within a theoretical framework for the stability of the deb-

onding of an inextensible tape from a rigid substrate.

A brief summary of results from the theory of stabil-

ity for peeling (Molinari and Ravichandran, 2013) is pre-

sented in Section 2, which provides the background to

interpret the experimental results presented later. The

materials and experimental methods employed in this

study are described in Section 3. A new method for alter-

ing the system compliance is introduced and is used to

investigate its effect on stability of peeling. Results of

the investigation are presented in Section 4 and are dis-

cussed in light of the theoretical model outlined in Sec-

tion 2. The conclusions for the study are presented in

Section 5.

2. Theory

Consider the peeling of an inextensible tape from a rigid

substrate. The tape is subjected to a vertical force (Fperp)

through a dead load (weight) and a horizontal force (Fpar)

through a compliant spring loading mechanism that is par-

allel to the tape adhered to the substrate. The loading

arrangement, forces acting on the tape and the geometry

of the tape are shown schematically in Fig. 1(a–c). Fpar
and Fperp represent the forces parallel and perpendicular

to the substrate, respectively (Fig. 1(b)) resulting in the

net force F acting along the tape. The loading arrangement

in Fig. 1(a) is analogous to the adhesion system of a gecko,

where the vertical force (Fperp) can be interpreted as the

weight of the gecko while the horizontal force (Fpar) is

due to the compliant mechanism of the muscles in the legs.

The vertical force Fperp in this configuration will remain

constant during experiments to be discussed here, to en-

sure the peeling condition.

The resultant force, F acting along the backing of the

tape provides the driving force for peeling the tape from

the substrate,

F ¼
Fperp

sin h
; ð1Þ

where h is the current peel angle.

The peel tip position is defined as a, with a = 0 corre-

sponding to the initial tip position at the onset of peeling.

The peel angle h evolves with the advance of the peel front.

If the tape is assumed to be inextensible and the tape

extremity is constrained to move vertically (either by ver-

tically guided dead weight, Fperp or displaced vertically),

the peel angle decreases from an initial peel angle ho

according to the following relationship:

h ¼ cos�1 lo cos ho þ a

lo þ a

� �

; ð2Þ

where lo and l = (lo + a) are the initial and current lengths of

the peel arm, respectively.

In the present analysis, the tape is assumed to be inex-

tensible, and the debonding or adhesion energy is assumed

to be a material constant, which is independent of position,

peel angle, and peel velocity. For constant adhesion energy

c and inextensible tape, Rivlin (1944) derived the expres-

sion for the peel force per unit width,

Pf ¼
c

1� cos h
ð3Þ

and the adhesion energy can be expressed as,

c ¼ Pf ð1� cos hÞ: ð4Þ

Eq. (3) can be used to plot the peel force as a function of the

peel angle and will be referred to hereafter as the Rivlin
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Fig. 1. (a) Schematic of the peeling configuration for studying stability under combined loading with varying system stiffness provided by the horizontal

spring. The vertical force Fperp is not necessarily confined to fixed plane perpendicular to the substrate during peeling. When required to confine the load

Fperp to a fixed plane, a vertical guide is used. (b) Forces acting on the tape that is being peeled: Fpar and Fperp are the forces in directions parallel and

perpendicular to the tape adhered to the substrate, respectively. F is the resultant peel force acting along the backing of the tape. (c) Geometry of the tape

adhered to the substrate: the tape width has a constant value, bo, which may change to a variable width b(a) when the peel tip reaches the position, a = ac.
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curve (Fig. 2), which corresponds to the material resistance

of the adhesive interface to peeling the tape from the rigid

substrate.

Analogous to crack propagation in fracture mechanics,

peeling will occur when the energy available for debonding

(G) is equal to the adhesion energy (cb)

ðG� cbÞ ¼ 0; or G� Fð1� cos hÞ ¼ 0; ð5a;bÞ

where b is the width of the tape, which may vary with the

position of the peel tip. Equation (4a) relates the debond-

ing or adhesion energy c to the peel force per unit width

Pf and peeling proceeds when the force along the tape

backing is equal to F = bPf.

In Fig. 2, the solid curve represents the resistance to

peeling, F = bPf, given by the Rivlin expression (Eq. (3)),

while the dashed curve represents the driving force for

debonding due to the applied load (Eq. (1)). The values of

the adhesion energy c = 30 N/m and constant width,

b = 48 mm are used in plotting the Rivlin curve, which cor-

respond to the values for Scotch™ Sure Start Shipping

Packaging Tape (3M, Minneapolis, MN) (Kovalchick, 2011).

To best understand the utility of Fig. 2, consider the case

where a constant load Fperp (2.45 N (250 g)) guided verti-

cally is applied to a tape of constant width with an initial

peel angle (ho) of 90�. The initial applied force corresponds

to the right extremity of the dashed curve. At this point,

the driving force curve is above the Rivlin curve, desig-

nated as region C on the plot. This region corresponds to

the case where the driving force G
b
¼

Fperpð1�cos hÞ

b sin h
(energy re-

lease rate divided by width of the tape) is larger than the

adhesion energy, c. Then, debonding in this region is unsta-

ble and the tape will peel off, advancing the tip position, a.

As the tape is peeled, the angle will decrease as suggested

by Eq. (2). Following the driving force curve, this curve will

intersect theRivlin curve at an angle of h = 68�. At this

intersection (B), the tape will no longer debond and the

propagating tip will arrest reaching equilibrium. For the

tape to debond further, a larger force must be applied, so

as to shift the driving force curve upwards.

The stability of peeling of elastic tapes and its depen-

dence on the system stiffness is analogous to the stability

of crack in a fracture specimen and its dependence on ma-

chine compliance (Hutchinson, 1979; Hutchinson and

Paris, 1979). The peeling (debonding) is unstable if,

dðG� cbÞ
da

> 0; ð6Þ

while the peeling (debonding) is stable if,

dðG� cbÞ
da

< 0: ð7Þ

Assuming that the peeling criterion (Eq. (5)) is met, the

following expression serves as the basis for examining the

stability in peeling of inextensible tapes from a rigid sub-

strate (Molinari and Ravichandran, 2013),

dðG� cbÞ
da

¼
�bPf ð1� cos hÞ2 � b

0
Pf ð1� cos hÞ l sin

2
hþ

bPf
K

� �

l sin
2
hþ

bPf
K

;

ð8Þ

where b
0
is the derivative of the tape width with respect to

peel tip position (i.e., db/da) and K is the stiffness of the

loading system in the direction parallel to the substrate.

Stability results have been obtained by Molinari and

Ravichandran (2013) for extensible and inextensible tapes

and for debonding energy c being rate independent but

depending upon peel angle and position. The stability of

the debonding process was checked by examining, at the

critical condition G ¼ cb, whether debonding could pro-

ceed without moving the left extremity of the spring hori-

zontally (see Fig. 1a). Some details about the derivation of

Eq. (8) are provided here. In the present paper, it is as-

sumed that the tape is inextensible and that the debonding

energy is constant. Considering that the applied weight

Fperp is fixed, it follows from Eqs. (1) and (4) that

dG ¼ Fperp
dh

1þcos h
, where dh is the variation of the peel angle
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Fig. 2. Peel force, F as a function of the peel angle, h. The solid curve represents the resistance to peeling, F ¼ bPf ¼
bc

1�cos h
, given by the Rivlin relation, Eq. (3),

while the dashed curve represents the driving force for debonding, F ¼
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sin h

due to the applied vertical load, Fperp.
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resulting from the incremental advance of debonding, da. It

was shown by Molinari and Ravichandran (2013) that

these increments are related by:

dh ¼
cos h� 1

Fperp

Kðsin hÞ2
þ l sin h

da ð9Þ

Finally, Eq. (8) is obtained by combining these results and

by considering the relationship, Fperp ¼ Pfb sin h.

The energy release rate represents the energy in the

system available for debonding provided externally

through the applied loading, F, and internally by the elastic

energy stored in the spring. Similar to the analogous re-

sults in fracture mechanics (Hutchinson, 1979; Hutchinson

and Paris, 1979), the stability criterion (Eq. (8)) is influ-

enced by the geometry of the tape that is being peeled,

i.e.,l, b and h.

For the case of a tape with constant width ðb
0
¼ 0Þ, the

expression in Eq. (8) can be simplified:

dðG� cbÞ
da

¼
�bPf ð1� cos hÞ2

l sin
2
hþ

bPf
K

: ð10Þ

For this case, debonding is always stable since the right

hand side is negative and thus achieving the condition in

Eq. (7).

Now consider the case where the tape width decreases

as the peel tip advances, i.e., b0 < 0. Debonding in this case

is stable if, bPf ð1� cos hÞ2 þ b
0
Pf ð1� cos hÞ l sin

2
hþ

�

bPf
K

�

> 0; or simplified in a more convenient form,

b
0
> �

b

l

ð1� cos hÞ

sin
2
hþ

bPf
Kl

� � : ð11Þ

These results show that as the spring stiffness (K) is de-

creased, the system moves towards the unstable state.

Thus, by manipulating the stiffness, the system can be

moved between stable and unstable peeling. Important

observations can be made by examining the two extreme

cases for the stiffness of the spring: K ¼ 1 (rigid) and

K = 0 (compliant). Note that K ¼ 1 corresponds to the case

where the dead weight (Fperp) is guided vertically (no hor-

izontal displacement of the tape extremity) or displaced

vertically at the tape extremity.

For K ¼ 1, consider two separate cases denoted by #1

and #2, in which the same initial values are imposed for

the initial width, peel arm length and peel angle, bo, lo
and ho, respectively. The difference will be in the relation

for the change of width in Eq. (11) such that for #1:

b
0
> �

bo

loð1þ cos hoÞ
; ð12Þ

and for #2:

b
0
< �

bo

loð1þ cos hoÞ
: ð13Þ

For case #1, the debonding of the tape is initially stable.

However, for case #2, the debonding is initially unstable.

Thus, by tuning the geometrical parameters b, lo and ho
with respect to the value of b0, instability in peeling can

be triggered or avoided.

Finally, considering the other extreme of stiffness that

of an infinitely soft (compliant) loading mechanism where

K = 0, Eq. (8) can be expressed as,

dðG� cbÞ
da

¼ �b
0
Pf ð1� cos hÞ: ð14Þ

Thus, in this case, debonding is unstable for b0 < 0 and sta-

ble for b0 > 0.

The effect of various parameters such as varying tape

width (b0) and the stiffness of the loading system (K) on

the stability of the peeling process will be examined exper-

imentally in the following sections.

3. Experimental

An experimental setup has been developed for conduct-

ing peel tests of an adhesive tape attached to a rigid glass

substrate. The tape is subjected to a weight in the direction

perpendicular to the tape (Fperp), with loading parallel to

the substrate (Fpar) applied using a compliant spring sys-

tem with a known stiffness (K). The combination of applied

loading (Fperp and Fpar in Fig. 1(b)) can be varied over a wide

range.

The newly developed experimental setup for studying

stability of peeling is shown pictorially in Fig. 3 and incor-

porates all the loading elements shown schematically in

Fig. 1(a). The tape is adhered to the underside of a glass

substrate, held between two acrylic glass plates

(12.7 mm (0.500) thick) each with a 127 mm (500) radius

cut-out, which enables the imaging of the peel tip. Two

pieces of Delrin held together by two screws, are used as

a grip to clamp the end of the tape. A rectangular recepta-

cle is tied to the ends of the screws of the grip with 89 N

(20 lbf) fishing wire. Small spherical beads each weighing

2.94 mN (0.3 g) are added into the receptacle to achieve

the desired weight.

Experiments are conducted using Scotch™ 3450S-RD

Sure Start Shipping Packaging Tape (3M, Minneapolis,

MN), which has a width b = 48 mm (1.8800) and thickness

t = 66 lm (2.6 mil). This specific adhesive tape is chosen

because of its large width, which is useful in conducting

stability experiments where the width changes as a func-

tion of position. The backing material of this tape is ob-

served to behave in a linearly elastic manner, with the

Young’s modulus obtained independently through uniaxial

tension tests (E = 1.6 GPa). The tape can be considered to

be inextensible since the maximum strain computed for

the experiments is less than 0.25%. Prior to the experiment

in all cases, the glass surface is cleaned with acetone, fol-

lowed by wiping with isopropanol, and left to dry. The

adhesive tape is applied to the glass surface with a roller

to achieve uniform adhesion to the substrate. Experiments

are conducted after the adhesive is left to rest for 20 min

prior to start of the experiment. Constant peel rate tests

were conducted to determine the adhesion energy (c),
which was determined to be 30 N/m for the tape attached

to glass substrate peeled at 10 lm/s (Kovalchick, 2011).

Two distinct loadings are considered in this investiga-

tion: (I) loading perpendicular to the substrate (Fperp) using

a vertically guided weight, with the horizontal spring

4



(Fig. 1(a)) being absent in this configuration. The guide per-

pendicular to the substrate is formed using a vertically

mounted thin aluminum plate attached to a 304 mm

(1200) optical rail. As the load descends vertically in the

guide while the tape debonds from the substrate during

the experiment, the peel angle h changes continuously

(Eq. (2)). This corresponds to a loading system with infinite

stiffness (K =1) parallel to the substrate. An alternate ap-

proach to using the vertical guide is to use an infinitely stiff

spring attached horizontally to the tape. (II) The load per-

pendicular to the substrate (Fperp) is applied using the

weight attached to the tape and the horizontal loading par-

allel to the substrate (Fpar) is applied using an elastic spring

with known stiffness K. In this configuration, the perpen-

dicular load Fperp remains constant during the test, so that

the peeling condition given in Eq. (5) is fulfilled by adjust-

ing the force Fpar during the peeling process.

To implement compliance control in the horizontal

direction, an elastic string of rectangular cross-section with

a thickness (ts) of 1 mm (Elastic strap, Michael’s, Irving, TX)

is woven through a slot in the weight receptacle and

clamped at the end with a fastener. Variable lengths and

widths of the elastic string are used to alter the stiffness,

K and thus the force parallel to the substrate, Fpar. The

string is clamped at the other end by a similar Delrin grip

to the one used to hold the extremity of the tape. The grip

is attached to a 500 g load cell (ALD-MINI-UTC-M, AL

Design, Inc., Buffalo, NY), which is attached to an alumi-

num T bracket and fixed to a motorized translation stage

(M-410.CG, Physik Instrumente, Irvine, CA). The stage has

a total travel range of 100 mm, a maximum velocity of

1 mm/s, and displacement resolution of 100 nm. The stage

is mounted on an optical T bracket, which is attached to a

linear translation stage mounted vertically on an optical

post. The optical post is mounted to a separate linear trans-

lation stage fixed to an optical table.

The load from the load cell is monitored in situ with a

digimeter (MD-40, Newport, Irvine, CA), configured to

show the output force from the load cell. The initial parallel

force, Fpar0, is determined by setting the tension in the

string and observing the value through the digimeter.

The parallel force Fpar is decreased during a test by moving

the stage towards the right (i.e., towards the tape’s extrem-

ity), which relaxes the tension in the string. Data is ac-

quired at a rate of 5 samples per second for the duration

of an experiment from the load cell through a virtual

instrument created in Labview (DAQM02, National Instru-

ments, Austin, TX). The test times are typically on the order

of one hour (3600 s). As the applied weight (Fperp) descends

when the tape is peeled, the height of the motorized trans-

lation stage is manually adjusted in small increments to

keep the string parallel to the substrate.

The stiffness (K) of the elastic string can be changed by

varying its geometry to alter the parallel force Fpar. Con-

sider an elastic string attached to the extremity of the tape

to apply the parallel force Fpar. The stiffness K is defined as,

K ¼
Fpar

d
; ð15Þ

where Fpar is the force and d is the resultant string elonga-

tion. By relating Eq. (14) to the geometry and material

properties,

K ¼
Ewts
Ls

; ð16Þ

where E is the Young’s modulus of the string material and

w, ts, and Ls are the width, thickness, and length, respec-

tively, of the elastic string of rectangular cross section. If

the length and thickness of the string remain constant,

the stiffness K increases as the tape width is increased.

Note that an infinitely compliant loading system (K = 0)

can be achieved by employing a very long string (Ls?1).

The position of the peel tip of the tape is continuously

monitored and imaged during the experiments. The tip po-

sition, a, is defined as the contact point between the tape

and the glass substrate. The tip is imaged with a 2-mega-

pixel monochromatic digital CCD camera (UP-2000CL B/

W, Uniqvision, Santa Clara, CA; not shown in Fig. 3). During

the experiments, one image is acquired every 5 s for the

duration of the test. Fig. 4 shows a sample image of the

tape debonding from the glass substrate during a constant

vertical force (Fperp) experiment. To track the tip position, a,

over time, all of the images from a given test are loaded

sequentially in Matlab (Mathworks, Natick, MA) and the

tip position is located manually by examining each image.

The selected tip position is stored for each image and sub-

Imaging

area

Tape

Glass

substrate

Grip

Load cell

Grip

Motorized

translation

stage

Vertical 

positioning

stages

String
Weight

Fig. 3. Variable stiffness experimental setup, which incorporates a string with known stiffness parallel to the substrate attached to the tape, which applies

loading parallel to the substrate (Fpar) and the weight, which applies loading perpendicular to the substrate (Fperp).
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sequently tracked over time. Using this imaging technique,

the tip position of the tape as a function of time is

constructed.

The experiments utilize tapes of either constant width

or tapes that go from constant to variable width

(Fig. 1(c)). The variable width tapes have a region of con-

stant width followed by a section where the width chan-

ged as a linear function of the tape position,

b ¼ bo �
2

5
ða� acÞ for 0 < ða� acÞ <

5

2
bo; ð17Þ

where a is the current peel tip position in the region of

varying width and ac is the position on the tape where

the width begins to change.

Three different types of experiments are conducted

with the newly developed experimental configuration

shown in Fig. 3. In addition, displacement-controlled

experiments are also performed to demonstrate the tuning

of stability through geometrical parameters.

In the first set of experiments, a tape of constant width

followed by variable width (Eq. (17)) is subjected only to

the vertically guided force (Fperp). The tape is subjected to

successive application of two separate prescribed vertical

loads and the effect of the change in tape width on stability

of peeling is investigated. This corresponds to the case

where K ¼ 1 and is used to examine this limiting value

of K on the stability of peeling for a variable tape width

(b0 < 0). The stability/instability conditions as predicted

by Eqs. (12) and (13) are validated with this set of

experiments.

The second set of experiments is conducted for a tape of

constant width under combined loading of the weight

(Fperp) and the horizontal force (Fpar) applied through a

compliant string. Two different strings with different

widths are used for varying combinations of vertical (Fperp)

and the initial parallel (Fpar0) force which produce the same

initial resultant peel force F (Eq. (1)). The tape is initially

set at a shallow initial peel angle to change the equilibrium

condition quickly along the driving force curve (Fig. 2) to

propagate peeling. The stage is set to move at a constant

velocity for a prescribed duration of the experiment, slowly

releasing the tension in the string and thus decreasing Fpar.

The goal is to investigate how altering the parallel and per-

pendicular force components affect the tip velocity and the

stability of peeling and provides a direct validation of the

prediction of the dependence of stability on the stiffness

K as given by Eq. (8).

In the third set of experiments, the values of Fperp and

Fpar0 are prescribed and the width of the tape is varied

(Eq. (17)). Fpar0 is the initial value of the force in the hori-

zontal string and a string of same width (w) (stiffness, K)

is used in all experiments. The horizontal loading stage is

moved so as to decrease the tension in the string for vary-

ing amounts of time and then stopped. By stopping the

stage at different times, the parallel force component Fpar
will be different and its effect on the stability, particularly

in the variable width portion of the tape, can be examined.

This set of experiments is used to validate the prediction

given by Eq. (11).

In the second and third set of experiments, as the paral-

lel force component is reduced by the motion of the motor-

ized stage while holding the vertical force constant, the

change in angle results in satisfying the peeling criterion

in Eq. (5), i.e., G � cb = 0, thus sustaining peeling.

The peel arm length (l) has a direct effect on the stabil-

ity of peeling as seen from Eqs. (8), (10) and (11). Even in

the case where K ¼ 1, the initial peel arm length (lo) is

an important parameter in determining the stability of

peeling (Eqs. (12) and (13)). The role of the peel arm length

has not been examined explicitly in the present study but

has been accounted for while examining stability using the

experimental data from the experiments.

4. Results and discussion

4.1. Prescribed vertical load (Fperp)

The experimental setup shown in Fig. 1 is used without

the horizontal string, while the weight (Fperp) is guided ver-

ticallyusing theguidedescribed inSection3. The tape is sub-

jected to successive application of two separate prescribed

vertical loads P0 and P1. The initial peel arm length, lo, or

the length of tape from the initial tip position (a = 0) to the

grip is set to12.7 mm(0.500) at an initial peel angleofho = 90�.

A load P0 is applied at t = 0, with an additional weight

added at t = 3000 s resulting in a new applied load P1.

The tape width is constant at bo = 48 mm until a tip posi-

tion of a = 50 mm (ac) is reached, at which point the width

begins to decrease linearly as a function of the tape length

given in Eq. (17). Table 1 lists the values of the successively

applied vertical loads (P0 and P1) for two experiments.

Fig. 5 shows the tip position as a function of time for the

two prescribed vertical force experiments for load param-

eters shown in Table 1. It shows that there is a relationship

between the tip position and the applied load. The instan-

taneous slope of the position as a function of time repre-

sents the instantaneous tip velocity. From time t = 0 to

t = 3000 s, the tip velocity decreases as the time t increases

for both experiments, with the tip velocity higher for a lar-

ger initial applied load P0 (SC1). This occurs as a result of

the decreasing peel angle as the crack advances (Eq. (2)).

Glass

substratePeel tip

Tape

10 mm

Fig. 4. Image of the tape being peeled from the substrate to locate its peel

tip position, a, as acquired with a CCD camera in a peeling experiment.

Table 1

Applied loads, P0 and P1 for the prescribed vertical load (Fperp) experiments.

Experiment # P0 (N) P1 (N)

SC1 0.59 1.96

SC2 0.49 1.23
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Since the tip velocity is decreasing, the debonding here is

stable, as it approaches an equilibrium position where it

should arrest. At t = 3000 s, the weight is increased to reach

a total applied load P1, resulting in a faster tip velocity.

When the load is increased to P1, the tip velocity increases

in both cases, with the peel tip in experiment #SC1 moving

faster than the peel tip corresponding to experiment #SC2

as a result of the larger load. At the tip position where the

width begins to decrease (a = 50 mm, b0 < 0), the tip veloc-

ity no longer remains steady and tends towards unstable

debonding. The relations in Eq. (2) and the stability crite-

rion (Eqs. (12) and (13)) can be used to verify the point

at which debonding becomes unstable in the experiment.

When b0 < 0, it can be shown that unstable debonding

occurs when the following value of the tip position is

reached,

a� ¼
1

3
ac þ

b0

jb
0
j
� l0

� �

: ð18Þ

If a⁄ < ac, the onset of unstable debonding starts when

a = ac
For both experiments #SC1 and #SC2, the debonding is

predicted (Eq. (18)) to become unstable when the tip posi-

tion reaches a⁄ = 52.4 mm. The correlation of this predic-

tion with experimental results can be checked in Fig.5

where the onset of instability manifests itself by the

increasing of the tip velocity of the peeling front that

results in rapid peeling, which is evidenced by the inflec-

tion in the plot of peel tip position vs. time at a = 57 mm.

The point of inflection is determined from abrupt change

in peel front velocity, i.e., the slope of the peel tip position

vs. time. It is also interesting to note that the debonding

becomes unstable for the same peel tip position irrespec-

tive of the loading history (SC1, SC2), thus confirming the

theoretical prediction of Eq. (11), which depends only upon

geometrical parameters (a,b, l) for K ¼ 1.

4.2. Effect of stiffness (K)

4.2.1. Combined loading (Fperp and Fpar) resulting in the same

initial peel force, F

Experiments are conducted to investigate the effects of

varying combinations of Fperp and Fpar0 along with varying

string stiffness for tape of constant width (b = bo = 48 mm).

Table 2 gives a summary of the combination of Fperp, Fpar0
and string widths w considered (the stiffness K is propor-

tional to the width, Eq. (16)).

Note that for all combinations of Fperp and Fpar0, the initial

resultantpeel force F0 (Eq. (1)) is the same, F0 = 4.9 N (500 g).

The lengthof initial peel arm, l0, and initial string length, LS in

all of these experiments are set to 50.8 mm(200) and393 mm

(15.500), respectively. A plot of the tip positions, a, of the tape

as a function of time, as imaged during the experiments are

shown in Fig. 6. The peeling proceeds as the string is relaxed

using the stage moving at a velocity of 150 lm/s until

t = 600 s and after which the stage is stopped. The corre-

sponding outputs from the load cell for the force Fpar as a

function of time are shown in Fig. 7.

While the initial resultant force, F0 is the same in all

cases, there is a clear effect of the string stiffness, K, as well

as the combination of forces Fpar0 and Fperp. This corre-

sponds to the trend seen in the plot in Fig. 6. Recall from

Eq. (16) that the stiffness of the string increases as the

width of the string increases. Examining two curves with

the same Fperp/Fpar0 combination but with different widths

(SK1 and SK2, SK3 and SK4), the tip velocity decreases as

the width of the string increases. Thus, a system with

increased stiffness (K) corresponding to a larger string

width results in a lower peeling rate (SK2 and SK4), i.e.,

more stable, which is consistent with the theoretical

prediction (Eq. (10)). It is further seen from Fig. 7 that for

a given Fpar0, the decrease in Fpar is smaller for a stiffer

string over the same time increment.

It is inferred from Fig. 7 that when the stage is moving,

the extremity of the tip where the weight is attached is

also moving in the horizontal direction due to the advanc-

ing peel tip and the weight is not guided vertically. Since

Fig. 5. Peel tip position, a, as a function of time, t, for two separate prescribed vertical force (Fperp) peel experiments with guided tip extremities.

Table 2

Summary of experimental parameters for specified stiffness experiments.

Experiment# String width, w (mm) Fperp (N) Fpar0 (N) F0 (N)

SK1 6.35 2.94 3.92 4.9

SK2 12.7 2.94 3.92 4.9

SK3 6.35 3.92 2.94 4.9

SK4 12.7 3.92 2.94 4.9
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the tape is still debonding from the substrate after t = 600 s

as is seen from the increasing tip position in Fig. 7, the par-

allel forceFpar increases even after the stage is stopped. This

is a result of the tip position, a, moving away from the

string while the string is fixed at the load cell resulting in

the elongation of the string and thus causing a slight

increase in Fpar. The increase in Fpar after time t = 600 s does

not seem to affect the propagation of the tip velocity since

the tape used here is of constant width. The experiments in

Fig. 5 already show that the tip velocity increases as the

applied load Fperp increases in the experiments where the

weight is guided vertically. This is also seen in Fig. 6 by

comparing experiments for the same string width (e.g.,

SK1 and SK3, SK2 and SK4) under increasing Fperp. Thus,

altering the force components Fpar0 andFperp has an effect

on the tip velocity.

4.2.2. Varying parallel force

To examine the effect solely due to Fpar on the tip veloc-

ity and the stability of the debonding process, experiments

are conducted for a variable width tape while the stage is

stopped at different amounts of time to alter the change

in Fpar. In all of these experiments, the applied load Fperp
and initial parallel force Fpar0 are the same, 2.94 N (300 g)

and 3.43 N (350 g), respectively. The same string width

(w = 12.7 mm) is employed in all the experiments. In all

cases, the initial length of the tape is lo = 76.2 mm (300).

The initial tip position is set at a point in a region of the

constant-width portion of the tape and 5 mm prior to

reaching the variable-width portion, i.e., ac = 5 mm. The

stage stop times for the experiments are summarized in

Table 3. The tip position, a, is plotted as a function of time

for the four experiments with variable width tape in Fig. 8.

For all of the experiments except for a stop time of 600 s

(SV4), the peel tip position when the stage is stopped is

just prior to the position where the tape changes width.

Fig. 8 shows that the stability of the debonding process is

affected by the time at which the stage is stopped. The par-

allel force, Fpar is larger for the smaller stop times. As the

stop time is increased, the value ofFpar at the corresponding

stop time is lower, resulting in an increase of the tip veloc-

ity promoting unstable peeling. While the tape debonds

Fig. 6. Peel tip position, a as a function of time, t, for experiments with different string stiffness and combinations of Fperp and Fpar0 for the same initial

resultant peel force F0.

Fig. 7. Measured force parallel to the substrate, Fpar, as a function of time, t, for experiments of variable string stiffness and various combinations of Fperp and

Fpar0. The corresponding tip position, a, as a function of time is shown in Fig. 6.

Table 3

Summary of stage stop experiments with variable width tape.

Experiment# Stage stop time (s)

SV1 300

SV2 400

SV3 500

SV4 600
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completely and fails in an unstable fashion for stop times

of 500 and 600 s, the tape is still attached to the substrate

at the end of the experiment for the stop times of 300 and

400 s. Although the process also becomes unstable for the

smaller stop times, the tip velocity increases at a slower

rate. This is consistent with the theoretical stability crite-

rion that the debonding process is unstable for the param-

eters considered here as suggested by Eq. (11).

4.3. Geometrically tuned instability

The tuneable position of the onset of instability can be

illustrated by using a displacement-controlled peel test in

which the extremity of the tape is displaced vertically at

a constant rate. This corresponds to the case where the

stiffness of the string in Fig. 1 is infinite, i.e., K ¼ 1 and

the extremity is vertically guided. Since the displacement

is controlled, the debonding process is stable. However,

from this test it is possible to obtain useful information

concerning the stability of debonding in a test where

K ¼ 1 and Fperp is increased incrementally (henceforth de-

noted as force control experiment). The recording of the

vertical component of the peel force (Fperp) in the displace-

ment control experiment allows for characterizing the tip

position at which Fperp reaches a maximum value. It can

be theoretically demonstrated that this position is given

by a⁄ (Eq. (18)) and it was shown in Section 4.1 that a⁄

characterizes the onset of instability in a force control test.

In Fig. 9, the vertical force Fperp is measured directly

(from the load cell in Fig. 3) as a function of the peel tip po-

sition, a, in a displacement control test where the initial

peel arm length (lo) is 152.4 mm, the initial peel angle is

ho = 90�, the initial tip position is a = 0 and the tape width

variation is given by Eq. (17) with ac = 0. It is seen that Fperp
decreases right after the beginning of peeling. Indeed, for

the initial conditions considered here, a⁄ < 0 (Eq. (18))

and it is known that Fperp decreases for a > a⁄ in a displace-

ment control test. Thus, the theory clearly predicts that

Fperp has to decrease right at the beginning of peeling in

the test corresponding to Fig. 9. The rapid increase of Fperp
observed in Fig. 9 at the beginning of loading corresponds

just to a very short transient stage. It should be noted that,

sincea⁄ < 0, the debonding process would be initially

unstable in a force control test with same initial conditions

as those associated with Fig. 9.

However, for a small value of the initial peel arm, a⁄ > 0.

Then, Fperp increases first (for a < a⁄) in a displacement con-

trol test before reaching its maximum value at a⁄. Conse-

quently, with a small initial peel arm, the debonding

process would be initially stable (the condition Eq. (12) is

met) in a force control test and would become later unsta-

ble for a > a⁄ > 0.

Thus, according to the criterion in Section 2 (Eq. (11)),

the geometry of the tape appears to play a direct role in

determining the stability (Fig. 9). Thus, by using Eq. (11)

to tune the geometry of the tape, the onset of instability

can be predetermined accurately.

5. Conclusions

The stability of peeling has been examined through a

series of experimental investigations aimed at understand-

ing criteria which govern the debonding process of an

inextensible adhesive tape attached to a rigid glass sub-

Fig. 8. Peel tip position, a, as a function of time, t, for varying stage stop times for separate experiments with tape of variable width.

Fig. 9. Vertical component of the peel force (Fperp) vs. peel tip position, a,

for a displacement controlled peel experiment on a variable width tape

(Eq. (17)).
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strate. A new experimental setup has been designed to

independently vary the forces and compliance of the load-

ing applied to the extremity of a tape adhesively bonded to

a substrate. Results from an analytical model are used to

understand the role of various geometrical parameters

and stiffness of the loading system on the stability of peel-

ing. The model assumes the adhesion energy to be inde-

pendent of the peel velocity.

The experiments show that the stability of peeling is

dependent on the stiffness of the loading system and the

geometric parameters of the tape as suggested by the the-

oretical model. Decreasing the stiffness of the system or

increasing the compliance leads to unstable peeling. The

instability criteria can be cast in terms of the slope of the

variation of the width of the tape and the geometrical

parameters of the tape. It is demonstrated that the onset

of instability is independent of the magnitude and se-

quence of loading and is purely dictated by the geometry

of the tape. It is also shown that the onset of stability can

be tuned by varying the various geometrical parameters

such as the peel angle, length of the peel arm and width

of the tape.

The experimental results are in general qualitative

agreement with the predictions of the analytical model

(Molinari and Ravichandran, 2013) but discrepancies do

exist in making quantitative comparisons. These discrep-

ancies can be attributed to the rate dependent (viscoelas-

tic) nature of the adhesion energy on peel velocity and

peel angle (Kovalchick, 2011), which changes continuously

in the present peeling experiments because of the rela-

tively short initial peel arm length. The analysis of stability

becomes more complex when these effects are included.

The viscoelastic nature of debonding can be seen to affect

the results, stable peeling does not lead to arrest and

unstable peeling does not manifest itself as abrupt or cat-

astrophic debonding. For example, this can be observed

in Fig. 5 where under the initial small vertical force (Po),

the peel front never ceases to arrest, and when subjected

to a higher vertical force (P1), the peel front upon reaching

the unstable position does not lead to catastrophic deb-

onding. Instead of arrest, the peel front decelerates contin-

uously, and instead of abrupt debonding, the peel front

accelerates rapidly.

The present study could lead to better understanding of

the stability of peeling in many engineering applications,

particularly where the system compliance is of impor-

tance. It could also be used to shed light on biological sys-

tems such as how a gecko alters the force magnitude and

direction of the setae during attachment and detachment

to maintain stability during locomotion.
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