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Fig. 1 Top: sketch of the experimental setup in an initial stage, i.e.

before any deformation is applied (top view). A long strip of elastomer

(in green) of width wo adheres on a glass plate along a length La. The

pulling force F at the free end of the strip of length L at a constant speed

v is monitored with a force displacement machine

Bottom: snapshots of an actual experiment. The free end is clamped

between the moving jaws of the force displacement machine while the

glass plate is fixed to the frame. In the last image, the strip has just

detached.

adhering on a rigid substrate with an adhesion energy γ (note that

γ does not correspond to the thermodynamical adhesion but may

depend on the dynamics and on the details of the loading at the

debonding front). Friction is not considered in this calculation, i.e

γ is assumed to be independent of the detachment mode (neglect-

ing mode mixity in classical fracture terminology19). In a steady

regime, the operator applies a constant pulling force F = Ehwoε,

which stretches the strip to a strain ε. The elastic energy stored

in the strip is then F2/2Ehwo per unit length. In the limit of

vanishing peeling angle, the operator displaces the free end of

the strip by a quantity εdx as the delamination front advances by

a distance dx and thus provides a work δW = Fεdx. This work

is transformed into adhesion energy γwodx but also increases the

strechting energy stored in the elastic strip (F2/2Ehwo)dx. Energy

conservation leads to the steady pulling force:

FK =
√

2Ehγ wo (1)

This expression is in agreement with the experiments presented

in Kendall’s study for angles as low as 10◦ conducted with ethy-

lene propylene rubber strips adhering on glass through molecular

forces10. Since the stretching of the strip is important for low

peeling angles, standards for testing tapes usually involve large

angles of 90◦ or 180◦ for which the peeling force is simply propor-

tional to the adhesion energy. As a consequence, studies testing

the same lap shear regime with different systems are rather scarce

in the traditional literature on adhesion.

Force

Displacement

catastrophic failure

Force

Displacement

steady front

(a) (b)

Fig. 2 Complementary scenarios for the failure of an adhesive strip in a

lap test configuration. (a) Following the mechanism described by

Kendall for a soft strip, a debonding front steadily propagates as the free

end of the strip is progressively pulled away (red line). The

corresponding plateau force FK is independent from the length of the

strip. (b) In the scenario proposed by Crosby et al., elastic energy is first

stored in the system of compliance C and suddenly released as it

reaches the critical debonding energy (blue line). The critical load FC is

in this case dependent on the length of the adhering strip.

2.2 A scenario for catastrophic debonding

Motivated by the design of biomimetic adhesives, Crosby and

coworkers developed a different concept based on catastrophic

detachment to predict the adhesive force capacity in a general

configuration5,6. The main argument is that the system of com-

pliance C stores an elastic energy on the order of CF2 as it is

loaded with a force F . This energy is compared with the cost γsA

for debonding an area A. Note that γs corresponds to the critical

energy release rate under shear (fracture mode mode II). As the

the force is progressively increased, the elastic energy eventually

reaches the energy required for a total debonding. The situation

becomes unstable even if the load is applied through an imposed

displacement and the adhesive suddenly detaches beyond the crit-

ical load:

FC ∼
√

γsA/C. (2)

Although neither friction nor the kinetic energy generated by the

propagation of the fracture are considered in this approach, this

relation is nicely verified on a wide range of experiments involv-

ing a compliant elastomer coated with a stiff fabric backing. Inter-

estingly, the failure load obtained in such experiments yields an

shear debonding energy γs about one order of magnitude greater

than the adhesion energy γ obtained in a peeling test at 90 de-

grees20.

The scaling relation (2) is a general result for the case of catas-

trophic debonding. Examples of its application to different ge-

ometries involving a backing and a soft adhesive are reviewed

by Bartlett et al.6. We present here as an illustration the case

of an adhesive elastomer (of thickness h and width wo) covered

with an inextensible backing in the same geometry as in figure 1.

If a load F parallel to the strip is applied, the backing is trans-

lated as a rigid body along a distance δ , which induces a uniform

shear strain δ/h in the portion of the elastomer adhering to the

rigid substrate. The elastic energy stored in the system is there-

fore µh(δ/h)2/2 per unit of bonded area, where µ is the shear

modulus (in the case of an incompressible elastomer, µ is sim-

ply one thrird of the Young modulus, µ = E/3). In a steady state

propagation, an advance of a debonding front over a distance dx

2 | 1–10
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will release µh(δ/h)2wodx/2 of elastic energy, with a cost γwodx

of fracture energy. As a consequence, the front will propagate in

a single step along the whole extent of the sample if the imposed

displacement δ is larger than δc =
√

2γh/µ. This threshold corre-

sponds to a shear stress on the adhesive µδc/h and results into a

critical load FC = µLawoδc/h. Equation (2) is finally recovered:

FC =
√

2γsA/C = A
√

2µγs/h (3)

where A = wLa is the adhesion area and C = h/µwLa the compli-

ance of the system.

However if we apply directly equation (2) to the first system

(strip without backing), we do not recover equation (1). In-

deed, the compliance of the system before detachment is given

by C = L/(Ehw), where L is the length of the free portion of

the strip since the adhering part of the strip first remains un-

deformed. Equation (2) would thus lead to a different result∗

FC =
√

2Ehγs wo

√

La/L. This is not surprising, since the basic as-

sumptions on the failure mode are different (steady progressive

detachment versus a catastrophic single event).

2.3 Reconciling contradictory mechanisms

Which mode of failure occurs in the case of a strip of soft elas-

tomer covered with a rigid backing? Considering the finite stiff-

ness of the backing can reconcile both approaches.

The strain in the strip is uniform in the detached side, and van-

ishes in the adhered part after a progressive transition of exten-

sion ℓlag (see figure 3). We now estimate ℓlag as a function of the

mechanical properties of the backing tape and the elastic strip (in

the absence of backing ℓlag should be on the order of the thickness

of the strip h). We assume that the backing is much stiffer than the

elastomer, i.e. Eh ≪ Ebhb, where Eb and hb are the Young mod-

ulus and the thickness of the backing material. Within this limit,

the elastic strip is mainly submitted to a simple shear, whereas

the stiff backing undergoes stretching. A simple force balance on

a short portion of the strip leads to

E

3h
u+Ebhb

∂ 2u

∂x2
= 0,

where u(x) is the local displacement of the tape at position x. As

described by Kaelble9, the integration of this equation leads to an

exponential decay of the strain of the strip over a distance:

ℓlag ∼ h

√

Ebhb

Eh
. (4)

Comparing La with ℓlag indicates which debonding mechanism

we should expect. If ℓlag ≫ La, the whole adhesive layer is under

uniform shear. We recover a situation similar to the case of inex-

tensible backing and the strip should suddenly detach beyond the

critical load FC.

Conversely, in the case ℓlag ≪ La, a small fraction of the strip ad-

hering on the substrate is subject to the applied load. The re-

∗We note however that in many cases L and La are of the same order of magnitude

so that the scaling relation (2) applies again.

uniform strainno stress

Fig. 3 Case of a strip coated with a backing of finite rigidity. The

coupling between the tensile strain in the backing and the shear in the

soft adhering strip results into the decay of the local strain along a

length scale ℓlag.

maining of the strip remains at rest in agreement with Kendall’s

steady scenario, leading to a steady load FK (Eq. 1). This would

for instance be the case in the absence of a backing layer, where

ℓlag ∼ h.

As a conclusion, the mode of failure is selected by the length of

the adhered zone La compared to the shear elastic decay length

ℓlag. Longer adhered areas will eventually reach Kendall’s plateau

(eq.1), whereas shorter ones (or very stiff backing) will follow a

catastrophic scenario (eq. 2).

However, although friction obviously prevents the tape from

sliding, none of these mechanisms accounts for a possible en-

ergy dissipation through friction. The effects of friction in peeling

configurations have nevertheless been evidenced and described

at both local12–14 and global scales15–17.

In the following section, we present experiments with a strip

made with a single material where friction plays a major role.

Curiously, we observe a propagating front reminiscent from

Kendall’s mechanism but the force leading to the detachment of

the strip is proportional to the initial adhesion area, as in the

catastrophic scenario.

3 Experiments with silicone rubber adher-

ing on glass

3.1 Experimental methods

Our experiments were performed on smooth glass plates carefully

cleaned with ethanol. The strips made in PolyVinylSiloxane (Elite

Double 16, 22 and 32 from Zhermack) were prepared by mixing

equal quantities of “base” and “catalist” liquids. The strips were

elaborated with an initial length of 250 mm, a width wo ranging

from 7.5 to 60 mm, and a thickness h of 1 or 2 mm. The Young

modulus could be selected between 400 and 1200 kPa. Acciden-

tal dust particles were removed with standard adhesive tape. The

strips spontaneously adhere on glass through intermolecular in-

teractions.

The adhesion energy was measured for each sample through a

standard 90◦ peeling test21 carried at a velocity of 0.5 mm/s with

an Instron 5865 force-displacement machine. Depending on the

polymer selected, γ could vary between 0.5 and 1.5 N/m. Fol-

lowing the procedure described by Crosby et al., we finally per-

formed some experiments with strips covered with a stiff backing,

in which case the debonding is catastrophic. We obtained a shear

debonding energy γs ranging from 1.4 to 5.4 N/m (the experi-

mental procedure is described in section 3.6.2).

Before starting a lap-test experiment, a length of the strip La is
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Page 3 of 11 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 4 of 11Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



t = 0
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Fig. 6 Experimental snapshots of the strip during successive instants

of an experiment (a movie of the experiment is available as Electronic

Supplementary Information). A transition region 2 can be clearly

identified between region 1, where the strip is at rest and region 3 where

the strip is away from the glass plate and uniformly stretched. The

deformation front which is separating regions 1 and 2 advances towards

region 1 as the strip is continuously pulled away. Here, wo = 60 mm.

stress along the strip (w∞ < w0). Zone 2 corresponds to a tran-

sition between zones 1 and 3. The width w(x) varies gradually

along this region from wo to w∞. This evolution indicates that the

tension in the strip progressively decays from zone 3 to zone 1.

A sliding front delimits zones 1 and 2. This front of position xF

propagates towards zone 1 as the end of the strip is continuously

pulled away. The strip eventually detaches when this front gets

close to its end, and the whole strip coils back.

3.3.2 Friction stress along the strip.

As the deformation front propagates, we observe that in zone 2

the strip remains in contact with the glass plate, sliding over it,

which indicates that the adhering material is subject to friction.

We propose in this section to estimate directly the shear stress

acting on the strip by measuring its lateral deformation.

Due to the symmetry of the deformation profile and the horizo-

tal direction of the pulling force, the global force F(x) acting on

a transverse slice of the material is also horizontal and directed

along the x axis. Zone 1 of the strip is free from any stress, while

zone 3 is under uniform axial stress, σxx = F∞/woh. In zone 2,

F(x) varies from 0 to F∞ and we assume that the strip is submit-

ted to a shear stress as a result of frictional sliding. We refer to

τ(x) as the value of this shear stress averaged over the local width

w(x). If we neglect stresses and strains in the y direction, a simple

force balance connects τ to the evolution of the global force F(x)

acting on a slice of the strip:

∂F

∂x
= w(x)τ(x). (6)

In order to estimate the local force F(x), we extract the corre-

sponding local width w(x) from image processing, and compare

it with a calibration curve determined through a standard force

vs. displacement test implemented with a synchronized imaging

of the strip. In this approach, we assume the relation between

F(x) and w(x) to be locally the same as in a uniform tensile test

although the strain varies spacially. Neglecting two dimensional

effects is in principle valid for slowly varying loads, an assump-

tion which can be questioned in our experiments, especially in

the vicinity of the sliding front. The elastomer follows a Hookean

behavior for moderate strains up to εw = (w−wo)/wo ∼ 0.2 and

hardens for higher strains (Fig. 7). We used a 5th order polyno-

mial fit to account for this non-linear behavior. By simply follow-

ing the evolution of w(x) we thus infer the local tension F(x), and

using eq.(6) the shear stress τ(x) acting on the strip is computed.
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Fig. 7 Calibration curve of the force as a function of the width of the

strip. The initial linear dependence provides the Young modulus of the

material (in the current case, 1 MPa). The black solid curve corresponds

to a 5th order polynomial fit and the green solid line is the reference of a

linear curve with unit slope.

Figure 8 represents, at a given time, the spatial dependence of

the width of the strip, the local force deduced from the calibration

and the frictional shear stress estimated from eq. 6. As expected,

τ(x) starts from zero in zone 3, increases in zone 2 and eventually

vanishes again in zone 1†.

Interestingly, the shear stress reaches a constant value on the

order of 40 kPa. The same procedure can be repeated at suc-

cessive moments of the experiment. The global evolution of the

stress distribution τ(x) is best visualised using a space-stress di-

agram (Fig. 9). The imposed displacement is measured directly

by the traction machine and is proportional to time, since the

displacement speed is imposed to 0.5 mm/s in the presented ex-

periments. This particular experiment has been conducted with

† Note that our technique leads to a non-zero value of τ(x) in zone 3 in the vicinity of

the edge of the glass plate. We interpret this artefact as a consequence of strains in

the y direction that we have neglected.
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Fig. 8 Measurement of the local width and estimation of the

corresponding force and shear stress acting on the strip at a given time

(the applied dispalcement corresponds to d/wo = 2.33 in fig.9). In the x

coordinate, zero corresponds to the edge of the glass plate, while

positive coordinates represent the side of the strip that is away from the

plate, i.e. zone 3. The arrows indicate the position of the sliding front xF .

This front is defined as the location where local width has decreased by

1% from its initial value. Experimental parameters are: E = 1055kPa,

h = 2.2mm and wo = 60mm.

E = 1055Pa, La = 140mm, wo = 60mm, h = 2.2mm. Nevertheless,

similar qualitative features were obtained with other specimens.

In particular, we found a plateau shear stress in the range 20 to

40 kPa for all the strips.

Recent works have been specifically dedicated to the friction

between soft polydimethyl siloxane (PDMS) and rigid materials

(glass with different molecular coatings). In these experiments, a

spherical cap made of PDMS is slid over a glass plate22,23. Con-

versely, a glass spherical cap can also be put in contact with a flat

substrate of PDMS with a fixed normal load and submitted to a

given torsional stress24–28. Peeling configurations closer to the

present study have also been explored through the the tracking

of markers embedded in the tape13,14. As a salient result, sliding

involves a constant frictional shear stress independent of pres-

sure in the case of smooth contact, in contrast with the common

Ammonton-Coulomb law. Friction stresses were found to depend

significantly on the chemical treatment of the interface and, to a

lower extent, on the sliding velocity. Nevertheless their values all

range between 10 and 500 kPa. Although the chemical nature of

the PolyVinylSiloxane rubber used in our experiments is slightly

different from PDMS, our data are compatible with previous stud-

ies.

In order to test the possible influence of the chemical nature of

the substrate, we conducted two additional series of experiments

with glass plates grafted with trichloro-perfluorooctyl-silane and

with adsorbed polydimethylsiloxane molecules (PDMS, viscosity

of 200 cSt). Both treatments are indeed commonly used to modify

surface energies and are described in detail by Mettu and Chaud-

hury29. Lap-test experiments exhibited the same qualitative be-

havior as in the case of a clean glass plate. The different values for

the adhesion energy γ, the shear debonding energy γs and the fric-

Fig. 9 Space-displacement diagram representing the estimated shear

stress acting on the strip as its free end is pulled at a constant velocity.

Experimantal parameters: E = 1055kPa, h = 2.2 mm and wo = 60mm.

The sliding front represented by the black line progressively propagates

through the strip. Data in fig. 8 correspond to d/w0 ∼ 2.33 in the

space-displacement diagram.

surface γ [N/m] γs [N/m] τ [kPa]

plain glass 0.8±0.1 5.3±0.5 65±5

perfluorosilane 0.54±0.08 4.7±0.5 48±2

PDMS 0.36±0.04 2.6±0.5 39±4

Table 1 Adhesions energies and friction stresses obtained with the

same polymer (E = 1300kPa) on different substrates. Clean glass is

compared with glass grafted with trichloroperfluorooctilsilane and with

adsorbed polydimethylsiloxane molecules (PDMS, viscosity of 200 cSt).

tion stress τ obtained with the same polymer (E = 1300kPa) and

with the same pulling velocity (0.5m/s) are reported in table 1.

As a general trend, both treatments decrease significantly adhe-

sion energies and more moderately the friction stress. Stronger

effects are obtained with the plate coated with PDMS. A deeper

interpretation of this comparison is however beyond the scope of

the present work.

3.4 From local friction to the global peeling force

The integration of the local friction stress described in the

previous paragraph provides the global pulling force, F =
∫ xF

0
τ(x)w(x)dx. In the previous section, the friction stress was

found to quickly reach a plateau value as the sliding front pro-

gresses. Multiplying this plateau value by the contact area should

thus provide a good estimate for the force. As a fist order approx-

imation, the contact area is equal to xF wo with an error below

20%, leading to a pulling force proportional to the displacement

of the sliding front. This linear variation is approximately ob-

served in our experiments and corresponds to an average friction

stress of 30 kPa (Fig. 10a). The detachment force follows the

same evolution, which indicates that the band detaches when the

front reaches its extremity (Fig. 10b). In practice, the strip ac-

tually detaches before the front reaches the free end of the strip,

6 | 1–10
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probably because this front is not perfectly straight.

However, the detail of the evolution of the pulling force with

the position is in reality more subtle than a linear relation relying

on a fixed value of the friction stress. We indeed observe a

threshold of the force below which the front does not move.

Stick-slip motion of the front is also observed for high strains. In

this case the force tends to saturate, especialy for wide strips. We

describe both effects in the following section.
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0
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Fig. 10 (a) Instantaneous applied force normalized by the initial strip

width as a function of the detachment front position. (b) Final

detachment force normalized by the strip width as a function of the

initially adhered length. The legend for both figures is the same as in

figure 5, except curves for wo = 7.5 mm are not presented. The solid

black line represents a stress of 25 kPa.

3.5 Before and beyond steady sliding

3.5.1 Sliding threshold.

In our experiments, the sliding front is only observed to move

beyond a critical pulling force Fth, in Fig. 10a. The critical force is

approximately proportional to wo, which corresponds to a critical

tension Fth/wo on the order of 330 N/m (Fig. 11a). This threshold

is not included in our description involving a sliding front. In this

model, the strip is indeed expected to start sliding for any finite

pulling load.

This critical tension could be intuitively compared with the law

predicted by Kendall (eq. 1), where the peeling front is also ex-

pect to move beyond a critical load. However, the numerical esti-

mates of
√

2Ehγ lay within the range 30 to 50 N/m for our con-

figuration, which is low in comparison with the tension Fth/wo we

measure in our experiments. Using the shear debonding energy γs

may be more relevant than the adhesion energy γ. Nevertheless,

it would increase the estimate to a maximum value of 100 N/m,

which remains too low compared to the expected 330 N/m.

Another candidate for the threshold would be the product τℓ

of the friction stress with a length scale ℓ. In our simplified ap-

proach, the detail of the shear across the thickness of the strip

was indeed not considered. However, we expect the strain distri-

bution to evolve from a uniform axial strain to a uniform shear in

the vicinity of the edge of the plate. Due to the Laplacian nature

of elasticity equations, the length scale involved is set by the thick-

ness of the strip h. Nevertheless, the product τh is on the order

of 50 N/m. This value also appears too low, even if a numerical

prefactor might increase the actual effective length scale.

Two-dimensional effects were finally neglected in our simpli-

fied approach. However, the sides of the strip tend to slide to-

ward the center line as the strip is stretched. In more pronounced

situations this lateral displacement leads to the evolution of the

peeling front into a V shape18. The coupling of the shear in both

directions may also explain the premature detachment of the strip

before the friction front reaches La. The consequence of such 2D

effects would lead to a length scale ℓ proportional to wo. Numer-

ically the product τwo varies in the range 300 to 1800 N/m in

our experiments, which now tends to be too high. Besides we

would then expect a quadratic variation of the critical force with

the width, which contradicts our observation (although the actual

data is scattered).

To conclude, although the detail of the critical force remains an

open question, its value should rely on a combination between

the detail of shear strain and 2D effects.

3.5.2 Stick slip.

We represent in fig. 11 b & c, a force-displacement curve and the

corresponding space-stress diagram where jumps are clearly ev-

idenced. Interestingly, the whole sliding zone is globally shifted

for major jumps. This shift leads to the development of a sec-

ondary front in the rear part of the strip remaining in apparent

contact with the rigid plate. The shear stress significantly de-

creases and almost vanishes in this region. As a consequence,

the force tends to saturate as observed in Fig. 10 for high pulling

forces. The observed stick-slip behavior, also noticed by Lake and

Stevenson18 in a peeling configuration, is reminiscent of Schalla-

mach waves30,31. Qualitatively, stick-slip appears for high strains

and is very sensitive to minute air bubbles trapped between the

strip and the plate. A quantitative description of the phenomenon

is beyond the scope of the current study. Understanding stick-slip

is nevertheless crucial for practical applications since it may lead

to a premature detachment of the band.

3.6 Comparison with other experiments.

3.6.1 Towards adhesion rheology?

Although the experimental procedure is very close to the study

by Kendall10, the results are significantly different. Both situa-

tions indeed involve the propagation of a front, but the case of

Kendall does not include friction, which leads to a steady peeling

force even in the limit of a vanishing peeling angle. Conversely,

the propagation of a sliding front results into an increasing force
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Fig. 11 (a) Threshold force as a function of the width of the strip. The

colorbar represents the Young modulus of each sample in units of Pa.

(b) Evolution of the tensile force as a function of the imposed

displacement in an experiment displaying stick slip behavior (upwards).

(c) Space-stress diagram quantifying the corresponding shear stress on

a strip, the black line represents the sliding front position. Sample’s

parameters for diadrams (b) and (c): E = 1055kPa, h = 2.2 mm and

wo = 30mm.

in our experiments. If the specimens are long enough, the de-

tachment force is orders of magnitude higher than the prediction

by Kendall. Recent experiments conducted with strips of poly-

dimethylsiloxane adhering on glass also involve important fric-

tional dissipation at low peeling angles15. Similar large effects of

friction for low angles are also observed in our system32. How-

ever, the reason why frictional dissipation plays a role in some

cases and can be neglected in others remains an open question.

The answer probably relies on the different nature of the poly-

mers used in the experiments. Kendall’s experiments were per-

formed with vulcanized ethylene propylene rubber while we used

Poly Vinyl Siloxane rubber. Although macroscopic Young moduli

and adhesion energies (corresponding to debonding) are compa-

rable, the dynamics of adhesion may be totally different. Indeed

Kendall’s procedure required a contact time of 1h before running

a test. The adhesion of PVS on glass seems much faster and our

experiments were performed within a few minutes after deposit-

ing the polymer on the glass plate. Although the detail of the

bonding / debonding dynamics is beyond the scope of the present

study, our observations suggest that the “bonding” time plays a

crucial role in friction33. If the adhesion dynamics are slow in

comparison with the velocity of the imposed displacement, the

elastomer may not re-adhere behind the front, which would lead

to scenario described by Kendall. Conversely, fast re-adhesion

would lead to the important friction we observe in our exper-

iments. Capturing all the ingredients involved in the coupling

between friction and adhesion will require additional significant

efforts. Nevertheless we hope that our study will motivate further

studies in the field.

3.6.2 From catastrophic debonding to friction

We described in section 2.3 the theoretical transition between

steady peeling to catastrophic debonding in the case of a strip

coated with a stiffer backing. This transition is related to the fi-

nite stiffness of the backing, which results into shear-lag and a

corresponding length scale ℓlag (Eq. 4). The comparison of ℓlag

with the length of the adhered strip La determines which scenario

is expected.

In order to estimate numerical values of the debonding en-

ergy γs, we conducted a series of experiments with two different

strips covered with a stiffer backing. These strips were covered

with a thin mesh of nylon before curing. The imbibition of the

mesh assures its firm ancoring to the strip. The effective stiff-

ness Ebhb +Eh was measured with a standard traction test and

it is of the order of Ebhb compared to the stiffness Eh of a plain

strip of the same thickness. We verified the condition for shear-

lag Eh ≪ Ebhb. With strips of thickness h = 2mm, we obtained

ℓlag ≃ 20mm and 30mm for elastomers of E = 1300 and 225 kPa,

respectively.

We followed the lap-shear procedure described by Crosby and

collaborators. Force vs. displacement tests were carried on strips

adhering over an area A = Lawo. We measured the critical pulling

force FC and deduced the compliance of the system from the slope

of the corresponding curve (see sketch in Fig. 2a). We represent

in figure 12 the critical load FC as a function of
√

A/C. We obtain

the expected linear dependence between both quantities for short

lengths of adhesion (linear fits in the figure, which provide esti-

mates of the debonding energy γs). However, we observe a clear

transition to a different regime for long strips. In this second

regime the maximum load increases in a dramatic manner with

a value compatible with friction stresses measured independently

with plain strips. Interestingly, we find that the transition occurs

for La ≃ 2ℓlag. The description in terms of shear lag is thus also

relevant to describe the transition from the regime of catastrophic

debonding reported by Crobsy et al. to a regime dominated by

friction, which is the focus of the present study.

4 Conclusion

To summarize, the comparison of our experimental results with

other studies from the literature put in evidence three different

failure modes for a tape adhering on a rigid substrate though

molecular interactions.

A first mode involves the coupling between a compliant adhe-

sive and a stiff backing. In this configuration, the whole tape

reacts to the load and suddenly detaches if the pulling force ex-

ceeds a critical value. This maximum load is proportional to the

area of adhesion and to a characteristic stress accounting for both

adhesion energy and compliance of the system.

A second mode corresponds to tapes consisting in a single com-

pliant strip with slow adhesion dynamics (and consequently low
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Fig. 12 Experiments with a backing. Critical load FC as a function of
√

A/C. We observe a transition from catastrophic debonding to the

regime dominated by friction as La is progressively increased: open

symbols La < 2ℓlag, filled symbols La > 2ℓlag. In the first regime, FC is

nearly proportional to
√

A/C. The slope of the corresponding linear fits

provides an estimate of the shear debonding energy γs from Eq. 2.

friction). In this case, the peeling force is steady during the peel-

ing process and exhibits a plateau value as the peeling angle van-

ishes. This force is proportional to the width of the strip and to

a tension accounting for the adhesion energy and the material

stretching modulus. A comparison of the shear lag distance ℓlag

to the length of the strip discriminates between this progressive

front propagation and the catastrophic debonding.

Our experiments involve a third scenario where friction plays

a crucial role in the peeling process. A sliding front propagates

along the adhering part of the strip beyond a threshold, as the

other end is progressively pulled away. We developed a simple

technique based on monitoring the deformation of the strip to

estimate the corresponding friction stress. As a crude approxima-

tion, the shear stress is uniform and steady in the zone of friction.

The global friction force thus increases linearly with the advance

of the sliding front. The strip suddenly detaches when the front

eventually reaches its end. The order of magnitude of friction

stress estimated for the polyvinylsiloxane elastomers used in our

experiences, τ ∼ 30kPa, is in agreement with measurements from

the literature conducted with other silicone rubbers. In the pres-

ence of backing, the criterion based on shear-lag is also relevant

to describe the transition from catastrophic debonding to a regime

dominated by friction. Although commercial adhesive tapes dis-

play more complex behaviors due to the rheology of the adhesive

layer34 or of the plasticity of the backing, the current study should

be relevant for designing future soft adhesives.

These observations on the role of friction in shear debonding

could be interpreted as mode mixity within the traditional frame

of fracture mechanics. However, we believe that this terminol-

ogy might be misleading in our case. Here friction takes place

on a very large scale (the whole specimen) and the underlying

assumption of a very small process zone where mode mixity take

place is not valid.

Several fundamental questions remain open. The origin of the

threshold force remains unclear and should be probed system-

atically in other configurations. In particular, the implication of

friction in the propagation of the front remains to be elucidated.

This selection may involve dynamics of the adhesion process at

a molecular scale or, more macroscopically at the scale of the

roughness of the materials. To investigate this last effect, it would

be interesting to carry experiments on surfaces with patterned ge-

ometries such as pillars27 or wrinkles35. Finally our study focuses

on the particular lap test configuration. To address most practi-

cal applications, it would be interesting to generalize this work to

finite peeling angles.
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Effect of friction on the peeling test at zero-degrees
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ABSTRACT

We describe the peeling of an elastomeric strip adhering to a glass plate through van der Waals

interactions in the limit of zero peeling angle. In contrast with classical studies on adhesion

that predict a saturation of the pulling force in this lap test configuration, the force continuously

increases, while a sliding front propagates along the tape. The strip eventually detaches from

the substrate when the front reaches its end. Although the evolution of the force is reminiscent

of recent studies involving a compliant adhesive coupled with a rigid backing, the progression

of a front does not follow the same mechanism. To interpret this behavior, we estimate the

local shear stress at the interface by monitoring the deformation of the strip. Our results are

consistent with a nearly constant friction stress in the sliding zone in agreement with other

experimental observations where adhesion and friction are observed.

Figure 1: Sequence of images during an experiment. Progressive deformation leads to detachment.
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