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Abstract

Fibrillating metal-elastomer interfacial systems, typically used in stretchable electronics applications,
can exhibit remarkably high values for the interface fracture toughness. Consequently, a huge gap exists
between the low adhesion energy at the microscopic scale and the measured macroscopic work of separa-
tion. This contribution aims to close this energy gap by unravelling the underlying dissipative mechanisms
through a multi-scale approach. The first scale transition was established in earlier work, and concerned
the formation and deformation of a single fibril at the copper-rubber interface up to failure. It was shown
that the obtained work of separation was significantly larger than the small-scale interface adhesion, yet
a decade too small with respect to the experimental values. In order to close the energy gap, in this
contribution, the second scale transition is achieved by considering a finite number of elongating discrete
hyperelastic fibrils within the fracture process zone. It is shown that the dynamic release of the stored
elastic energy by fibril fracture that results from the spatial discreteness of multiple fibrils, the interaction
with the adjacent deforming bulk elastomer material and the highly nonlinear behavior of the elastomer
provides an explanation for the high work of separation values. In addition, an intrinsic shortcoming
of cohesive zone formulations at the macroscopic scale is revealed. The results provide a mechanistic
understanding of the physics involved with interface delamination through fibrillation in metal-elastomer
interfaces.

Keywords: fibrillation, stretchable electronics, delamination, fracture process zone, work-of-separation,
PDMS

1. Introduction

Stretchable electronics are nowadays finding applications in a variety of novel products, ranging from

electronic textiles to biomedical applications such as epidermal electronic systems, stretchable optoelec-

tronics and advanced surgical tools (Coosemans et al., 2006; Hsu et al., 2009, 2010; Khang et al., 2006;

Kim et al., 2011a,b; Li et al., 2005; Rogers et al., 2010; Song et al., 2008). These applications benefit

from the increased design freedom and comfort offered by devices that are deformable, as opposed to the

conventional stiff semiconductor microelectronics. Stretchable electronics typically consist of semicon-

ductor islands, embedded in highly compliant substrates, often made of a rubber material. The electrical

connectivity is achieved through thin metal interconnect lines. The mechanical integrity of the conductor

lines is one of the main reliability issues for stretchable electronics, since fracture of the conductor lines,

as discussed by Gonzalez et al. (2008) and Li and Suo (2007), will lead to immediate failure of the prod-

uct due to the loss of electrical functionality. It has been observed that the reliability of the product is
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mainly dictated by the integrity of the interface between the conductor lines and the substrate. Lu et al.

(2007) discuss that, as long as the interface is intact, the strain in the conductor lines is delocalized by

the substrate. Delamination may act as a precursor to necking of the metal and subsequently to fracture,

thus leading to electrical failure. Furthermore, Hsu et al. (2010) point out that delamination may cause

exposure of the interconnect to the environment, possibly leading to premature metal failure due to the

effect of for example humidity or salt corrosion. Clearly, understanding the interface behavior is of key

importance to engineer reliable products.

Dedicated experiments on these particular metal-elastomer systems, Cu-poly(dimethylsiloxane) (PDMS)

rubber, provide better understanding of the actual mechanisms in the fracture process zone. It has been

observed that the interface delaminates through rubber fibrillation, a process that involves the formation,

elongation and rupture of rubber fibrils, as shown in Fig. 1. From these peel experiments, notably high

values for the work of separation have been reported (Hoefnagels et al., 2010; Van der Sluis et al., 2011),

Gc > 1 kJ/m
2
. This contribution aims to unravel the huge gap between the microscopic adhesion energy

of a copper-rubber system and its measured macroscopic work of separation which is of key importance

for interfacial engineering of stretchable electronics.

Figure 1: In situ scanning electron microscopy observation of PDMS fibrillation during a Cu-PDMS peel test.

A vast body of literature on fibrillar structures exists, see for example the review paper by Jagota and

Hui (2011). Here, fibrillar structures are studied that are in direct contact with the substrate, resulting

in the loss of elastically stored energy in the fibril upon detachment, which is considered to be the main

dissipative mechanism in these systems. Jagota and Bennison (2002) used such a system to study adhesion

enhancement induced by a fibrillar structure. Later, Glassmaker et al. (2004); Hui et al. (2004) studied

the contact and adhesion between a PDMS fibrillar structure and a rigid substrate, mainly focusing on

the relation between the pull-off stress and the properties of the fibrils. The adhesion enhancement has

been studied in more detail by e.g. Glassmaker et al. (2005); Shen and Soh (2008); Tang et al. (2005).

Typically, the energy loss is calculated analytically assuming linear elastic material behavior, which

enables to directly establish the amount of energy in a fibril based on a given (simple) geometry loaded
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up to a certain stress level. More recently, Guidoni et al. (2010) used finite strain elasticity to determine

the energy contribution of the fibrils. The aforementioned studies do not account for the energy storage

and loss in the bulk layer interconnecting the fibrillar structure. Although Glassmaker et al. (2005)

observed a discrepancy between their theoretical model and experimental data, which was attributed to

the viscoelastic energy loss in the bulk region outside the fibrils, they did not explore this effect further,

and their analysis mainly focused on the role of energy loss within the fibril. Furthermore, following

the work of Noderer et al. (2007), the effect of the deformation of the backing layer was accounted for

in a small strain, linear elasticity setting by Guidoni et al. (2010) in their work on contact compliance

of fibrillar structures. Long et al. (2008) used a continuous elastic foundation to model the discrete

fibrils and used linear elasticity theory to relate the pull-off force of a fibrillar array to the thickness of

the surrounding bulk layer. However, the contribution of the deformation of the bulk layer to the total

energy loss was not analyzed, nor quantified, in these studies. More recently, Zhao and co-workers (Yuk

et al., 2016; Zhao, 2014) reported very high work of separation values of intrinsically tough hydrogels

which was achieved by chemically anchoring the hydrogel on a solid substrate. The anchoring mechanism

resulted in large deformations in the hydrogel in which a significant amount of energy was dissipated by

reversible crosslinking and chain scission and contributed to the interfacial toughness.

Fibrillation micro-mechanics has received considerable attention, especially for viscoelastic pressure-

sensitive adhesives (PSAs), as discussed in Creton (2003). Zosel (1998) and Creton and co-workers

(Brown et al., 2002; Lakrout et al., 1999; Shull and Creton, 2004) used tack tests to gain insight in the

parameters that control the fibrillation process. A rigid cylindrical punch was brought into contact with

a layer of PSA, and after establishing good contact the punch was retracted. Their experiments show

that the fibrillation process consists of several phases. The first phase is homogeneous deformation of the

film, after which cavities nucleate at the interface between the two materials. Increasing the loading leads

to the growth of these cavities. Consequently, a fibrillar structure is formed. The interface fails by either

interfacial cavitation at low loading rates, or by a bulk cavitation at higher loading rates, both followed by

interfacial detachment of the fibrils (Brown et al., 2002). The essential differences between PSAs and our

material system are: (i) PSA fibril material is viscoelastic while PDMS is nearly hyperelastic; (ii) PSA

fibril lengths are in the millimeter range while the PDMS fibrils are only tens of micrometers long. As a

result, the relative contribution of the fibril elongation to the work of separation for both systems appears

to be rather different: for PSAs, fibril mechanics is essential due to the significant energy dissipation in

these largely elongated viscoelastic fibrils, while for PDMS, fibril elongation constitutes only a minor

contribution to the work of separation.

In earlier work, the micro-mechanical contributions of the fibril to the macroscopic work of separation

were investigated for a Cu-PDMS system. To this end, a finite element multi-scale interface framework
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was used, in which the macro-scale interface description was extracted from a single fibril micro-model

including fibril debonding (Vossen et al., 2014). Mode I loading was applied to a nucleated fibril, and

the response was simulated up to the moment of fibril failure. The highly nonlinear hyperelastic material

response at large strains was taken into account by an Ogden model and the results were experimentally

assessed using a single fibril experiment (Vossen et al., 2015). The employed fibril model clearly relies on

recently reported experimental results in Neggers et al. (2015), demonstrating the following microscopic

characteristics: (i) fibrils are mostly attached to the surface roughness valleys before failure; (ii) in spite

of the large deformation, inelasticity of the PDMS at fibril scale is negligible; (iii) fibril fracture occurs.

The model results suggested that the dissipated energy mainly consists of elastically stored energy that is

lost through dynamical release upon unstable fibril failure. Even though the resulting work of separation

was almost two orders of magnitude larger than typical values for the micro-scale adhesion energy, the

single fibril micro-mechanics model significantly underestimated the work of separation and thus, could

not fully explain the reported values of Cu-PDMS interfaces.

This paper aims to close the large energy gap in the resulting work-of-separation, compared to pre-

viously reported results. To achieve this, a discrete multi-fibril model is here proposed that describes a

finite number of elongating fibrils within the fracture process zone, in order to analyze the mutual inter-

action between the fibrils, the interaction with the adjacent bulk PDMS and the role of discreteness of the

fibrils. Upon loading, fibril failure occurs instantaneously once the critical load is reached. First, using a

simplified mode I analysis in which all fibrils fail simultaneously, it is demonstrated that the combination

of discrete spacing with unstable failure of the fibrils and the nonlinear PDMS material behavior are

essential for the energy loss in the bulk. The relation between discreteness (by varying the fibril spacing

at constant fibril density) and work-of-separation is quantified. Next, while preserving the discrete char-

acter of the system, the energy loss in the bulk is determined for a more realistic condition: sequential

fibril failure. Due to the less confined geometry, a much larger volume of material deforms. Upon fibril

failure, a substantial amount of energy in this volume is released dynamically, leading to a significantly

larger macroscopic work-of-separation compared to the simultaneous failure case. Interestingly, in the

continuum limit this energy is not recovered and no longer present in the bulk layers, which illustrates

an intrinsic limitation of continuum cohesive zone models when applied to highly compliant systems for

which the discrete character is essential. Finally, by studying the effect of the fibril strength on the

work-of-separation, a quantitative relation between the height of the elastomer lift-off geometry (i.e. the

fracture process zone) and the calculated work-of-separation has been established. The results provide

a mechanistic understanding of the physics involved with interface delamination through fibrillation in

metal-elastomer interfaces and an explanation for the high work-of-separation values.
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2. Model overview

2.1. Geometry

The model geometry is schematically shown in Fig. 2. For simplicity, a plane strain geometry is

adopted, with out-of-plane thickness t, taken as unity. The height of the bulk layer H = 1 mm, which

corresponds to the layer height used in the experiments reported in Van der Sluis et al. (2011). The bulk

layer is attached to the substrate through a finite number of fibrils. The substrate roughness may be

a limiting factor for establishing adhesion and for the interfacial properties in general (Hui et al., 2005,

2007; Porwal and Hui, 2008; Tang et al., 2005). Furthermore, when the fibrils are long and thin, they

may stick laterally before adhering to the substrate (Glassmaker et al., 2004; Hui et al., 2002; Persson,

2003; Sitti and Fearing, 2003), thereby reducing the adhesion area and possibly limiting the interface

properties. However, during Cu-PDMS interface delamination, fibrils are drawn from the bulk PDMS

material instead of being pre-existent. The fact that the fibrils are therefore always in tension makes

lateral sticking unlikely. Even if lateral sticking would occur during fibril drawing, this would not reduce

the adhesion properties, since adhesion is established prior to sticking. Furthermore, the roughness does

not limit the adhesion area, since the rubber is cast onto the copper in an uncured state. Assuming perfect

wetting, the casting and curing enforces the shape of the rubber to match the copper geometry quite

exactly. Hence, the assumption of initially perfect adhesion is appropriate for the considered samples.

Cavitation, which is the initial phase of fibrillation, is not considered in the model. Even though this

is a key mechanism for the initiation of the fibrillation process (Lakrout et al., 1999; Zosel, 1998), it

is not important in terms of dissipation. For a fully bonded material layer, the stress at the top of the

roughness peaks will rapidly increase upon loading, leading to low energy storage before cavity formation,

as cavitation is a stress-driven mechanism.

Since the stiffness of the Cu-substrate is much higher than the PDMS stiffness, the substrate is

considered to be rigid. The fibril dimensions are: height Hf = 10µm, and width w, while the spacing

between fibrils is denoted by h. The influence of w on the dissipated energy will be studied in detail. For

comparison purposes, discrete structures with h = w and thus having an identical fibril density, are used

substrate

critical fibril stress pc

Hf = 0.01 mm 

w h

H = 1 mm

Figure 2: Overview of the fibrillar geometry (not to scale).
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throughout this paper.

2.2. Material properties

The rubber material is modelled using an Ogden formulation, which captures the strain hardening

typically observed for rubbers at large strains. The strain energy density function W (per unit undeformed

volume) is given by (Maas et al., 2012)

W =
1

2
κ(J − 1)2 +

N∑
k=1

ck
m2

k

(
λmk
1 + λmk

2 + λmk
3 − 3−mk ln J

)
, (1)

where λi are the principal stretches, J = det(F) is the volume change ratio, F the deformation gradient

tensor, and ck and mk are material parameters. N denotes the number of terms; N = 2 is used for all

simulations in this paper. κ is the bulk modulus, which is essentially a penalty parameter to enforce

the near incompressibility of the material. Its value is taken such that the initial Poisson’s ratio equals

ν = 0.499. The Cauchy stress tensor σ can be written as

σ =

3∑
i=1

σi ~ni~ni, (2)

where ~ni are the eigenvectors of the Finger tensor B and the principal stresses σi can be derived from

the strain energy density function, resulting in

σi = κ(J − 1) +

N∑
k=1

1

J

ck
mk

(
λmk
i − 1

)
. (3)

The material parameters are listed in Table 1, which are representative for Sylgard 186 R© (Dow Corning),

a commonly applied PDMS material in stretchable electronics, and in fact used in the peel test samples

reported in Hoefnagels et al. (2010) and Neggers et al. (2015).

Table 1: PDMS material model parameters used in the simulations

m1 [-] c1 [MPa] m2 [-] c2 [MPa] κ [MPa]

6.8 0.00783 0.799 0.682 172.14

The governing failure mechanisms of the fibrillar structure at the micro-scale are fibril debonding and

fibril fracture. For the considered Cu-PDMS material system, it was shown that the actual debonding

mechanism is rather insignificant in terms of macroscopic work-of-separation values (Vossen et al., 2014).

Without compromising the physics of the underlying dissipative processes, the failure of the fibrillar

structure is approximated by the following failure criterion: fibrils are assumed to fail instantaneously

once the magnitude of the average first Piola-Kirchhoff stress p on the fibril’s top end reaches the critical
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stress pc. A value of pc = 2 MPa is adopted, which is motivated by the results of a previous micro-

mechanical analysis (Vossen et al., 2015). The influence of different values on the results will be shown

in Section 5.

2.3. Loading conditions

Two distinctive loading cases are considered. The first case is simultaneous failure of all fibrils under

mode I loading. This loading case is often considered in the literature on fibrillar structures, where it

is named equal load sharing (ELS) (Hui et al., 2004). It is remarked that this loading condition reflects

a highly idealized situation, and is thus of limited value for realistic loading cases, yet, it does enable

a systematic study of the different contributions to the work-of-separation. This loading mode can be

fully analyzed by means of a single fibril, with appropriate boundary conditions, as shown in Fig. 3a.

This loading case highly confines the bulk material. The effect of the fibril width w on the energy loss in

both the fibril and the bulk will be analyzed. The fibril is elongated in vertical direction until the failure

criterion is reached.

The second case is sequential failure of the fibrils. In a peel test, the fibrils do not fail simultaneously,

rather they fail sequentially as the peel front progresses through the interface. This implies that the

material is much less confined compared to the mode I simultaneous failure case, since material can be

drawn to the peel front from the adjacent bulk material. The loading conditions are shown schematically

in Fig. 3b. Both mode I and mixed mode sequential failure of the fibrils will be analyzed. To assure

steady state peeling conditions, the crack front is placed in the center of the geometry. The sequential

case aims to reflect the peel loading in a simplified way, in order to limit the analysis to the essentials

in terms of identification of dissipative mechanisms during peeling. Numerical analysis of the actual peel

test, consisting of the Cu-film and the PDMS material indicates that the energy storage in the copper

film, due to plasticity, is very limited, and thus, the film can safely be replaced by a set of boundary

conditions directly applied on the fibril ends. The completely failed fibrils do not carry any load and are

F, u substrate

(a) (b) F, u

crack direction

Figure 3: (a) Simultaneous failure of all fibrils is simulated using a single fibril; (b) For sequential failure, load is applied to
the fibrils at a loading angle θ . The crack propagates from right to left whereas the already failed fibrils are not shown.
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therefore omitted from the model (the crack front travels from right to left in Fig. 3b). Due to the loading

conditions, fibrils stretch at angle θ until the failure criterion is reached. For the mode I case, sequential

failure is realized by applying the load under a negligibly small angle θ = 1◦. The substrate/fibril

interaction is captured through appropriate boundary conditions that are directly applied to the fibrils,

enabling free contraction and rotation of the fibril extremity. Krishnan and Hui (2008) showed that

the type of boundary conditions applied at the fibril extremity has a limited influence on the resulting

response under mode I loading. Moreover, since this paper focuses on the effect of the discrete fibrils on

the bulk behavior, whereby boundary conditions are applied at the fibril extremity, i.e. away from the

bulk, their influence on the final results are expected to be negligible.

The finite element simulations are performed within a geometric nonlinear framework using four

node bilinear quadrilateral elements. To avoid volumetric locking typically associated with (nearly)

incompressible materials, selective reduced integration is used. Fibril failure is accomplished by releasing

the corresponding displacement constraints at the top end of the fibril.

3. Simultaneous fibril failure

An example of the deforming geometry is shown in Fig. 4, in which the fibril width w equals 0.01 mm

and the colors indicate the strain energy density (SED) W [N/mm2]. Upon reaching the failure criterion,

the total SED is determined and can be decomposed into fibril and bulk contributions. Both terms

constitute the total amount of energy that is stored throughout the loading process, and subsequently

released upon unstable failure (i.e. dissipated dynamically). If the local failure events would be stable and

all materials would be elastic, the energy would be recovered gradually and the only term in the work-

of-separation would be the intrinsic adhesion energy. In the present analysis, for the considered failure

criterion, the local failure is always unstable, consistent with previous results (Vossen et al., 2014) and,

consequently, all the elastically stored energy contributes to the work-of-separation upon fibril failure.

3.1. Analytical approximations

First, assuming simple stress and deformation states, analytical approximations and scaling laws for

the energy loss in both the bulk and the fibril are established.

3.1.1. Fibril energy loss

The fibril is assumed to be in a plane strain tension state, as depicted in Fig. 5a. This assumption

is similar to Glassmaker et al. (2005); Guidoni et al. (2010); Shen and Soh (2008); Tang et al. (2005),

yet the fact that a nearly incompressible finite strain constitutive model is used here instead of a fully

incompressible one, necessitates solving the equations iteratively. The transverse stress σx is equal to
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Figure 4: Several loading stages for the simultaneous failure case (only part of the model is shown), in which the fibril width
w = 0.01 mm and the colors indicate the strain energy density W [N/mm2]. The evolving solid black line is included for
visualization purpose.

zero, and the tensile Cauchy stress σy is equal to pc/λx (recall that pc is the first Piola-Kirchhoff failure

stress), leading to

σx = κ(J − 1) +

N∑
k=1

1

J

ck
mk

(
λmk
x − 1

)
= 0,

σy = κ(J − 1) +

N∑
k=1

1

J

ck
mk

(
λmk
y − 1

)
= pc/λx.

(4)

Solving the coupled equations (4) yields the principal stretches λx and λy. Substituting these values

in the expression for the strain energy density W , equation (1), allows to calculate the SED in the

fibril, Wf (λx, λy). Note that the obtained value for Wf does not depend on any geometrical parameters.

The corresponding work-of-separation is simply the amount of released energy (strain energy density

multiplied by the undeformed volume) divided by the total interfacial area (recall the unit thickness, and

w = h),

Γf = Wf (λx, λy)
Hf w

w + h
= Wf (λx, λy)

Hf

2
. (5)

3.1.2. Bulk energy loss

At a sufficiently large distance from the fibrils, the stress state in the layer is uniform, where the

Cauchy stress in the loading direction is simply pc/2 (since w = h and λx = 1), shown in Fig. 5b. To
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Figure 5: (a) Plane strain tension state in the fibril. (b) At a sufficiently large distance from the fibril, the bulk layer
deforms homogeneously. (c) The bulk volume that is affected by the fibril scales with w2; α and β are scaling constants to
indicate the size of the affected bulk volume.

extract the stored energy in the bulk material, the following equation is solved

σy = κ(λy − 1) +

N∑
k=1

1

J

ck
mk

(
λmk
y − 1

)
= pc/2. (6)

Solving this equation for λy and inserting the result in the strain energy density W , equation (1), allows

to calculate the SED in the bulk material, Wbc(λy) for the highly confined and continuous bulk layer. If

the entire bulk layer would be in a homogeneous stress state, the contribution to the work-of-separation

is simply a constant, given by

Γbc = Wbc(λy)
H (w + h)

w + h
= Wbc(λy)H. (7)

However, as illustrated in Fig. 4, upon approaching the bulk-fibril boundary, the deformation in the

bulk layer becomes clearly non-uniform, which is schematically depicted in Fig. 5c. The affected bulk

volume now scales with (αw) · (βw), where α and β are scaling constants which indicate the size of

the affected bulk volume and are introduced only for the sake of argument (ie. their actual value is not

important here). The relevant length scale for the bulk volume that is affected by the fibrils is the fibril

width w, while the fibril length does not significantly affect the bulk deformation. Consequently, the

amount of stored energy in the bulk layer near the fibril-bulk boundary, Gbulk, scales with w2. Therefore,

the contribution of the deformation in the bulk material near the bulk-fibril boundary to the work-of-

separation can be formulated as follows

Γbf =
Gbulk

w + h
∝ w2

2w
=
w

2
. (8)
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3.2. Numerical results

Fig. 6a shows both the numerical and analytical values for the work-of-separation due to fibril stretch-

ing only, Γf . Clearly, this contribution is adequately described by equation (5) as the numerical simula-

tions confirm that changing the fibril width w at constant fibril density does not influence the value of Γf .

Note that these conclusions might not be valid upon further increasing the aspect ratio w/Hf . Fig. 6b

depicts the work-of-separation resulting from energy loss in the bulk as a function of the fibril width w.

Two regions can be recognized: for thin fibrils, the numerical results correspond to equation (7) while for

thicker fibrils, the simulation results converge to equation (8). For small fibril widths, the deforming bulk

volume is small, and the main contribution to the work-of-separation originates from the homogeneously

deforming bulk layer, c.f. equation (7). For large fibril widths, the deforming bulk volume is large, and

the energy lost in the deformed bulk volume near the fibrils constitutes the major contribution to the

work-of-separation, c.f. equation (8).

These results suggest that the absolute value of the spacing between the fibrils is important for the

energy loss in the bulk (recall that for all simulations w = h). In fact, reducing the spacing between the

fibrils, the energy loss in the bulk material due to the fibrils, Γbf , reduces to zero. This would represent

the continuum limit in which all fibrils are infinitesimal in width. However, the analysis shows that, for

sufficiently separated fibrils, the energy loss in the bulk due to the fibrils might be significantly larger

than the homogeneous component. Therefore, it is essential to properly account for the discrete character

of the system.

Equation 5 indicates that the fibril energy loss scales linearly with the fibril height Hf , whereas the

bulk energy loss is unaffected by the fibril height. Consequently, changing the initial fibril height will

change the ratio between fibril and bulk energy loss. This clearly illustrates that the relative contribution

of each identified dissipative mechanism to the work-of-separation depends on the geometrical parameters.
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Figure 6: Work-of-separation for simultaneous fibril failure from (a) the fibril Γf and (b) the bulk Γbc + Γbf . The dashed
lines represent the analytical estimates, the solid lines are the numerical results, where the squares indicate the data points.
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Figure 7: Sequential failure of the fibrillar interface for remote mode I loading (w = 0.01 mm). The colors indicate the
strain energy density [N/mm2]; (a) The fibril reaches the failure criterion. (b) The deformed geometry after instantaneous
failure of the critical fibril. (c) difference in SED projected on the geometry before failure.

For instance, Fig. 6a and Fig. 6b show that the bulk energy loss becomes the dominant term for fibril

widths larger than approximately w = 0.01 mm, Γbf > Γbc + Γf . In addition to the geometry, for a

bimaterial system, the mismatch in material properties also influences the relative contribution of both

terms. Clearly, also in this case the geometrical parameters matter. When the stiffness of the fibril is

much larger than the bulk stiffness, most of the energy storage will take place in the bulk and it needs

to be properly accounted for. Conversely, if the fibril stiffness is much smaller than the bulk stiffness,

the energy storage in the fibril will dominate the work-of-separation and this mechanism is virtually

unaffected by the fibril width.

4. Sequential fibril failure

In this section, the results for sequential failure of the fibrillar interface (schematically shown in Fig.

3b) are presented. First, the results for mode I sequential failure are presented and compared to the

results for the simultaneous mode I failure case. The influence of the loading angle on the results is

analyzed thereafter.

4.1. Mode I loading

Figs. 7a,b show an example of the deformed geometry of a mode I sequential failure analysis on a

fibrillar interface in which the colors indicate the SED. It can be observed that material is drawn to the

peel front from the adjacent bulk material. Upon reaching the fibril failure criterion (Fig. 7a), the fibril is

released (Fig. 7b). The change in strain energy density between these two deformation states illustrates

the energy dissipation for one fibril failure event, as depicted in Fig. 7c in which the calculated values are

projected on the geometry prior to failure. Interestingly, the energy loss predominantly takes place in

the bulk layer surrounding the failing fibril (indicated by ‘SED decrease’ in the figure), while the strain

energy in the next fibril increases (‘SED increase’ in the figure). Note that, in spite of the mode I loading,

the fibrils are inclined due to the asymmetry of the delamination front.

Fig. 8a shows the calculated work-of-separation resulting from the fibril energy loss for various fibril

widths. Comparing Fig. 6a and Fig. 8a shows that both the sequential mode I and simultaneous failure
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cases result in almost identical results for the fibril energy loss. Apparently, the individual fibrils are

predominantly loaded in tension upon failure for both loading cases. Previously reported results (Vossen

et al., 2014, 2015) revealed that the energy loss in the fibrils is not the main dissipative mechanism for

the investigated Cu-PDMS system. Furthermore, it appears that the energy loss in the fibrils can be

predicted analytically for the considered fibrillar structures. Therefore, in the remainder of this paper we

will only focus on the bulk energy loss resulting from the discrete loading by the fibrils.

Fig. 8b shows the bulk energy loss which, similar to Section 3.1.2, scales with the fibril width. The

slope of the curve approximately equals 1, but the curve differs from simultaneous fibril failure as no

lower bound plateau (corresponding to a uniformly deformed bulk layer) is present for small w. This

suggests that the energy stored in the bulk layer further away from the fibrils, is not released in an

unstable manner, but instead recovered by the load bearing part of the structure in a stable manner, and

therefore not contributing to the work-of-separation.

By comparing Fig. 6b and Fig. 8b, it is clear that for large w, sequential fibril failure leads to an

increase in the bulk energy loss by approximately a factor of 4 compared to simultaneous fibril failure.

This implies that the spatial discreteness of the fibrils and the resulting interaction between the fibrils is

essential to explain the high work-of-separation values. This also suggests that continuum-based cohesive

zone elements cannot be trivially used to model such an interfacial system, since the cohesive zone

elements are not able to properly account for the spatial discreteness of the fibrils. Moreover, in the

limit towards continuously distributed fibrils (w → 0 for w = h), the bulk work-of-separation vanishes.

Accordingly, (continuous) cohesive zones applied at the macroscopic scale would have to repair for this

by assigning the work-of-separation to the interface, even though this is physically incorrect.
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represents the analytical estimate, the solid lines are the numerical results, where the squares indicate the data points.
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Figure 9: Influence of the loading angle on the delamination mechanics, w = 0.01 mm. The colors indicate the strain energy
density [N/mm2]. (a) The fibril reaches the failure criterion. (b) The geometry after instantaneous failure of the critical
fibril. (c) SED after failure minus the SED before failure, projected on the geometry before failure.

4.2. Mixed-mode loading

Evidently, peel tests can be performed under various loading angles. For example, Neggers et al. (2015)

performed both 0◦ and 90◦ peel tests on (fibrillating) Cu-PDMS interfaces. Therefore, the influence of

the loading angle on the work-of-separation is studied for w = 0.01 mm. Fig. 9 shows the deformed

geometry for several loading angles. It can be observed that for all loading angles, a volume of bulk

material is highly deformed near the critical fibril.

From these simulations, the bulk contribution to the work-of-separation is determined, see Fig. 10.

No significant influence of the loading angle is visible which may seem surprising, as mode dependency

is a commonly reported phenomenon for interface fracture toughness values (Hutchinson and Suo, 1992;

Reeder and Crews, 1990). However, peel tests on these particular metal-elastomer fibrillating interfaces

reveal only a negligible mode dependency (Neggers et al., 2015). These numerical results thus provide a

physical explanation for the experimental observations. For the different loading angles, the bulk volume

adjacent to the failing fibril is relatively free to deform. As the load exerted by the fibril on the bulk is

equal for all loading angles, the amount of energy stored and released in an unstable manner in the bulk

is not significantly affected by the loading angle. Indeed, Fig. 9c shows that the volume in which the

majority of the energy loss occurs is approximately equal for the different loading angles. On the other

hand, the loading state of the fibrils further away from the delamination front is different for different
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Figure 10: The bulk work-of-separation is not significantly influenced by the loading angle.

loading angles, but at this stage, this mainly concerns stored energy only. Since no pronounced effect of

the loading angle on the work-of-separation is observed, the unstable bulk energy release indeed mainly

occurs in the vicinity of the failing fibril, and not in the material further away.

5. Influence of the failure stress

To study the influence of the critical stress, a loading angle of 45◦ is used. This value originates from

observations in earlier work, where it was shown that the peel force in a 90◦ peel test is actually transferred

through the interface at an angle of approximately 45◦ (Neggers et al., 2015). The critical stress is varied

between pc = 0.5 MPa and pc = 4 MPa, and w = 0.01 mm. The resulting deformed geometries are

shown in Fig. 11. Comparison of the calculated peel front geometries with the experimentally measured

shapes (Neggers et al., 2015) confirm the appropriateness of the proposed set of boundary conditions.

In addition, it can be observed that for pc = 0.5 MPa, hardly any lift-off geometry is present, while

increasing the critical stress leads to an increase in the peel front height, i.e., the fracture process zone

increases.

Fig. 12a shows the bulk work-of-separation as a function of the critical stress. The significant effect

of the critical stress on the work-of-separation can be clearly recognized. It can be observed that the

slope of the curve slightly decreases with increasing critical stress. This is caused by the hardening in the

rubber material response at large deformations. For sufficiently high values of pc the material response is

highly nonlinear and consequently, only a slight increase in deformation (accompanied by a small increase

in energy storage) is required to achieve considerably higher stress levels.

The peel front height (as defined in the inset of the figure) versus the critical stress is shown in

Fig. 12b. The shape of the curve is similar to that of the work-of-separation, and therefore suggests a

correlation between the work-of-separation and the peel front height.
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6. On the relation between the work-of-separation and the peel front height

The results presented in the preceding section clearly indicate a relation between the macroscopic

work-of-separation and the peel front height. In order to establish this relation, several fibril width values

are considered. For each fibril width, in analogy with the preceding section, the critical stress is varied

between pc = 0.5 MPa and pc = 4 MPa. Fig. 13 depicts the work-of-separation as a function of the peel

front height, for all considered fibril widths. Remarkably, the curves almost coincide. Although not shown

in the figure, similar curves have been obtained for other h/w-ratios, which implies that the obtained

relation between the work-of-separation and the peel front height is valid not only for the specific case

w = h. These results confirm that the peel front height, emanating from the discrete nature of the fibrils,

can be used to predict the work-of-separation.

In order to confront the predicted values to data from previously reported experimental results, the

values obtained from 90◦ peel tests of the same PDMS grade are indicated by the circles in Fig. 13.

Neggers et al. (2015) reported a work-of-separation of 100 J/m2 at a peel front height of approximately

0.2 mm, although they used a PDMS layer with a height of 0.75 mm instead of 1 mm. For this peel front

height, without knowledge of the exact fibrillar microstructure, the discrete fibrils model data used here

suggests a work-of-separation of 89 J/m2, which is reasonably close to the experimental value, especially

considering the absence of the fibril contribution in the model result. Using a different substrate with a

roughened surface, a work-of-separation of 300 J/m2 was measured, at a peel front height of approximately

0.5 mm. Extrapolation of the present results leads to 356 J/m2 for this case. Finally, using a PDMS layer

with the same height as used here, Van der Sluis et al. (2011) reported 1343±51 J/m2 at a peel front height

of 1.31 ± 0.02 mm. The extrapolation used here suggests a value of 1499 J/m2, which is again a good

quantitative approximation of the experimentally measured value. It appears that the predicted work-

of-separation values from the peel front height are in good agreement with the experimentally measured

values. It can thus be concluded that the identified mechanisms in the discrete fibrils model provide

a proper mechanistic explanation for the high work-of-separation values of fibrillating metal-elastomer

interfaces.

7. Conclusions

The huge gap that exists between the low adhesion energy at microscopic scale and the high experi-

mentally measured macroscopic work-of-separation in fibrillating metal-elastomer systems was analyzed

in this paper. Earlier work based on the formation and deformation of a single fibril up to failure provided

a significantly larger work-of-separation value than the small-scale interface adhesion, yet a decade too

small with respect to the experimental values. In this contribution, a systematic study was performed by
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considering multiple discrete hyperelastic fibrils within the fracture process zone. As a result, the high

work-of-separation values could be explained by the following phenomena:

• the dynamic release of the stored elastic energy by fibril fracture;

• the spatial discreteness of multiple fibrils as well as the interaction of these fibrils with the adjacent

deforming bulk elastomer material;

• the highly nonlinear behavior of the elastomer.

In addition, the results established a quantitative relation between the peel front height (i.e. the

fracture process zone), emanating from the discrete fibrils, and the macroscopic work-of-separation, and

was validated with experimental results. The identified dissipative mechanism was not reported before

and contrasts the results established for pressure sensitive adhesives, where fibril elongation, and the

dissipation that goes along with it, has been known to be the dominant contribution to the work-of-

separation.

Finally, in the case of sequential fibril failure, it was shown that the bulk work-of-separation vanished

when approaching the continuum limit (i.e. w → 0). This illustrates a shortcoming of cohesive zone

models which have to repair for this by assigning the work-of-separation to the interface, even though

this is physically not the case.
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