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Abstract

High values for the work of separation have been reported in peel tests on fibrillating interfacial systems.
The exact origin of these high values is not properly understood, since it remains unclear which dissipative
mechanisms related to fibrillation cause a significant increase in the work of separation. In this paper, the
contribution of fibril mechanics to the work of separation is quantified. To this end, a micromechanical
model of a single fibril is used, in which the growth of a nucleated fibril up to the moment of fracture is
described. The initial geometry is varied to reflect the variability in the substrate profile. It is observed
that the stresses and strains that occur in the model are well beyond typical bulk values. Given the
large variation in measured stress-strain curves for rubber materials reported in literature, a small scale
single fibril experiment is performed to assess the applicability of reported bulk material parameters to
this problem. The obtained experimental response falls well within the model bandwidth for the range
of material parameters from literature. Furthermore, the fibril fracture stress, which serves as the failure
criterion in the model, is extracted from the experiment. From the micromechanical model results, it
appears that, for the considered range of material properties, the work of separation is mainly influenced
by the fracture stress. Furthermore the initial geometry has a profound influence on the obtained work of
separation. It is concluded that the work of separation determined from the micro-model is significantly
larger than the intrinsic adhesion energy, yet it remains still an order of magnitude smaller than the
values reported in literature. For the considered system this indicates that, although it has a significant
contribution, fibril deformation is not the only contribution to the high work of separation.
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1. Introduction

A challenge in stretchable electronics is to accommodate the large difference in stiffness between the
copper conductors and the compliant substrate, which is typically made of a rubber material. It is
observed that the reliability of the device is dictated by the integrity of the copper-rubber interface, since
failure of the interface triggers localization of deformation in the metal interconnect, as suggested by Lu
et al. (2007), followed by fracture, and ultimately to loss of the electronical functionality. Furthermore,
interface delamination may entail exposure of the interconnect to the environment, which can also lead
to early failure (Hsu et al., 2010). Previous work has shown that interface delamination mainly occurs
through fibrillation. This process involves the formation, growth, and failure of rubber fibrils (Hoefnagels
et al., 2010).

Clearly, improving stretchable electronics reliability requires good understanding of the interface prop-
erties. Previously, macroscopic finite element models have been used to obtain the interface properties.
In these models, the interface is described using cohesive zone elements and the parameters are obtained
through fitting of the model response on the measured response in peel tests. Using this approach,
high values of the work of separation were obtained (Neggers, 2013; van der Sluis et al., 2011) with an
adequate correspondence between model and experiment. From a physical perspective, some discrep-
ancies resulting from this approach persist, stemming from the fact that all dissipative mechanisms are
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lumped in the macroscopic interface properties. There is no clear relation between the obtained cohesive
zone parameters and the observed fibrillation micromechanics: in fact, the cohesive zone critical opening
length was approximately 6 times larger than the observed maximum fibril length (Hoefnagels et al.,
2010). Furthermore, using a common traction-separation law (TSL), such as the exponential one, leads
to spurious tractions on the interface, i.e. non-zero tractions are acting on parts of the interface where
complete failure occurred in the experiment.

To overcome these concerns, a multi-scale interface model was recently developed (Vossen et al., 2014).
In this model, the macroscopic interface is still modelled with cohesive zone elements. Yet, instead of using
a predefined TSL, the traction-separation response (TSR) is obtained from an underlying micro-model.
In the micro-model, relevant mechanisms such as fibril growth and debonding are incorporated. Mode I
loading was imposed on a nucleated single fibril and the fibril growth was studied up to instantaneous
debonding of the fibril from the substrate, for various values of the micro-scale interface properties. It was
shown that for most values of the micro-scale interface parameters, the macroscopically observed work of
separation consists mainly of elastically stored energy in the fibril, which is dissipated through dynamical
release upon instantaneous fibril debonding. Using this approach, both of the mentioned shortcomings
were addressed: the TSR showed a clear relation with the fibrillation micromechanics, and, as a result,
spurious tractions acting on the interface at the macro-scale were absent.

Nevertheless, even though the developed model was a clear improvement over the classical single scale
models in a qualitative sense, the results did not fully correspond to the experiments in a quantitative
manner. Most importantly, the micro-model could not explain the origin of the high work-of-separation
measured in peel tests. The macroscopic work-of-separation obtained from the micro-model was in the
order of 2 to 3.5 J/m2, whereas experimental values of 300 J/m2 (Neggers, 2013) up to 1000 J/m2 (van der
Sluis et al., 2011) have been reported. Even though the micro-model revealed a work-of-separation that
was almost two orders of magnitude larger than the micro-scale adhesion energy, still two decades remain
to be bridged in order to match the experiments.

Tack experiments have been used to gain insight into the mechanics of fibrillation and the correspond-
ing work of separation in (typically) pressure sensitive adhesives, see for example references (Brown et al.,
2002; Creton et al., 2001; Lakrout et al., 1999; Shull and Creton, 2004; Tanguy et al., 2014; Yamaguchi
et al., 2007). In a tack test, mode I loading is imposed on the material. Upon loading, the adhesive
fibrillates and the work of separation can be determined straightforwardly from the measured force-
displacement response, e.g. (Brown et al., 2002; Lakrout et al., 1999). However, due to the difference in
material behavior and in the size of the fibrils, the results of the tack experiments are of limited relevance
for an improved quantitative understanding of the work of separation in the peel tests considered in this
work.

In this paper, the energetic contribution of fibril mechanics to the work of separation will be analyzed
in a rigorous way. Very large deformations are observed in the micro-model (principal true strain up
to 2), which necessitates a material model that captures the strain hardening due to locking of the
rubber network at large deformations. For this purpose, the Ogden model (Ogden, 1972) will be used to
describe the mechanical behavior of the fibrils, since it accurately captures the stress upsweep.

Literature data on material parameters for rubber materials show a large variation. Furthermore, since
the stresses and strains in the model are well beyond typical bulk values, it is imperative to critically
assess the applicability of bulk material parameters from literature to this deformation regime. To this
end, a single fibril experiment is proposed. In the experiment, the applied load, and the evolving geometry
of a single rubber fibril are measured, which enables a detailed comparison with the model, providing the
necessary data for a parameter assessment in the model.

Based on the resulting constitutive model, single fibril simulations are performed. The fibril response
up to reaching the critical stress is analyzed and the work of separation is determined. Furthermore,
the influence of the initial geometry and the material parameters on the work of separation is analyzed.
The contribution of the dissipated energy directly resulting from fibril deformation to the overall work of
separation is quantified.

The outline of this paper is as follows: first, the single fibril experiment used for the model assessment
is introduced, along with the experimental results and the extracted failure criterion. Using the single
fibril experiment, the adequacy of the constitutive model is analyzed. Based on the resulting model, the
macroscopic work of separation is determined and the influence of the material parameters and the initial
geometry is shown. Finally, the implications and limitations of the fibril model are discussed.
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2. Single fibril experiment

The aim of the single fibril experiment is to process and test a fibril in a controllable way. Furthermore,
the extension of the fibril should proceed in a similar manner as in peel tests, meaning that the fibril
should be drawn from the bulk material. This requirement excludes several microscale experiments on
fibrillar structures, which consist of pre-existing micropillars that are subsequently loaded, see for example
Del Campo et al. (2007); Greiner et al. (2007). In this paper, a single fibril is drawn using an approach
inspired by Uricanu et al. (2003). Here, an AFM tip is brought into contact with a gel. Upon retraction,
due to partial wetting of the tip by the soft gel, a bridge is formed between the tip and the bulk layer.
The deformation during retraction resembles the drawing of a fibril.

2.1. Sample preparation
The experiments are performed on poly(dimethylsiloxane) (PDMS) samples (Sylgard 184 R©, Dow

Corning, USA), using a base polymer to curing agent mixing ratio of 10:1. Hollow tips are fabricated
from glass tubes (Kwik-Fil borosilicate glass, outer diameter 1 mm; inner diameter 0.58 mm, World
Precision Instruments, USA) on a Flaming Brown Micropipette Puller (Heat 556; Pull 25; Velocity
5; Sutter Instruments Company, USA). The tip is attached to an aluminium cantilever having length
75.0 mm, width 3.01 mm, and thickness 0.47 mm, resulting in a stiffness of 13.0 N/m. After mixing
and degassing, the PDMS is poured into an aluminium container with dimensions of height 1.84 mm,
diameter 10 mm, while minimizing trapped air. Using a micro-precision stage, the container is moved
towards the tip in order to form a capillary bridge, as shown in Fig. 1. PDMS also flows into the tip,
which results in a mechanical interlocking between the PDMS and the tip after curing. The PDMS is
cured for 1 hr. through the use of a dedicated heating stage positioned directly underneath the PDMS
container. The temperature at the top surface of the PDMS is measured to be 100 ◦C which is sufficient
for complete curing. After curing, the heating stage is turned off and the PDMS is allowed to cool down
to room temperature (25 ◦C) for 20 minutes. During curing and cooling the tip remains just immersed
in the PDMS, while carefully correcting for thermal shrinkage. The immersion depth (Fig. 1(b)) was
observed to influence the results, which proved to be challenging in performing the experiments. Both
too shallow and too deep immersion led to premature failure. Finally, three successful experiments could
be performed, of which one will be analyzed in more detail.

b) c)a) d)

Figure 1: Fibril drawing using a hollow glass tip attached to a cantilever with known stiffness (cantilever not shown). (a)
Initial state, uncured PDMS. (b) The tip touches the PDMS and a capillary bridge forms. PDMS also flows into the hollow
tip. The PDMS is being cured in this state. (c) Load is applied and a fibril is drawn. (d) The fibril fractures.

2.2. Load application and measurement
After cooling down to room temperature, the load is applied through the reversed displacement of the

PDMS container at a rate of 30 µm/s. Upon moving the PDMS container, a single PDMS fibril forms
between the tip and the bulk PDMS, see Fig. 1(c). Upon increasing the load, the fibril elongates until
fracture, Fig. 1(d).

The experiment is visualized using a Zeiss V20 optical microscope coupled to an Axiocam HR camera,
which records 3 frames per second. In the images, the movement of the tip is tracked using global digital
image correlation (GDIC, Neggers et al. (2014)), which, for the present analysis, is optimized to deal with
sparse patterns and rigid body displacements. From the movement of the tip, the load on the fibril is
calculated using the cantilever stiffness. Given the experimental DIC displacement error and cantilever
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stiffness error, the approximate accuracy of the force sensor is 2 µN, which is sufficiently accurate for the
present purpose.

2.3. Results
Fig. 2 shows the growth of a fibril from the initial state (a), similar to Fig. 1(b). Lowering the PDMS

container initiates a fibril (b), and a slight misalignment of the tip can be observed. With increasing load
the material, initially adhering to the tip, debonds from the tip, leaving a small noticeable protrusion
on the fibril, indicated by the arrow in (c). From here on, two mechanisms occur simultaneously upon
increasing the load. The initial fibril (below the protrusion) is stretched further, and, above the protrusion,
material is drawn from within the tip. This is accompanied by local debonding of the interface between
the PDMS and the glass tip, shown in stage (d) and (e). Stage (e) shows the last frame before the fibril
fractures. The fractured fibril is shown in stage (f).

Figure 2: Single fibril experiment. The PDMS shows up black due to the lighting used. The PDMS material that was
initially adhering to the tip, debonds from the tip, leaving a small noticeable protrusion on the fibril, indicated by the arrow
in (c). From here onwards, material gets drawn from within the hollow tip into the fibril, while simultaneously the initial
fibril (below the dark protrusion) is stretched further.

The load versus extension curve is shown in Fig. 3. The extension is the difference between the applied
displacement at the base of the PDMS container and the displacement of the tip. At an extension of
approximately 75 µm, a drop in load can be observed, associated with the debonding of the protrusion
from the tip. Furthermore the load shows some oscillations which are most likely due to local debonding
of the material from within the tip.
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Figure 3: Load-extension curve for single fibril experiment. The dots indicate the data points.

2.3.1. Failure criterion
The critical stress at fracture is extracted from the fibril experiment. To this purpose, the average

true stress in the smallest cross-section is calculated. The contour of the fibril is tracked using a gray
value thresholding method, and the minimum diameter is determined from this data, as indicated in Fig.
4(a).

Figure 4: (a) Minimum diameter of the fibril, used to determine the critical stress. (b) Maximum cross-sectional true stress
in the fibril.

The maximum average true stress is shown in Fig. 4(b). Initially the stress increases smoothly, and
again at an extension of 75 µm, a change in the curve can be observed. From here on, the maximum
stress occurs above the protrusion, in the material that was initially within the tip. From this data, the
critical true stress is determined as tc = 30.0 MPa.

3. Material model

3.1. Constitutive model
The PDMS is modeled using a hyperelastic Ogden material model, which is suitable to describe rubbers

since it accurately captures the strain hardening typically observed at large strains. The particular form
used here is due to Maas et al. (2012) and is a generalization of the form by Ogden (Ogden, 1997, p.
222). The strain energy density function W reads

W =
1
2
κ(J − 1)2 +

N∑
k=1

ck
m2

k

(
λmk

1 + λmk
2 + λmk

3 − 3−mk ln J
)

(1)
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where λi are the principal stretches, J = det(F) is the volume change ratio with F the deformation
gradient tensor, and ck and mk are material parameters. Note the square in the denominator term m2

k,
which leads to a slightly different definition of ck compared to the conventional incompressible Ogden
model. κ is essentially a penalty parameter to enforce the near incompressibility of the material. N
denotes the number of terms; N = 2 is used for all simulations in this paper. From the strain energy
density function the Cauchy stress tensor σ can be determined as follows:

σ =
3∑

i=1

σi ~ni~ni (2)

where ~ni are the eigenvectors of the Finger tensor B and the principal stresses σi are given by

σi = κ(J − 1) +
N∑

k=1

1
J

ck
mk

(
λmk

i − 1
)

(3)

3.2. Constitutive parameters
The material parameters ck and mk can be obtained through mechanical testing, e.g. uniaxial loading

and planar loading. However, it is known that the curing conditions (curing time and temperature)
may significantly affect the PDMS properties (Gerratt et al., 2013; Johnston et al., 2014; Liu et al.,
2009). To account for this influence, a range of material parameter values is considered, representing the
large spread in experimental data reported in the literature. The material parameters are listed in table
1 and Fig. 5 shows the corresponding stress-strain curves. In this figure, materials 1 and 5 represent
experimental data for Sylgard 184 from the literature (differently cured). Material 3 is representative for
Sylgard 186, which is also a commonly used rubber in stretchable electronics. Material curves 2 and 4
are added to cover the full range of stress-strain curves. For all material parameter value sets, κ is taken
such that the initial Poisson’s ratio equals ν = 0.49, representing near incompressibility of the material.
In literature, higher values of the Poisson’s ratio have been used in the modeling of rubber materials,
and for some loading conditions slight changes in the Poisson’s ratio near the fully incompressible limit
(ν = 0.5) can have a significant influence on the results (Destrade et al., 2012). However, using higher
values of κ (corresponding to an increase in the Poisson’s ratio) did have no significant influence on the
results presented in this paper.

Table 1: Material parameters used in the simulations. The parameters c1 and c2 are adjusted to account for the slightly
different formulation of the Ogden model compared to the one used in the corresponding references.

Material Reference m1 c1 m2 c2 κ
- - (MPa) - (MPa) (MPa)

1 Gerratt et al. (2013) 7.9 0.0198 · 7.9 0.0801 12.9 · 0.0801 29.15
2 This work 7.35 0.016 0.8 0.682 17.11
3 van der Sluis et al.

(2011), Sylgard 186
6.8 0.00783 0.799 0.682 16.91

4 This work 5.4 0.023 0.8 0.682 17.28
5 Kim et al. (2011) 3.81166 0.041103 · 3.81166 6.371 ·10−10 63.4885 · 6.371 · 10−10 3.84
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Figure 5: Stress-strain model response for material parameters considered in this work. Materials 1 and 5 represent Sylgard
184 data from literature (differently cured) and material 3 represents Sylgard 186 data from literature.

3.3. Numerical-experimental assessment
The single fibril experiment is simulated with a dedicated finite element model. The initial discretiza-

tion is constructed from the stress-free experimental geometry, as shown in Fig. 6. The tip is not modeled
explicitly, implying that the analysis does not incorporate the material that flows into the tip during sam-
ple preparation. Including this material (that is not distinguishable in the initial images) in the analysis
would only have a minor effect on the results. The displacement is imposed on the fibril, at the top
of the computational domain, through frictionless boundary conditions. Consequently, contraction of
the fibril was not restricted at the top of the computational domain, which corresponded best with the
experimental conditions, thereby enabling a valid comparison.

Figure 6: Initial model geometry. Left: sample geometry; right: model geometry including the mesh

The problem is numerically solved using an incremental-iterative finite element based solution algo-
rithm. The geometry is discretized using eight node, quadratic quadrilateral axisymmetrical elements.
Reduced integration is used to prevent volumetric element locking due to the near incompressibility of
the material. Because the finite element mesh becomes distorted in highly deformed regions, even for
relatively small applied displacements, an adaptive remeshing scheme is adopted. The Ogden model
is implemented as a user element subroutine in MSC.Marc (MSC Software, 2005, USA). The adaptive
remeshing scheme is implemented in Matlab (The Mathworks, 2011, USA), using GMSH (Geuzaine and
Remacle, 2009) to generate a high quality quadrilateral mesh.

A numerical-experimental comparison is made in terms of deformed geometry. For this purpose, the
deformed model is projected on top of the experimental images just before the fibril fractures, see Fig. 7.
In each subfigure, the force on the fibril in the model and the force measured in the experiment are equal.
Note that the analysis only pertains to the relevant experimental geometry, located below the protrusion.
Because of the slight misalignment in the setup, the fibril shows a small angle, making a quantitative
comparison on the geometry difficult. A full 3D simulation could resolve this issue, but the influence of
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the misalignment on the results is expected to be negligible. Therefore the comparison is focused on the
length of the fibril (indicated by the arrows in Fig. 7) and the geometry of the fibril and the ‘bulk’. These
images clearly show that the experimental response is well within or close to the bandwidth of the model
results obtained with bulk material parameters from literature.

mat.�1 mat.�2 mat.�3 mat.�4 mat.�5

Figure 7: Deformed mesh shown on experimental images at equal load, last frame before the fibril fractures, corresponding
to the different material models.

The minimum fibril diameter as a function of the load in the fibril is shown in Fig. 8(a) for both
the experiment and the different models. The experimental results are within or at the lower limit of
the model bandwidth, which, given the noise level and difference between the experiment and simulation
(e.g. tip misalignment), supports the applicability of the numerical model.

Figure 8: (a) Minimum fibril diameter vs. fibril load. (b) Minimum fibril diameter used in the comparison between model
and experiment.

The comparison presented in this section was based on a single experiment. Due to the difference
in initial geometry, each experiment resulted in a different load-extension curve, excluding direct com-
parison between experiments. The use of dedicated finite element models can overcome this, however,
accurate determination of the initial geometry proved to be too unreliable for two of the three successful
experiments. For this reason, only one experiment is discussed in this paper. However, information on
the two other experiments is available: once a mature fibril formed, the fracture stress, which will be
shown to be an important parameter, was observed to be quite reproducible. It could easily be obtained
for all three successful experiments and it was observed that all three values are in the range of 25 MPa
to 30 MPa, i.e. showing a relatively low variability. Therefore, the presented experimental results are
believed to be sufficiently reliable.

4. Single fibril simulations

4.1. Micromechanical model
The single fibril geometry is largely based on the previously developed micro-model (Vossen et al.,

2014). The main aspects are summarized in this section, whereby two significant changes are made. Since
only mode I loading on a single fibril is considered and the fibril deforms in a more or less axisymmetric
shape in the peel test experiment, an axisymmetric formulation seems quantitatively more appropriate
than the previously adopted plane strain geometry. Furthermore, the interface is considered infinitely
strong, but frictionless, which is represented in the boundary conditions. This choice alleviates the
numerical issues related to element distortion near the fibril foot. It does, however, mean that the smallest
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cross section is now located at the interface. When accounting for the fibril foot, the smallest cross section
is located just above the fibril foot. However, since the smallest cross section in both cases can contract
in a similar way, the influence on the results is expected to be small. Furthermore, in Krishnan and
Hui (2008) it was shown that the type of boundary conditions (frictionless or completely fixed) only has
a limited influence on the overall load-extension behavior. Finally, the dissipated adhesive energy was
shown to be negligible (Vossen et al., 2014), corroborating this choice. Fibril failure is modeled through
a critical stress criterion, which is extracted from the single fibril experiment, as described in section
2.3.1. In the absence of relevant experimental data the critical stress is taken equal for all materials.
This assumption may be debatable and it will be commented on in section 5. Once the average stress in
the smallest cross-section reaches the critical stress, failure is assumed to occur instantaneously, which is
consistent with the previous results. Since all material parameter sets may be relevant, the analyses are
performed for all.

Figure 9: (a) SEM image of fibrillation, approximately 30 µm long fibrils are visible. (b) Idealized representation of the
fibril geometry. (c) Single fibril model (not to scale).

Fig. 9(a) shows a SEM image of a peel test (Neggers, 2013). The fibrils and the copper roughness
profile are clearly visible. Based on experimental observations, void nucleation is expected to occur on
top of a roughness peak. Therefore, the adhesion of a nucleated fibril is restricted to the roughness valley,
as illustrated in Fig. 9(b). The micro-model geometry is shown in Fig. 9(c). Due to the large difference
in stiffness between the copper and rubber, the copper substrate is not modeled. To reflect the variability
in fibril properties observed in peel tests, a range of values for the initial fibril dimensions is used. The
parameters are varied between 2µm ≤ t ≤ 5µm; 1µm ≤ R ≤ 5µm; 1µm ≤ h ≤ 7µm. The influence of
these parameters on the macroscopic (work of separation) properties is investigated.

In order to obtain the macroscopic interface properties from the single fibril micro-model, a multi-
scale interface model is used (Cid Alvaro et al., 2010; Hirschberger et al., 2009; Matous̆ et al., 2008;
Verhoosel et al., 2010; Vossen et al., 2014). From this scheme, the macroscopic traction vector ~TM can
be determined for each macroscopic opening vector ~um, which is the displacement applied to the micro-
model. Note that in the current work, the deformation is restricted to pure mode I loading, i.e. ~um only
has a normal component. From the Hill energy condition, the macroscopic traction vector ~TM can be
determined. For the considered micro-model boundary conditions, it is simply the average traction at
the top of the micro-model.

4.2. Results
The results for the micro-model geometry described in section 4.1 are shown in this section. Fig. 10

shows a representative example of the growth of a fibril from an initially stress-free undeformed state
up to the moment when the cross-sectional true stress reaches the critical value. The displacement of
selected material points is illustrated by the dots. In this figure, material parameter set 4 is used and
the geometry parameters are t = 4µm, R = 2µm, h = 4µm. For visualization purposes not the entire
micro-model is shown. The colors indicate the maximum principal true strain. As indicated in figure
10(e), the final fibril length obtained is 26.2µm, which corresponds well with the fibril length observed
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in peel tests, see Fig. 9(a). Note that the fibril length is generally not exactly equal to the applied
displacement um, although the two quantities are closely related.

b) c) d) e)a)

Fibril
length

0.0

0.5

1.0

1.5

2.0

Figure 10: Several stages of the fibrillation process. Colors indicate the maximum principal true strain. Applied deformation
(a) um = 0µm (b) um = 6.3µm (c) um = 12.6µm (d) um = 18.9µm (e) um = 25.2µm

From the micro-model simulation the macroscopic traction-separation response (TSR) is obtained,
see Fig. 11. The strain hardening at large deformations is prominent. From the TSR the macroscopic
work of separation is determined as the shaded area under the curve,

GM =

umax
m∫
0

TM dum (4)

For this example, this results in GM = 10.0 J/m2.

10 20 305 15 250

1.0

0.8

0.6

0.4

0.2
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1.2

1.4

W.O.S.

Figure 11: Homogenized traction-separation response obtained from the single fibril micro-model. The macroscopic work
of separation is the grey area under the curve.
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Fig. 12 shows the work of separation as a function of the geometrical parameters. In each subfigure,
one parameter is varied while the other two are kept constant. The nominal parameters correspond to
the parameters used for Fig. 10. Increasing the initial fibril thickness t leads to an increase in the work
of separation, whereas increasing R and fibril spacing h leads to a decrease in the work of separation.

2 3 54
0

4

8

12

16

20

1 2 3 4 5 1 2 3 4 5 6 7

R ht

Figure 12: Influence of geometrical variations on the work of separation. Material parameter set 4 is used and the nominal
geometry parameters are t = 4µm, R = 2µm, h = 4µm. The data points are indicated by ×. The simulations for R = 5µm
and h = 1µm did not converge up to the critical stress.

Fig. 13 shows the traction-separation responses for the five considered material parameters sets, for
the same geometry (t = 4µm, R = 2µm, h = 4µm). The simulations for material 5 did not converge up
to the critical stress for this geometry, due to excessive local element distortions. Therefore, the tail of
this curve for this material is estimated by extrapolation towards the failure criterion. As expected, the
applied displacement required to reach the critical stress is larger for the more compliant materials. Even
though the critical stress is equal for all simulations, the resulting maximum homogenized traction is not.
This is due to the fact that the critical stress is first reached in the smallest cross-section, which is smaller
for longer fibrils. Therefore, even though the cross-sectional stress is the same at the moment of failure,
the force is smaller for the more compliant materials, which results in a lower maximum homogenized
traction.
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Figure 13: Influence of material parameters on the traction-separation response. The geometry parameters are t = 4µm,
R = 2µm, h = 4µm. The circles indicate failure, where the critical stress is reached in the smallest cross-section of the
fibril.
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Figure 14: Influence of material parameters on the work of separation.

From the traction-separation responses the work of separation is calculated and the results are shown
in Fig. 14. The work of separation is not significantly influenced by the value of most material parameters,
i.e. the critical stress is the only important material parameter controlling the work of separation in the
fibrillation process. For other geometries, similar results were obtained. The maximum work of separation
obtained in the present simulations is GM = 18.2 J/m2.

5. Discussion and conclusions

In this work, a single fibril micro-model was used to analyze the role of fibril deformation and its
contribution to the high work of separation measured in peel tests on PDMS-copper samples. To this
end, a recently proposed micro-model was extended with a quantitatively more realistic material model
and an experimentally informed failure criterion. The applicability of the model was assessed by a single
fibril experiment, revealing that the stresses and deformations can be adequately predicted using bulk
material parameter values that are in line with the literature. A significant increase with respect to the
values obtained with the previous model (2 - 3.5 J/m2) by almost one order of magnitude to approximately
20 J/m2 in the work of separation is a key result. However, these results also suggest that the energy
loss due to fibril growth is not the main contribution to the work of separation.

At the micro-scale, the model assumed a nucleated fibril. Based on experimental observations, void
nucleation was hypothesized to occur on top of the roughness peaks and accordingly, the adhesion at
this site was ignored. This implies that the hydrostatic pressure build up leading to void formation was
excluded from the analysis. Due to the near incompressibility of the material only a limited deformation is
required to reach a significant stress level. So even though the stress associated with nucleation might be
relatively high, its contribution to the work of separation is expected to be quantitatively insignificant.
The lack of adhesion at the top of the roughness peak also means that the adhesion energy at this
particular location is not accounted for. Still, the related area is small and the adhesion energy is too
low (typically 0.1 - 1 J/m2) to provide a meaningful contribution to the macroscopic work of separation.

Through application of a normal load, the cavity evolves to a fibril. Upon increasing the load, the
fibril elongates by drawing of material from the bulk into the fibril and by stretching of the material
within the fibril. Finally, fracture occurred instantaneously, releasing the elastically stored energy. Since
the fracture is an unstable process, the released energy is lost and consequently contributes to the work
of separation.

During fibril growth, the deformation and stress in the model are well beyond typical bulk values
reported in literature (Gerratt et al., 2013; Kim et al., 2011; Schneider et al., 2009). To ensure that the
growth of the fibril can be described using these bulk parameter values, a single fibril experiment was
performed and the results were compared to a dedicated model. An adequate correspondence between
experiment and model was obtained. It was concluded that the level of deformation and stress in the
model are still in a range that can be described with continuum mechanics, using a stress-strain law that
is within the experimental range from the literature.

The interface was modeled to fail instantaneously upon reaching the critical stress, whose value was
derived from the single fibril experiment. The adhesive energy was neglected in this model setting, since
it was shown in Vossen et al. (2014) that its contribution to the total work of separation is negligible.

From the verified micro-model, the influence of the initial geometry on the work of separation was
studied. As expected, increasing the initial fibril thickness triggers an increase in the work of separation.
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An increase in the spacing between fibrils and the height of the roughness peak entails an increased area
of the micro-model, and as a result, the work of separation decreases.

For a given geometry, the material parameter values have a strong influence on the resulting traction-
separation response. For a stiff material, the critical stress is reached at limited fibril length, at a high
homogenized traction. For a compliant material, the fibril grows longer before reaching the critical stress.
Since the stresses are lower for a given fibril length for a compliant material, with a cross-section that
reduces in width, the maximum homogenized traction is lower for a compliant material compared to
a stiff material. As a result, for a given value of the critical stress, the work of separation remains
relatively unaffected by the other material parameter values, only by the geometrical parameters. Yet,
the critical assumption underlying this result is that the critical stress is independent of the material
behavior, which remains debatable. For example, Liu et al. (2009) observed that the curing temperature
has a large influence on the modulus of PDMS, and that with increasing modulus the ultimate tensile
strength also increases. This shows that a stiffer material might indeed present a higher critical stress.
Clearly, changing the critical stress will have an effect on the obtained values for the work of separation.
However, preliminary simulation results reveal that the conclusions do not change as long as the critical
stress is taken in a realistic range.

In the present analysis, fibril deformation is modeled with a suitable material model that accounts
for the large deformations occurring in the process. A significant increase of the work of separation was
recovered with respect to the previous model. Yet, one more decade needs to be bridged to match the peel
test results and close the gap in understanding the origin of the work of separation. Apparently, at least
one mechanism that is not yet included in the model, is dominating the work of separation in peel tests.
Literature on pressure sensitive adhesives (Brown et al., 2002) suggests such a possible mechanism, namely
the formation of secondary cavities in the material layer just above the fibrils. However, only a small
volume is associated with it. Therefore, an increase in the work of separation by an order of magnitude
through this mechanism seems unrealistic. An alternative mechanism that might be significant is the
excess of energy loss at the macro-scale (not captured in the macro-scale model of a peel test), due to the
discrete fibril failure at the micro-scale. Since the macroscopic layer thickness is relatively large, even a
limited amount of deformation could lead to a significant energy storage.
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