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Abstract. Stretchable electronics offer increased design freedom of electronic

products. Typically, small rigid semiconductor islands are interconnected with thin

metal conductor lines on top of, or encapsulated in, a highly compliant substrate,

such as a rubber material. A key requirement is large stretchability, i.e. the ability to

withstand large deformations during usage without any loss of functionality. Stretching

induced delamination is one of the major failure modes that determines the amount

of stretchability that can be achieved for a given interconnect design. During peel

testing, performed to characterize the interface behaviour, the rubber is severely lifted

at the delamination front while at the same time fibrillation of the rubber at the

peel front is observed by ESEM analyses. The interface properties are established by

combining the results of numerical simulations and peeling experiments at two distinct

scales: the global force-displacement curves and local rubber lift geometries. The

thus quantified parameters are used to predict the delamination behaviour of zigzag

and horseshoe patterned interconnect structures. The accuracy of these finite element

simulations is assessed by a comparison of the calculated evolution of the shape of the

interconnect structures and the fibrillation areas during stretching with experimental

results obtained by detailed in-situ analyses.

PACS numbers: 6835,4655,4650
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Figure 1. (a) Stretchable electronics: rigid islands with brittle components

in a stretchable matrix interconnected with thin metal conductor lines (from

www.stella-project.de); (b) patterned zigzag interconnection with square pads for

the electrical connection

1. Introduction

Typical examples of stretchable electronics are electronic textiles and biomedical

applications, as discussed in e.g. [1, 2, 3, 4] and the recently published review paper by

Rogers et al [5] and references therein. In order to provide conformability to the body

and a high comfort during wearing, mechanical stretchability is a prerequisite for these

electronics applications. In general, stretchable electronics are composed of small rigid

semiconductor islands interconnected by thin metal conductor lines, see Figure 1a. The

stretchability of the thin interconnects can be realized by depositing serpentine-shaped

interconnects [1] on compliant flat substrates using planar patterning technologies, of

which an example is shown in Figure 1b [6].

The structural reliability of the electronic circuits is one of the major concerns for

stretchable electronics applications: (i) cohesive fracture of the interconnects directly

leads to failure of the product due to the loss of its electrical functionality. This failure

has been addressed by Li et al [1] and Gonzalez et al [4]. Here, it is conclusively

shown that a serpentine shape of the metal conductor permits large deformation of the

substrate while at the same time small strains are present in the metal. Hsu et al [7]

point out that cohesive interconnect fracture is accelerated by interface failure between

interconnect and substrate during stretching of fully encapsulated interconnects; (ii)

adhesive fracture between the metal lines and the stretchable substrate may lead to

shorts, while also the delaminated region may be a source of cohesive fracture (necking of

the metal might occur, as discussed in [8, 9]) and thus electrical failure of the stretchable

device.

Recently, horseshoe and zigzag interconnect patterns have been proposed as

metal conductor designs [4, 6] involving in-plane patterned copper conductors onto

poly(dimethylsiloxane) (PDMS) rubber flat substrates. The horseshoe shape offers

high stretchability (strains up to 100% have been achieved without metal failure [7])
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combined with a rather low I/O density. In contrast, the zigzag shape provides moderate

stretchability (strains up to 60%) while a high I/O density can be achieved [6].

In order to understand the mechanisms leading to cohesive failure of the conducting

lines, insight into the key factors that promote delamination is required [10]. For this

purpose, 3D numerical models are developed to describe the delamination process during

stretching. The mechanical behaviour of the PDMS rubber substrate is described by

a hyperelastic model while for the copper conducting lines a nonlinear elasto-plastic

model is employed. The constitutive parameters have been established by performing

mechanical characterization experiments. In the finite element model, the interface

behaviour is described by cohesive zone elements (see e.g. [11]). The cohesive zone

properties have been characterized by means of a 90∘ peel test during which actual

rubber fibrillation and subsequent fracture is observed. Accordingly, the cohesive zone

element as formulated by Van den Bosch et al [12] is employed which is capable of

dealing with large deformations occurring at the interface.

Although the adhesive toughness Γc is rather straightforward to determine from

peel test experiments [13], the adhesive strength tmax is less obvious. In literature, the

use of an extended Kalman filter [14] and variational or inverse analyses [15, 16, 17]

have been proposed to extract cohesive zone parameters. In [18], the interface strength

is determined by the ratio of peel force and cross-sectional area of the peel arm. Liechti

and Wu [19] select the value of the maximum traction by matching experimental and

numerical results of the crack-tip opening displacement fields during the initial stages

of crack propagation. In this paper, a physically based approach is pursued wherein

use is made of the local deformation of the compliant substrate and the copper film

at the delamination front. This is achieved by combining finite element results with

experimentally measured local deformations, of which first results have been reported

in [20].

The thus obtained material and cohesive zone properties are then applied in

the numerical models to calculate the delamination behaviour of three-dimensional

horseshoe and zigzag shaped interconnects. To assess the obtained accuracy of the

numerical results, the evolution of the interconnect shape during stretching is compared

with in-situ SEM and optical measurements.

The paper is organized as follows: in Section 2, the mechanical properties of the

metal lines and the PDMS substrate are determined from experiments. Furthermore,

cohesive zone properties are established by means of 90∘ peel testing. In Section 3,

the stretching induced delamination in the horseshoe and zigzag shape interconnect

samples are predicted by means of 3D finite element simulations thereby employing

the experimentally determined material and cohesive zone properties. The numerically

obtained deformation behaviour of the sample designs is compared with experimental

in-situ measurements. The paper ends with conclusions and recommendations in

Section 4.
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2. Characterization

2.1. Peel test experiments

Several testing methods are available to extract thin film interface properties and are

well-documented in literature, see e.g. [13, 21, 22]. In this paper, a 90∘ peel test is used

to establish adhesion properties. In this specific test, a thin film is peeled-off a substrate

at a fixed angle of 90∘ from the substrate. The force is measured as a function of the

clamp displacement and during peeling the force reaches a more or less constant value,

called the peel force. In general, this force is dependent on film thickness, peeling angle,

materials and interface properties [23]. At the steady-state delamination process, the

following relation holds:

Γ0 + ΓD =
Pf

w
(1− cos �), (1)

where Γ0 the energy dissipation due to interface fracture (also called the intrinsic

interface toughness) and ΓD the energy dissipation due to any dissipative mechanism

except interface delamination, such as plasticity [16]. Moreover, Pf is the peel force, w

the width of the sample, and � the peeling angle. When assuming that the film and

substrate deform elastically, the substrate stiffness is high compared to the film stiffness,

and only interface fracture contributes to dissipation, (1) reduces to

Γ0 =
Pf

w
(1− cos �). (2)

A more detailed treatise of film peeling can be found in [24, 13, 23].

The peel test samples studied in this paper consist of a substrate material

poly(dimethylsiloxane) (PDMS) (Sylgard 186Ⓡ, Dow Corning) with a copper

(electrodeposited, grade TW-YE, Circuit Foil) film. The rubber is cast in a mould

onto the copper film. After casting the samples are cured at room temperature. The

rubber has a thickness of approximately 1.0 mm while the thickness of the copper film is

18 ± 0.5 �m, and consists of an untreated shiny side with low roughness and a treated

side with high roughness values Rz ranging from 6 to 8 �m, used for improved rubber-

copper adhesion; in addition an adhesion promoter is added. The samples are 84 mm in

length and 18 mm in width. Prior to testing, the rubber side of the sample is glued on

a metal plate that is mounted in the test set-up. For initial clamping of the sample, a

part of the copper is peeled-off manually after mounting. To achieve a constant peeling

angle, the device is mounted under an angle of 45∘ with respect to the tensile device,

while the load cell is positioned perpendicular to the sample, see Figure 2a.

Even though several of the aforementioned assumptions underlying the relation

between peel force and adhesion energy (2) do not hold for the studied samples, this

relation is used to calculate a first estimate for the adhesion energy or work of separation

Γc according to Γc = Pf/w, when assuming that the peeling angle remains approximately

90∘ during testing. From the resulting force-displacement curves, discussed later on in

the paper and depicted in Figure 5b, the average work of separation is 1343 ± 51 Jm-2.
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Figure 2. (a,b) The peel test set-up with camera to study the (c) local geometry at

the delamination front with the geometry parameters

Extraction of the interface strength value from interface experiments is however not

as straightforward. In literature, several approaches have been proposed to determine

the interface strength value tmax, and are mentioned in Section 1 [14, 15, 16, 17, 18, 19].

Alternatively, in this paper the local deformation of the substrate and the film is used

to extract the interface strength [20]. Three local geometry parameters are defined: the

width of the lifted rubber w, the height of the lifted rubber ℎ, and the radius of the

copper foil R, see Figure 2c. The width is defined as the distance between the points

where the lifted rubber crosses the original rubber upper plane. The height is defined as

the distance from the rubber upper plane to the top of the rubber peak. For this purpose,

a camera is added to the experimental set-up, as shown in Figure 2a. The camera is

fixed with respect to the metal plate on which the sample is glued, and is positioned

perpendicular to the side of the sample. An example of an image recorded with the

camera system of the local geometry near the delamination front during steady-state

peeling is shown in Figure 2c. The averaged values over 15 measurements of different

samples are: ℎ = 1.31 ± 0.02 mm, w = 2.1 ± 0.3 mm, R = 1.43 ± 0.05 mm. The

relatively large range in the width value can be attributed to uncertainty of the position

of the rubber upper plane in the images.

During peeling of the copper film from the rubber substrate, rubber fibrillation

is observed at the copper-rubber interface, which is illustrated by the ESEM picture

in Figure 3a. In addition, actual fracture of the rubber fibrils occurs during peel testing

as evidenced by surface analysis on the copper film that reveals remaining traces of

rubber after peeling, see Figure 3b. This rubber fibrillation and subsequent fracture is

hypothesized to be the main explanation for the high work of separation value mentioned

above. It is remarked that actual fracture toughness testing of the PDMS rubber reveals

values of 16 ± 2.3 kJm-2, obtained by following the test methods proposed in [25]

and [26].

2.2. Determination of bulk mechanical properties

The mechanical behaviour of the silicon elastomeric rubber substrate will be described

by a hyperelastic material model, commonly used to describe the nonlinear elastic
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(a) (b)

Figure 3. ESEM pictures of (a) fibrillation at the copper-rubber interface during peel

testing; (b) remaining PDMS (black areas) at the copper surface (light areas) after

peel testing

behaviour of rubber materials at large strains. In hyperelasticity theory, the relation

between the stress and strain measures is derived from the strain energy density function

W (�1, �2, �3) with �i the principal stretch ratios. It can be shown that these models

exhibit real elastic behaviour meaning that no energy is dissipated. In a finite element

context, no remaining stresses are present after a closed deformation path [27]. A simple

neo-Hookean hyperelastic constitutive model is selected to describe the mechanical

behaviour of the PDMS material as more sophisticated models did not reveal any

significant improvements in their ability to match the experimental data. The strain

energy equation for this model reads

W = CnH(I1 − 3), (3)

in which CnH = 0.5G with G = nkT is the rubber elastic (shear) modulus, with n the

chain density, k Boltzmann’s constant, T the absolute temperature, and I1 is the first

stretch invariant according to I1 = �21 + �22 + �23. In the neo-Hookean approach, the

material is assumed to be isotropic and to undergo sufficiently small deformation not to

reach the finite extensibility of the rubber polymer chains. In that case, the probability

distribution of chain extension is Gaussian [28]. Uniaxial tensile experiments and planar

extension tests are performed under room conditions (23 ± 2∘C and 50 ± 5% Relative

Humidity) on a Zwick 1474 tensile testing device. To check the applicability of the

neo-Hookean model, hysteresis loops are performed by loading/unloading cycles. By

fitting the Neo-Hookean model on the measured uniaxial and planar extension results,

a value of CnH = 0.165 [MPa] is established, see Figure 4a. The obtained accuracy is

acceptable.

The mechanical behaviour of the copper foils is described by a hypo-elasto-plastic

material model including large deformations, and relies on the linear relation between

the objective Jaumann rate of the Cauchy stress tensor
∘

�ij and the elastic part of the
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Figure 4. Measured and fitted mechanical response of (a) PDMS and (b) copper

deformation rate tensor deij
∘

�ij = Eijkl(dkl − dpkl), (4)

in which the Hookean stiffness tensor Eijkl = �(�ik�jl + �il�jk) + �ijkl, with �, �

Lamé’s constants, and the additive decomposition of the strain rate tensor is applied,

dij = deij + dpij [29]. The occurrence of plastic yielding depends on a yield function,

denoted by f(�ij, "
p), where "p is a history parameter, in this case the total equivalent

plastic strain. As is common in metal plasticity models, the deviatoric von Mises yield

function is applied, expressed as

f = �vm − &("p), (5)

where &("p) defines the current yield stress and is determined from uniaxial tensile

experiments. For more details on finite strain elasto-plasticity, the reader is referred

to [30]. The experiments on the copper foils are performed under room conditions using

a Kammrath & Weiss 10 kN micro-loading stage equipped with a 100 N load cell. The

displacements are measured on the specimen surface by digital image correlation (DIC).

Subsequently, the yield stress function &("p) is obtained from the measurements by

converting the measured force to the Cauchy stress and the displacement to logarithmic

strain values. The Cauchy stress is calculated by assuming incompressibility which

is allowed due to the fact that the elastic part is very small for metals: �true=

(F/A0)(L/L0), with F the measured force, A0 the initial cross section of the specimen,

and L and L0 the actual length and initial length of the specimen, respectively. The

logarithmic strain is determined from "ln = ln(L/L0). The experimental and numerical

stress-strain curves are depicted in Figure 4b. To prevent negative stiffness values during

the numerical simulations, the thus determined yield curve was smoothened by removing

the noise from the curve. It is remarked that a simplified isotropic model is assumed

even though a columnar grain structure over the thickness of the foil was observed.

2.3. Determination of cohesive zone properties

In order to establish the cohesive zone properties Γc and tmax from the peel test, results

of a finite element peel test model will be matched with experimental results. The
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Figure 5. (a) Illustration of the peel test model (not to scale); (b) experimental and

numerical force-displacement curves

geometry of the model is shown in Figure 5a. To reduce the calculation time, the length

of the peel sample is taken to be 15 mm instead of the specimen length of 84 mm, which

is still sufficiently large to ensure reaching the steady-state plateau value Pf . At the

bottom of the substrate all degrees of freedom are suppressed, which corresponds to

the experiment where the sample bottom is glued to the test setup. The peeling of the

copper film is simulated by an initially delaminated region of 5 mm and prescribing a

displacement in y−direction at the upper left corner point of the copper foil: Uy = 13

mm.

As already mentioned, large interface separations accompanied by fibrillation of

the PDMS occur during the peel test. Therefore, the delamination process is properly

captured by the large displacement cohesive zone elements as formulated by Van den

Bosch et al [12]. In this formulation, first Piola-Kirchhoff tractions are employed.

Consequently, the required cohesive zone element length corresponds to the initial

element length, which can be determined unambiguously. The opening and traction

vectors are no longer decomposed with respect to a local basis but resolved globally

and thus, no distinction is made between normal and tangential direction. A single

exponential relation between the traction t and separation � is formulated according to

t =
Γc

�c

( �

�c

)

exp
(

−
�

�c

)

, (6)

in which the traction vector t⃗ = te⃗ and the opening displacement vector �⃗ = �e⃗, where e⃗

is the unit vector along the line between corresponding, opposite points of the interface,

Γc the work of separation, and �c is the separation value at which the maximum traction

tmax is reached, according to

�c =
Γc

tmax exp(1)
. (7)

Irreversibility is taken into account by assuming linear elastic unloading to the origin,

i.e. elasticity-based damage. In [12], it is noted that in the case of interfacial fibrillation

the presence of a traction vector parallel to the opening displacement vector and a

single work-of-separation are valid assumptions, however, for other failure mechanisms

this might not always be the case.



Stretching induced interconnect delamination 9

(a) (b) (c)

Figure 6. Illustration of subsequent deformation stages during peeling at a vertical

displacement Uy of (a) 2.5 mm; (b) 5 mm; and (c) 10 mm for Γc = 1330 Jm-2 and

tmax = 3.0 MPa. The rubber deformation at the delamination front is apparent (for

visualization purposes the cohesive zone elements and the element edges are made

invisible).

In the peel test model illustrated in Figure 5a, these cohesive zone elements are

located at the interface of the copper film and the rubber substrate, except at the

position of the manually delaminated initial imperfection in the peel experiment. The

geometry is discretized using a sufficient amount of linear quadrilateral finite elements

that account for geometrical and material non-linearities, such that a unique, converged

solution is obtained.

To determine the cohesive zone parameters, the work of separation Γc is varied

between 1200 and 1400 Jm-2, based on the preliminary value mentioned earlier in this

section. The interface strength tmax is varied between 1.0 and 4.0 MPa. To illustrate

the deformation behaviour of the PDMS-copper samples obtained from the numerical

peel test model, Figure 6 shows typical deformation stages during loading.

Upon using Γc as the work of separation in the cohesive zone formulation,

consequently, all dissipation processes are ‘lumped’ onto the cohesive zone elements

except for the plastic dissipation in the copper film which is captured by the continuum

plasticity model from (4) and (5), and is denoted as ΓCP . Hence, this lumping approach

requires the redefinition of the energy balance (1)

Γc = Γ0 + ΓD − ΓCP . (8)

By matching the numerical and experimental steady-state peel forces values, the critical

work of separation value is obtained as Γc = 1330 Jm-2 with a resulting numerical peel

force of Fp = 24.3 N (Figure 5b). Moreover, from the three local geometry parameters,

tmax is obtained as tmax = 3.0 MPa which results in ℎ = 1.2 mm, w = 1.4 mm, and R =

1.5 mm. Interestingly, it is found that the effect of the value of Γc on the local geometry

is negligible, that is, in the selected range of parameters. The dependency of the peel

test results on deformation rate appears to be insignificant.

With the thus determined parameters, the critical opening can directly be obtained

from (7): �c = 163 �m. In [31], the relation between �c and observed fibril lengths

is discussed. Although the geometry parameters are in overall agreement with the
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experimental values, the following factors have a pronounced impact on these values:

(i) inaccuracies in the experimental values due to the fact that a reference line for the

original rubber upper plane has to be constructed to obtain the values (see Figure 2c);

(ii) the neo-Hookean model does not fit the experiments exactly (see Figure 4a). In

fact, it is known that the validity of the neo-Hookean model is limited to strain values

up to 40%; (iii) the elasto-plastic model of the copper is isotropic while a columnar

microstructure is present over the thickness of the foil; (iv) all dissipative mechanisms

are lumped entirely onto the CZ elements, as formulated in (8), thereby reducing the CZ

parameters to model parameters instead of intrinsic interface parameters. Although this

macroscopic approach is very well suited for the analysis of the interface delamination

behaviour at comparable mode angles, as can be observed from the results presented

in the next section, detailed micro-mechanical analyses combined with extensive peel

testing under different loading angles are required to be able to predict delamination

for the whole range of mode angles.

3. Application to two characteristic three-dimensional structures

In this section, the deformation behaviour of two typical interconnect structures will be

evaluated: the zigzag structure, as proposed in [6], and the horseshoe shape [4, 7]. As

argued previously, the horseshoe shape offers high stretchabilities (strains up to 100%

have been achieved without metal failure) combined with a rather low I/O density. In

contrast, the zigzag shape provides moderate stretchability (strains up to 60%) while a

high I/O density can be achieved [6].

3.1. The zigzag patterned interconnect

To predict the stretching induced delamination behaviour of the zigzag interconnect

structure depicted in Figure 7a, numerical simulations are performed using the obtained

material and cohesive zone properties from the preceding section. As boundary

conditions, in accordance with the experiments reported in [6], a uniaxial strain of

60% is prescribed along the x-axis. The geometry of the sample is defined by the

following values: #0 = 60∘, lCu = 2 mm, wCu = 0.1 mm, WS = 10 mm, and LS = 8 mm.

Furthermore, the thickness of the interconnect is 18 �m, the thickness of the PDMS is

0.5 mm, while its inner and outer radii are 0.1 mm. As can be seen in the picture, the

zigzag sample contains 4 zigzag interconnects. Of course, the geometry is discretized

using a sufficient amount of elements such that mesh convergence is ensured: the model

contains 75200 elements of which a detail is given in Figure 7b.

In order to assess the results of the numerical model, implicitly determined by the

accuracy of the obtained model parameters, the evolving geometry of the interconnects

during sample loading is used. In Figure 8, the simulated deformation and the

corresponding in-situ optical microscope images are depicted at different deformation

stages. Three geometry parameters have been defined according to Figure 8a: # is the
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Figure 7. Illustration of the patterned zigzag interconnect structure on top of the

PDMS substrate: (a) entire sample; (b) mesh details of a part of the numerical model

angle of the zigzags with respect to the x-axis, b the length and w the height of the

zigzag structure. However, optical inaccuracies prevent absolute comparison of these

values: indeed, the measured initial value of b is 1.91 mm from the optical images

while according to the specifications, this value is 2.00 mm (which is the actual value

in the numerical model). Alternatively, the relative change of the geometry parameters

between subsequent deformation stages is used at 25%, 50% and 60% strain, hereby

implicitly assuming that the mentioned optical inaccuracies remain equal during the

experiment. In Table 1, the results are given. From these results, it is found that the

numerical delamination accurately captures the deformation of the interconnects during

stretching as a maximum deviation of 6% is obtained.

Remarkably, the numerically predicted values are larger than the experimental

values, except during the strain change from 50% to 60%. Here, the numerical values

are smaller than the experimental values. During the elongation from 0 to 50%, the

interconnects are deforming mainly in opening mode. During this stage, the zigzags

are deforming in a more or less uniform way. It is observed that at around 60%

deformation, the interconnect starts to twist in order to accommodate for the increasing

deformation. This can be seen in Figure 9a: here, the local deformation and rotation

below the crest is clearly visible. This increased deformation explains the higher values

of the geometry parameters compared to the numerical results, in which this localized

deformation appears not to be present. This can be attributed to the assumptions of

the applied elasto-plastic model for the copper, as mentioned earlier.

Fibrillation of the PDMS can be observed in Figure 9a. In the numerical model this

process is described by the cohesive zone elements in an averaged sense. To illustrate

this, the calculated region of the deforming cohesive zone elements is identified in black

in Figure 9b. It appears that the damaged or fibrillation regions are in good agreement

from which it can be concluded that the lumping approach results in a meaningful,

albeit averaged, description of the fibrillation process.
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Figure 8. Deformation of the zigzag structure at a loading of 25%, 50% and 60%:

(a,b,c): numerical results in which the mesh is removed for visualisation purposes;

(d,e,f): micrographs from experiments. The loading is in horizontal direction.

Table 1. The relative changes of the geometrical parameters, defined in Figure 8a,

between different loading stages from experimental measurements (‘exp’) and

numerical simulations (‘num’)

0 → 25% strain 25 → 50% strain 50 → 60% strain

exp num exp num exp num

# 20% 23% 30% 33% 31% 25%

b 25% 28% 18% 20% 8 % 6 %

w 10% 12% 19% 21% 18% 15%

3.2. The horseshoe patterned interconnect

Next, the stretching induced delamination behaviour of the horseshoe interconnect

structure depicted in Figure 10a is considered. The material and interface properties

and boundary conditions are similar to the zigzag structure, except that in this case, the

value of the prescribed uniaxial strain is 100% along the x-axis. This is due to the fact

that this structure is able to withstand larger strains before final failure occurs. The

geometry of the sample is as follows: RCu = 0.75 mm, #0 = 120∘, wCu = 0.1 mm, WS

= 10 mm, and LS = 10.4 mm. The thickness of the copper is 18 �m while the thickness

of the PDMS is 0.5 mm. As can be seen in Figure 10a, the horseshoe sample contains 4

entire horseshoe interconnects, while mesh convergence is achieved with 82000 elements

of which a detail is depicted in Figure 10b.



Stretching induced interconnect delamination 13

fibrillation

area

(a)

damaged

area

(b)

Figure 9. (a) SEM micrograph after rotating and tilting the sample at 60% stretching

in which the fibrillation is clearly visible; (b) the simulated result in which the black

area depicts the damaged region as determined by the cohesive zone elements (the

mesh is removed from the picture).
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Figure 10. Illustration of the patterned horseshoe interconnect structure on top of

the PDMS substrate: (a) entire sample; (b) mesh details of a part of the numerical

model

In Figure 11, several in-situ deformation stages obtained in the SEM are depicted.

At 30% strain, only local PDMS deformation occurs around the copper layer, indicated

by the arrow. Continuing to 50% strain, the PDMS stretches globally which can be

concluded from the change in the surface texture of the sputtered carbon layer of a few

nanometers thick. In addition, local fibrillation occurs which is however hardly visible

in the picture. At 100% stretch, large-scale fibrillation takes place around the copper

lines. Notice the apparent S-shaped delamination regions around the interconnects.

Application of different strain rates, ranging from 0.1%sec-1 to 10.0%sec-1, did not result

in any noticeable difference in deformation of the horseshoe structures.

In order to validate the numerical model, the evolving geometry of the interconnects

during sample loading is used in this case as well. However, for this geometry, it’s not

straightforward to define parameters that describe the interconnect geometry in a unique
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Figure 11. In-situ SEM images of horseshoe interconnects while stretching to (a)

30%, (b) 50%, (c) 100%

way as this shape evolves in a non-circular way. Although in [7], the horseshoe width

at two different height values is considered for this purpose, in this paper a discrete

geometrical description is generated from the SEM pictures by digital image processing

and used instead. Consequently, coordinates of points located on the outer and inner

boundaries of the horseshoes are extracted from the pictures given in Figure 11. Of

course, the coordinates of these corresponding points from the numerical analyses are

readily available from the simulation results. The thus extracted interconnect shapes are

depicted in Figure 12. From the fact that the initial experimental and numerical shapes

are almost identical (but not shown in the picture), it is concluded that this method

is indeed sufficiently accurate even though extraction of the relevant coordinates from

the SEM images is a manual procedure which inherently introduces a certain degree

of inaccuracy. From the pictures, the stretching in horizontal direction and lateral

contraction in vertical direction can be recognized. It can be concluded that a good

agreement is obtained between the numerically calculated and experimentally obtained

horseshoe shapes, as function of increasing stretch ratio. Noticeably, the shapes start to

deviate from 80% straining. After careful inspection of the test setup, it appears that

slippage at the clamps occurs which clearly explains the observed ‘delay’ in deformation

of the horseshoes. There are several other reasons that introduce inaccuracies, which

are in fact mentioned in Section 2.3, but it is believed that the occurring slippage is

indeed the main reason for the observed deviation.

From Figure 11c, PDMS fibrillation is apparent. It is interesting to verify this

observed fibrillation area with the numerically determined damaged zone, similar to the

zigzag structure in Figure 9. In Figure 13a, the calculated damaged area is illustrated

in black. From Figure 11c, it can be concluded that the damage location and shape

resemble in a qualitative way. On the other hand, the experimental damage zone appears

more pronounced at the sides and not present at the bottom, which is different from the

numerical simulations. This can again be explained by the followed lumping approach.

Another explanation is perhaps the difference in mode angles between the peel test and

the actual application. The dependence of interface properties on mode angle is not

considered in the current approach.
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Figure 12. Deformation of the horseshoe structure at a loading of (a) 30%, (b) 50%,

(c) 80%, and (d) 100%. The × symbols correspond to the interconnect outline from

the SEM results while the continuous lines are results from the numerical simulations.

The loading is in horizontal direction.

(a) (b) (c)

Figure 13. Calculated damaged area, shown in black, at 100% strain for (a) tmax =

3.0 MPa, (b) tmax = 1.0 MPa, (c) tmax = 4.0 MPa

Finally, to illustrate the dependency of the damaged zone on tmax, Figure 13b,c

show the shape of the damaged zone for values of 1 MPa and 4 MPa. The lowest value

results in the largest damage area while the highest strength value severely limits the

damage zone in the PDMS. This confirms that the fitted value of 3 MPa yields the most

realistic description of the fibrillation zone in an averaged sense.

4. Discussion

In order to predict the stretching induced interconnect delamination that might occur in

stretchable electronic circuits, three-dimensional finite element models were developed.
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Mechanical properties of the PDMS substrate and Cu film were determined from

tensile testing from which hyperelastic and hypo-elasto-plastic material models were

established, respectively. The cohesive zone parameters, used to model the transient

interface delamination, were characterized by analyzing results of the 90∘ peel test at

two distinct scales: the global force-displacement curve was used to identify the work

of separation Γc, while local deformation measures at the delamination front were used

to extract the strength value tmax. Consequently, all dissipation mechanisms occurring

during peeling of the copper are lumped onto the cohesive zone elements, including

experimentally observed rubber fibrillation and subsequent fracture, but excluding the

continuum plasticity, as formulated in the expression for the energy balance (8).

The thus obtained mechanical and cohesive zone properties were used to predict the

stretching induced delamination of two characteristic interconnect structures: the zigzag

and horseshoe designs. To validate the obtained results from the delamination models,

the evolving interconnect shapes during stretching were used. For both designs, a

good agreement was obtained between the experimentally measured and the numerically

obtained shapes. Furthermore, the experimentally observed region in which fibrillation

occurred during loading of the structure agreed well with the numerically calculated

process or damaged zone in an averaged sense due to the lumping approach. The

dependency of this region with respect to the value of the interface strength was

illustrated.

In [31] a significant mismatch is reported between the lumped critical separation

value, �c, and actually measured fibril lengths through in-situ microscopic measurements

which is attributed to the lumping approach. Naturally, the current approach

is not a-priori suited for other loading and testing conditions due to the implicit

phenomenological nature. In order to identify the parameters leading to rubber

fibrillation, detailed multi-scale analyses are required. Only in this case, the cohesive

zone parameters correspond to the intrinsic interface properties. For instance, Lin et

al [32] study the failure behaviour of an adhesive layer from which it is suggested

that cavitation is a prerequisite to the fibrillation process. It appears that cavitation is

governed by surface roughness of the opposite material (in our case, the copper film) and

large hydrostatic tension in the highly constrained adhesive layer. A possible approach

to consider the effect of surface roughness on adhesion properties is given in the works

of Yao and Qu [33] and Noijen et al [34]. Supplementary to these deterministic

approaches, the stochastic nature of the geometry of the roughness profiles, being of

major importance on the occurring interface phenomena, could be taken into account

by adopting a perturbation method within a stochastic finite element framework, as

formulated in [35].

Finally, the local rubber geometry at the delamination front shown in Figure 2b

suggests that delamination does not occur purely at mode 1 (i.e. opening mode). In

fact, a relatively large mode 2 contribution (i.e. shear mode) is present which indicates

that the interface is loaded in mixed mode. To account for this, a mode angle dependent

work of separation Γc( ), with  the mode angle, may have to be taken into account
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for more accurate prediction of delamination phenomena in arbitrary 3D stretchable

electronics designs, which can be characterized by either varying the peel angle in the

current peel test or by using a dedicated mixed-mode setup, as for instance proposed

in [22] and selected references therein.
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