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Abstract

Mixed-mode loading conditions strongly affect the failure mechanisms of interfaces be-

tween different material layers as typically encountered in microelectronic systems, ex-

hibiting complex material stacking and 3D microstructures. The integrated digital image

correlation (IDIC) method is here extended to enable identification of mixed-mode co-

hesive zone model parameters under arbitrary levels of mode-mixity. Micrographs of a

mechanical experiment with a restricted field of view and without any visual data of the

applied far-field boundary conditions are correlated to extract the cohesive zone model

parameters used in a corresponding finite element simulation. Reliable or accurate force

measurement data is thereby not available, which constitutes a complicating factor. For

proof-of-concept, a model system comprising a bilayer double cantilever beam specimen

loaded under mixed-mode bending conditions is explored. Virtual experiments are con-

ducted to assess the sensitivities of the technique with respect to mixed-mode loading

conditions at the interface. The virtual experiments reveal the necessity of (1) optimiz-

ing the applied local boundary conditions in the finite element model and (2) optimizing

the region of interest by analyzing the model’s kinematic sensitivity relative to the cohe-
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sive zone parameters. From a single test-case, exhibiting a range of mode-mixity values,

the mixed-mode cohesive zone model parameters are accurately identified with errors be-

low 1%. The IDIC-procedure is shown to be robust against large variations in the initial

guess values for the parameters.

Real mixed-mode bending experiments are conducted on bilayer specimens comprising two

spring steel beams and an epoxy adhesive interface, under different levels of mode-mixity.

The mixed-mode cohesive zone model parameters are identified, demonstrating that IDIC

is a powerful technique for characterizing interface properties of interfaces, imaged with

a limited field of view, as is typically the case in microelectronic applications.

Keywords: Digital Image Correlation, full-field identification, Integrated Digital Image

Correlation, inverse methods, interface characterization, cohesive zone model,

mixed-mode adhesion properties, finite element model, microelectronics

Nomenclature

BC boundary condition(s)

CZ cohesive zone

DCB double cantilever beam

DIC digital image correlation

FE finite element

FOV field of view

IDIC integrated digital image correlation

LVDT linear variable differential transformer

MMMB miniaturized mixed mode bending

ROI region of interest

VE virtual experiment
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1. Introduction

Development trends in the microelectronics industry require dissimilar material layers to

be more densely fabricated into a small volume, while often being subjected to stringent

thermo-mechanical loading conditions. The interfaces between the materials are there-

fore of increasing significance to the device’s mechanical and functional integrity, making

proper characterization of interfaces of critical importance. The specimen-dependent load-

ing conditions and process-dependent adhesion properties suggest that parameter identi-

fication should ideally be conducted on the actual device, bypassing the costly fabrication

of dedicated specimens. Characterizing interfaces in such small specimens with complex

3D geometries requires micro-scale imaging whereby the far-field load application is no

longer captured in the restricted field of view. Direct interface characterization methods

that rely on simplified 2D geometries and well-defined loading conditions [2, 6, 8, 30] are

therefore not applicable.

In [27], a method has been proposed to substitute such inaccessible far-field loading condi-

tions on a double cantilever beam (DCB) experiment by local boundary conditions (BC)

in a corresponding finite element (FE) model, in order to identify cohesive zone (CZ)

parameters under mode-I loading conditions using integrated digital image correlation

(IDIC) [3, 15, 22, 26]. It has been shown that global force data is not required for

the identification of the mode-I cohesive zone parameters, provided that the elasticity

parameters of one of the deforming material layers are known (serving as a local force

sensor) [27].

Mixed-mode delamination typically occurs in microelectronic systems with 3D microstruc-

tures due to the elastic and thermal mismatch between the different material layers.

Therefore, the present paper extends the mode-I IDIC method [27] to the considerably

more complex mixed-mode load cases. A model system is used to assess the developed

methodology, consisting of a bilayer specimen loaded in mixed-mode bending. After intro-

duction of the IDIC identification methodology in section 2, virtual experiments (VE) are
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analyzed in section 3 on virtual bilayer specimens loaded under different levels of mode-

mixity. The performance and the limits of the IDIC-based identification technique are

thereby investigated, allowing to assess the complexity accompanying mixed-mode load-

ing conditions. Special attention is given to optimizing the kinematic sensitivity of the

IDIC-procedure with respect to the mixed-mode cohesive zone parameters. In section 4,

the IDIC identification method is subsequently applied to real bilayer specimens bonded

with an industrial epoxy adhesive and loaded in mixed-mode bending. Mixed-mode co-

hesive zone parameters are properly identified using the microscopic images only, and no

global force data (replaced by known elasticity properties of the beams). Conclusions on

the effectiveness of the approach are summarized in section 5.

2. Methodology

2.1. Mixed-mode bending experiments

In order to establish a generic method for the identification of interface parameters of

microelectronic systems under mixed-mode loading conditions, a model system is used.

This system consists of bilayer specimens loaded in a Miniaturized Mixed Mode Bend-

ing (MMMB) setup, developed by Kolluri et al. [10, 11]. The specimens consist of two

spring steel beams that are bonded with an industrial epoxy adhesive, i.e., Araldite 2020.

The glue layer thickness is approximately 10 [µm], and is applied by filling the micro-

scale roughness depressions of the adherends (beams) with glue. To ensure a uniform

glue thickness, a razor blade is used to remove excess glue above the adherends’ rough-

ness profile. Subsequently, a compressive force of 10 kN is applied to bond the beams.

The dimensions of each beam are 35×5×0.3 [mm3]. After curing of the adhesive at room

temperature, an interface pre-crack of 3 [mm] is made by an ultra-thin razor blade, and,

subsequently, a speckle pattern is applied to the specimen by spray painting, resulting

in speckles with a typical size of ∼ 10 [µm]. The specimen is attached to the MMMB

setup by dovetail-shaped insets that slide into a fixed position of the MMMB setup (see
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Figure 1).

The MMMB setup is used in combination with a small-scale tensile stage (Kammrath &

Weiss), occupying a load cell with a capacity of 50 [N]. The full range of mode-mixity

(i.e., from pure mode-I to pure mode-II) can be imposed by changing the position of the

fixture of the MMMB setup, called the “mode selector”, to the tensile stage [10, 11].

In-situ MMMB tests are conducted under optical microscopy using a digital camera to

capture the deformation process. The 8-bit images, each comprising 2720 × 2200 pixels,

are subsequently used for the integrated digital image correlation (IDIC) identification

process. The experimental setup, together with examples of images of the specimen, are

shown in Figure 1.

Figure 1: (a) Miniaturized Mixed Mode Bending (MMMB) setup inside a micro-scale tensile stage imaged
with an optical microscope. (b)-(c) Microscopic images of a mixed-mode bending test on a bilayer
specimen.

2.2. Virtual mixed-mode experimentation

To extend the identification technique (explained in section 2.3) and quantify its accu-

racy in a controlled manner, virtual experiments are conducted before real experiments

are performed. As MMMB tests on bilayer specimens are used as a model system, virtual

MMMB experiments are carried out by finite element simulations on a model of the bilayer
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specimen. Artificial images are reproduced from the simulated deformations. Figure 2

shows an illustration of the MMMB setup, the mode selector position, and a schematic

representation of the externally applied far-field boundary conditions. To avoid modeling

Figure 2: (a) Miniaturized Mixed Mode Bending (MMMB) setup design. (b)-(c) A schematic represen-
tation of the applied boundary conditions for virtual experimentation, and an example of a mixed-mode
deformed configuration, with the bending beams in blue and the damaged interface in yellow. (d)-(e)
Examples of virtual images, corresponding to the indicated field of view (FOV), of an artificial speckle
pattern in the reference and the deformed configuration.

the entire MMMB setup, the boundary conditions in the virtual experiment are imple-

mented by a nodal tying relation that reflects the ideal kinematics of the MMMB setup

(see [28] for details), and which reads:

uy,A =
1

1− ξ
uy,MMMB +

ξ

1− ξ
uy,B, (1)

ξ =
H

γ
. (2)

The vertical displacement uy,MMMB represents the displacement that the tensile stage im-

poses on the MMMB setup, which is the far-field prescribed kinematic boundary condition

in the virtual experiment. The normalized mode selector position ξ defines the amount of

mode-mixity imposed on the bilayer specimen and takes a value between 0 (pure mode-I)

and 1 (end notch flexure, i.e., shear plus compression), while pure mode-II is realized at

ξ ≈ 0.75, depending on the specimen specifics, such as its dimensions and mechanical
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properties [9].

The interface is modeled using an exponential cohesive zone model [1, 5, 21, 24, 32] that

lumps all damage processes near the crack-tip in the interface plane between two material

surfaces. The model implemented here was originally developed by Van den Bosch et

al. [31] to describe fibrillating interfaces. It relates the traction vector ~T = T~e [Nm−2] to

the opening displacement vector ~∆ = ∆~e [m] of the separating material surfaces, where ~e

is a unit vector along the line that links two associated material points at opposite sides

of the interface:

T = Gc,n
∆

δ2
c

exp

(
−∆

δc

)
exp

(
ln (ζ)

d

2

)
, (3)

where the work of separation Gc,n [Jm−2] and the critical opening displacement δc (corre-

sponding to the maximum effective traction Tmax) are the model parameters. The local

state of mode-mixity (at every interface location, hence not to be confused with the glob-

ally imposed mode-mixity ξ) is represented by d. In case of pure mode-I opening, d = 0,

and in case of pure mode-II opening, d = 2, while 0 < d < 2 for intermediary levels of

mode-mixity. Further details of the model can be found in [31]. The model can account for

mode-dependency through the parameter ζ, which defines the ratio between the critical

work of separation in the tangential (t) and normal (n) direction as follows:

ζ =
Gc,t

Gc,n

. (4)

The cohesive zone model has been implemented in a user-defined, three-dimensional ele-

ment in the finite element software package MSC.Marc. The goal of this research is to be

able to identify interface parameters for predictive FE-simulations, in which the interface

is modeled with infinitely thin cohesive zone elements. Thereby, different failure mecha-

nisms, physically occurring at a smaller, microscopic scale, are lumped into the cohesive

zones of the model, without discriminating between, e.g., cohesive and adhesive failure.
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The bulk material is described using a linear-elastic material model with Young’s modu-

lus E and Poisson’s ratio ν corresponding to known values: E = 210 [GPa] and ν = 0.33.

A mesh convergence study was conducted to optimize the finite element discretization: for

each of the two beams, six elements are used over the thickness, and the length and width

of the elements near the interface are ∼ 15 [µm], amounting to approximately 130 ele-

ments within the fracture process zone, which typically has a length of several millimeters

(the exact length depending on the test-case).

The model effectively allows for the identification of Gc,n and Gc,t. To this end, conve-

nient use is made of the fact that the mode angle, defined as: ψ = tan−1
(
δt
δn

)
, varies

significantly along the fracture process zone of the interface [8, 20], as visible in Figure 3

for three test-cases with different mode selector positions ξ. In these (and all other) il-

lustrations, the initial crack-tip is located at x = 32 [mm] with respect to the origin on

the left-end of the specimen, and extends 3 [mm] to the right-end of the specimen. The

crack subsequently propagates from right to left during delamination. The variation of

Figure 3: The traction and mode angle profiles along the interface (x-coordinate), for virtual test-cases
with mode selector positions ξ = 0.2, ξ = 0.5, and ξ = 0.7, plotted for one time increment of the virtual
experiment.

the mode angle depends on the applied boundary conditions, i.e., the amount of mode-

mixity induced by the mode selector position ξ. For the case with ξ = 0, exhibiting pure

mode-I kinematics through symmetric bending of the two beams, the mode angle does

not vary and remains 0◦ along the entire interface (not shown), since δt = 0. For the case

with ξ = 0.7, exhibiting mostly mode-II kinematics, the mode angle varies to a limited

extent, but is relatively high along the entire interface (Figure 3(c)). For the test-cases
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with ξ = 0.2 and ξ = 0.5, the mode angle varies strongly along the fracture process zone

(cf. Figures 3(a) and (b)). A spatially varying mode angle can be used to identify both

parameters Gc,n and Gc,t from a single test under mixed-mode loading conditions.

The model described above is next used for conducting virtual mixed-mode bending exper-

iments with different mode selector positions ξ = 0.0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.75, spanning

the range of mode-mixity between pure mode-I and pure mode-II. An artificial image of

a bilayer specimen in the undeformed reference configuration was created by superposing

random gray pixel spots from three standard normal distributions with different widths

(3, 8, and 18 pixels), thereby realizing speckle features of different sizes. The speckle

pattern was stored in an 8-bit, gray-valued image with 700 × 550 pixels, corresponding

to an imaged field of view (FOV) of 7.1 × 5.9 [mm2]. The reference speckle pattern was

subsequently deformed using the simulated displacement fields from the virtual exper-

iment by interpolation of the reference gray values to displaced spatial pixel positions.

Multiple images were thereby created at selected time increments in order to capture the

deformation process of the virtual specimen over time. Examples of a reference image and

a deformed image are shown in Figures 2(d)-(e). In order to quantitatively investigate the

effects of mixed-mode loading on the accuracy of the identified cohesive zone parameters,

the supplementary (detrimental) effect of image noise [27] is deliberately disregarded, i.e.,

no image noise is artificially added to the images in the virtual experiment.

2.3. Integrated digital image correlation

To identify the cohesive zone parameters, the integrated digital image correlation method [14,

23, 25] is used. Images of a deformation process are correlated by directly optimizing the

mechanical parameters of a corresponding finite element model. To this end, residual im-

ages are calculated by back-deforming the images of the deformed material configurations,

using the displacement fields from finite element simulations, and subtracting them from
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the image of the undeformed reference configuration:

Ψ =

∫
τ

∫
Ω

1

2

(
f(~x, t0)− g ◦ ~φ(~x, t, θi)

)2

d~xdt, (5)

where f and g are the scalar intensity fields (e.g., gray values) of the undeformed reference

configuration at time t0 and the deformed configurations at time t, respectively. The

symbol ◦ is used to denote a function composition, i.e., image g is a function of the

mapping function ~φ that maps the pixel position vector ~x in image f to the pixel position

vector in image g [17] by

~φ(~x, t, θi) = ~x+ ~h(~x, t, θi), (6)

using the displacement field ~h(~x, t, θi) from a finite element simulation of the experiment

that depends on the constitutive model parameters θi = [θ1, θ2, . . . , θn]T (where n is

the total number of unknown parameters). Subsequently, the Gauss-Newton method is

applied to iteratively minimize the square image residual of [Eq. 5] for all pixels in the

space domain Ω and the time domain τ by updating the finite element model parameters

to be identified [17, 26]:

∂Ψ

∂θi
= 0, (7)

yielding the following linear system of equations:

Mijδθj = bi, (8)

where the correlation matrix Mij and the right-hand side bi are:

∀(i) ∈ [1, n], bi =

∫
τ

∫
Ω

~Hi(~x, t, θi) · ~G(~x, t, θi)
(
f(~x, t0)− g ◦ ~φ(~x, t, θi)

)
d~xdt, (9)

∀(i, j) ∈ [1, n]2, Mij =

∫
τ

∫
Ω

~Hi(~x, t, θi) · ~G(~x, t, θi)~G(~x, t, θi) · ~Hj(~x, t, θj)d~xdt, (10)
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in which ~G is the gradient of the image with respect to the spatial coordinates, for which

different choices can be made, which have been explored in detail in [17]. For convenience,

the gradient of reference image f is used here. Furthermore, ~Hi are the kinematic sen-

sitivity maps, representing the dependence of the simulated displacements ~h(~x, t, θi) on

each parameter θi:

~Hi(~x, t, θi) =
∂~h(~x, t, θi)

∂θi
. (11)

In order to calculate these sensitivity maps ~Hi(~x, t, θi), a finite difference approach is used,

which requires the model response for a parameter set and the perturbed model responses

for each perturbed parameter.

The problem of interest focuses on IDIC combined with microscopy where local images of

the deformation process are recorded. Due to the required magnification, the load appli-

cation, i.e., the physical boundary conditions (BC) typically lie outside the microscopic

field of view. In [27], a method was developed to substitute these inaccessible far-field

boundary conditions by local kinematic boundary conditions within the microscopic field

of view corresponding to the finite element model employed in IDIC. The method requires

a digital image correlation (DIC) pre-step to extract the displacements in a limited set

of subregions of the images of the deforming specimen. Subsequently, it has been shown

that the resulting displacements should be applied to a minimum number of nodes in the

finite element model to prevent over-constrained kinematics. These results, however, were

confined to mode-I interface delamination only. The more involved local boundary condi-

tions under mixed-mode loading conditions are studied and optimized in section 3.1, using

virtual experiments. Furthermore, it is emphasized that IDIC does not rely on explicit

tracking of the crack-tip during experimentation. Instead, the experimental data in the

form of images is used within the IDIC-procedure to optimize the cohesive parameters of

the constitutive model used within the FE-simulations. The image correlation procedure

within IDIC thereby minimizes the image residual, implicitly resulting in the crack-tip’s

location to be validated by the FE-simulation, omitting the need to track the crack-tip.
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3. Mixed-mode parameter identification using virtual MMMB experiments

The purpose of virtual experimentation is to assess the sensitivities of the identification

method to interface delamination under mixed-mode loading in well-defined conditions.

In order to capture the required kinematics in microelectronic systems, sufficient magni-

fication is required, which results in an image with a restricted field of view. Appropriate

local boundary conditions under mixed-mode loading conditions are therefore established

using the model system specified in section 3.1. The importance and the optimization

of the kinematic sensitivity of IDIC with respect to the cohesive zone parameters is dis-

cussed in section 3.2. Finally, identification results from virtual experimentation with

different levels of mode-mixity are discussed in sections 3.3 and 3.4, by quantifying the

relative errors on the identified cohesive zone parameters. First, the optimization of the

IDIC-routine is performed by identifying the effective parameters Gc and δc for a mode-

insensitive cohesive zone model, i.e., with the mixed-mode parameter fixed at the value:

ζ = 1. After the routine has been optimized, new virtual experiments are performed from

which the mixed-mode parameters are also identified, which is described in section 3.4.

3.1. Local boundary conditions in a restricted field of view

Figure 4 illustrates the restricted microscopic field of view, which for the considered ex-

periments has a horizontal field width (HFW) of 7.1 [mm]. The field of view neither

captures the locations at which the loading is applied and measured (far-field locations

not shown in the illustration), nor the full length of the specimen. The recently introduced

method [27] is extended for substituting the far-field boundary conditions of the (virtual)

experiment by local boundary conditions in a finite element model that corresponds to the

restricted field of view, here for mixed-mode loading conditions. The procedure for apply-

ing local boundary conditions is: (1) displacements are measured in four subregions of the

images (two per beam) by a digital image correlation (DIC) “pre-step”; (2) the measured

normal displacements (in y-direction) are applied to four longitudinally aligned nodes in
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Figure 4: Illustration of the local boundary condition (BC) application in the 2D finite element (FE)
model of IDIC, where arrows indicate in which direction (x or y) the measured displacements from the
DIC pre-step are prescribed to the corresponding BC-nodes. The subregions used for the DIC pre-step
and the region of interest (ROI) used for IDIC are highlighted.

each subregion of the finite element model to accurately capture the bending kinemat-

ics of the beams with a limited number of boundary condition nodes to prevent over-

constraining [27]; (3) additionally, and different from the mode-I DCB test-case of [27],

the tangential displacement (in x-direction) are prescribed at four nodes in each subregion

to accurately capture the linearly varying shear deformation, associated with mixed-mode

kinematics in which the beams do not bend symmetrically. Again, a limited number of

additional boundary condition nodes is used in order to prevent over-constraining. An

additional advantage of using a local model with local boundary conditions is that only

the specimen geometry corresponding to the imaged field of view needs to be modeled,

reducing computational costs in the finite element simulation, and thus, in the identifica-

tion procedure. Because of the reduction of the far-field boundary conditions to the local

boundary conditions, the corresponding reaction forces from finite element simulations

do not trivially compare to the force measured at the far-field location during (virtual)

experimentation. However, as shown in [27], the elastically deforming beams act as an

implicit force sensor, making force validation unnecessary, if, and only if, the elasticity

parameters of the beams are well known. An additional advantage of this approach is

the fact that it circumvents frictional losses in the test-setup which are influencing the

measured far-field forces.
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The digital image correlation “pre-step” procedure, used to measure the kinematic bound-

ary conditions for the local finite element model, and its optimization are discussed in

appendix AppendixA. The accuracy of the DIC pre-step is improved when using images

of higher resolution. Therefore, instead of using the images described earlier in section 2.2

with 700 × 550 pixels, high resolution images with 2600 × 2024 pixels are used in all the

subsequently discussed (virtual) experiments. The above described method of extracting

and applying local boundary conditions was validated (see appendix AppendixA) and

applied for all the mixed-mode test-cases.

3.2. Sensitivity analysis

The virtual test-case with mode selector position ξ = 0.7 is analyzed. In this test-case

a total of 18 images were used for the IDIC-routine: 1 reference configuration and 17

virtually deformed configurations. Figure 5 shows the displacement fields restricted to

the imaged field of view indicated in Figure 2 and the reaction force in the test-setup at

the location where uy,MMMB is prescribed in the virtual experiment (Figure 5). A cross-

section of the displacement field at a fixed y-level is indicated by the dotted red line and

plotted in time. The sudden force drop and the accompanying abrupt opening of the

interface at increment # 10 are caused by the rapid release of elastic energy that was

built up in the beams, triggering unstable interface crack propagation. After the initial

drop, the force increases again as the interfacial crack-tip approaches the central pressure

point that imposes displacement uy,B (see Figure 2), which arrests the unstable crack

propagation.

The sensitivity of the kinematics with respect to the two effective cohesive zone parameters

(in this case of the mode-insensitive model with ζ = 1) is investigated by assessing the

sensitivity maps ~Hi as defined in [Eq. 11] and shown in Figure 6. The perturbation

factor δθ for calculating the kinematic sensitivity fields having unit [px/δθ] (where px

indicates a pixel unit), is taken as 1% of the cohesive parameter θi to which the sensitivity

field corresponds. Figure 6 reveals that the displacement fields become insensitive to the
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Figure 5: (a)-(b) The x- and y-components of the displacement fields (within the field of view) from
the virtual experiment with mode selector position ξ = 0.7 for three time increments and for a single
y-cross-section for all time increments t, and (c) the force evolution versus the prescribed displacement
of the virtual experiment.

cohesive zone parameters for t > 9, which corresponds to the time increment at which

the interfacial crack propagates instantaneously through the entire field of view. Since

the beams have hereafter delaminated, the beam kinematics are locally no longer directly

influenced by the interface, at least not within the field of view.

Figure 6: x- and y-components of the sensitivity fields in [px/δθ] for the two parameters Gc and δc for
three time increments and for a single y-cross-section for all time increments.
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Another important observation is that the sensitivity is zero near the locations at which

the local boundary conditions are applied in the finite element model, around x = 27 [mm]

and x = 31.5 [mm]. This is obvious because at these locations the kinematics are dictated

by the boundary conditions and therefore not sensitive to the cohesive zone parameters.

In order to improve the sensitivity of the IDIC-routine with respect to the cohesive zone

parameters, the region of interest is improved in space and time. Since the crack propa-

gates through the field of view of the images and even beyond, there is no gain in shifting

the region of interest more toward the center (to the left) of the specimen. However, from

the sensitivity fields of Figure 6 it is clear that the kinematic sensitivity is deficient near

the initial crack-tip at x = 32 [mm], because of the selected locations of the subregions in

which local boundary conditions are applied. Therefore, these boundary condition sub-

regions are shifted toward the right end of the specimen, extending the region of interest

used for IDIC by ∼ 1 [mm] and thereby capturing the initial crack-tip location. Further-

more, the images corresponding to the time increments in which the sensitivity is lost are

neglected, i.e., for this case, from increment # 10 onward. This results in only 10 images

to be taken into account for IDIC, corresponding to the delamination regime before the

unstable force drop. The sensitivity fields corresponding to this expanded region of in-

terest are presented in Figure 7 and reveal that the region in which the kinematics are

sensitive to the cohesive zone parameters has been increased by ∼ 1 [mm]. The moving

crack-tip location (from the right at the first increment to the left at the final increment)

is clearly visible in the x-components of the sensitivity maps.

The sensitivity study demonstrates that by optimizing the region of interest used in IDIC

in space and time, the kinematic sensitivity of IDIC with respect to the cohesive zone

parameters can be significantly improved.

16



Figure 7: x- and y-components of the sensitivity fields in [px/δθ] for the two parameters Gc and δc for
three time increments and for a single y-cross-section for all time increments.

3.3. Results for mode-independent cohesive zone parameter identification under mixed-

mode conditions

The cohesive zone parameters are next identified for the virtual test-cases with different

levels of mode-mixity, i.e., different mode selector positions ξ. The results are summarized

in Table 1 in terms of the relative errors εi on the identified cohesive zone parameters,

which are calculated as follows in [%]:

εi =
θi − θref

θref

× 100%, (12)

where θi is the identified parameter value after convergence of the IDIC-procedure, and

θref is the reference value used in the virtual experiment. The parameters were given an

erroneous initial guess at the start of the identification procedure with values of: Gi
c =

1500 [Jm−2], i.e., an error of 4545% and δic = 4600 [µm], i.e., an error of 28295%, with

respect to the reference values θref , also shown in Table 1. The IDIC-routine successfully

minimizes the image residuals, of which examples for one test-case with mode selector po-

sition ξ = 0.7 are shown in Figures 8(a) and (e). The average absolute residual value taken

over all pixels in space and time is plotted against the iteration number in Figure 8(b)

for all virtual test-cases, showing its minimization during IDIC. Convergence towards
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Table 1: Identified cohesive zone parameters and their relative errors εi in [%] of all the virtual test-cases
with different mode selector positions.

θref ξ = 0.0 ξ = 0.2 ξ = 0.4 ξ = 0.5 ξ = 0.6 ξ = 0.7 ξ = 0.75
Gc [Jm−2] 33.0 33.5 33.7 33.3 33.4 32.8 33.0 31.0
εGc [%] - 1.6 2.1 1.0 1.2 −0.5 0.0 −6.2
δc [µm] 16.2 16.5 16.4 16.3 16.5 16.1 16.0 15.1
εδc [%] - 1.9 1.2 0.6 1.9 −0.6 −1.2 −6.8

the reference cohesive zone parameter values of the virtual experiment is achieved for all

test-cases, see Figures 8(c)-(d).

Figure 8: Examples of residual fields, in percentages [%] of the images’ dynamic range, at three time
increments for the initial guess of the IDIC-routine (a), and after convergence (e) for the virtual test-
case with mode selector position ξ = 0.7. Convergence behavior (b)-(d) of the IDIC-routine in terms of
the image residual and the cohesive zone parameter values for all virtual test-cases with different mode
selector positions ξ.

From these results it is concluded that the effective cohesive zone parameters are ade-

quately identifiable under mixed-mode conditions. Only for the case with nearly pure

mode-II loading conditions, i.e., mode selector position ξ = 0.75, errors on the identified

cohesive zone parameters above 5% emerge (cf. Table 1).

3.4. Mode-dependent cohesive zone parameter identification under mixed-mode conditions

So far, a mode-independent cohesive zone model has been used of which the effective pa-

rameters Gc and δc have been identified. However, for realistic applications, different val-

ues for the cohesive zone model parameters in the normal (n) and tangential (t) directions
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are required to adequately describe the mode-dependent behavior. Several virtual test-

cases with different levels of mode-mixity, i.e., mode selector positions ξ = 0.0, 0.2, 0.5, 0.7,

are investigated with the objective to identify the parameters, Gc,n, δc, and ζ of the mixed-

mode cohesive zone model described in section 2.2.

3.4.1. Sensitivity analysis

To assess the potential for identifying the mixed-mode cohesive zone model parameters

Gc,n, δc, and ζ (Gc,t is extracted through [Eq. 4]), a sensitivity analysis is first per-

formed. Because of the additional degree of freedom ζ, the sensitivity analysis is more

intricate and it becomes more insightful to investigate the sensitivity matrix Mij [Eq. 10],

as suggested in [7, 16, 18]. The sensitivity matrix Mij is symmetric, and it represents

the Hessian of the Gauss-Newton scheme of [Eq. 8]. As becomes clear from [Eq. 10],

it reflects the sensitivity of the optimization routine to each parameter and indicates

potential cross-sensitivity that may jeopardize the optimization of cohesive zone parame-

ters. Cross-sensitivity means that optimizing one parameter provokes the same (or highly

similar) change in the kinematics as the optimization of another parameter, resulting in

non-uniqueness in identifying the corresponding parameters. Spectral decomposition of

the real-valued, symmetric sensitivity matrix M [7, 18] allows to extract and visualize

the cross-sensitivity and is mathematically written in matrix form (omitting the index

notation) as:

M = QDQT , (13)

where Q is an orthogonal matrix comprising columns that represent the eigenvectors qi,

and D is a diagonal matrix containing the corresponding eigenvalues di. The eigenvalues

in this matrix are typically ordered from large (the left-most diagonal element of D)

to small (the right-most diagonal element of D) to which also the arrangement of the

eigenvector columns qi correspond, i.e., q1 corresponds to the largest eigenvalue d1 and

q3 corresponds to the lowest eigenvalue d3. The M -matrix, normalized by its maximum
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value, the corresponding eigenvalue matrix D, and the orthonormal eigenvector matrix Q

are shown in Figure 9 for different test-cases with different mode selector positions ξ.

Figure 9: (a) The sensitivity matrix M , with κ being the condition number of M , (b) the eigenvalue
matrix D, and (c) the eigenvector matrix Q, for virtual test-cases with different levels of mode-mixity ξ.
The log-scales in M and D are used to improve the visible discreteness of the colors, and the signs of the
values are plotted in each matrix element.

For the case with ξ = 0.0, in which no mode-II kinematics is triggered by the bound-

ary conditions, the M -matrix clearly indicates that the sensitivity towards ζ is indeed

insignificant, since the sensitivity field ~Hζ takes near-zero values in nearly the entire spa-

tial and temporal domain (not shown here). For that reason, this test-case is obviously

not suitable for identifying ζ. For the test-cases with higher mode-mixity, the sensitivity

towards ζ clearly increases.

The eigenvalue analysis allows to assess the independence of the parameter sensitivities.

When the eigenvalues di are distinct, then the eigenvectors qi form an orthogonal set, i.e.,

the vectors qi are linearly independent [12]. The Q-matrix reveals the relation between

the eigenvectors qi and the original sensitivity vectors mi. Particularly for the test-case

with ξ = 0.7, the first two eigenvectors (first two columns of Q) are each predominately
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composed of combinations of two of the original vectors in M : mδc and mζ . This reveals

that the original sensitivity vectors mi do not form an orthogonal set for the case ξ =

0.7, indicating that there is more cross-sensitivity than for the other cases, in which the

eigenvectors are more or less dominated by only one of the original vectors of M . This

may cause the corresponding interface parameters to be less uniquely identifiable for the

test-case with ξ = 0.7. For all the other test-cases, with ξ = 0.0, ξ = 0.2 and ξ = 0.5,

insignificant cross-sensitivity is to be expected. However, the test-case with ξ = 0.5 shows

the highest sensitivity for all parameters, as seen in the corresponding M -matrix. From

the relatively high sensitivity seen in the M -matrix, in combination with the diagonal

dominance of the M -matrix as concluded from the eigenvalue analysis, and which is also

confirmed by the relatively low condition number κ of the M -matrix (printed above the

M -matrix in Figure 9), it is expected that the test-case with mode selector position

ξ = 0.5 yields the most accurate identification results for the mixed-mode cohesive zone

parameters Gc,n, δc, and ζ.

3.4.2. Results for mode-dependent cohesive zone parameters

The results for the different test-cases are shown in Table 2. All test-cases were initialized

with imperfect initial guess values for the IDIC-procedure. The test-case with mode

selector position ξ = 0.5 yields the most accurate results as expected from the sensitivity

analysis above. Examples of image residual fields are shown in Figures 10(a) and (f)

Table 2: The reference mixed-mode cohesive zone parameters as used for virtual experimentation, the
identified parameters and their relative errors εi [%] of all the virtual test-cases with different ξ.

reference ξ = 0.0 ξ = 0.2 ξ = 0.5 ξ = 0.7
Gc,n [Jm−2] 33.0 33.0 34.3 33.1 51.7
εGc,n [%] - −0.1 3.9 0.4 56.6
δc [µm] 16.2 16.3 16.8 16.1 10.4
εδc [%] - −0.4 3.5 0.6 −35.8
ζ [-] 3.0 3.3 2.0 3.0 1.4
εζ [%] - 11.2 −33.7 0.5 −52.4

for the test-case with mode selector position ξ = 0.5. The average absolute residual
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value taken over all pixels in space and time is plotted against the iteration number

in Figure 10(b) for all mixed-mode virtual test-cases, showing its minimization during

IDIC. The convergence plots of the cohesive zone parameters are shown in Figures 10(c)-

(e). The blue horizontal band in the residual images is a masked region not taken into

account in the IDIC-procedure, since pattern degradation occurs within that region due to

the interface opening, which would corrupt the correlation procedure. For all virtual test-

cases the image residuals are properly minimized, even for the test-cases with significant

errors on the parameter ζ (cf. Table 2). This emphasizes that the image residual does

not reflect the insensitivity towards certain parameters, which highlights the importance

of the additional sensitivity analysis. Furthermore, for the test-case with mode selector

position ξ = 0.0, exhibiting no mode-II kinematics, the insensitivity towards ζ (resulting

in a significant error for ζ) does not negatively affect the identification of the two other

parameters Gc,n and δc. For the test-case with mode selector position ξ = 0.7, the cross-

sensitivity, as identified in the corresponding sensitivity matrices of Figure 9, results in

relatively large errors on all the mixed-mode cohesive zone parameters, revealing that

cross-sensitivity has a more detrimental effect on the accuracy of the affected parameters

than the insensitivity with respect to another single parameter.

Figure 10: Examples of residual fields, in percentages [%] of the images’ dynamic range, at three time
increments for the initial guess of the IDIC-routine (a), and after convergence (f) for the virtual test-case
with mode selector position ξ = 0.5. Convergence behavior (b)-(e) of the IDIC-routine in terms of the
image residual and the mixed-mode cohesive zone parameter values for all virtual test-cases with different
mode selector positions ξ. The blue band in the image residuals represents a masked region not taken
into account in IDIC.
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The robustness of the IDIC-method is evaluated for the test-case with mode selector

position ξ = 0.5 by initializing the IDIC-procedure with different initial guess value com-

binations for the three parameters. Figure 11 shows a logarithmic initial guess map for

the following values: 1 ≤ Gi
c,n ≤ 1500 [Jm−2], 1.8 ≤ δic ≤ 110 [µm], and 0.05 ≤ ζ i ≤ 7.4 [-],

and the corresponding values after convergence. The mean values and the correspond-

ing standard deviations are: Ḡc,n = 33.1 ± 0.0007 [Jm−2], δ̄c = 16.3 ± 0.0002 [µm],

ζ̄ = 3.0 ± 0.0001 [-]. The uniqueness of the solution is indicated by the small standard

deviations and signifies the robustness of the IDIC-routine.

Figure 11: Log-log initial guess map depicting the different initial guess combinations of the mixed-mode
cohesive zone parameters (red squares) and the corresponding converged values (green circles, which are
all in close proximity to one another).

4. Identification results from real experiments

The identification method is now applied to experimental results from real MMMB tests

(cf. Figure 1) in which different levels of mode-mixity are imposed on the bilayer speci-

mens: ξ = 0, 0.25, 0.5, 0.63. The acquired insights from virtual experimentation regarding
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the increase of kinematic sensitivity by selecting a proper region of interest for IDIC in

space and time (see section 3.2), are applied. The real experiments are meant to prove

the concept of the identification procedure and demonstrate its applicability in a real test-

case. In other words, the identification procedure of IDIC, rather than the identification

results for the specific interface used as a test-case, is the main focus of this section.

4.1. Digital image correlation pre-step

The same DIC pre-step procedure as explained in section 3.1 and appendix AppendixA

was used for extracting the kinematic boundary conditions from the experimental images,

yielding low image residual fields of which an example is shown in Figure 12. The mean

absolute value of this image residual equals 0.45 [%], validating the use of the extracted

displacements as local kinematic boundary conditions in the finite element model.

Figure 12: Residual field between the deformed configuration at the final time increment and the reference
configuration, expressed in [%] of the dynamic range of the images, of the DIC pre-step in the bottom-right
subregion (see Figure 4) of the experimental images.

4.2. Force evaluation

Although force data is not used for identification purposes, the evaluation of the mea-

sured force gives insight in the stability of the crack propagation process. It was found

that realizing consistent specimens was challenging due to improper mixing of the two-

component adhesive. After a batch of specimens showed unstable crack propagation in

the corresponding force-displacement curves from MMMB tests with ξ = 0 (not shown),

the mixing ratio between the resin and the hardener was changed to 100:25, instead of

the ratio 100:30 as prescribed by the adhesive’s manufacturer. Consequently, stable crack
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propagation is observed for cases with ξ = 0 and ξ = 0.25 in the force-displacement curves

of Figure 13 as measured by a load cell and an LVDT at the location of the applied far-field

boundary conditions. For most test-cases the force increases to a maximum after which it

Figure 13: Force evolution of four MMMB test-cases with different mode selector positions ξ. The area
underneath the curve for the case with ξ = 0 indicates the energy φ dissipated during delamination from
point A to point B.

decreases. The case with ξ = 0.5 shows a sudden force-drop (snap-through), and therefore

less stable crack propagation. The decreasing force is associated with a propagating, fully

developed fracture process zone, resulting in delamination of the interface. The case with

ξ = 0.63 does not show such a decreasing force, indicating that the interface of interest is

not failing before the experiment terminates at the maximum allowable force of the load

cell (25 N). The intact interface between the beams is also noticeable in the experimental

image corresponding to the final force data point, in which no interface opening is visible

(not shown). Although the true loading state is difficult to assess locally, it is likely that

for the case with ξ = 0.63 a loading condition beyond pure mode-II is present at the

interface, i.e., approaching an end notch flexure test, involving interface compression that

may impede delamination through friction between the surfaces of the two spring steel

beams. For the above-mentioned reasons, the experimental results for the case of ξ = 0.63

are excluded from further analysis.

From the force-displacement curve for ξ = 0, the dissipated energy φ [J] can be calculated
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from the area underneath the curve, as indicated in Figure 13. The work of separa-

tion Gc [Jm−2], which is the energy needed for the creation of new material surface during

delamination, can then be calculated as follows:

Gc =
φ

(aB − aA)w
, (14)

where w = 5 [mm] represents the width of the specimen, and aA and aB are the crack

lengths corresponding to points A and B on the force-displacement curve in Figure 13.

The work of separation calculated from the force-displacement curve for the test-case

with ξ = 0 equals Gc = 44.2 [Jm−2]. The force-displacement data may, however, contain

inaccuracies due to friction and clearances in the MMMB-setup, inducing errors in the

determination of Gc based on the area underneath the curve. Particularly for the cases

with higher mode-mixity (ξ > 0), Gc cannot be calculated from the force-displacement

data straightforwardly due to the multi-directional nature of the applied forces on the

setup for which a unidirectional force measurement is inadequate (if the forces due to

lateral constraints in the clamps are not measured).

4.3. Mode-dependent cohesive zone parameter identification

The mixed-mode cohesive zone model parameters Gc,n, δc and ζ are identified by IDIC.

Prior to initializing the IDIC-routine, a sensitivity analysis as described in section 3.4.1 is

performed for two cases with mode selector positions ξ = 0.25 and ξ = 0.5. The sensitivity

matrix M , the corresponding eigenvalue matrix D, and the eigenvector matrix Q are

shown in Figure 14.

From the analysis of the M -matrices, it is concluded that the test-case with ξ = 0.5 yields

the highest sensitivity for all parameters. However, the corresponding Q-matrix indicates

significant cross-sensitivity, while the test-case with mode selector position ξ = 0.25 shows

the most linearly independent (orthogonal) sensitivity vectors mi, indicating that the

test-case with ξ = 0.25 allows for the most unique determination of the parameters Gc,n,
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Figure 14: (a) The sensitivity matrix M , with κ being the condition number of M , (b) the eigenvalue
matrix D, and (c) the eigenvector matrix Q, for real test-cases with different levels of mode-mixity ξ.
The log-scales in M and D are used to improve the visible discreteness of the colors, and the signs of the
values are plotted in each matrix element.

δc, and ζ (since the corresponding eigenvalues di are distinct). Therefore, the test-case

with mode selector position ξ = 0.25 is used for the identification of the mixed-mode

cohesive zone parameters. The test-case with ξ = 0.5 was also analyzed (not shown), but

did not reach stable convergence toward a unique solution due to the cross-sensitivity,

as expected from the sensitivity analysis (Figure 14). Figure 15 shows the convergence

behavior of IDIC for test-case ξ = 0.25, initialized with the following initial guess values:

Gi
c,n = 20 [Jm−2], δic = 4 [µm], and ζ i = 0.1 [-] in which proper minimization of the image

residual is achieved. The blue horizontal band in the residual images is a masked region

not taken into account in the IDIC-procedure, since pattern degradation occurs within

that region due to the interface opening.

Similar to the analysis of the virtual experiments in section 3.4.2, the robustness of IDIC

is evaluated for the real test-case with mode selector position ξ = 0.25 by initializing the

IDIC-procedure with different initial guess value combinations for the three parameters.

Figure 16 shows the initial guess map for the following ranges of initial guess values:

1 ≤ Gi
c,n ≤ 500 [Jm−2], 0.12 ≤ δic ≤ 75 [µm], and 0.05 ≤ ζ i ≤ 35 [-], and the corresponding
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Figure 15: Residual fields, in percentages [%] of the images’ dynamic range, at three time increments for
(a) the initial guess of the IDIC-routine, and (f) after convergence for the test-case with mode selector
position ξ = 0.25. (b)-(e) The corresponding convergence behavior of the IDIC-routine in terms of the
image residual and the cohesive zone parameter values. The blue band in the image residuals represents
a masked region not taken into account in IDIC.

values after convergence. For all cases, the image residual is minimized properly, while

Figure 16: Log-log initial guess map depicting the different initial guess combinations (red squares) and
the corresponding converged solution values (green circles, which are all in close proximity to one another)
of the cohesive zone parameters of the fibrillation model of Van den Bosch et al. [31].

the procedure converges in a stable manner, leading to the conclusion that the method

is robust against wrong initial guesses. The mean values and corresponding standard

deviations of the identified parameters are: Ḡc,n = 49.8± 4.0 [Jm−2], δ̄c = 7.3± 1.4 [µm],

and ζ̄ = 3.3 ± 1.3 [-]. Considering the wide initial guess ranges it is concluded that the

technique is also robust for real experiments. The identified value for Gc,n deviates 10%
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from the value for Gc as determined from the globally measured force-displacement data

of Figure 13, reported in section 4.2. Note that no force measurement data was utilized

in the applied IDIC-method, making it insensitive to force measurement inaccuracies.

5. Conclusions

Mixed-mode delamination is an important failure mechanism in multi-layered microelec-

tronic systems for which the local forces cannot be measured in general. Characterizing

interfaces under mixed-mode loading conditions is therefore essential for the development

of highly reliable microelectronic devices.

Given the specific application conditions, a characterization method requiring simplified

test specimens cannot be used. Instead, an identification technique based on integrated

digital image correlation (IDIC) has been developed for the characterization of interfaces

loaded under mixed-mode conditions that does not rely on force measurement data nor

simplified (2D) test specimens. Evidently, this is only possible if the elasticity parameters

of one of the elastically deforming bulk materials are known, acting as a local force

sensor [27]. Virtual experiments have been used to optimize the method proposed in [27]

for mode-I conditions, allowing to apply local boundary conditions in the finite element

model. To account for bending and shear under mixed-mode loading, a limited number

of finite element nodes must be kinematically prescribed in both x- and y-directions at

the outer edges of the imaged field of view. A sensitivity analysis has been carried out,

revealing that the region of interest used for IDIC should be optimized in space and

time. It is important to include the initial crack-tip location within the region of interest,

whereas images in which the crack has fully propagated through the field of view should

be omitted from the IDIC-procedure.

Convenient use was made of the strongly varying mode-angle along the fracture process

zone under mixed-mode loading, enabling the identification of all mixed-mode cohesive

zone parameters (Gc,n, δc, and ζ in the tested example) from a single (virtual) experiment.
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A sensitivity analysis was conducted, based on the sensitivity matrix M , its corresponding

eigenvalue matrix D and its eigenvector matrix Q. This allows to convincingly assess the

level of independence of the kinematic sensitivity vectors corresponding to each parameter.

Exploiting the analysis based on virtual experimentation, the applicability of IDIC was

demonstrated on real images acquired from small-scale, mixed-mode bending experiments

to identify the interface parameters of an epoxy adhesive. The mixed-mode parame-

ters Gc,n, δc and ζ of a cohesive zone model were identified for a particular test config-

uration that was selected on the basis of the sensitivity analysis based on the M , D,

and Q-matrices. The robustness of the identification technique was validated for the real

experiments by initializing the IDIC-routine with different initial guess values in a wide

range for the three cohesive zone parameters.

In the experiments, a homogeneous interface with constant cohesive zone parameters

along the entire interface, was assumed. This assumption may be invalid for realistic

specimens, especially when the specimens are manually produced, as was the case in the

experiments performed here. Although not demonstrated here, the variability of the FE-

model used within the IDIC-algorithm allows for characterizing heterogeneous interfaces

by implementing a model with different cohesive zones along the interface, each with

its own set of parameters. In that case, the procedure here presented for analyzing the

(cross-) sensitivity of IDIC with respect to the different parameters is advised.

Integrated digital image correlation constitutes a promising, versatile technique charac-

terizing interfaces when (1) mixed-mode loading conditions are present at the interface,

(2) the far-field boundary conditions lie outside the imaged field of view, and (3) the force

measurement is unfeasible or inaccurate and the elasticity parameters of one of the bulk

materials are known instead. This is particularly interesting for microstructures and mi-

croelectronic specimens with intricate 3D geometries and complex material layer stacking,

although the application of IDIC on actual microelectronic devices is yet to be demon-

strated in future work. Furthermore, IDIC allows for identifying mixed-mode cohesive
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zone model parameters from a single test as long as the mode-angle changes rapidly along

the fracture process zone during the experiment.
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AppendixA. Digital image correlation “pre-step”

The digital image correlation (DIC) “pre-step”, used to measure the kinematic boundary

conditions for the local finite element model, is conducted using global 2D polynomial basis

functions up to the fourth degree [19]. Results of the DIC pre-step are presented in terms

of the remaining image residuals after convergence (expressed in [%] of the dynamic range

of the images). Figure A.17 shows two examples of such image residuals for the DIC pre-

step conducted on the top-right subregion (see Figure 4) of images of virtually deformed

artificial speckle patterns with different pixel resolutions. Using the images described

Figure A.17: Residual fields of the DIC pre-step on the top-right subregion (see Figure 4) of images with
different pixel resolutions. The fields shown here are the residuals between the reference image and the
final image (final time increment).

in section 2.2, with 700 × 550 pixels, relatively large image residual fields remain after

convergence of the DIC pre-step. The residual artifacts seen in Figure A.17(a) indicate

that the corresponding DIC pre-step is too inaccurate for boundary condition extraction

(discussed below). In a separate virtual test-case with artificially rotated images, similar

artifacts were observed in the image residual fields (not shown). Various global DIC-

routines with different image interpolation schemes were tested, yielding the conclusion

that such residual artifacts are caused by interpolation errors and can be diminished by

increasing the pixel resolution [4, 13, 29], effectively increasing the number of pixels per

speckle pattern feature. When the pixel resolution was increased to images comprising

2600 × 2024 pixels, the image residuals of the DIC pre-step were significantly reduced,

see Figure A.17(b).

Since the simulated displacements are of great importance for the accuracy of the IDIC-

routine, the errors on the simulated displacements due to inaccuracies in the DIC pre-step
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are quantified and investigated. To this end, the error fields εhx and εhy between the

nodal displacements hx and hy simulated by the virtual experiment (VE) and the local

finite element model with local boundary conditions measured by the DIC pre-step are

evaluated. This is done for the spatial domain corresponding to the region of interest

that will be used for IDIC (see the IDIC ROI in Figure 4). The two cases with the low

resolution images of 700 × 550 pixels and the high resolution images of 2600 × 2024 pixels

are compared. The difference fields are calculated as follows:

εhx = hx,VE − hx,local, (A.1)

εhy = hy,VE − hy,local, (A.2)

and are subsequently divided by the pixel size: 10.7 [µm] for the low resolution images and

2.7 [µm] for the high resolution images, in order to evaluate the difference fields in terms

of pixels [px]. The difference fields are shown in Figure A.18 for three time increments t

and for a single y-cross-section for all (thirty) time increments. These results confirm

Figure A.18: The x- and y-components of the displacement difference fields from the virtual experiment
and the finite element simulation with local boundary conditions extracted from low resolution (a)-(b)
and high resolution (c)-(d) images. The error fields are shown for three time increments, and for a single
y-cross-section for all time increments.
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that when high resolution images are used for the DIC pre-step, the resulting error in

the displacement with respect to the reference displacement from the virtual experiment

is smaller than when low resolution images are used. Besides the interpolation errors

improving, the DIC pre-step accuracy, typically ∼ 0.01 [px] [7, 13], is determined by the

pixel size and is improved in the case of smaller pixels. The average of the displacement

errors in Figures A.18(c)-(d) for the case of high resolution images is 5.4×10−3 [px], which

corresponds to 15 [nm].
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