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ABSTRACT

Printed electronics could be an improvement to conventional electrical components for

various reasons: They can be produced in a fast, cheap and simple way through today’s

inkjet processes in any geometrical configuration and are very thin in comparison to con-

ventional components. This allows compact designs and weight reduction - an advanta-

geous characteristic for technologies employing a large amount of wiring. An applica-

tion is the Structural Health Monitoring (SHM) of lightweight structures. As lightweight

structures made of carbon fiber reinforced polymers (CFRP) deform under load, the at-

tached electronics may separate from the structure. This behavior is undesirable for two

reasons: The electronics which are intended to detect damages are damaged themselves

and stop to operate. On the other hand, depending on the position of the electronics, they

may be an integral part of the structure. If the electronics fail, they may weaken the entire

structure. To avoid unwanted separation, the mechanical behavior of the electronics-

CFRP interface shall be investigated. Two different experiments are carried out to find

a way of determining the maximum normal- and shear stress at which the electronics-

CFRP interface fails: A Double Cantilever Beam- and an End Notched Flexure test. For

both tests, specimens are used which consist of two CFRP plates, connected through a

sintered layer of printed silver. The tests are repeated with a second set of CFRP speci-

mens which have an electrically isolating top- and bottom layer of glass fiber reinforced

polymer (GFRP). The results are compared with regard to the possibility of serving as

an input for future numerical simulations, employing traction-separation laws for brittle

materials.

KEYWORDS : Structural health monitoring, printed electronics, double cantilever beam

test, end notched flexure test, multifunctional composites

1. INTRODUCTION

Printed electronics form an alternative to conventional wiring regarding weight, costs and applicability

of complex geometric configurations. The underlying inkjet process produces less waste and handles

expensive materials more efficiently than conventional methods [7]. A particular application is Struc-

tural Health Monitoring (SHM) where a network of printed electronics spans highly stressed structural

sections of an air- or spacecraft. The network scans the structure and detects damages, generating a

health assessment. Modern air- and spacecrafts consist to a large extent of carbon fiber reinforced

plastics (CFRP) [1,4], combining high structural stability with low weight. Composite structures with

integrated electronics are called multifunctional composites throughout the literature [9]. When these

parts are subjected to SHM, the necessary electronics can be printed on the CFRP structure or in be-

tween the plies of it in an inkjet process. To identify whether this type of integrated electronics favors

delamination, research is currently carried out. Regarding the mechanics of printed electronics on fiber

reinforced composites, only little literature is available at this time. The closest existing publication by

KIM [3] describes the failure of soldered joints as a function of mechanical strain. In order to describe
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the mechanical behavior numerically, more detailed experiments have to be carried out. The results

can then be used to simulate the electronics, employing a cohesive zone model (CZM). The aim of

this work is to provide insights in current experimental investigations. Advantages and disadvantages

of the chosen experimental setups are pointed out and an outlook on future research is given.

2. THEORY

Material failure in general and failure of an electronics-CFRP interface in particular can be described

by the use of CZMs. In contrast to linear-elastic facture mechanics (LEFM), CZMs can be used even

when no initial crack exists and do not suffer from singular fields at sharp crack tips [6, 8, 10]. A

CZM employs traction-separation laws (T-S laws) [5, 6], i.e. functional relationships characterizing

the nonlinear fracture behavior of an interface [6]. A T-S law associates (traction-)forces acting in

the vicinity of a crack tip with separations occurring due to material degradation. Figure 1 shows a

schematic diagram of three bilinear T-S laws that describe the behavior of an interface under normal-

(pure mode I), in-plane tangential- (pure mode II) and combined (mixed-mode I/II) load. Out-of-

plane tangential (pure mode III) loads are modeled in the same way but are not considered in a two-

dimensional case. The corresponding functional relationship is given in equation (1) which holds for

all load cases. Therein, σ is the stress in N/m2 as a function of the separation δ in m. The separation

at damage initiation is given as δ0 in m and the separation at failure as δ f in m. The elastic stiffness K

is defined as K = σmax

δ0
in N/m3.

Each variable is denoted by the indices I, II, I/II which are left out in equation (1) for the sake

of legibility. A combination of K,σmax and the critical strain energy release rate GC in N/m uniquely

defines the shape of one of the triangles in figure 1. These parameters are plotted exemplarily for

fracture mode I but also apply to the other load cases with corresponding indices. GC is defined in

equation (2) as the integral under a triangle. As in equation (1), indices I, II, I/II apply to all variables

in equation (2), except σ . To avoid time-consuming experimental determination of all three parameters

for all three load-cases (fracture mode I, II and III), i.e. 9 parameters, numerical simulations can be

utilized: For each load case, one of the three parameters has to be found experimentally. The remaining

δI

δII
δI/II

σ

σmax,I

KI

GI,C

δI, fδI,0

Figure 1 : Schematic diagram of traction-separation laws for mode I-, mode II- and mixed-mode load.
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Figure 2 : Setup of the Double Cantilever Beam

test. The specimen is glued to piano hinges and

mounted in rigid clampings with a rotational de-

gree of freedom.

Figure 3 : Setup of the End Notched Flexure test.

The specimen is placed on two 2 mm supports. A

mandrel with a radius of 5 mm is used.

parameters can then be determined numerically by fitting the simulated to the experimental data. The

purpose of experiments is not only to yield one of the parameters but also to provide reference data

for the numerical fit. For isotropic or quasi-isotropic surface conditions, fracture modes II and III

coincide in a CZM description. As this holds for the examined specimens, the experimental effort is

reduced further. In this work, the applicability of a Double Cantilever Beam (DCB) test and an End

Notched Flexure (ENF) test to determine GI,C and GII,C, respectively, is investigated.

σ(δ ) =

{

Kδ , 0 ≤ δ < δ0

σmax

(

1+ δ0−δ

δ f −δ0

)

, δ0 ≤ δ ≤ δ f

(1)

GC =
∫

δ f

0
σ dδ (2)

3. EXPERIMENTAL SETUP

Both tests (DCB and ENF) are carried out on a TIRA Test 2810 testing machine. For the DCB test,

rigid clampings with a mass of 4.4 kg are used. The force is measured with a HBM 100 N force

transducer. The ENF test is carried out on a Zwick three-point bending unit with a 1 kN HBM force

transducer. Displacement measurements are taken via the displacement output of the testing machine.

A camera is set up in front of the specimen, recording a video of the loading procedure. A Dantec

Dynamics Q-400 Digital Image Correlation system is placed behind the specimen to additionally

detect displacements not perceptible to the human eye. In this setup, the Q-400 essentially consists of

a 5 megapixels camera and two spotlights, providing cold- and high-contrast light.

3.1 Specimen preparation

For both tests (DCB and ENF), similar specimens are used. The manufacturing of the CFRP and

CFRP/GFRP plates and the printing of the conducting silver layer is done by project partners as

follows: Firstly, unidirectional CFRP-prepregs are stacked, i.e. 10 plies for pure CFRP specimens.

For mixed CFRP/GFRP specimens, 8 plies of CFRP and a top- and a bottom layer of GFRP are used.

The stacks are cured in an autoclave process at 7 bar and 180 ◦C for 120 minutes, yielding plates with

dimensions of 300 mm × 300 mm × 1.9 mm. Smaller plates with dimensions of 125 mm × 15 mm ×

1.9 mm are cut from these so that the fiber orientation coincides with the longitudinal direction of the

plates. Secondly, the plates are wiped with a soft cloth, placed in a bath of isopropanol and exposed to
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ultrasound. On each plate an area of 1500 mm2 is printed in an inkjet process, using an ink containing

solved silver particles. The printed area spans over the width of the specimen and from the short edge

to 80 % of the length of the specimen. The ink is applied to each specimen in two layers. Pairs of

plates are stacked so that the printed areas face each other. In total, 80 % of the interface is covered

with liquid silver ink, 20 % is not covered with any adhesive. The latter part acts as an artificial

crack and will be referred to as the initial crack in the following. The pairs of plates are placed and

sintered on a hotplate at 180 ◦C for 4 h. After the manufacturing process, piano hinges are glued to

the ends of half of the CFRP and half of the CFRP/GFRP specimens where the initial crack is located

as proposed in [2]. The specimens with piano hinges will be referred to as DCB specimens in the

following. Specimens without hinges are referred to as ENF specimens. DCB and ENF specimens are

primed with a white spray-paint and sprinkled with a black spray-paint. The resulting pattern serves

as a prerequisite for the Q-400 to recognize image points.

3.2 Experimental procedure

The DCB specimens are mounted in rigid clampings at the piano hinges as shown in figure 2. The

upper clamping is set to show a rotational degree of freedom. In that way the specimen is not exposed

to a twisting moment in case the hinges or the clampings are not aligned ideally. A displacement

boundary condition is prescribed by moving the upper clamping upwards at 1 mm/min. Displacement

and applied force are measured continuously via the machines output. Optical measurements via

the Q-400 are triggered by an analog signal to align the measured data. Data is collected until full

separation of the plates.

The ENF specimens are placed on two supports with a radius of 2 mm at a distance of 100 mm as

shown in figure 3. A mandrel with a radius of 5 mm is used. A displacement boundary condition

is prescribed by moving the mandrel downwards at 5 mm/min. The higher velocity is chosen due

to expected larger overall deflections in comparison to the DCB test. The test is carried out until the

force transducer reaches its maximum at 1 kN or until the specimens ruptures.

4. RESULTS AND DISCUSSION

For the DCB test with CFRP specimens, figure 4 shows the force-displacement diagram of the mea-

sured data. Figure 5 shows the corresponding diagram for the DCB specimens with two additional

layers of GFRP. During application of the load, the specimens show an approximate linear-elastic be-
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Figure 4 : Force-displacement-diagram for a double cantilever beam test using CFRP specimens without elec-

trically isolating layer of GFRP.

4



Vertical displacement in mm

R
ea

ct
io

n
fo

rc
e

in
N

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

5

10

15

20

25
Specimen 06 - CFRP-GFRP
Specimen 07 - CFRP-GFRP
Specimen 08 - CFRP-GFRP
Specimen 09 - CFRP-GFRP
Specimen 10 - CFRP-GFRP

Figure 5 : Force-displacement-diagram for a double cantilever beam test using CFRP specimens with electri-

cally isolating layer of GFRP.

havior. Deviations from that are caused by inhomogeneities of the printed silver-composite interface.

Figure 6 shows the fracture surfaces of a DCB specimen made of CFRP. Different parts of the fracture

surface can be identified as printed silver, voids where no printed silver is present, areas with a thin

film (possibly sedimentary depositions of the solvent used in the manufacturing process of the ink) and

areas covered with the white spray paint used during sample preparation. These inhomogeneities have

a stronger effect on the unidirectional CFRP specimens presented in figure 4 than on the specimens

presented in figure 5. A potential explanation is the woven texture of the GFRP layers attached to

the specimens in figure 7. The GFRP texture appears macroscopically rough but forms small periodic

50 µm

Figure 6 : Fractured surface of DCB specimen,

CFRP.

50 µm

Figure 7 : Fractured surface of DCB specimen,

GFRP.

5



Specimen 01 - CFRP
Specimen 02 - CFRP
Specimen 03 - CFRP
Specimen 04 - CFRP
Specimen 05 - CFRP
Specimen 06 - CFRP-GFRP
Specimen 07 - CFRP-GFRP
Specimen 08 - CFRP-GFRP
Specimen 09 - CFRP-GFRP
Specimen 10 - CFRP-GFRP

Vertical displacement in mm

R
ea

ct
io

n
fo

rc
e

in
N

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120

Figure 8 : Force-displacement-diagram for an end notched flexure test using CFRP specimens with and without

electrically isolating layer of GFRP.

pockets over which the ink droplets distribute during the printing process. The resulting pattern is

shown in figure 7. Once a critical load Fmax is reached, all curves in figure 4 and figure 5 illustrate

a steep drop, resulting in complete separation of the interface. Compared to figure 1, all specimens

show a negligible softening region, i.e. the assumed linear-elastic descent for δ ≥ δ0. The examined

interface can thus be seen as very brittle.

The results of the ENF test are shown in figure 8 where the applied force is plotted against the

displacement of the mandrel. All curves show a predominantly linear-elastic behavior as expected.

Although much higher forces were applied (see section 3.2), figure 8 displays only the relevant part of

the data where δ ranges between 0 mm and 1 mm. In this range, the interface collapses. Beyond this

point, a linear-elastic curve with a diminished structural stiffness would be measured describing two

stacked plates without an intact interface. Between a vertical displacement of 0 mm and 0.2 mm the

actual separation process takes place. It is represented by the curvature of the measured data where

the initial stiffness smoothly goes over to a lower stiffness after interface failure. For specimen 03 in

figure 8, this transition takes place at δ = 0.9 mm. As in the DCB case, a possible cause for this shift

are printing inhomogeneities. Additionally, the tip of the initial crack is no straight line. This is due

to the silver being squeezed when pressure is applied during assembly of the specimens. Concerning

the DCB test, the crack opening is a parameter required by e.g. [2] to determine GI,C. Here, the crack

−0.4 −0.3 −0.2 −0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

(a)

(b)

Figure 9 : Q-400 evaluation of DCB specimen 07. Colors denote vertical displacements in mm. Displacement

field with rigid body motion (a) and without rigid body motion (b).
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opening is found through the correlation data aquired by the Q-400 in section 3.2. Figure 9 shows

a representative evaluation of specimen 07 during crack propagation. The vertical displacements are

plotted including (figure 9a) and excluding (figure 9b) rigid body motion. Existence of a crack can be

found either by interpreting artifacts produced by the Q-400 or by evaluating the vertical displacement

field. In the former case, artifacts result from an erroneous correlation, e.g. where a crack splits

the specimen. Other influences, such as optical disturbances, poor surface preparation or insufficient

lighting may also lead to artifacts. They may therefore not be suitable to adequatly depict the location

of the crack tip. In figure 9, where the main crack tip seems to be adjacent to the hinges, the actual

crack tip was observed at approximately half of the sample length. By evaluating the displacement

field, the crack tip can be found as the point where the displacement gradient vanishes. This holds true

for brittle interfaces where the crack tip undergoes negligible elastic deformation.

5. CONCLUSION

In this work, the applicability of DCB- and ENF tests to the testing of thin printed electronics-

CFRP/GFRP interfaces is investigated. A first set of five unidirectional CFRP sample pairs, connected

by a sintered silver layer, are subjected to a DCB test. The test is repeated with a second set of

five unidirectional CFRP sample pairs. These are equipped with a lower- and upper layer of GFRP,

yielding different surface properties than the first set. The results for both sets show an approximate

linear-elastic behavior of the interface. The data of the first set shows large force drops in comparison

to the data of the second set. The force drops result from the macroscopically inhomogeneous inter-

face. Once a critical load is reached, the specimens of set one and two fail instantaneously, showing

no softening behavior. A third and fourth set of sample pairs is subjected to an ENF test. Here, the

specimens of set three are similar to the ones in set one (pure CFRP, sintered silver layer) and the spec-

imens of set four are similar to the ones in set two (CFRP+GFRP, sintered silver layer). The measured

force-displacement-diagram shows interface failure as a slight curvature in the linear-elastic overall

appearance of each specimen. The curvature is found to be the transition of a high structural stiffness

to a lower structural stiffness once the interface breaks. Although the examined printed silver layer is

too inhomogeneous to quantify reproducible material parameters, the DCB- and ENF test are found

to be suitable for the description of thin printed metal layers on CFRP and GFRP specimens.
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