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Abstract 

The fundamental concept of a rollable display is the possibility to roU it up over a 
specific radius. However, insome displays buckles arise after being rolled up over a radius 
of 5 mm for a certain period of time. The formation of buckles starts with a tangen
tial displacement between the front and back plane of the display, as a consequence of 
bending. During bending, shear stresses arise at the interface of the two layers, which sub
sequently lead to the relative displacement due to the relatively soft response of the glue 
layer between the front and back plane. After stress relaxation takes place, a new stress 
equilibrium arises with a relative displacement between front and back plane. When the 
display is pulled straight after being rolled up, buckles arise since the compressive stresses 
that are generated during unrolling of the display can only decrease by means of buck
ling of the front plane. The buckling interface is located around the adhesive layer, but 
mostly inside the adhesive layer. The buckles are irreversible and form a serious obstacle 
in obtaining a correctly functioning display. 

To create insight in the formation of buckles, a fini te element model of the display has 
been created which is capable of simulating the buckling process. The delamination be
havior is described with the so-called cohesive zone model, which incorporates constitutive 
relations for a delaminating interface. This cohesive zone behavior is defined according to 
five input parameters, namely On and Ot, q, r and Tmax· The values of these parameters 
are partly determined according to peel experiments, partly found in theory. Once all 
the input for the FEM model has been collected, simulations are performed in which the 
influence of three parameters is investigated: the thickness, the Young 's modulus and the 
visco-elastic time constants of the adhesive layer. 

The simulations revealed three recommendations, namely: the thickness of the adhe
sive layer should besmaller than the current value; the Young's modulus of the adhesive 
layer should be as high as possible; the visco-elastic time constauts of the adhesive layer 
should be as high as possible. 
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1 Introd u ct ion 

This report contains the results of the graduation project that the author has performed at 
Polymer Vision [1] , a business initiative within the Philips Technology Incubator. Polymer 
Vision develops and manufactures rollable displays , see Figure 1. Rollable displays present 
a permanent salution for the increasing demand of larger displays in smaller mobile devices. 
For various mobile applications dedicated displays will be developed and marketed. The 
advantages of the Polymer Vision displays are numerous: 

• Large Screen in small housing 

• Rugged when stared 

• Lightweight 

• Flexible and unbreakable 

• Low power and bistable 

The latter advantage is an inherent quality of the electrophoretic display effect used in the 
Polymer Vision rollable displays 

Figure 1: Polymer Vision rollable displays using E-ink imaging film 

1.1 Objective and Approach 

The main objective of this graduation project is to model the mechanica! (failure) behavior 
of the rollable display. At the start of this project , little was known about the mechanica! 
robustness of the display. So befare the rnadelling phase could start, experimental research 
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had to be be performed to clarify the critical failure types in the display. Once the critical 
failure mode was determined, a proper model had to be found to describe the relevant failure 
behavior. After the input variables for the model were determined, the model was imple
mented in the Finite Element Method (FEM) package Marc to perform simulations. These 
simulations finally led to the desired insight in the failure mode of the display and to valuable 
predictions of the robustness of future display designs. 

1.2 Outline of this report 

After this introduction, Chapter 2 starts with an explanation of the structure and the op
eration of the display. At the end of this chapter some applications of rollable displays are 
presented. Chapter 3 discusses the most critical failure mechanisms in the rollable display. 
Experiments have disclosed the way in which displays lose their integrity during normal use. 
The formation of buckles, the most critical failure type, is the subject of interest in Chapter 
4. This chapter discusses a finite element model which is capable of descrihing the observed 
failure mechanism properly. The model parameters used in the simulations are determined 
experimentally. The results of these simulations and the acquired insight in the failure mode 
are presented in Chapter 5. This report ends with the conclusions and recommendations in 
Chapter 6. 
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2 Rollable displays 

Research efforts in the last decade have led to the development of organic-based thin film 
transistors (TFT's) [4] . In these TFT's organic materials have replaced the inorganic semi
conducting material (silicon) and inorganic insuiator material (siliconoxide) that are the in
dustry standards. In comparison with the inorganic TFT's that are commonly produced 
nowadays, organic TFT's can be processed in a simple and potentially inexpensive marmer, 
e.g. by spincoating technology and low temperature processing. Furthermore, the thermal 
and mechanica! behavior of organic TFT's is compatible with plastics. This offers the oppor
tunity to produce flexible TFT back planes, which are an appropriate choice for the use in 
rollable displays. Flexible displayscan be made when organic back planes are combined with 
a display effect that tolerates bending. 
This chapter discusses the layout and structure of the rollable display, in which a distinction 
is made between the back and front plane. After the structure of the layout is clear, the 
physical concept of a TFT switch to address pixels in the display is explained. 

2.1 The back plane 

Figure 2 shows a QVGA back plane as developed by Polymer Vision that consistsof 240 rows 
and 320 columns, which make the total number of pixels 76800. The panel size is 72 mm x 
96 mm (i .e. a 4.7 inch diagonal) and the pixel size is 300 x 300 f.Lm2 . 

Figure 2: overview of the layout of a QVGA back plane 

The material stack of the back plane is discussed in the order of processing, see Table 1. Pro
cessing starts with a thin polymer substrate, which is glued toa standard 150 mm Si wafer. 
The processing of the functional layers has to take place on a smooth surface, therefore a 
planarization layer is applied on top of the substrate. The gates and the row lines of the first 
level gold layer are obtained by deposition of a gold layer. This gold layer is structured by 
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means of photolithography. 

Once the gate is and row lines are obtained, a polymer insuiator layer ( or gate dielectric) is 
applied. A second gold layer is applied and patterned in data lines (columns) and pixel pads. 
Each pixel pad overlaps with the row line of the neighbouring row, thus forming a storage 
capacitor. On top of this stack the organic semiconductor pentacene is applied by spincoating 
and subsequently patterned using photolithography. The TFT stack is protected during the 
etching process by a barrier layer and a sealing material (photoresist), which is only applied 
on top of the transistors. 

Figure 3 shows a schematic top view and side view of one pixel on the back plane. Table 1 

A 

A 

planarlzatlon layer 

Insuiator layer-

Figure 3: schematic top and side view of a pixel in the TFT back plane 

A' 

gate 

shows the display materials as well as the thicknesses of the individual layers. Because the 
TFT area is relatively small compared with the area of the remairring part of a pixel, the 
average thickness of the back plane is assumed to be 27.41 f.Lm. 
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Table 1: thickness of back plane layers 

layer material thickness [J.Lm] 
substrate PEN 25 

planarization layer polyvinylphenol 2 
lst interconneet and electrode layer gold 0.03 

insuiator polyvinylphenol 0.35 
2nd interconneet and electrode layer gold 0.03 

semiconductor pentacene 0.075 
barrier layer polymer 0.03 

sealing photoresist 1.7 

2.2 The front plane 

Once the processing of the TFT backplaneis finished, a display effect is laminated onto it. 
Two types of electrophoretic display effect are used by Polymer Vision, namely E-ink [2] and 
Sipix [3] display effects. 

An E-ink front plane consists of electrophoretic microcapsules coated onto a polymer sheet. 
Between the microcapsules and the polymer substrate an indium tin oxide (ITO) layer is 
applied, which is used as the common electrode plane for the display. Optica! contrast is 
created by moving black and white pigments with opposite charges in a transparent fluid 
within a microcapsule by applying a voltage difference between the relevant pixelpad and the 
ITO electrode, see Figure 4. Depending on which pigment is dosest to the viewer, light is 

Figure 4: E-ink electrophoretic microcapsules [2] 
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Table 2: thickness of layers in E-ink front plane 

layer material thickness [J.Lm] 
adhesive APCI 10 

electrophoretic material E-ink 40 
common electrode ITO 0.03 

substrate PET 25 

scattered back (white state) or absorbed (black state) . Table 2 shows the thicknesses of the 
layers in the E-ink structure. The total thickness of an E-ink front plane is approximately 
75J.Lm. 

A Sipix front plane consists of a microcup array filled with a dispersion of charged pigments in 
a colared solvent. When a voltage difference is applied, the pigment microparticles selectively 
migrate to one of the electrodes. Either the color of the pigment or the color of the solvent 
will be seen by the viewer. Sipix front planes are manufactured rapidly with a roll-to-roll 
process [3]. A polymer substrate with ITO on top is coated with a lacquer, which is embossed 
with a pre-patterned male mold containing the cup geometry. Once the microcup array is 
hardened, the cups are filled with the electrophoretic fluid. The filled cups are coated with a 
top-sealing composition, which is then dried and hardened. The cross-section of a Sipix front 
plane is shown in Figure 5 and the thicknesses of the individuallayers are given in Table 3. 
The total thickness of a Sipix front plane is approximately 104 J.lm . 

Figure 5: Sipix microcups 

2.3 Physics of the TFT 

The operation of an organic TFT is explained by means of Figure 6 and Figure 7, which give 
a simplified picture of the side view of a TFT. 
Five layers can be distinguished in the TFT structure, namely the substrate layer, the first 
interconneet layer (gate), the insuiator layer, the secoud interconneet layer (source, drain and 
pixelpad) and the semi-conducting layer. The semi-conducting layer is a p-type semiconduc
tor, which means that the current is a hole current . Electrans are either not present or not 
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Table 3: thickness of layers in Sipix front plane 

layer material thickness [Jl-m] 
adhesive confidential 2 

top layer cups confidential 2 
electrophoretic material Sipix 25 

common electrode ITO 0.03 
substrate PET 75 

Substrate 

Figure 6: cross section of the TFT in the back plane 

mobile. 
A transistor is switched on in the following way (see Figure 7): at negative gate voltages, 
holes injected from the souree and drain electrades will accumulate at thesemi-conductor / 
insulator interface. When in this case a negative voltage is applied at the drain contact ( the 
souree is connected to earth) a current will flow from the souree to the drain electrode; the 
switch is on. 

Figure 7: cross section of the TFT in the back plane (switch is on) 

Applying a positive gate voltage will deplete the semiconductor from holes. No accumulation 
of electrons will occur and thus no current will flow, i.e. the switch is off. This operation in 
accumulation mode is typical for hole-only organic semiconductors. Standard silicon TFT's 
are not operated in accumulation, but in inversion (i .e the formation of a minority charge 
carrier channel). 

The pixels are addressed in the following way. The display is driven row-by-row. During 
one frame all rows are subsequently selected by applying a voltage that switches the TFT's 
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from the non-conducting to the conducting state. In other words, when a voltage of -20 V 
is applied to the gate for a short time, the TFT's are in their conducting state because the 
current between the souree and the drain increases with five orders of magnitude compared 
with a voltage of 10 V, see Figure 8. Now that the TFT's are open, the pixel capacitors 

-7 
10 ~----~-----.------~--~ 

~ - 9 
.!ö 10 
~ 
8 

i 
<.> 

-13 
10 -~~-----~10~----~0----~1~0----~~· 

voltage oo gate M 

Figure 8: a transfer charaderistic of a typical organic pixel TFT (the drain voltage is -1 V) 

(i.e. the combination of the pixel pad and ITO capacitor) are charged to the voltage supplied 
on the column electrodes. During the remaining frame time the other rows are addressed. 
The TFT's that have already been addressed are then in their non-conducting state and the 
charge of the pixel capacitors is retained. 

2 .4 Applicat ions 

Flexible displays such as describe above facilitate a new category of hand-held devices that 
offer superb readability, portability and flexibility. Key target applications include electronic 
readers and wireless information devices. This technology is also well suited for more estab
lished applications such as P DA's and mobile phones where electronic ink displays offer an 
attractive differentiation from existing displays. 
An example of an E-ink application that is already commercially producedis the E-book that 
is shown in Figure 9. It has to be remarked that the display in this device is not flexible since 
the back plane is produced with silicon on glass. 

Polymer Vision is developing displays that can be rolled up and that are stored in a small 
volume toproteet them when not in use. The display can be used alongside a mobile phone 
for example. In this way, mobile phone users expand the limited visualization capabilities 
offered by the present small mobile phone displays, while not carrying a large display with 
t hem such as a Notebook. Other applications Polymer Vision is investigating are shown in 
the next three figures . Figure 10 shows a large screen P DA which is still mobile due to the 
display that is rolled up in the device when it is not in use. An example of an electronic 
newspaper is shown in Figure 11 and a mobile GPS device with a large display is depicted in 
Figure 12. 
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Figure 9: E-book, an application of non-flexible E-ink technology 

Figure 10: PDA 
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Figure 11: E-paper 

Figure 12: GPS device 
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3 Mechanica! failure mechanisms in rollable displays 

In composite multilayered structures like rollable displays, two failure types are often observed, 
namely cohesive failure and adhesive failure. Due to differences in deposition conditions of 
the layers (for instanee temperature), physical properties of individual layers (e.g. elasticity 
constants, thermal expansion) and a prescribed deformation of the display, a certain stress 
distribution is always present in the display. Compressive stresses in some layers may trigger 
a specific type of adhesive failure, namely delamination and buckling. Buckling starts with 
adhesive failure ( delamination at an interface between two layers). Once an interface is de
laminated, the compressive stress in the delaminated layer(s) can be released by bending of 
the layer(s), i.e. buckling. Cohesive failure includes the initiation and propagation of cracks. 
These cracks are a consequence of tensile stresses which may exist in certain layers due to the 
factors mentioned above. 

The two main types of failure arealso observed in the Polymer Vision rollable displays. This 
chapter describes the failure mechanisms that occur during the use of the rollable displays. 
The failure mechanisms discussed here are all observed in practice and seriously obstruct the 
proper use of the display without damage. 

The first paragraph describes a major problem that occurs in all the displays of the present 
generation and which is therefore the most relevant. The second paragraph discusses the 
failure types that are observed in displays of previous generations, which were produced 
during this project. 

3.1 Initiation of buckles after rolled-up storage 

3.1.1 Problem description 

When the display is not in use, it is normally rolled-up to mimm1ze the storage volume. 
When a multilayered stack is rolled up, the outer layers are in tension and the inner layers 
are in a compressive state. The same holds for the display, which is rolled up with the front 
plane at the outside. Because the front plane is attached to the back plane by means of an 
adhesive with a very low modulus, the two parts of the display may move with respect to 
each other. This happens in a certain period of time, dependent on the time constant of the 
visco-elastic adhesive. When the display is rolled up, this movement actually takes place and 
after a certain period of time a considerable amount of stress relaxation has taken place. The 
two top pictures in Figure 13 illustrate this process. 

When the display is pulled out of its container in order to be used, the time is normally too 
short to let the reverse stresses caused by the straightening relax again. Insteadof an opposite 
displacement of the front and back plane, the compressive stress in the front plane is released 
by means of buckle formation, as illustrated in the bottorn part of Figure 13. Figure 14 shows 
these buckles in a real display. In the left part of the figure several buckles are visible. The 
buckle that is indicated with the red arrow is magnified in the right part of the figure. 

Buckling does not take place during rolling up, because the back plane (in compression) is 
pressed against the convex front plane. Porming a buckle away from the front plane implies 
reversal of the shape and thus requires much more energy. 
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symmetry plane 

front plane 

initia! state 
back plane 

rolled-up state 

pulled straight 
front plane 

back plane 

Figure 13: formation of buckles 

3.1.2 Experimental observations 

To get more insight in the process of buckling delamination in the displays, an experiment 
has been performed where the rolling and unrolling of a display is prescribed accurately. 

Display QDV190 has been rolled up within one second on a rod with a radius of 5 mm and 
kept there for 72 hours. The front plane was on the outside during the experiment. After 
unrolling, the residual radius is about 20 mm. Finally the display was straightened within 
one second and held in that position for one hour. 

After the experiment, a displacement of the front plane with respect to the back plane of 
340 f.Lm was observed at the free end, see Figure 15. Furthermore, two buckles arose, see 
Figure 16. The width of the buckles was about 1340 f.Lm and a typical height of 340 f.Lm was 
measured. If it is assumed that the shape of the buckles was triangular, then the excess length 
in the buckle was 163 f.Lm. The excess length of the two buckles, 325 f.Lm , thus corresponds 
quite well with the edge displacement of 340 f.J,ffi . 

If two substrates are considered that are rolled frictionless on the same diameter, a length 
difference of 1138 f.J,ffi is obtained (see Section 5.2.1). This means that during the rolling 
experiment on the display, only partial relaxation took place. 

3.1.3 Conclusions 

It can be concluded that the formation of buckles is influenced by the mechanica! properties 
of the adhesive. Three cri ti cal parameters are identified, namely the time constant T , the 
Young's modulus E and the thickness of the adhesive layer th. 
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Figure 14: buckles in a test display 

Figure 15: displacement of the front plane in test display QDV 190 

The time constant T of the visco-elastic adhesive is a measure for how fast the stresses decrease 
in a viscous material after a constant displacement has been applied. The time constant is a 
parameter in the constitutive relation according to a Maxwell model, which can be depicted 
as a spring and dashpot in series. The stress at timet is written as 
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Figure 16: buckle in test display QDV 190 

-t 
a(t) = t:Eexp(-), 

T 
(1) 

where T = Ë. TJ is the viscosity, E is a stiffness parameter and t: is the applied strain. In a 
generalized Maxwell model (multiple Maxwellelementsin parallel) the following holds: 

N t 
a(t) = é "'"' Ei exp( =-), ~ T 

i=l t 

(2) 

where Ei and Ti are the parameters associated with each individual mode and N is the number 
of modes. The importance of the time constant is clear for the situation described above. The 
adhesive allows stress relaxation in time, depending on the time constants. After unrolling, 
the display is curved in the equilibrium state. However, when the display is straightened 
within a second, this time is too short compared to the time constants to allow a significant 
stress relaxation and the edge displacement mentioned above remains . The compressive stress 
is released by the formation of buckles instead. 

The Young 's modulus E of the adhesive mayalso play an important role in the formation of 
buckles. The elasticity constant determines how easily the adhesive layer is deformed when 
it is loaded in shear. This loading type will occur once the display is bent and therefore is 
worth investigating. 

Finally the thickness th of the adhesive layer also infl.uences the amount of relative displace
ment of the front plane with respect to t he back plane. A thicker layer allows more tangential 
displacement of the front plane in case of a certain amount of allowed shear . 

The three variables mentioned in this section are interesting to investigate. Simulations can 
produce qualitative results that may suggest improvements to the robustness of the display 
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with respect to buckling failure . 

3.2 Other failure mechanisms 

The design of the display changed frequently during the project. In the beginning of the 
project, the failure modes of several displays were investigated experimentally. Although the 
failure modes of these previous generations of displays are sametimes not relevant anymore, an 
account of this elaborate experimental research has been included in this report in Appendix 
A for future reference. Appendix A describes the experimental determination of the failure 
mechanisms in display QD 10, display QA, display QD 39 and display QD 43. 
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4 Failure modelling: the cohesive zone model 

This chapter describes the modeHing of the failure mechanism that was discussed in the fi.rst 
section of the previous chapter: the initiation of buckles after rolled-up storage. This failure 
mode consists of delamination of the adhesive layer followed by the formation of buckles due 
to a compressive load in the front plane. Delamination can be modelled accurately using a 
cohesive zone methodology. 

At first the origin of cohesive zone models is described, after which the actual cohesive zone 
model used here is presented. An experimental determination of the parameters of the model 
is given next. This chapter ends with a complete model that describes the failure mode in 
the rollable display. It can be implemented directly in the FEM package Marc. 

4.1 Origin of the cohesive crack concept 

Dugdale [6] en Barenblatt [7] have introduced the concept of a process zone in front of the 
crack tip. This process zone corrects the size of the plastic zone that is determined using linear 
fracture meeharnes and universa! yield criteria. Consicier a crack with length 2a located in an 
infinitely large plate, loaded in mode I with nomina! stress a, see Figure 17. For e = 0 (Bis 

Model 

-

Figure 17: Mode I crack 

the angle with respect to the x axis), we have 

KI 
axx = ayy = --, 

v'2ifT 
(3) 

with KI = ay'1ffi the stress intensity factor and r the distance to the crack tip. The left 
part of Figure 18 shows both stress components as a function of the distance from the crack 
tip. For simplicity we assume that yield will take place when both stresses reach the yield 
stress ay (right part of Figure 18). This happens at a distance ry from the crack tip, which 
is readily calculated: 
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a r__. a ry r__. 

Figure 18: crack with stresses in the plane of fracture 

(4) 

1 (K1 )
2 

ry = 21!" ay (5) 

Looking at the right part of Figure 18, in which an ideally plastic response has been assumed 
(no hardening), it is obvious that the total force that will be transferred in y direction is no 
longer the same as in case of completely elastic material behavior. As a consequence the stress 
distribution at y = 0 and the far-field stress a are no longer in equilibrium. Dugdale proposed 
to expand the plastic zone in front of the crack tip up to rp to restore global equilibrium, see 
Figure 19. 
Dugdale 's procedure is based on the superposition of two load cases (see Figure 20). The 
effective crack is being opened by far-field stresses that form the first load case (blue curve) . 
Over a distance rp, the effective crack is being closed by local traction ay, which forms the 
second load case (red line). The solutions for the stress and displacement components at the 
new crack tip for both load cases can be calculated. After superposition, this finally leads to 

r = ~ (Kr)2 
P 8 a y 

(6) 

The effective crack length according to the Dugdale model is then 

(7) 
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Figure 19: correction of the plastic zone according to Dugdale and Barenblatt 

which will be used to calculate the Stress Intensity Factor that describes the stress field out
side the plastic zone. 

A generalization of the Dugdale-Barenblatt (D-B) model is shown in Figure 21. This gener
alized model can be characterized by the following basic ideas: 

• No elastic singularity, since a yield stress is incorporated in the model 

• In the process zone, damage evolution (softening) is included by a decrease of the yield 
stress ay with respect to the normal opening Óc of the material around the effective 
crack tip . This damage behavior finally results in growth of the physical crack. 

• The fracture toughness is the area under the traction - crack opening displacement 
(COD) curve. 

This generalized D-B model will finally lead to the cohesive zone model (CZM) that is pre
sented in the next section. 
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Figure 20: two load cases on crack 
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Figure 21: generalized Dugdale-Barenblatt model 
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4.2 Cohesive zone model 

The traction - separation relations for the interfaces of a general CZM are such that with 
I 

increasing interfacial separation, the traction across the interface reaches a maximum( then 
decreases and eventually vanishes, permitting to model complete decohesion. These traction 
- separation relations are phenomenological mechanica! relations, usually expressed in the . 
form of potential functions . An elaborate description of the model and the implementation 
according to Xu and Needieman [8] and Van den Bosch [9] is presentedinAppendix B . Figure 
22 shows the traction - separation relation for normal and tangential direction. The curves 
can be described according to: 

(8) 

(9) 

In Figure 22 , l7max and Tmax, represent the maximum normal and tangential tractions; On , 
Ot are the corresponding opening displacements. The area under the curves is equal to the 

t t 
T 

Figure 22: traction-separation relations 

normal and tangential work of separation, r/Jn and r/Jt respectively. 

4.3 Input parameters for the cohesive zone model 

The constitutive behavior of the cohesive zone model is determined by the parameters that 
are shown in Figure 22 (On, Ot and T max) and two other model parameters ( q and r). 
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Xu and Needieman [8] suggest r = 0 and q = 1 to simplify the model as discussed in Appendix 
B. The input variables Ón, Ót are determined using microscopie images recorded during peel 
experiments performed by Van Schaik [11]. The input variabie Tmax is determined using the 
results of force measurements performed during these peel experiments. In the section below, 
the experimental determination of the model parameters will be discussed. 

4.3.1 Peel experiments 

The peel experiments were performed on a tensile stage inside an Environmental Scanning 
Electron Microscope (ESEM). As aresult of the geometry of the peel setup and the display, 
the crack tip was always visible. The advantage of such a setup is the combination of a clear 
visualization of the delamination process and a proper force-displacement measurement. 

The analysis of the microscopie images and the force-displacements curves revealed valuable 
information about how the displays fail. Three delamination regions, with related delamina
tion interfaces, could be detected. These interfaces are indicated with arrows in Figure 23 
and are described below. 

region 2 {:::. 

region 3 {~ 

region 1 r=: 

PET 

ITO 

E-ink 

adhesive 
2"" interconneet layer (gold) 
insuiator layer 
I" interconneet layer (gold) 
planarization layer 

PEN 

Figure 23: delamination regions 

1. Region around the two gold layers in the back plane 

Figure 24 shows an example of delamination between the gold layers (blue arrow) . In the 
upper right corner of this figure the rows and a gate are visible (back plane side of the de
lamination interface), while in the bottorn right corner a pixel pad is visible (front plane side 
of the delamination interface). However, it can also beseen that the delamination sametimes 
jumps to the adhesive layer, resulting in long fibrils of adhesive material (red arrow). This 
jump over behavior is discussed in more detail in [11]. 

24 



Figure 24: delamination region around the two gold layers 

2. Region around the PET- E-ink capsules interface 

This delamination interface is partly located between the ITO layer (red arrow) and the E-ink 
capsules layer, see Figure 25. Sometimes the tops of the capsules remain on the ITO and the 

Figure 25: delamination region around around the PET- E-ink capsules interface 

delamination takes place inside the E-ink layer. More information about this delamination 
region can be found in [11] 

3. Region between the back plane and front plane 
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Chapter 3 showed that this interface is the most critical at the moment. This report there
fore focusses only on the interface between the front plane and back plane to determine the 
cohesive zone parameters. 

Figure 26 shows a side view of a display where delamination takes place in the adhesive 
layer. This image was obtained using light microscopy. Fibrils of the adhesive material are 

Figure 26: side view of the display during the peel experiment 

clearly visible. They are attached to the front plane and the back plane. Figure 27 shows 
an ESEM image in which we look into the gap created by the delamination. The fibrils are 
indicated with yellow arrows. This image has little contrast because it was recorded using 
a Back Scattered Electron (BSE) detector. The contrast of a BSE image is mainly deter
mined by differences in average atomie number. Heavy elements are depicted bright and light 
elements in dark. The image is mainly grey (Carbon elements), which indicates that the 
delamination interface is located inside the adhesive layer. The red arrow indicates a spot 
where the second gold layer is visible ; the relatively heavy Gold elements are depicted in white. 

Looking back at Figure 26, an estimate of the value 8n can be made. The surface of the 
two interfaces is not smooth due to the broken fibrils and the deformed adhesive materiaL 
However, an estimate can be made of the maximum length of the fibrils between the back 
and front plane; this length is about 440 J.Lm . Figure 22 shows that the maximum normal 
opening (i.e. the relative displacement at total failure) is about 6 times 8n. Using this rule of 
thumb, a value of 8n = 73 J.Lm is found. 

Because there is no information about 8t, it is assumed that 8n = 8t = 73 J.Lm . This as
sumption is in agreement with the assumption that the work of separation for normal and 
tangential delamination is equal ( q = 1) . Furthermore, the formation of glue fibrils suggests 
that the tangential displacement at complete shear failure should be on the same order as the 
normal displacement in normal opening. 
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Figure 27: view inside the delamination crack 

Since force measurements during the peel experiments revealed information about the fracture 
energy, it is possible to make an estimate of Tmax· In [11] force-displacement curves are used 
to calculate the fracture energy Q of the corresponding interfaces. The fracture energy is used 
to calculate the value for the maximum stress in normal direction according to (Equation (26) 
of Appendix B): 

and <Pn = exp(1)o-maxÓn ' (10) 

These relations will in its turn be used to calculate the maximum shear stress according: 

1 Ót 
O"max = -Tmax · (11) 

qy'2exp(1) Ón 

A value of Q = 100 Jjm2 is found in this way for the interface between the front and back 
plane. This indicates that the major part of the fracture energy consistsof dissipated energy 
in the deforming fibrils , since the surface energy of a material with covalent honds is ap
proximately 1 Jjm2 . When fracture occurs in such a material, the fracture energy (without 
dissipated energy terms) thus varies around Q = 1 Jjm2

. 

It is observed that less deformation has occurred during the roll-up experiment than in the 
peel experiments. Furthermore, a part of the energy dissipation will be incorporated in the 
solid adhesive elements in the FEM model. The input parameter T max is therefore determined 
according toa value of Q = 1 Jjm2

. This ultimately results in Tmax = 11 kPa. 
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5 Numerical simulations 

This chapter describes the numerical simulations that have been performed to gain insight in 
the formation of buckles . The influence of the following three parameters is investigated: 

• the thickness of the adhesive layer h 

• the Young's modulus E of the adhesive 

• the visco-elastic time constant T of the adhesive 

The FEM model , which describes the roll-up experiment described in Chapter 3, will be 
presented first . Then the results of the simulations will be given and finally some conclusions 
will be drawn. At the end of this chapter, more insight has been obtained in the buckling 
process and recommendations can be made concerning the mechanically most critica! part of 
the present generation of rollable displays, the adhesive layer. 

5.1 FEM model 

This paragraph discusses the FEM model that has been used for the simulations. The model 
consistsof plane strain elements according to the geometry that is shown in Figure 28 . The 

x lmm 

Figure 28: geometry of the model 

total thickness of this geometry is 102.41J.Lm, however some thin layers have been combined 
to simplify the mesh. The thicknesses of the layers are given in Table 4. The length of the 
model is 1000 J.Lm and corresponds with a displaylengthof 2000 J.Lm since symmetry bound
ary conditions are applied at the left side of the model. It is assumed that a 1000 J.Lm long 
model is large enough to describe the buckling problem, since the typical buckle width in the 
experimentsis 1340 J.Lm (half buckle width is 670 J.Lm). 

The material properties of the individuallayers are given in Table 4 and Table 5. All mate-
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Table 4: thickness and material properties of the layers [12] 

layer thickness th [J.Lm] Young's modulus E [GPa] Poisson's ratio v [-] 
substrate (PEN) 25 6.1 0.45 

active layers 2.41 6.3 0.3 
adhesive 10 0.15 0.42 

E-ink capsules 40 1 0.4 
substrate PET 25 4.2 0.35 

Table 5: visco-elastic properties of the adhesive layer [13] 

t ime constants [ s] shear constants Gi [Pa] bulk constants Ki [Pa] 
1.64e-03 3.69e+07 2.18e+08 
2.91e-02 9.64e+06 5.70e+07 
3.82e-01 3.77e+06 2.23e+07 
4.08e+00 1.72e+06 1.02e+07 
3.95e+01 9.31e+05 5.51e+06 
3.63e+02 5.95e+05 3.52e+06 
3.17e+03 4.12e+05 2.44e+06 
2.54e+04 2.59e+05 1.53e+06 
1.76e+05 1.32e+05 7.83e+05 
1.23e+06 4.71e+04 2.78e+05 
9.10e+06 6.88e+03 4.07e+04 
7.45e+07 1.69e+02 1.00e+03 
6.36e+08 3.65e+00 2.16e+Ol 

rials are modelled as hypo-elastics (large displacement and updated Lagrange switched on in 
MSC. Marc) except for the adhesive layer, which is modelled as a visco-elastic material. Be
cause a single Maxwell mode ( one time constant) can not describe a realistic relaxation path, 
a generalized Maxwell model is used. In this way, a large time range is included in the model. 
The Young's modulus of the adhesive material is determined according to E = 2 G (1 + v) 
with G = I:( Gi) and v in Table 4. This relation corresponds to the case of an infinitely fast 
displacement, where the viscous part of the material does not influence the stress state and 
only the elastic part of the material contributes to the stress state. The bulk constants K 
form also input for the FEM model. 

The top picture in Figure 29 shows the initial situation. The formation of buckles, as visu
alized schematically in Figure 13, is simulated by applying two loading cases, namely case I 
(rolling up) and case IJ (pulling straight). 

Case I 

This case is visualized in Figure 29 and during the fust second of this simwation the bottorn 
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Figure 29: geometry of the model during case I 

nodes of the back plane are moved to a position in which these nodes describe an are with 
a radius of 5 mm. The neutral line during bending is located at the bottorn of the display. 
When this position (the middle part of Figure 29) is reached, the backplane is held in this 
position for 5 minutes, resulting in an extra displacement of the front plane as a consequence 
of the relaxation of the stresses in the glue and front plane (bottom part of Figure 29). The 
relative displacement rd between the front and back plane that is reached during this simula
tion is 7.12 J..Lm. Linear extrapolation of rd to the actual width of a rollable display leadstoa 
value of 512 J..Lm, which is the same range as the value observed during the roll-up experiments 
(340 J..Lm) . During case I no cohesive zone elements are used, since delamination did not occur 
during rolling up. 

Case IJ 

This case is visualized in Figure 30. During this case the back plane is straightened by pre
scrihing the displacement of the bottorn nodes such that they returntotheir initial positions. 
The displacement of the right edge nodes is constrained such that the shape of this edge 
remains constant, since no relative displacement was observed during unrolling. As a conse
quence, a buckle is formed in the front plane. To model this behavior, cohesive zone elements 
are placed in the middle of the adhesive layer. The cohesive zone properties were treated in 
Section 4.3.2. 
The width of the buckle for the reference case is 408 J..Lm , which also is in the same range as 
the buckle width that was found during the experiments, namely 670 J..Lm (see Section 3.1.2). 
The buckle width is determined from the position where the normal displacement between 
the interface surfaces is equal to Ón. 

This model is taken as the reference situation from which the adhesive parameters are 
changed. The next paragraph discusses the results of variations of the thickness, the Young's 
modulus and the visco-elastic time constants of the adhesive layer. 
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Figure 30: model geometry during case II 

Discussion 

During the process of buckling delamination, three zones can be distinguished: 

1. the zone that covers the width a of the physical crack. 

2. the region rp that covers the process zone in front of the crack tip. 

3. the zone of the surrounding material where the cohesive zones have not opened. 

In case of relatively large buckle heights , this last zone contributes to the stress state in the 
buckle region due to which the buckle arises. Looking at Figure 30, zone 3 is clearly missing 
sirree the process zone (zone 2) ends at the edge of the model. At the moment, the size of zone 
3 is unknown for the problem. If the size of zone 3 is large, the buckle is probably pinned in 
the simulation as a consequence of the missing zone 3. This could have a significant influence 
on the results . 

Another remark can be made about the parameter that defines the amount of buckling, namely 
the buckle width w. This parameter is used to show the differences on buckle forming caused 
by the variation in the adhesive layer as mentioned above. The buckle width w describes 
the amount of buckling correctly. However, other parameters would be preferabie in case of 
experimental validation of the numerical simulations. The buckle height and the shape of 
the buckle also define the amount of buckling. In contrast with the buckle width w , these 
parameters can be determined relatively easily in experiments. 
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5.2 Results 

5.2.1 Variation of the thickness of the adhesive layer 

Case I 

The results of case I are shown in Figure 31, which contains two curves that describe the 
relative displacement of the front plane with respect to the back plane rd in J..Lm. On the 
horizontal axis , the relative thickness of the adhesive layers is given (a relative thickness of 
1 corresponds to threference = 10 J..lffi). The red curve shows the displacement after 1 second 
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Figure 31: relative displacement rd as function of the relative thickness of the adhesive layer 

and regarding this curve the following relation can be formulated : the relative displacement 
rd between the front and back plane increases with an increasing thickness th of the adhesive 
layer. 
During bending of the display, elastic energy is stared in the front and back plane. This 
energy farces the front plane, which is loaded in tension, to shift with respect to the back 
plane. This displacement is obtained more easily in case of a thick adhesive layer, which at 
the same shear strain allows a larger tangential displacement. It can be seen that the red 
curve slightly deviates from a linear line. Shear stresses that occur at small values for the 
thickness of the adhesive layer are probably the reason for this deviation. This behavior will 
be discussed in more detail in the next paragraph. 

Once the model is bent to a radius of 5 mm, it is held in this position for 5 minutes. After 
this period of time, the relative displacement rd has increased due to stress relaxation in 

33 



the adhesive and front plane. This situation is visualized in the lower model in Figure 29 
and by the blue curve in Figure 31. It can be seen that the relation established above is 
also valid for the displacement after 300 seconds, except for small values of the adhesive 
layer thickness. The displacement increases rapidly for decreasing thickness for thin adhesive 
layers. This behavior can be explained by first consiclering the case of a perfectly bonded two 
layer composite (visualized in Figure 32). In this case a large shear stress arises at the edge 

symmetry plane 

layer2 +-~ 

layerl ..E..~ 

Figure 32: shear stress singularity in two layer composite 

of the interface for the display model when it is loaded in bending. A display with a very 
thin adhesive layer approaches this case. Figure 33 shows the shear stresses at the bottorn 
of the front plane . The magnitude of the shear stress indeed increases in case of a decreasing 
thickness of the adhesive layer. The high shear stresses that are built up at the edge for 
displays with thin adhesive layers can only be decreased by a relative displacement of the 
front plane. A larger shear stress means a larger displacement which finally results in a larger 
displacement after 5 minutes, as observed as the blue curve in Figure 31 . 
This effect typically occurs at the edge of the display and not at a position in the center 
of the display where buckling normally takes place. However, in the simulations this effect 
influences the buckle formation due to the small length of the model. The dashed blue line 
in Figure 31 visualizes a case where this effect will not occur. lgnoring this edge effect, the 
following can be concluded: the relative displacement rd between the front and back plane 
decreases with a decreasing thickness th of the adhesive layer. 

Finally, the maximum displacement rd is calculated in case of a freely sliding two-layer struc
ture. This situation gives an upper bound for rd. The derivation of the maximum rd begins 
with the calculation of the neutrallines of two layers in the structure according to [14]: 

(12) 
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Figure 33: shear stress at the bottorn nocles of the front plane 

One layer consists of the back plane (PET and active layers) and has a neutral line which is 
located at a distance of 13.6 J-Lm with respect to the position of the lower side of the PET 
substrate. The other layer (PET and E-ink layer) has a neutral line which is located at a 
distance of 21.75 J-Lm from the top of the PET substrate. The distance À between these two 
neutrallines is À = 67.06 J-Lm and this value is used to calculate the maximum rd according 
to rd = 21r À 2.7, where 2.7 is the number of cycles around a cylinder with a radius of 5 mm 
for a display with a width of 85 mm . 

The maximum displacement for a complete display is rd = 1138 J-Lm . The maximum displace
ment for the model is shown in Figure 31 as the purple line and has the value rd = 13.4 J-Lm. 

Discussion 

It was already mentioned in the previous section that the model is probably too small to 
simulate the whole region that is involved in the buckling process. In Figure 33, it can be 
seen that the shear stress vanishes only at the left edge as a consequence of the symmetry 
boundary conditions. Fora larger (more realistic) display size, a larger zero shear stress zone 
is expected and the influence of the stress concentration at the free edge is thus reduced. This 
also suggests that the model is too small to describe the actual buckling delamination problem. 

Case IJ 

The relative displacements rd that are calculated during case I form the input for case 11. As 
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output of case II we consider the relation between the width w of the buckles and the relative 
displacement rd that has been calculated during case I , as plotted in Figure 34 as the solid 
blue curve. On the y axis the value for the buckle width is given. This value is defined as 

200 

100 

0o~----~------L------6~----~8L-----~----~~~ 

.-.tive displacement rd [JAm) 

Figure 34: buckle widths versus relative displacement generated in bending 

the position where the normal displacement between the interface surfaces is equal to 8n. On 
the x axis the relative displacement rd is plotted. The dependency of the buckle width on 
the relative displacement can be explained according to a crack growth criterium. A crack 
continues to grow if the following relation holds: 

U > U adhesion , (13) 

where U is the amount of energy that is available in the system, depending on the stress state, 
which is a consequence of the geometry of the model. The differences in geometry after case 
I can be described by the parameter rd. The buckle width is therefore related to the relative 
displacement rd. 

For this reason, the following relation would be expected: the buckle width w increases with 
an increasing displacement rd. However, this relation does not hold for the large rd obtained 
during the simulation of the adhesive layer with thickness O.lth. 

Discussion 

In small adhesive layers (O.lth), high shear stresses arise as a consequence of the edge ef
fect that is present in this model. These high shear stresses probably disturb the formation 
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of a buckle, which results in a smaller buckle width (see Figure 34). Consicier the center of 
the display again, this edge effect can be ignored resulting in the dashed blue line in Figure 34. 

Figure 35 shows the relation between the buckle width w and the thickness th of the adhesive 
layer. A clear trend is observed in this figure: the buckle width increases when the value 

relative adhesive layer tilielmess 

Figure 35: buckle width versus the relative adhesive layer thickness 

for the thickness of the adhesive layer increases. The following recommendation about the 
adhesive layer thickness can be made: 

threcommended < threference, (14) 

where threferen ce = 10 J.Lm is the reference value for thickness th of the adhesive layer. 

5.2.2 Variation in the Young's modulus of the adhesive layer 

This section describes the results of the simulations in which the value of the elasticity con
stant E has been varied. The reference value of Young's modulus is Ereference = 0.15 GPa. 
This value has been varied, which means that the shear constants in Table 5 are also scaled 
by the same factor as E. 

Case I 
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Figure 36 shows the relative displacement rd as a function of the Young 's modulus of the 
adhesive layer, normalized by the reference value. It can be observed that for an increasing 

0o~------5~------1~o-------1~5-------~~------~25------~JO 

relelive YCiMIQS mociJkJs 

Figure 36: relative displacement rd as a function of the Young's modulus of the adhesive layer 

Young 's modulus, the relative displacement rd decreases. The reason for this behavior is the 
fact that a stiff adhesive layer offers more resistance against relative displacement. 

An interesting value for the relative Young's modulus to discussis E = 26, 7. At this value, the 
stiffness contri bution of the E-ink and the adhesive are comparable, since Eadh thadh/ EE-ink thE-ink = 

1. During the first second of case I, the strain in the adhesive layer was comparable with the 
strain in the E-ink layer. This can be explained regarding their corresponding stiffness values. 
However, after five minutes, the strain in the adhesive was much larger compared with the 
E-ink layer. It can be concluded that due to the visco-elastic character of the adhesive layer, 
the relative displacement rd is still mainly accomplished by relaxation in the adhesive layer. 

Case IJ 

The results of the simulations of case 11 are shown in Figure 37. This tigure shows a clear 
trend; the buckle width decreases when the value for the Young 's modulus increases. This is 
in agreement with the results of Figure 36, which revealed that the relative displacement rd 
decreased with increasing Young's modulus. The combination of a large rd and a small value 
for the Young's modulus contributes toa large buckle width. The following can be concluded: 

Erecommended > Ereference, (15) 
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Figure 37: buckle width versus the Young's modulus of the adhesive layer 

where Ereference = 0.15 GPa is the reference value for the Young's modulus. 

5.2.3 Variation of the time constants of the adhesive layer 

This section discusses the final variable that has been altered during the simulations, namely 
the time constants in the visco-elastic adhesive layer. Section 3.1.3 already mentioned the 
concept of the time constant. A mechanica! representation of a visco-elastic material is the 
Maxwell model, which consists of a spring and clashpot in series. A small relaxation time 
means that the clashpot can be extended rapidly for a given stress. The variation of the time 
constants is clone such that all time constants of Table 5 are changed by the same factor. 
Note that increasing the time constants has the same effect as decreasing the time during 
which the experiment is executed. 

Case I 

Figure 38 shows the results of the simulations. It can beseen that after the first second, the 
relative displacement rd between the front and backplane is large for an adhesive layer with 
low time constants and thus with a low viscosity. In the following five minutes, continuous 
stress relaxation took place which resulted in the final rd. The displacement in this period of 
five minutes is relatively large for the adhesive layers with large time constants. This can be 
explained with Figure 39, which shows the shear stress value in the lower right corner node 
of the front plane. lt can be seen that during the first second, the shear stress reaches a high 
value in case of materials with large time constants. This high value is the reason for the 
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Figure 38: relative displacement rd as a function of the time constants Ti of the adhesive layer 

relatively large rd during the following five minutes; the higher stress value contributes to a 
larger displacement . 

lt is remarkable that the slopes of the different curves in Figure 39 are not different for the 
last 300 seconds. A possible reason for this behavior is that the majority of the time con
stants (see Table 5) varyin a range that is notrelevant for the simulation time of five minutes. 

Case IJ 

The calculated relative displacements rd are transferred to case II. This finally results in 
Figure 40, which shows the buckle width as a function of the normalized time constants. It 
can be seen that the buckle width becomes slightly smaller when the time constants Ti are 
increased. Thus, the following condusion can be defined: 

Ti,recammended > Ti ,re ference , (16) 

where Ti ,re f erence are the reference values for the time constants in the initial situation as is 
shown in Table 5. 
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Figure 39: shear stress path for the lower right node of the front plane 
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Figure 40: buckle width versus the time constauts of the adhesive layer 
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5.3 Conclusions 

The conclusions of the simulations are presented once more in the following summary: 

• The thickness of the adhesive layer should be smaller than the current value of th = 
10 1-Lm. It is unsure if this relation holds for very small values of the layer thickness. 

• The Young's modulus of the adhesive layer should be as high as possible. 

• The visco-elastic time constants of the adhesive layer should be as high as possible. 
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6 Conclusions and recommendations 

This report ends with an overview of the most important results and conclusions: 

1. Experiments have revealed that the critical failure mechanism for the present generation 
of rollable displays is buckling delamination in the region of the adhesive layer [Section 
3.1 Initiation of buckles after rolled-up storage] . 

2. The cohesive zone model has been used to describe the interface behavior. Peel ex
periments have been performed by Van Schaik [?] todetermine the model parameters, 
which resulted in 8n = 73 /-Lffi, 8t = 73 /-Lm, q = 1, r = 0 and Tmax = 11 kNjm2 [Section 
4.3 Input variables for cohesive zone model] . 

3. Simulation case I revealed that the roll-up behavior of the display is simulated quali
tatively correctly and reasonable values are obtained [Section 5 .1 FEM model] . 

4. Simulation case IJ revealed that the cohesive zone model, including the experimen
tally determined model parameters, is capable of qualitatively descrihing the buckling 
behavior in this specific application [Section 5.1 FEM model] . 

5. The thickness of the adhesive layer should be smaller than the current value of th = 

10 /-Lffi [Section 5.2.1 Variation in the thickness of the adhesive layer]. 

6. The Young's modulus of the adhesive layer should be as high as possible [Section 5.2.2 
Variation in the Young's modulus of the adhesive layer] . 

7. The visco-elastic time constants of the adhesive layer should be as high as possible 
[Section 5.2.3 Variation in the time constants of the adhesive layer] . 

The following recommendations are made for future research: 

1. Experiments revealed a buckle length of 670 /-Lffi and according to this value, an as
sumption has been made to define a model with a length of 1000 /-Lffi. Figure 30 and 
Figure 33 strongly suggest that this length is too small. The FEM model should be 
changed in such a way that it consists of a larger sample length. 

2. The input parameters for the cohesive zone model have been determined using peel 
experiments. The relation between the peel experiment and the actual delamination 
buckling must be investigated more elaborately. Buckling experiments namely revealed 
total delamination at buckle heights of 340 /-Lffi while during the peel experiments total 
delamination was reached when the surfaces were separated by 440 /-Lffi. 
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A Experimental determination of failure mechanisms In dis
plays of previous generations 

This section describes the experimental determination of the failure mechanisms in displays 
of older generations. 

A.l Display QD 10 

Display QD 10 consistsof a 280 JLm thick E-ink front plane glued by hand on a regular back 
plane at a temperature of 120 ° C. 

Initially there are no defects in the display except for a delamination at the location of the 
common contact. The common contact (i.e the 5 x 5 mm2 black square at the left side 
of the display, as shown in Figure 2) connects the ITO layer in the display effect with the 
second gold layer of the back plane. The 30 JLm thick gap between the ITO layer and the 
second interconneet layer ( or gold layer) is filled with a conductive paint (leit silber). After 
processing, it is often observed that the adhesion quality of the leit silber on the second gold 
layer is poor. This initial delamination works as an initiator for delamination growth towards 
the center of the display. This behavior was examined using a bending device on which 500 
cycles over a bending angle of 0 :::; <jJ :::; 180° were prescribed to the display. The bending 
angle represents a radius of curvature of 14.5 mm. The backplaneis loaded in compression. 

A.l.l Observations 

Delamination at the interface between the insuiator and the second gold layer 

The initial delamination at the location of the common between the leit silber and the second 
gold layer extended towards the center of the display as the bending cycles proceeded. At the 
moment that the edge of the TFT structures was reached, the delamination jumped towards 
the interface between the insuiator and second gold layer and continued its path towards the 
center of the display. This can be seen in Figure 41 , which shows the two faces of the peeled 
display in the delamination zone. The left part of the figure shows the side of the display 

Figure 41: the two si des of the peeled display QD 10 
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effect and the right part shows the side of the tirst gold layer on the substrate of the back 
plane. The rows and the gates are clearly visible in the right part of the display. Looking 
at the left part of the tigure, one can clearly see the pixel pads in the center without the 
(yellow colored) insuiator layer. From Figure 41 it can be concluded that in this case the 
delamination interface is located between the insuiator layer and the second gold layer. 

Cracks in second gold layer 

Figure 41 also reveals that the pixel pads of the second gold layer failed due to buckling 
delamination. The delamination width is equal to the size of a pixelpad. The layers below 
the delamination interface (i.e. the insuiator, tirst gold, planarization and substrate layer) 
are forced to adopt a contiguration in which their local radius of curvature is very small. 
Furthermore, as a consequence of the periodic bending cycles, fatigue cracks can be seen in 
the pixelpadsof the second gold layer. Figure 42 shows these cracks in the back plane (right 
tigure) as well as the cracks in the glue layer (left tigure). The cracks in the glue layer were 
induced during the delamination of the display from the wafer. Figure 41 also shows such a 
crack in the right tigure (red arrow). 

Figure 42: cracks in the back plane and in the second gold layer 

A.1.2 Discussion 

This display failed as a consequence of a delamination that originated from the bad adhesion 
at the position of the common. During the bending cycles, the delamination buckle grew 
towards the center of the display and the small radius of curvature of the underlying layers 
led to fatigue cracks in the the second gold layer. 

A.2 Display QA 

Display QA consists of a 100 J.Lm thick Sipix front plane glued on a reguiar back plane at a 
temperature of 120 ° C. 

The display is rolled up over a radius of 8.5 mm while the front plane layer is located at the 
outside. The back plane layer is thus subjected to a compressive stress. After 100 cycles of 
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rolling, the display showed a large crack on the back plane side originating from the common, 
see Figure 43 . In the next paragraph several failure mechanisms are discussed. 

Figure 43: large crack at the back plane side of display QA 

A.2.1 Observations 

Crack in the glue layer on the back plane 

Details of the crack that is shown in Figure 43 are given in Figure 44 . This figure shows a 
crack that is located in the glue layer that was used to attach the back plane to the wafer 
during the processing of the back plane and the lamination of the front plane. After the 
manufacturing of the display has finished and the display is delaminated from the wafer, a 
thin layer of glue remains on the back plane. 
It can be seen that this crack follows cracks (red arrows) that were probably formed in the 
glue layer at the time that the display was delaminated from the wafer. Furthermore the 
figure shows a delamination zone around the crack with at typical width of two pixel pads, 
i.e. 600 J.Lm (yellow arrow). A simple experiment has been performed to find out which layers 
are involved in this delamination. Therefore Scotch tape was put on the back plane at the 
location of the crack. After the Scotch tape was removed, the glue layer was partly attached 
to the scotch tape as can beseen in Figure 45. The left part of the figure shows the back plane 
with a zone of which the glue has been partly removed (blue arrow). The dirt that has been 
collected around the crack is still visible (red arrow) , as wellas the edge of the delamination 
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Figure 44: crack in the glue layer at the back plane side of display QA 

Figure 45: partly removed glue layer at the back plane side of display QA 

zone. The figure at the right shows the delaminated glue layer on the Scotch tape. Again, 
the delamination edges are visible, as wellas the crack (red arrow). It can be concluded that 
the crack is only located in the glue layer. After the crack was formed , the delamination zone 
around the crack appeared as a consequence of buckling due to the compressive stress state 
during bending. 

Delamination around the glue layer between the front and back plane 

Furthermore this display showed a delamination between the front and back plane with a 
width of 5 mm, see Figure 46, where the red arrows indicate the delamination zone. Most of 
the microcups were damaged in this zone. To determine the location of this delamination, 
partsof the display were separated in a peel test . Figure 47 shows the back plane side of the 
peeled display. In the left part of this figure a detail of the pixel pad can be seen, namely 
a transistor (source, drain and gate), a row and column. The glue layer is located on top 
of these active layers and two regions can clearly be distinguished in this glue layer, namely 
the green-brown colored regions ( region i) and the white colored regions ( region ii). Region 
ii corresponds to the corner points of the microcups. This can be seen clearly in the right 
part of Figure 47, which shows a Scanning Electron Microscopy (SEM) image in which a 
BSE detection method has been used to obtain contrast. The microcup geometry can really 
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Figure 46: the delamination zone between the the front -and back plane of display QA 
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Figure 47: the back plane side of display QA 

be distinguished in this part of the figure (one pixel pad (300 x 300 J.Lm) contains 4 Sipix 
microcups (150 x 150 f..Lm)). Furthermore, the two regions arealso visible in this figure. The 
grey colored regions represent region i and the white regions correspond to region ii. The 
contrast of the image is mainly determined by differences in average atomie number. Heavy 
elements are depicted with a light color and light elements withadark color. It can beseen 
that region i contains more carbon compared with region ii. Therefore, it can be concluded 
that region i contains more glue, since the glue is rich in carbon. However, the thickness of 
region i is very small, namely ,....., 35 nm. This thickness was determined with Atomie Force 
Microscopy (AFM). Figure 48 shows the result of an AFM measurement on the back plane 
side of the peeled display QA. The differences in height are 36 nm (1) and 40 nm (2) for the 
blue line and 28 nm (1) and 36 nm (2) for the red line. 
Figure 4 7 thus shows the interface between the second gold layer and the glue layer. There 
is a very thin layer of glue on top of the gold layer. At most of the corner points of the 
microcups, there is almost no glue anymore (i.e. region ii). 

Looking at the front plane side of the peeled display (Figure 49), one can see depressions at 
the locations of the corner points of the microcups (red arrows). Figure 50 shows that these 
depressions have a depth of around 2 f..Lm, which corresponds with the thickness of the glue 
layer. It is remarkable that the geometry of the holes in the glue layer on the front plane 
side of the peeled display does not agree with the smooth geometry of the surface of the back 
plane side. 
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Figure 48: AFM measurement on the back plane side of display QA 

Figure 49: the front plane side of display QA 

It was also observed that the plane of the top layer of Sipix is not fiat , see Figure 51. The 
reason for this geometry is probably the surface energy of a drop of electrophoretic materiaL 
The geometry of the drop is not rectangular but has a tendency to become spherical as a con
sequence of the surface energy. During the harderring of the top layer of the Sipix microcups, 
the layer will form according to the geometry of the electrophoretic drops. 

Delamination of the proteetion layer on the transistor 

Figure 50: height profile of the front plane side of display QA 
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Figure 51: geometry of the top layer of the microcups 

Looking at Figure 47, it is also observed that the proteetion layer (sealing and barrier layer, 
see also Figure 3) is (partly) removed from the back plane. During delamination the protee
tion layers stick (partly) to the glue layer and are delaminated from the gold layer, as can be 
seen in Figure 49 (yellow arrow) . 

Microcups without a top layer 

F\rrthermore, several open microcups can be observed on the front plane side of the peeled 
display. The top layer of these cups has been partly torn off and ended up on the bottorn 
of the microcups after the electrophoretic material left the cup. The depth of the resulting 
depressions has been determined by an optical height measurement with a light microscope, 
see Figure 52. The top layer can beseen at the bottorn of the microcup at a depthof 25 J.Lm . 

Figure 52: walls and bottorn of an empty microcup (in focus) 

A.2.2 Discussion 

The observations presented above reveal that the delamination interface is located between 
the second gold layer and the glue layer. At the location where parts of the glue layer were 
attached to the gold layer , depressions in the glue layer (as can be seen on the front plane 
side of the display) are detected. The proteetion layer was mainly attached to the front plane 
side of the delamination interface. F\rrthermore, the top layers of several microcups ruptured 
during the delamination. The holes in the glue layer were probably initiators for crack growth 
around the microcup walls which finally led to total fracture of this layer. 
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A.3 Display QD 39 

Display QD 39 consists of a 100 f..J,ffi thick Sipix front plane glued on a regular back plane at 
a temperature of 120 ° C. The Sipix microcups are laminated at a 45 ° angle with respect to 
the direction of the rows. 

Initially the display showed several delaminations with at typicallength of 15 mm and a width 
of 5 mm, see Figure 53. After the display was placed in a container stick (radius of 8.5 mm), 

Figure 53: initial delamination in display QA (before storage in stick) 

the display has been pulled in and out of the stick for around 30 times and as a consequence 
the initial delaminations had grown to a length that was twice as large as the initial length. 
Finally, the display was stored in the stick for 18 hours; afterwards the delaminations covered 
the full width of the display. These delaminations looked the same as the delamination in 
Figure 43. 

A.3.1 Observations 

Crack in the glue layer on the back plane 

This display showed the same failure as was already discussed in the previous subsection, 
i .e. cracks in the glue layer on the outside of the back plane of the display. These cracks 
had the same origin as the cracks in display QA, namely a large tensile stress at the specific 
delamination locations where the local radius of curvature is very small. Because this type of 
failure has already been discussed elaborately, it will not be described here again. 

Delamination in and around the Sipix glue layer 

Delamination within the display was examined by observation of the delamination region 
after parts of the display had been separated in a peel test. The left part of Figure 54 
shows a microscopie image of the back plane side of the specimen. Three regions can clearly 
be distinguished, namely the blue colored layers (region 1) , the light yellow colored regions 
(region 2) and the white grid (region 3). These three regions arealso visible in the right part 
of Figure 54, which shows a SEM image in which a BSE detection method has been used to 
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Figure 54: the back plane side of display QD 39 

obtain contrast. It can beseen that region 1 contains a lot of carbon compared with region 2 
and region 3. Therefore, it can be concluded that in region 3 the second gold layer probably 
has a very thin layer of glue on top of it. Region 2 contains a little more carbon, but the 
glue layer is still very thin. Region 1, finally, consists of the full layer of glue, which has a 
thickness of 2 /-Lffi- The interface between the glue layer and the top layer of the Sipix cups 
is actually seen. This can be concluded when Figure 55 and Figure 57 are observed. These 
figures show the height profile of the back plane and front plane side. 
Figure 55 shows the height profiles of the back plane side of the display. These profiles were 

• tD .. • • 

Figure 55: height profiles of the back plane side of display QD 39 

obtained with an optical profiler. An optical profiler can be thought of as a microscope 
combined with an interferometer. The interferometer splits a single souree beam of light into 
two separate beams. One beam is reflected by the test object and the other beam is reflected 
from a reference mirror. The two beams are then recombined, and the resulting interference 
phenomena are recorded by a CCD detector in the form of interferograms ( fringe patterns) 
while the distance between the microscope objective and the object is changing. The CCD 
detector then forwards each interferogram to the computer for processing, resulting in a height 
profile of the scanned surface [5]. 
In the middle part of Figure 55, the height profile of the three gold lines of the souree and the 
drain can be distinguished (between 140 and 170 /-Lffi on the x-axis). Region 3 corresponds to 
the level of the gold lines in this height profile, which is the general top level of the back plane. 
The higher region in the height profile has a height of about 2 /-Lffi above the level of region 3 
and thus consistsof the glue layer, which has a thickness of 2 /-Lffi. This layer corresponds to 
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region 1 in Figure 54. At these places the delamination jumped to the interface between the 
glue layer and the top layer of the Sipix cups. 
Experiments with the optical profiler also showed that there is no difference in height between 
region 2 and region 3. This is in accordance with the small steps that were found in the AFM 
measurements shown in Figure 48. The yellow and white planes in Figure 54 are probably 
prints of the glue layer. The difference in pressure, during the laminating step, between the 
regions under the cell ribs and the electrophoretic material is probably the reason for the 
difference in texture or color. 

Looking at Figure 56, the parts of the glue layer that were visible on the back plane can be 
detected as depressions on the front plane. These depressions are visible at the corner points 

Figure 56: the front plane side of display QD 39 

of the microcups and inside of the microcups (red arrows). The right part of the figure shows 
a SEM image that was recorded in the same region. The depth of the depressions is 2 J..lm 
and has been determined from Figure 57, which shows the height profiles of the front plane. 

A.3.2 Discussion 

Display QD39 showed delamination growth as a consequence of the curvature prescribed in 
the container stick. In this stick the display was bent to a radius of curvature of 8.5 mm. 
lnitial delaminations around the glue layer between the front and back plane grew towards 
both edges of the display. lt can be concluded that the delamination interface is mainly 
located between the gold layer and the glue layer and locally jumps towards the interface 
between the glue layer and the top layer of the Sipix microcups. 

A.4 Display QD 43 

Display QD 43 consists of a regular E-ink front plane glued on a regular back plane. The 
lamination was performed by E-ink Corporation, while the delamination from the carrier was 
performed by Polymer Vision. 

This display has been stored in a container stick for 3 days and was rolled up for approximately 
50 times. 
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Figure 57: height profiles of the front plane side of display QD 39 

A.4.1 Observations 

Cracks in the glue layer on the back plane 

Two large lines were observed on the back plane. These cracks originated from the last process 
step, i.e. the delamination of the display from the wafer. During this delamination step, part 
of the glue layer remains on the wafer while the other part sticks to the back plane of the 
display. The observed lines are the edges of the glue layer on the back plane. Small cracks 
could beseen in the glue layer, as is shown in Figure 58. These cracks are a consequence of 
the tensile stresses during delamination of the sample from the wafer. 

Figure 58: cracks in the glue layer at the outside of the back plane 
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A.4.2 Discussion 

Compressive stresses in the glue layer on the back plane led to cracks in this layer. Crack 
growth was probably the mechanism of stress relief. 
The crack growth during storage did not influence the electrical behavior of the display, 
because the damage was restricted to the outside glue layer. Neither did the cracks influence 
the op ti cal behavior, since the display effect is located on the other si de of the display. At 
the moment, there is no evidence that this failure can cause serious damage to the substrate 
layer on top of it. It can be concluded that this display did not show mechanica! failure. 

A.5 Summary 

This Appendix ends with an overview of the failure mechanisms observed: 

• Delamination between the glue layer and the second gold layer. 
~ the delamination sometimes shifts to the interface between the glue layer and the 
top layer of the microcups (Sipix) . 
~ top layers of several microcups are partly torn off, resulting in empty microcups. 
~ delamination of the proteetion layer on the TFT ( the proteetion layer stays attached 
to the glue layer). 

• Cracks in the outside glue layer and as a consequence delamination between the glue 
and substrate layer. 

• Delamination between the second gold layer and the insulator layer. 

• Cracks in the substrate layer of the back plane. 
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B Constitutive behavior and numerical implementation of the 
cohesive zone model 

This Appendix is mainly reproduced from [9]. 

Constitutive behavior 

Constitutive equations establish the relation between dynamic quantities and kinematics. In 
a continuurn stresses are given as a function of the strains. In the case of the cohesive zones 
as proposed by Xu and Needieman [8], the stresses (tractions) are coupled to the relative 
displacements across a surface. The relative displacement column is given by: 

~ = [ ~t ] 
- ~n ' 

(17) 

with ~t the relative displacement in tangential (shear) direction and ~n in normal direction 
(see figure 59). The values of ~t and ~n are calculated by firstly rotating the cohesive zone 

Figure 59: Cohesive zone element with nocles 1, 2, 3 and 4. The length is defined by the 
distance AB and it lies at an angle 0 with the global coordinate system. There are two 
integration points and one isoparametrie coordinate 'Tl· On the left the relative displacement 
vector ~ is given and on right the locations of the integration points in the isoparametrie 
space 

element by an angle of - 0 to a reference state such that et = ex and en = ey. Th en the ~ 
column is calculated in the integration points 1 and 2 by linearly interpolating the displace
ments (following from 1f. = [uxl Uyl Ux2 Uy2 Ux3 Uy3 Ux4 Uy4]) between 'Tl= -1 and 'Tl = +1. 

The traction components Tt for the tangential direction and Tn for the normal direction are 
given by partial derivatives of the potential </>: 

and (18) 

The potential </> has been defined by Xu and Needieman [8]as: 

( 
~n) { [ ~n J 1 - q [ ( r - q) ~n J ( ~r ) } </> = </>n + </>n exp - &;: 1 - r + &;: r - 1 - q + r - 1 &;: exp - ó[ ' (19) 
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and it leads to the following traction-separation laws: 

<Pn flt { (r -q) tln} ( tln) ( D.r) Tt = 2-- q + -- -- exp -- exp - -
2 St St r - 1 Sn Sn st 

(20) 

<Pn ( tln) { D.n ( D.r ) 1 - q [ ( tlr) J [ tln J } Tn = - exp -- - exp --2 + ----=- 1 - exp - - 2 r - - , 
Sn Sn Sn st r 1 st Sn 

(21) 

where St and Sn are two characteristic relative displacements. <Pt and <Pn are the tangential 
and normal workof separation, correlated by: q = <Pt/<Pn· The coupling between the normal 
and tangential separation is governed by a parameter r = Lll;."" , where Àn,oo is the value of 
À n after complete shear separation and with Tn = 0. In Xu and Needieman (1994) r = 0 and 
q = 1 are selected. Equations (20) and (21) canthen be written as: 

(22) 

<Pn ( Àn) { tln ( tlr ) } Tn = Sn exp -~ ~ exp -Sr . (23) 

The derivatives of Equations (20) and (21), with respect to the displacements Àt and tln, 
are: 

(24) 

8Tn <Pn ( tln ) [( tln ) ( Àf) 1 - q [ ( D.r)] [ tln]] -- = 2 exp - - 1-- exp - 2 + ----=- 1 - exp - - 2 -r - 1 +- . 
ob.n Sn Sn Sn St r 1 St Sn 

(25) 
Following Reference [10], the workof separation <Pt and <Pn can be expressed in terms of the 
maximum shear stress T max and maximum normal stress a max : 

and (26) 

with 

1 St 
amax = Tmax . (27) 

qyf2 exp(1) Sn 

In Figure 60 the constitutive behavior described by Equations (20) and (21) is plotted for 
Tt(flt) and Tn(tln) · 

Implementation 

The cohesive zone has been implemented by Van den Bosch [9] as a user element in the Finite 
Element package MARC. In every increment and every iteration this element is called two 
times. The first time is the stiffness matrix assembly step and the second time is the stress 
recovery step. 
In the stiffness matrix assembly step the element tangent stiffness matrix K e and the internal 
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Figure 60: Graphical representation of equations 20 and 21. The displacements are normalized 
by the char~cteristic lengths Ót and Ón , the stresses are normalized by their maximum values. 
Tt(b.t) with b.n = 0 (left) and Tn(b.n) with b.t = 0 (right) . 

force column 1.~nt are calculated. The element tangent stiffness matrix is calculated according 
to: 

(28) 

where f is the element middle line length AB (see figure 59), N the matrix of the shape 
functions , D the consistent tangent operator and 'Tl an isoparametrie coordinate. The matrix 
of the shape functions is given by: 

with 

h 1 = ~ ( 1 - 'Tl) and 

The consistent tangent D is defined as: 

~ l ' EM.~ 

(29) 

(30) 

(31) 

where lf:; and îr_~ are given in equations 24 and 25. Besides the element tangent stiffness 
matrix K e, also the internal force column is calculated: 

f 1+1 e =- NTTd Lnt 2 -- 'Tl· 
- 1 

(32) 

Bath K e and [~nt are calculated in the local orthonormal 2D coordinate system { ët, ën}. They 
must be transferred back to the global coordinate system { ëx, ëy} by a rotation matrix R: 

K e* = RTKe R · - -- _ , (33) 
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J e* = RTJe (34) 
-int - -int ' 

where (*) denotes thematrix/column in the global coordinate system and Ris given by: 

with: A = [ co~ e sine ] . 
- - sme cos e 

(35) 

The total stiffness matrix K* and internal force column ft'nt are constructed in a loop over 
all the elements. The new nodal coordinates are calculated according to: 

K*u = f - f* -- .::....ext -int· (36) 

The external force column is denoted by f.ext and the displacement column is given by ~· 
Note that these two columns are always in the global coordinate system. After the new nodal 
coordinates are known, the new internal force column is calculated in the stress recovery step. 
This is done in the same way as in equations 32 and 34. Then there is checked for convergence 
of the current increment: 

11 f - f* 11 < convergence criterium. 
.::....ext -int 

(37) 

When convergence has been reached, the simulation continues to the next increment . When 
there is no convergence, iterations are performed. In normal FEM simulations, in the stress 
recovery step, t he new stresses and strains are calculated . However, in both normal elements 
as in cohesive zones, these quantities have no influence on the convergence, they are only used 
for post-processing. Cohesive zones have a zero initial thickness, so any strain definition is 
meaningless. For post-processing the cohesive zone results only Tand ~ are used. 
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