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(57) ABSTRACT 
Disclosed is a display apparatus. The display apparatus 
includes: a display module including a flexible Substrate, a 
display panel, and an encapsulation film; a lower module 
disposed below the display module; an upper module dis 
posed on the display module; and an elasticity-adjusting layer 
disposed on or below the display module to adjust a position 
of a neutral plane in bending of the display apparatus, wherein 
an elastic modulus of the elasticity-adjusting layer is less than 
that of at least one of the display module, the lower module, or 
the upper module, so as to position the neutral plane within or 
proximate to the display module. 

20 Claims, 7 Drawing Sheets 
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DISPLAY APPARATUS HAVING IMPROVED 
BENDING PROPERTIES AND METHOD OF 

MANUFACTURING SAME 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATION 

This application claims priority to, and the benefit of 
Korean Patent Application No. 10-2013-0067942, filed on 
Jun. 13, 2013 in the Korean Intellectual Property Office, the 
disclosure of which is incorporated herein by reference in its 
entirety. 

BACKGROUND 

1. Field 
Embodiments of the present invention relate generally to a 

display apparatus and a method of manufacturing the same, 
and more particularly to a display apparatus having improved 
bending properties as well as a method of manufacturing the 
SaC. 

2. Description of the Related Art 
Along with recent rapid advances in semiconductor tech 

nology, the performance of display apparatuses has improved 
to increase the screen size of flat display apparatuses, 
decrease the weight thereof, and the like, thereby causing a 
tremendous increase in demand for Such flat display appara 
tuSeS. 

Examples of Such flat displays include liquid crystal dis 
plays (LCDs), plasma display devices (PDPs), field emission 
display devices (FEDs), electroluminescence display devices 
(ELDs), electrophoresis display devices (EPDs), organic 
light-emitting diode (OLED) display devices, or the like. 

There is a large appeal for flexible flat display apparatuses 
capable of continuously maintaining display performance 
even when they are bent. Such flexible displays employ a 
substrate formed of flexible materials. 

However, when even a flexible display apparatus is exces 
sively bent or is bent too many times, various components 
Such as their thin film transistors, conductive wirings, or the 
like may be damaged, leading to decreased performance. 

SUMMARY 

Embodiments of the present invention provide a display 
apparatus capable of minimizing strain at a part Vulnerable to 
bending by adding an elasticity-adjusting layer, so that the 
display apparatus has improved durability against bending. 

According to an aspect of the present invention, there is 
provided a display apparatus including: a display module 
including a flexible Substrate, a display panel, and an encap 
sulation film; a lower module disposed below the display 
module; an upper module disposed on the display module: 
and an elasticity-adjusting layer disposed on or below the 
display module to adjust a position of a neutral plane in 
bending of the display apparatus. An elastic modulus of the 
elasticity-adjusting layer is less than that of at least one of the 
display module, the lower module, and the upper module, so 
as to position the neutral plane within or proximate to the 
display module. 
The elasticity-adjusting layer may comprise at least two 

types of materials having different elastic moduli. 
The elasticity-adjusting layer may comprise a stack of at 

least two types of materials having different elastic moduli. 
The elasticity-adjusting layer may include at least one of a 

silicone-group resin and an acryl-group resin. 
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2 
The elastic modulus of the elasticity-adjusting layer may 

be about six orders of magnitude less than that of the display 
module. 
The elastic modulus of the elasticity-adjusting layer may 

have a value within a range of about 1x107 to about 0.6x10' 
times that of the display module. 
The elasticity-adjusting layer may include an adhesive 

material. 
The thickness of the elasticity-adjusting layer may have a 

value within a range of about one to about three times that of 
the display module. 
The upper module may include a touch panel, an adhesive 

layer, and a window. 
The upper module may have a thickness that is greater than 

that of the lower module. 
According to another aspect of the present invention, there 

is provided a display apparatus including: a display module 
including a flexible Substrate, a display device, an encapsu 
lation film, and a polarizing plate; a lower module disposed 
below the display module; a first elasticity-adjusting layer 
disposed between the lower module and the display module: 
an upper module disposed on the display module; and a 
second elasticity-adjusting layer disposed between the upper 
module and the display module. The first elasticity-adjusting 
layer and the second elasticity-adjusting layer may each have 
an elastic modulus that is less than that of at least one of the 
display module, the lower module, and the upper module, so 
as to position a neutral plane in bending of the display appa 
ratus to be within or proximate to the display module. 
The upper module may include a touch panel, an adhesive 

layer, and a window. 
The upper module may have a thickness that is greater than 

that of the lower module. 
The display module may include an organic light-emitting 

device (OLED) and a thin film transistor. 
According to another aspect of the present invention, there 

is provided a method of manufacturing a display apparatus, 
the method including: forming, on a glass Substrate, a display 
module including a flexible Substrate, a display panel, and an 
encapsulation film; forming an elasticity-adjusting layer on 
the display module; forming an upper module on the elastic 
ity-adjusting layer, removing the glass Substrate from the 
display module; and forming a lower module below the dis 
play module and coupled thereto. The elasticity-adjusting 
layer has an elastic modulus that is less than that of at least one 
of the display module, the upper module, and the lower mod 
ule, so as to position a neutral plane in bending of the display 
apparatus to be within or proximate to the display module. 
The elasticity-adjusting layer may be formed by simulta 

neously depositing at least two types of materials having 
different elastic moduli. 
The elastic modulus of the elasticity-adjusting layer may 

be determined according to a ratio of at least two types of 
materials having different elastic moduli. 
The upper module may have a thickness that is greater than 

that of the lower module. 
The display panel may include a plurality of organic light 

emitting devices (OLEDs) and a plurality of thin film transis 
tOrS. 
The encapsulation film may include at least one organic 

film and at least one inorganic film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other features and advantages of the present 
invention will become more apparent by describing in detail 
exemplary embodiments thereof with reference to the 
attached drawings in which: 
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FIG. 1 is a schematic cross-sectional view illustrating a 
structure of a display apparatus according to an embodiment 
of the present invention; 

FIG. 2 is a cross-sectional view illustrating a state in which 
the display apparatus is bent and stressed; 

FIGS. 3A and 3B illustrate a position in which a neutral 
plane NP is formed according to a bending stress applied to an 
object; 

FIGS. 4 to 7 are schematic cross-sectional views illustrat 
ing structures of display apparatuses according to other 
embodiments of the present invention: 

FIG. 8 is a schematic cross-sectional view of a display 
device which may be included in embodiments of the present 
invention, and FIG. 9 is a magnified view of region F of FIG. 
8; and 

FIGS. 10A to 10D are cross-sectional views sequentially 
illustrating a method of manufacturing a display apparatus 
according to an embodiment of the present invention. 

DETAILED DESCRIPTION 

The embodiments of the present disclosure will now be 
described in detail with reference to the accompanying draw 
ings. Like reference numerals in the drawings denote like 
elements, and thus their repetitive description will be omitted. 
In addition, the sizes of components may be exaggerated for 
convenience and clarity of description. 
The embodiments described below are only illustrative, 

and a variety of modifications may be derived from the 
embodiments. For example, when it is described that a certain 
layer is “on” or "above” a substrate or another layer, the 
certain layer may be directly above the substrate or another 
layer, or a third layer may be interposed therebetween. 
The terminology used in the specification is used only to 

describe embodiments and does not have any intention to 
limit the present invention. In the specification, an expression 
in the singular includes an expression in the plural unless they 
are clearly different from each other in context. “Include 
and/or “have in the specification do not exclude the existence 
or addition of mentioned elements, steps, operations, and/or 
devices. Although terms such as “first and “second can be 
used to describe various elements, the elements cannot be 
limited by the terms. The terms can be used to classify a 
certain element from another element. 
When a certain embodiment can be implemented differ 

ently, a specific process order may be performed different 
from the described order. For example, two consecutively 
described processes may be performed substantially at the 
same time or performed in an order opposite to the described 
order. 
As used herein, the term “and/or includes any and all 

combinations of one or more of the associated listed items. 
Expressions such as “at least one of when preceding a list of 
elements, modify the entire list of elements and do not modify 
the individual elements of the list. 

All numerical values are approximate and may vary, as will 
be understood by one of ordinary skill in the art. 

FIG. 1 is a schematic cross-sectional view illustrating a 
structure of a display apparatus 10 according to an embodi 
ment of the present invention. 

Referring to FIG. 1, the display apparatus 10 includes a 
display module 200, a lower module 100, an upper module 
300, and an elasticity-adjusting layer 400. 
The display module 200 includes a flexible substrate 21, a 

display panel 22, and an encapsulation film 23. The display 
module 200 may further include a polarizing plate (not 
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4 
shown). An elastic modulus of the display module 200 may be 
on the order of hundreds of GPa. 
The flexible substrate 21 may be made of various materials, 

Such as plastic materials, metal materials, and the like, which 
are bendable or flexible. In some embodiments, the flexible 
substrate 21 may be a fiber reinforced plastic (FRP). In some 
embodiments, the flexible substrate 21 may include fiber 
tissue and/or a polymer resin. The fibertissue may be formed 
of optical fiber, or spun yarn or textile using optical fiber. The 
polymer resin may include epoxy resin, acrylic resin, and the 
like. 
The display panel 22 is a panel for displaying characters, 

figures, or images and may include a plurality of display 
devices. Each of the plurality of display devices may be a 
liquid crystal display device, an organic light-emitting dis 
play device, a plasma display device, an electrophoretic dis 
play device, or the like. Each of the plurality of display 
devices may include one or more thin film transistors. 

In some embodiments, each of the plurality of display 
devices may include signal lines including a gate line for 
transmitting a gate signal, a data line for transmitting a data 
signal, a Switching device connected to the gate line and the 
data line, a pixel electrode which is connected to the switch 
ing device and which receives the data signal therethrough, 
and the like. Each of the plurality of display devices may form 
a unit pixel. 
The encapsulation film 23 is to prevent the infiltration of air 

carrying humidity, oxygen, and the like, and may beformed to 
surround the upper surface and/or the side surfaces of the 
display panel 22. In some embodiments, the encapsulation 
film 23 may be formed as a multi-layer structure. For 
example, the encapsulation film 23 may be formed of a plu 
rality of inorganic films or of the combination of a plurality of 
inorganic films and a plurality of organic films. In another 
embodiment, the encapsulation film 23 may have a film struc 
ture including low-melting glass. Such as a material including 
a tin oxide (SnO). 
The display module 200 may further include the polarizing 

plate on the encapsulation film 23. The polarizing plate may 
reduce the reflection of outside light, as well as improve 
COntraSt. 

The upper module 300 and the lower module 100 may be 
components for protecting the display module 200. Since the 
thickness of the display module 200 is merely several or tens 
ofum, the display module 200 is easily bent or folded unin 
tentionally. Thus, when the display module 200 is used with 
out the upper module 300 and the lower module 100, the 
portability of the display apparatus 10 may worsen, and the 
display module 200 may be easily damaged. Accordingly, the 
upper module 300 and the lower module 100 are attached to 
the display module 200 to thereby improve the mechanical 
strength of the display module 200 and prevent damage to the 
display module 200. In some embodiments, the upper module 
300 and/or the lower module 100 may formed as a plurality of 
layers. An elastic modulus of each of the upper module 300 
and the lower module 100 may be on the order of tens of GPa. 
The upper module 300 may further include components 

having other functions besides that of protecting the display 
module 200. For example, the upper module 300 may include 
a polarizing plate (not shown) for preventing reflection of 
outside light, a touchpanel (not shown) having a touch sensor, 
a window disposed as the outermost layer, and an adhesive 
layer (not shown) which may be interposed between the com 
ponents. Accordingly, the thickness of the upper module 300 
may be different from that of the lower module 100. For 
example, the thickness of the upper module 300 may be 
several times thicker than the lower module 100. In some 
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embodiments, the thickness of the upper module 300 may be 
from about 400 um to about 600 um, and the thickness of the 
lower module 100 may be from about 100 um to about 200 
lm. 
In the current embodiment, the elasticity-adjusting layer 

400 may be provided to minimize strain in a region of the 
display module 200. In more detail, the elasticity-adjusting 
layer 400 may minimize the strain in the region of the display 
module 200 by adjusting a position of a neutral plane NP 
formed in the display apparatus 10. The elasticity-adjusting 
layer 400 may also have an elastic modulus that is less than 
that of the display module 200, to thereby absorb shock which 
may be applied to the region of the display module 200. 
As is known, the neutral plane NP is formed inside an 

object and indicates a plane which is bent but maintains its 
original length without extending or being diminished when 
bending is applied to the object. That is, the neutral plane NP 
indicates a plane where tension or compression does not 
actually occur, i.e. a plane of Zero strain. 
When strain is repeatedly applied to the display module 

200, or when a strain force exceeding a breaking strength is 
applied to the display module 200, a display device such as a 
thin film transistor, a wiring, the encapsulation film 23, and/or 
the like, which are formed inside the display module 200 may 
be damaged. To prevent this problem, the neutral plane NP 
may be formed in the region of the display module 200 or a 
region adjacent thereto to thereby minimize strain applied to 
the display module 200. 

The role of the elasticity-adjusting layer 400 will now be 
described in more detail with reference to FIGS. 2 and 3. 

FIG. 2 is a cross-sectional view illustrating a state where 
the display apparatus 10 is bent and stressed. 

Referring to FIG. 2, since the display apparatus 10 is flex 
ible, the display apparatus 10 may be bent with a radius of 
curvature R. In this case, Straine according to tensile stress T 
and compressive stress C is applied to the display apparatus 
10. The neutral plane NP may beformed in a region inside the 
display apparatus 10. When it is assumed that a coordinate of 
the neutral plane NP is Zo, the straine according to a distance 
(Z-Z) from the neutral plane NP may be expressed using the 
equation below: 

(3-30) 
R 

where R denotes an outer circumferential radius of curva 
ture of the display apparatus 10. That is, strain applied to the 
display apparatus 10 increases with increasing distance of the 
position Z from the neutral plane NP and as the radius of 
curvature R decreases. The above equation indicates that the 
distance from the neutral plane NP increases as the thickness 
of the display apparatus 10 increases, and accordingly, a 
strain degree of the display apparatus 10 increases. Thus, as 
the thickness of the display apparatus 10 is thinner, Strain 
according to the radius of curvature R decreases. A position of 
the neutral plane NP may vary according to an elastic modu 
lus of materials forming the display apparatus 10. 

FIGS. 3A and 3B illustrate a position where the neutral 
plane NP is formed when stress is applied to an object. 

Referring to FIG. 3A, the object may be conceptually 
divided into a first layer 31 and a second layer 32. It is 
assumed that an elastic modulus of the first layer 31 is E1 and 
an elastic modulus of the second layer 32 is E2. FIG. 3A 
shows a case where E1 is equal to E2. In this case, since 
degrees of strain of the first layer 31 and the second layer 32 
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6 
according to a strain force are the same, the neutral plane NP 
is formed in the middle in the thickness direction of the 
object. 

FIG. 3B shows a case where a relationship of mean elastic 
moduli of the first layer 31 and the second layer 32 is E2DE1. 
In this case, since a degree of strain of the second layer 32 is 
greater than that of the first layer 31, the neutral plane NP is 
formed in the first layer 31 that is below the middle in the 
thickness direction of the object. As described above, a posi 
tion where the neutral plane NP is formed may vary according 
to the values of the two elastic moduli. 

Thus, a position of the neutral plane NP formed inside the 
display apparatus 10 may be adjusted by adjusting the elastic 
modulus of the elasticity-adjusting layer 400. 

Referring back to FIG. 1, the upper module 300 of the 
display apparatus 10 may be thicker than the lower module 
100, and since most components included in the upper mod 
ule 300 have a fixed or predetermined elastic modulus and a 
fixed thickness, it is difficult to voluntarily change the elastic 
modulus and thickness of the upper module 300. 

There may be a method of placing the neutral plane NP in 
the region of the display module 200 by increasing the thick 
ness of the lower module 100 as well as the thickness of the 
upper module 300. However, when the thickness of the lower 
module 100 increases, the overall thickness of the display 
apparatus 10 increases, thereby resulting in an increase in 
strain due to bending. This may cause damage to the display 
apparatus 10. 

In the current embodiment, the elasticity-adjusting layer 
400 is introduced to place the neutral plane NP in the region 
of the display module 200 or to be adjacent to or near the 
region of the display module 200, without changing the elas 
tic moduli and/or the thicknesses of the upper module 300 and 
the lower module 100. 
The elasticity-adjusting layer 400 may also help to absorb 

shock. The elasticity-adjusting layer 400 may be disposed on 
the display module 200. However, the current embodiment is 
not limited thereto, and the elasticity-adjusting layer 400 may 
instead be disposed below the display module 200. The elas 
ticity-adjusting layer 400 may be disposed adjacent or near to 
the display module 200 and absorb shock which may be 
applied to the display module 200. 

In general, the display module 200 may include a plurality 
of types of inorganic films. For example, inorganic films may 
be used as a buffer layer in the display panel 22 or the encap 
sulation film 23. An elastic modulus of the inorganic films is 
on the order of tens to hundreds of GPa, and accordingly, the 
elastic modulus of the display module 200 may be on the 
order of tens to hundreds of GPa. Thus, the display module 
200 may be somewhat weak against shock or strain. It is thus 
desirable that shock which may be applied to the display 
module 200 be absorbed. 
The elasticity-adjusting layer 400 may have an elastic 

modulus that is much less than elastic moduli of the display 
module 200, the upper module 300, and the lower module 
100. Accordingly, the elasticity-adjusting layer 400 may 
absorb shock which may be applied to the display module 
200. That is, the elasticity-adjusting layer 400 may buffer 
strain and thus prevent stress on the display apparatus 10 from 
influencing the display module 200. 

In some embodiments, the elastic modulus of the elasticity 
adjusting layer 400 may be about 10 times less than that of 
the display module 200. In some embodiments, the elastic 
modulus of the elasticity-adjusting layer 400 may have a 
value in a range of about 1x107 to about 0.6x10 times that 
of the display module 200. In some embodiments, the elastic 
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modulus of the elasticity-adjusting layer 400 may have a 
value in a range of about 10 kPa to about 150 kPa. 
The elasticity-adjusting layer 400 may include at least two 

types of materials having different elastic moduli. Accord 
ingly, the elastic modulus of the elasticity-adjusting layer 400 
may be adjusted according to a ratio of elastic moduli of the 
materials included therein. For example, the elasticity-adjust 
ing layer 400 having an elastic modulus of about 75 kPa can 
beachieved by one-to-one mixing a material having an elastic 
modulus of about 50 kPa and a material having an elastic 
modulus of about 100 kPa. In some embodiments, the elas 
ticity-adjusting layer 400 may be formed of a plurality of 
layers having different elastic moduli. For example, the elas 
ticity-adjusting layer 400 may beformed by alternately stack 
ing a material having an elastic modulus of about 50 kPa and 
a material having an elastic modulus of about 100 kPa. 
The elasticity-adjusting layer 400 may include a silicone 

group resin or an acrylic-group resin. For example, the elas 
ticity-adjusting layer 400 may include urethane acrylate. The 
elasticity-adjusting layer 400 may be transparent to visible 
rays. The elasticity-adjusting layer 400 may include a mate 
rial having adhesiveness Sufficient for the elasticity-adjusting 
layer 400 to function as an adhesive layer. 
The thickness of the elasticity-adjusting layer 400 may be 

on the order of one to several times that of the display module 
200. In some embodiments, the thickness of the elasticity 
adjusting layer 400 may have a range of one to three times that 
of the display module 200. However, the thickness of the 
elasticity-adjusting layer 400 is not limited thereto, and vari 
ous modifications may be made thereto So that the neutral 
plane NP is located in or adjacent to the region of the display 
module 200. 
As described above, by introducing the elasticity-adjusting 

layer 400, the thickness of the display apparatus 10 may be 
minimized, and the neutral plane NP may be adjusted so that 
it is located in or adjacent to the region of the display module 
200. In other words, by determining or fixing an elastic modu 
lus and thickness of each of the individual components 
included in the upper module 300 or the lower module 100, 
and adjusting the elastic modulus and thickness of the elas 
ticity-adjusting layer 400, the neutral plane NP may be 
located in or adjacent to the region of the display module 200. 

FIGS. 4 to 7 are schematic cross-sectional views illustrat 
ing structures of display apparatuses 11, 12, 13, and 14 
according to other embodiments of the present invention. In 
FIGS. 4 to 7, like reference numerals in FIG. 1 denote like 
elements, and thus their repetitive description will be omitted 
for simplification of description. 

Referring to FIG. 4, the display apparatus 11 of FIG. 4 
differs from the display apparatus 10 of FIG. 1 in that the 
elasticity-adjusting layer 400 is disposed below the display 
module 200, instead of above. That is, the elasticity-adjusting 
layer 400 may be disposed between the lower module 100 and 
the display module 200, and accordingly, the neutral plane NP 
may be adjusted to be located in or adjacent to the region of 
the display module 200. 

Referring to FIG. 5, the display apparatus 12 of FIG. 5 
differs from the display apparatus 10 of FIG. 1 in that first and 
second elasticity-adjusting layers 401 and 402 are respec 
tively disposed below and on the display module 200. That is, 
the first elasticity-adjusting layer 401 may be disposed 
between the lower module 100 and the display module 200, 
and the second elasticity-adjusting layer 402 may be disposed 
between the display module 200 and the upper module 300. 

The first and second elasticity-adjusting layers 401 and 402 
may have substantially the same physical properties as those 
of the elasticity-adjusting layer 400 described with reference 
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8 
to FIG.1. That is, an elastic modulus of each of the first and 
second elasticity-adjusting layers 401 and 402 is less than that 
of each of the display module 200, the upper module 300, and 
the lower module 100. 
The elastic moduli and thicknesses of the first and second 

elasticity-adjusting layers 401 and 402 may vary. Accord 
ingly, the neutral plane NP may be adjusted to be located in or 
adjacent to the region of the display module 200. 
By respectively disposing the first and second elasticity 

adjusting layers 401 and 402 below and on the display module 
200, the absorption of shock which may be applied to the 
display module 200 may be improved. 

Referring to FIG. 6, the upper module 300 of the display 
apparatus 13 includes a touch panel 310, an adhesive layer 
330, and a window 350. The upper module 300 may further 
include various well-known function layers, such as a protec 
tive film and the like. 
The touch panel 310 senses a touch. The touch panel 310 

may be formed of a plurality of layers, such as a touch sheet 
including a touch sensor in which a plurality of electrodes are 
included, a reflection prevention sheet, a noise blocking 
sheet, and/or the like. The touch sensor may sense a change in 
a capacitance or other properties that can indicate a touch. 
The adhesive layer 330 may function to combine the com 

ponents of the upper module 300, i.e. to couple them together. 
The adhesive layer 330 may attach the touch panel 310 and 
the window 350 to each other. The adhesive layer 330 may 
include an optical clear adhesive (OCA). 
The window 350 may function to increase a mechanical 

strength, and protect the components, of the display apparatus 
13. The window 350 may be formed of a material, such as 
polyethylene terephthalate (PET), polycarbonate (PC), poly 
ether sulfone (PES), polyimide (PI), polymethyl methacry 
late (PMMA), or the like, which allows light to pass there 
through and which is flexible. 

In some embodiments, the window 350 may further 
include a touch sensing function. In this case, the touch panel 
310 may be omitted. 

Referring to FIG. 7, the display apparatus 14 differs from 
the display apparatus 13 of FIG. 6 in that the display module 
200 further includes a polarizing plate 210. 
The polarizing plate 210 may prevent the reflection of 

outside light. The polarizing plate 210 may be formed from a 
plurality of layers including a polarizing layer (not shown), a 
Support layer (not shown) for Supporting the polarizing layer, 
and the like. 
The polarizing layer functions to polarize light incident 

from a light source to light in the same direction as a polar 
izing axis. In some embodiments, the polarizing layer may be 
formed of a polyvinyl alcohol (PVA) film including a polar 
izer and/or a dichroic dye. The dichroic dye may include 
iodine molecules and/or dye molecules. 
The Support layer may support the polarizing layer and 

function to Supplement a mechanical strength of the polariz 
ing layer. 

FIG. 8 is a schematic cross-sectional view of a display 
device which may be included in embodiments of the present 
invention, and FIG. 9 is a magnified view of region F of FIG. 
8. 
The display apparatuses 10, 11, 12, 13, and 14, or others 

constructed in accordance with other embodiments, may 
include an organic light-emitting device OLED and a thin 
film transistor TR as a display device. Accordingly, the dis 
play panel 22 may include a plurality of organic light-emit 
ting devices OLEDs and a plurality of thin film transistors 
TRs that are separated or spaced apart from each other. The 
plurality of organic light-emitting devices OLEDs and the 
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plurality of thin film transistors TRs may be formed on the 
flexible substrate 21. The flexible substrate 21 may beformed 
of a glass material, a plastic material, or a metallic material. 
A buffer layer 211 may beformed on the flexible substrate 

21. The buffer layer 211 may include an insulation material to 
provide a substantially flat plane on the flexible substrate 21 
and to prevent the infiltration of humidity and foreign sub 
stances into the flexible substrate 21. 
On the buffer layer 211, a thin film transistor TR, a capaci 

tor (not shown), and an organic light-emitting device OLED 
may be formed. The thin film transistor TR may mainly 
include an active layer 212, a gate electrode 214, and Source 
and drain electrodes 216 and 217. The organic light-emitting 
device OLED may include a first electrode 221, a second 
electrode 222, and an intermediate layer 220. 

In detail, the active layer 212 formed in a predetermined 
pattern may be disposed on the buffer layer 211. The active 
layer 212 may include an inorganic semiconductor material 
Such as silicon, an organic semiconductor material, or an 
oxide semiconductor material, and may be formed by inject 
ing a p- or n-type dopant thereinto. 
A gate insulation film 213 may be formed on the active 

layer 212. The gate electrode 214 may be formed on the gate 
insulation film 213 to correspond to the active layer 212. 
An inter-layer insulation film 215 may be formed to cover 

the gate electrode 214, and the source and drain electrodes 
216 and 217 may be formed on the inter-layer insulation film 
215. In this case, the source and drain electrodes 216 and 217 
may be formed to contact a particular region of the active 
layer 212. 
A planarization film 218 may beformed to cover the source 

and drain electrodes 216 and 217, and an additional insulation 
film may be further formed on the planarization film 218. 
The first electrode 221 may be formed on the planarization 

film 218. The first electrode 221 may beformed to electrically 
connect to any one of the source and drain electrodes 216 and 
217 via a through hole 208. 
A pixel definition film 219 may be formed to partially 

cover the first electrode 221. After forming a predetermined 
aperture in the pixel definition film 219, the intermediate 
layer 220, including an organic emission layer, may be 
formed within a region limited by the predetermined aperture. 
The pixel definition film 219 can define a pixel region and a 
non-pixel region. That is, the predetermined aperture of the 
pixel definition film 219 can be substantially the pixel region. 
The intermediate layer 220 may further include a hole 

injection layer (HIL), a hole transport layer (HTL), an elec 
tron transport layer (ETL), and an electron injection layer 
(EIL) in addition to the organic emission layer. 
The second electrode 222 may be formed on the interme 

diate layer 220. The first electrode 221 may be patterned for 
each pixel, and the second electrode 222 may be formed so 
that a common Voltage can be applied to all pixels. 

Although only one organic light-emitting device OLED is 
shown in FIG. 8, the display apparatus 10 may include a 
plurality of organic light-emitting devices OLEDs. One pixel 
may be formed for each organic light-emitting device OLED, 
and red, green, blue, or white colors, or others as desired, may 
be realized for each pixel. 

However, the present disclosure is not limited thereto. The 
intermediate layer 220 may be commonly formed over the 
entire, or substantially the entire, planarization film 218 
regardless of a position of each pixel. In this case, the organic 
emission layer may be formed by, for example, Vertically 
stacking or combining layers including light-emitting mate 
rials that emit red, green, and blue light. Of course, if white 
light is to be emitted, a combination of other colors is also 
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10 
possible. A color conversion layer or a color filter for con 
Verting the emitted white light to a predetermined color may 
be further included. 
A protective layer 223 may be disposed on the organic 

light-emitting device OLED and the pixel definition film 219, 
and may function to cover and protect the organic light 
emitting device OLED. The protective layer 223 may be 
formed using an inorganic insulation film and/or an organic 
insulation film. 
The encapsulation film 23 may include an inorganic film 24 

and an organic film 25, wherein the inorganic film 24 may 
include a plurality of inorganic films 24a, 24b, and 24c, and 
the organic film 25 may include a plurality of organic films 
25a, 25b, and 25c. Although FIG. 9 shows a structure in 
which the inorganic film 24 and the organic film 25 are 
alternately laminated, the present disclosure is not limited 
thereto, and any order of any of these films is contemplated. 

FIGS. 10A to 10D are cross-sectional views sequentially 
illustrating a method of manufacturing the display appara 
tuses 10, 11, 12, 13, and 14 according to embodiments of the 
present invention. In the current embodiment, a method of 
manufacturing the display apparatus 10 of FIG. 1 is described 
as an example. 

Referring to FIG. 10A, the flexible substrate 21 is formed 
on a glass substrate 110. The flexible substrate 21 may be 
formed of a plastic material having good heat resistance and 
durability, such as polyethylene terephthalate (PET), polyeth 
ylene naphthalate (PEN), polycarbonate (PC), polyarylate 
(PAR), polyetherimide (PEI), polyether sulfone (PES), poly 
imide (PI), or the like. 
A flexible substrate 21 formed of a plastic material has the 

property of bending or extending when heat is applied 
thereto, and thus it is difficult to precisely form a thin film 
pattern, such as various types of electrodes or conductive 
wirings, on the flexible Substrate 21. Accordingly, various 
thin film pattern forming processes may be Subsequently 
performed when the flexible substrate 21 is attached to the 
glass substrate 110. 

Thereafter, the buffer layer 211 is formed on the flexible 
Substrate 21, and a thin film transistor TR and an organic 
light-emitting device OLED are formed on the buffer layer 
211. Thereafter, the display module 200 is completed by 
forming the encapsulation film 23 on the flexible substrate 21 
to cover the organic light-emitting device OLED and the thin 
film transistor TR. 

Referring to FIG. 10B, the elasticity-adjusting layer 400 is 
then formed on the display module 200. The elasticity-adjust 
ing layer 400 is formed to have a predetermined elastic modu 
lus and thickness according to the elastic moduli and thick 
nesses of the lower module 100, the display module 200, and 
the upper module 300. 

To adjust the elastic modulus of the elasticity-adjusting 
layer 400, materials having different elastic moduli may be 
combined at a predetermined ratio. Alternatively, the elastic 
ity-adjusting layer 400 may be formed of a plurality of layers 
having different elastic moduli. 
The elasticity-adjusting layer 400 may be coated or depos 

ited by inkjet printing, slot die coating, flash evaporation, or 
the like. In some embodiments, the elasticity-adjusting layer 
400 may be hardened by heat and/or light. In some embodi 
ments, the elasticity-adjusting layer 400 may be formed by 
simultaneously depositing materials having different elastic 
moduli. 

Referring to FIG. 10C, the upper module 300 is formed on 
the elasticity-adjusting layer 400, and then the glass Substrate 
110 is separated from the flexible substrate 21. 
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Referring to FIG. 10D, the lower module 100 is formed 
below the flexible Substrate 21 to be affixed thereto. 

According to the above described manufacturing method, 
the display apparatuses 10, 11, 12, 13, and 14 may have 
improved durability and increased reliability against Strain 
Such as bending. 

Hereinafter, an experiment carried out according to an 
embodiment of the present invention is described. Table 1 
illustrates thicknesses and elastic moduli of the lower module 
100, the display module 200, and the upper module 300, and 
Table 2 illustrates results of a bending test while reducing the 
elastic modulus of the elasticity-adjusting layer 400. In this 
case, the thickness of the elasticity-adjusting layer 400 is 
about 50 um. 

TABLE 1. 

Thickness Elastic modulus 

Upper module About 600 m About 50 GPa. 
Display module About 20 m About 250 GPa. 
Lower module About 100 m About 25 GPa. 

TABLE 2 

Elastic modulus of elasticity 
adjusting layer (kPa) Bending test result 

250 Cracks in display module 
200 Cracks in display module 
150 OK 
100 OK 
45 OK 
24 OK 
16 OK 
11 OK 

As described above, when a bending test is performed 
while varying the elastic modulus of the elasticity-adjusting 
layer 400 within a range of about 10 kPa to about 150 kPa, no 
cracks were found to occur in the display module 200. When 
the elastic modulus is equal to or greater than 200 kPa, cracks 
were found to occur in the display module 200. 
A display apparatus as described above includes an elas 

ticity-adjusting layer whose elastic modulus can be set to 
thereby minimize strain of a display module including a dis 
play device. In addition, the elastic modulus of the elasticity 
adjusting layer is somewhat easy to adjust, thereby allowing 
for ready adjustment of the amount of strain undergone by the 
display module. 

Accordingly, a display apparatus has improved durability 
against Strain occurring during applied stresses or deforma 
tions, such as bending or the like, and thus has increased 
reliability. 

While the display apparatuses 10, 11, 12, 13, and 14 and a 
corresponding display device have been described with ref 
erence to the accompanying drawings to help the understand 
ing thereof, they are only illustrative, and it will be understood 
by one of ordinary skill in the art that various changes inform 
and details may be made therein without departing from the 
spirit and scope of the present invention as defined by the 
following claims. Embodiments of the invention may include 
any combination or permutation of any one or more of the 
features described above. 

What is claimed is: 
1. A display apparatus comprising: 
a display module comprising a flexible Substrate, a display 

panel, and an encapsulation film; 
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12 
a lower module disposed below the display module: 
an upper module disposed on the display module; and 
an elasticity-adjusting layer disposed on or below the dis 

play module to adjust a position of a neutral plane in 
bending of the display apparatus, 

wherein an elastic modulus of the elasticity-adjusting layer 
is less than that of at least one of the display module, the 
lower module, and the upper module, so as to position 
the neutral plane within or proximate to the display 
module. 

2. The display apparatus of claim 1, wherein the elasticity 
adjusting layer comprises least two types of materials having 
different elastic moduli. 

3. The display apparatus of claim 1, wherein the elasticity 
adjusting layer comprises a stack of at least two types of 
materials having different elastic moduli. 

4. The display apparatus of claim 1, wherein the elasticity 
adjusting layer includes at least one of a silicone-group resin 
and an acryl-group resin. 

5. The display apparatus of claim 1, wherein the elastic 
modulus of the elasticity-adjusting layer is about six orders of 
magnitude less than that of the display module. 

6. The display apparatus of claim 1, wherein the elastic 
modulus of the elasticity-adjusting layer has a value within a 
range of about 1x107 to about 0.6x10 times that of the 
display module. 

7. The display apparatus of claim 1, wherein the elasticity 
adjusting layer includes an adhesive material. 

8. The display apparatus of claim 1, wherein the thickness 
of the elasticity-adjusting layer has a value within a range of 
about one to about three times that of the display module. 

9. The display apparatus of claim 1, wherein the upper 
module comprises a touch panel, an adhesive layer, and a 
window. 

10. The display apparatus of claim 1, wherein the upper 
module has a thickness that is greater than that of the lower 
module. 

11. A display apparatus comprising: 
a display module comprising a flexible Substrate, a display 

device, an encapsulation film, and a polarizing plate; 
a lower module disposed below the display module: 
a first elasticity-adjusting layer disposed between the lower 

module and the display module: 
an upper module disposed on the display module; and 
a second elasticity-adjusting layer disposed between the 

upper module and the display module, 
wherein the first elasticity-adjusting layer and the second 

elasticity-adjusting layer each have an elastic modulus 
that is less than that of at least one of the display module, 
the lower module, and the upper module, so as to posi 
tion a neutral plane in bending of the display apparatus to 
be within or proximate to the display module. 

12. The display apparatus of claim 11, wherein the upper 
module comprises a touch panel, an adhesive layer, and a 
window. 

13. The display apparatus of claim 11, wherein the upper 
module has a thickness that is greater than that of the lower 
module. 

14. The display apparatus of claim 11, wherein the display 
module comprises an organic light-emitting device and a thin 
film transistor. 

15. A method of manufacturing a display apparatus, the 
method comprising: 

forming, on a glass Substrate, a display module comprising 
a flexible Substrate, a display panel, and an encapsula 
tion film; 
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forming an elasticity-adjusting layer on the display mod 
ule: 

forming an upper module on the elasticity-adjusting layer, 
removing the glass Substrate from the display module; and 
forming a lower module below the display module and 5 

coupled thereto, 
wherein the elasticity-adjusting layer has an elastic modu 

lus that is less than that of at least one of the display 
module, the upper module, and the lower module, so as 
to position a neutral plane in bending of the display 10 
apparatus to be within or proximate to the display mod 
ule. 

16. The method of claim 15, wherein the forming an elas 
ticity-adjusting layer further comprises simultaneously 
depositing at least two types of materials having different 15 
elastic moduli. 

17. The method of claim 15, wherein the elastic modulus of 
the elasticity-adjusting layer is determined according to a 
ratio of at least two types of materials having different elastic 
moduli. 2O 

18. The method of claim 15, wherein the upper module has 
a thickness that is greater than that of the lower module. 

19. The method of claim 15, wherein the display panel 
comprises a plurality of organic light-emitting devices and a 
plurality of thin film transistors. 25 

20. The method of claim 15, wherein the encapsulation film 
comprises at least one organic film and at least one inorganic 
film. 
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