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The interfacial failure of integrated circuit (IC) chips integrated on flexible substrates under bending
deformation has been studied theoretically and experimentally. A compressive buckling test is used
to impose the bending deformation onto the interface between the IC chip and the flexible substrate
quantitatively, after which the failed interface is investigated using scanning electron microscopy. A
theoretical model is established based on the beam theory and a bi-layer interface model, from which
an analytical expression of the critical curvature in relation to the interfacial failure is obtained. The
relationships between the critical curvature, the material, and the geometric parameters of the device
are discussed in detail, providing guidance for future optimization flexible circuits based on IC chips.
© 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Stretchable and flexible electronics have been the focus
of current research due to their novel features compared with
more typical planar electronic devices, especially their ability
to directly integrate with the human body in a conformal
waty.lf6 Thus, all kinds of stretchable and flexible sensors,7*20
actuators,””?' and energy supply devices**2® which are
thin, soft, and easily integrated with the human body have
been developed for wearable physiological monitoring and
disease therapy. However, due to the diversity and high den-
sity of the circuits required in integrated circuit (IC) chips
which are capable of data acquisition, processing, and trans-
mission, their transformation into stretchable and flexible
devices is still challenging. Therefore, for stretchable devices
that are intended to work on the human body by intimate con-
tact in a continuous and wireless style, integrating IC chips on
a flexible substrate has become the solution, which facilitates
the applications of stretchable and flexible devices in clinical
medicine and basic science of medicine research.”’

A known flexible substrate which is ready to accommo-
date IC chips is the flexible printed circuit board (FPCB).
This has already been used as a replacement for the conven-
tional printed circuit board (PCB) as a space and weight sav-
ing solution. It can also act as the connections of dynamic
elements in electronics, for example, in camera lenses.
Various mechanical analyses and experiments have been car-
ried out to study performance and reliability in the case of
static or dynamic deformation. When an FPCB acts as the
dynamic connections, its failure in the conducting layer due
to periodic bending has been studied both experimentally and
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numerically.***' When the FPCB with a reduced thickness
and stiffness serves as an alternative for the rigid PCB, drop
tests and the fluid-structure interaction analysis have been
conducted to investigate its response.’*>* Moreover, there
are millimeter-sized robots based on the FPCB integrated
with actuators, sensors, and power supply chips, where the
FPCB is folded to reduce the total size of the robot.>> These
studies on IC chips integrated with flexible substrates focus
either on the functionality of the flexible substrate or on the
dynamic response in the drop test or the fluid-structure inter-
action. However, few are concerned with the case in which
the IC chips are designed to work on curved surfaces such as
the human body. In such a case, the failure of IC chips on a
bent flexible substrate due to the material/geometric mis-
match will determine the whole device’s performance and
reliability. Therefore, the study on IC chip integrated flexible
devices subjected to curvature is necessary for their applica-
tions. The interfacial failure analysis based on multilayer
structure mechanics has been of much importance to both tra-
ditional and flexible electronic devices.**>°

Should the flexible substrate be bent, the junction area at
the edge of the IC chip would be the weakest part in the
device due to the sudden geometric change in the profile and
the existence of the interface, which in turn will limit the
bendability of the whole device. In this paper, a strategy is
proposed to analyze the interfacial failure of IC chips inte-
grated with a flexible substrate under bending deformation,
theoretically and experimentally. We first develop a compres-
sive buckling-based experimental method to quantitatively
load the device with a certain curvature at the junction edge.
The curvature can be easily modulated by the size of the
device and the compressive ratio. This experimental method
can be used to evaluate the reliability of the IC chip-based

© Author(s) 2017.
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flexible devices. A theoretical model based on the beam theory
and the bi-layer interface model is also established to study
the interfacial failure, especially the relationship between the
energy release rate at the interface and the bending deforma-
tion. The dependence of the device’s bendability (defined as
the maximum curvature) on the geometry, material, and inter-
facial toughness is analyzed and discussed in detail. This theo-
retical model can be used to predict the bendability of the IC
chip based flexible devices. Hopefully, the experimental and
theoretical analysis developed in this paper can provide valu-
able guidance for the optimization of IC chip based flexible
devices, and thus facilitate the potential application of stretch-
able and flexible electronics.

COMPRESSIVE BUCKLING EXPERIMENT

Hybrid integration of the stretchable and flexible elec-
tronic sensors and actuators with the IC chip based flexible
circuits, as shown in Fig. 1(a), can improve both the comfort
and accuracy of the devices in healthcare applications. The
failure of IC chips on the flexible substrate may occur in the
fracture of the circuits defined by the conducting material
buried in the flexible substrate, the fracture of the bonding
material, or the debonding of the IC chip’s substrate inter-
face; the latter of these is the most common and will be the
focus here. IC chips are encapsulated generally with the aid
of a bonding layer (e.g., soldering or conductive adhesive)

. Fixed support f
Flexible ' %P

substrate }(L_){

‘chip L.:ub —-L

6/2
—

FIG. 1. The compressive buckling test of the device. (a) Photograph of the
wearable device composed of the stretchable sensor and the IC chip-based
flexible circuits. (b) Photograph of the device to be tested, and the inset
shows the detail of the IC chip integrated onto the flexible substrate by sol-
dering. (c) The initial state of the device in each compressive buckling cycle.
(d) The final state of the device in each compressive buckling cycle. (e) The
theoretical illustration of the device in compressive buckling. (f) The equiva-
lent model after simplification.
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but usually in different styles due to their varied structures.
As a result of the sudden geometric change, the bonding at
the corners of the IC chip is prone to the stress concentration
in the case of deformation. Moreover, the existence of the
interface makes it the weakest in the integrated device,
which degrades the bendability of the whole device. Here,
the compressive buckling experiment, also used in the thin
film characterization and the three-dimensional (3D) struc-
ture manufacturing, is proposed to impose a quantitative
bending deformation at the bonding edge of IC chips on the
flexible substrate. The deformation and strain state at the
local bonding edge in compressive buckling can be assumed
to be like that of the condition of pure bending.

For simplification, a multi-resistor chip is used to repre-
sent the IC chips and the polyimide thin film with a prede-
fined circuit acting as the flexible substrate, as shown in Fig.
1(b). The inset of Fig. 1(b) shows the multi-resistor chip,
which is composed of four independent resistors, and the fail-
ure of each can be measured by their resistance change. A
fatigue testing machine is used to conduct compressive dis-
placement, denoted as J, at the ends of the device to induce
its buckling, as shown in Figs. 1(c) and 1(d). For convenience,
the compressive ratio, denoted as 4, is introduced as the ratio
of the compressive displacement to the effective length of the
device. Figure 1(c) shows the initial state of the device where
0o = Imm and /9 = 5%, and Figure 1(d) shows the final
state of the device in each loading cycle where d,,x = 8 mm
and Apax = 40%. It can be observed that, as the compressive
displacement increases, the wavelength of the buckled device
decreases while its amplitude increases, and the curvature at
the bonding edge of the IC chip also increases.

The curvature at the bonding edge of the IC chip can be
predicted by the two-dimensional (2D) buckling theory
quantitatively, once the compressive displacement and the
size of the device are known. The theoretical model is illus-
trated in Fig. 1(e), in which the length of the IC chip and the
flexible substrate are denoted as Lepip and Ly, Tespectively.
Since the bending stiffness of the IC chip is much larger than
that of the flexible substrate due to the thickness difference,
it is reasonable to assume that the flexible substrate is totally
fixed at the bonding edge, where both the deflection and rota-
tion angles are zero. Therefore, the problem described in Fig.
1(e) is equivalent to that in Fig. 1(f) where the IC chip is
removed and the device is simplified as a shortened flexible
substrate with an effective length of L, — Lenip. Once the
compressive displacement exceeds some critical value, the
device would buckle toward the IC chip’s direction with del-
icate control.

The deformation of the device can be solved as a small
strain problem with large rotations under the plane-strain
assumption. In the rectangular coordinates (x|, x;) attached
to Fig. 1(f), the deflection of the buckled device can be
approximated by

A 2 L L
u2(1+cos7zx‘), —S<n<3. W

where A is the buckling amplitude to be determined, and
L = Ly — Lepip is the effective length as shown in Fig. 1(f).
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The normal strain in the direction of x; in the flexible sub-
strate can be expressed as

. A0
g1 = &, + x2K11, 2

where x11(x1) = —0%up/0x? is the curvature of the buckled
flexible substrate and &), = Ou;/0x; + sin (2nx; /L)n*A?/
217 is the axial strain, with u; being the axial displacement
of the flexible substrate. The membrane force per unit width
in the flexible substrate can be expressed in terms of the axial
strain as

N = Ehej), 3)

in which / is the thickness of the flexible substrate, and
E =E/(1 —1?) is the plane-strain modulus dependent on
Young’s modulus E (referred to as modulus hereinafter) and
Poisson’s ratio, v. Since the shear stress on the bottom and
top surfaces of the flexible substrate is zero, we have ONy;/
Ox; = 0 according to the force equilibrium. The boundary
condition can be written as u;(0) =0, u;(L/2) = —0/2 due
to the symmetry of the problem. Therefore, the axial dis-
placement u; can be calculated as

0 TA? 47x;
— Ty 4+ sin 2, 4
“ Lx1+16Lsm( L ) @

Using Egs. (1) and (4), the membrane strain energy
U, and the bending strain energy U, per unit width can be
derived, respectively, as

1 EhL (1242 5\’
Um:J L—N11811dxl =—< ——) ) @)
-4

ot~

2 2 \42 L
T El EL A
Up = J L%K%ldxl = 1L3 ; (6)

2

where I; = h*/12 is the moment of inertia per unit width of
the flexible substrate. The total elastic energy per unit width
can thus be expressed as Il = Uy, + Uy. Finally, minimizing
the energy II gives the buckling amplitude as

oL h?

A=2 .
2 3

)

Therefore, the deflection and the curvature of the buckled
flexible substrate can be represented as

oL h? 27X
uy = ;-g(l"‘COST) (8)
and
4n* [OL  h? 27X
M“J}Vﬁ_3m%1;) ®
respectively.

Obviously, the bending curvature given in Eq. (9)
reaches its maximum,
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472 6L W2
Ve 3 (19

at the bonding edge of the IC chip on the flexible substrate.
Equation (10) indicates that the curvature at the bonding
edge is only dependent of the size of the device and the com-
pressive displacement yet independent of the material prop-
erties of the device. By introducing the thickness-length ratio
1 = h/L and the compressive ratio A = /L, Eq. (10) can be
further normalized as

K11max

2 [ 2
it = = o 2 T (11)
11min 3
in which Rjn;, is the curvature radius (CR) at the bonding
edge. For the sake of better intuition, CR will be used in
the following discussion on the bending deformation and
bendability.

It can be seen from Eq. (11) that the CR at the bonding
edge is a decreasing function of the compressive ratio and an
increasing function of the thickness-length ratio. As shown
in Fig. 2(a), the rate of decrease in CR in the compressive
ratio range of 0%—10% is much larger than that in the higher
range. Moreover, for a given compressive ratio and substrate
thickness, the larger the effective length, the larger the CR
value. Therefore, a smaller CR value at the bonding edge
can be realized in the compressive buckling experiment by
increasing the compressive ratio or decreasing the effective
length of the device. However, the rate of increase in CR in
the thickness-length ratio range of 1%—10% is very small as
shown in Fig. 2(b). Since the thickness of the flexible sub-
strate, determined and limited by its flexibility, is usually
much smaller than that of the IC chip, the influence of the
thickness of the flexible substrate on the bending deforma-
tion can be neglected.

In the typical case where L = 15mm, # = 0.1 mm, and
0 = 8 mm, the CR value at the bonding edge is estimated to
be 1.63mm. The working performance of the IC chip is
tested following the compressive buckling, and the results
are shown in Fig. 2(c), where three of four resistors lose their
function. Note that the word “Unstable” marked in Fig. 2(c)
refers to such a phenomenon, where the resistor functions in
the flat state but fails upon very slight bending deformation.
The results indicate that the CR value of 1.63 mm is beyond
the bendability of the device and cannot be a safe working
condition. The micro-morphology of the bonding edge is
also characterized by scanning electron microscopy. Figure
2(d) shows the double cracks observed at the bonding edge:
one is at the junction of the solder and the bonding pad, and
the other is at the junction of the bonding pad and the polyi-
mide substrate. The presence of double cracks can degener-
ate the electrical contact between the IC chip and the
predefined circuit on the flexible substrate and consequently
lead to failure. These two kinds of cracks can also be consid-
ered as the interfacial fracturing.

In summary, the compressive buckling method can be
used to test the bendability of the IC chip-based flexible
device by controlling the compressive ratio quantitatively to
modulate the curvature at the bonding edge.
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FIG. 2. The curvature radius (CR) expe-

rienced by the junction during the test
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THE INTERFACIAL FAILURE MODEL

To better understand the bendability of the IC chip-
based flexible devices, a theoretical model, based on the
interface crack model of two elastic layers and beam theory,
is developed to describe the interfacial failure between the
IC chip and the flexible substrate. The main idea of the the-
ory is to model the flexible substrate as a simple supported
beam, whose critical curvature, characterizing the bendabil-
ity, is determined by the interfacial strength between the IC
chip and the flexible substrate. Since the bending stiffness of
the IC chip is much larger than that of the flexible substrate,
the substrate under the chip remains flat (i.e., the curvature
and the rotation angle are both zero) when the whole device is
subjected to bending. This is equivalent to the case in which
the beam is subjected to two pairs of bending moments with
equal magnitude satisfying the force equilibrium, as shown in

a b
Fig. 3(3.) M, M,
The deformation of the flexible device in the region c:
without IC-chip coverage is governed by L
M,
- "n__
ELo" = —My, (12) M, 7
where E and I, are defined in the same way as those in Egs.
(3) and (6), respectively; M, is the bending moment per C d

unit width, and w is the deflection. Equation (12) shows that
the critical curvature o/ is proportional to the maximum
bending moment, Moy.x, Which depends on the interfacial
strength.

The flexible device in the region with IC-chip coverage
can be modeled as a bi-layered elastic composite with a
micro-edge crack along the interface as shown in Fig. 3(b),
where layer 1 denotes the flexible substrate with a thickness
of i and layer 2 denotes the adhesive layer with a thickness
of H. Also in Fig. 3(b), the bending moment M is applied to
the cross-section of layer 1 from the left side and the bending

ment after testing. (a) The dependence
of the CR value on the compressive
ratio, where /& =0.1mm. (b) The
dependence of the CR value on the
thickness-length ratio. (c) The working
performance testing results marked on a
scanning electron micrograph of the IC
chip. (d) The double cracks observed at
the edge of the bonding area.

moment M, is applied on the cross-section of both layers
from the right side. Since the bi-layered composite without an
interface crack is free from any singularity under the bending
loads as shown in Fig. 3(c), the superposition of such a model
will not change the stress singularity of the interface crack
model in Fig. 3(b). Thus, the original problem can be trans-
formed to a new model as shown in Fig. 3(d) subjected to an
equivalent bending moment M = M, — CsM5 = (1 — C3)M,
where M| = M3 is required by the moment equilibrium and
C3 is a dimensionless constant that depends on the material
and geometric parameters. Furthermore, by using the energy
method, the interfacial crack model of two elastic layers*
shows that the energy release rate is a quadratic function of
the equivalent bending moment, i.e.,

HDM

M, M,

FIG. 3. Theoretical model for the IC chip integrated on the flexible substrate
subjected to bending deformation. (a) The flexible substrate is modeled as
the simply supported beam subjected to two pairs of bending moment with
equal magnitude, M. (b) The interface model between the flexible substrate
(layer 1) with thickness / and the adhesive layer in the IC chip (layer 2) with
thickness H. (c) The crack-free bi-layered composite model subjected to a
pair of bending moments, M3. (d) The equivalent model after superposition.
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C][W2

T16IR3’ (13)

in which ¢; and [ are two known parameters that depend on
the material and geometry of the two elastic layers. Due to
the small thickness of the two layers, the concentrated force
loaded along the interface in this loading equivalence step is
neglected. In fact, the contribution of the concentrated force
is estimated to be less than 7% in the energy release rate in
the device discussed here.

The energy-release-rate based failure criterion indicates
that once the energy release rate G exceeds the interfacial
toughness G, the interface crack will propagate. Thus, the

J. Appl. Phys. 122, 135310 (2017)

interfacial toughness is correlated with the critical bending
deformation as

- Cl(l - C3>2CO//2

=2
G. = maxE]]%
¢ 161h3 ’

(14)

Substituting the material and geometric parameters into Eq.
(14) finally gives the analytical expression of the critical cur-
vature as

1 24G,
/. _ Cplal 1
Dinax _Rmax - Elh3f(/ha;7 aylaVZ)a (15)

where R .« is the critical curvature radius (CCR), and

(1- 1/%)2 + 20 (20 + 35 +2) (1-v3)(1-13) + i’zn’4(1 — 1/%)2

f(;“/717I7VlaV2) -

with #' = h/H being the thickness ratio and A’ = E;/E,
being the modulus ratio of the two elastic layers. It is
inferred from Eq. (15) that the influence of the modulus and
thickness of the two layers on the critical curvature is quite
different, and layer 1 (i.e., the flexible substrate) plays a domi-
nant role as compared with layer 2 (i.e., the adhesive layer).
By substituting the parameters of the aforementioned com-
pressive buckling experiment (E; = 2.5 GPa, E, = 30GPa,
vy =0.34, v, =0.38, h =100 um, and H = 100 um) into
Eq. (15), we can obtain that the CCR value of the device to be
3.35 mm, which is larger than the CR value measured in the
compressive buckling experiment. This fact thus explains the
failure of the flexible device quantitatively.

PARAMETRIC ANALYSIS

Based on Eq. (15), the influence of the parameters in the
aspects of material properties, geometric size, and interfacial
toughness on the device’s bendability (characterized by CCR)
can be analyzed. Figures 4(a) and 4(b) show the variation of
CCR with the modulus ratio for different values of £, and E»,
respectively. For a certain £, the larger E, leads to a smaller
CCR; yet, for a certain E,, a smaller E; results in a smaller
CCR. Moreover, the CCR increases slowly with the increasing
E, when E|/E; < 1 yet relatively quickly when E|/E; > 1.
Therefore, decreasing Ey, increasing E,, and keeping E;/E;
< 1 will benefit the bendability of the device. However, com-
pared with increasing E;, the choice of decreasing E; can
improve the bendability of the device more efficiently due to
its broader range of control and higher efficiency. In addition,
when the size and interfacial toughness remain constant, the
CCR value of the device that uses the soldering tin as the
adhesive layer (E, = 30GPa) in the compressive buckling
experiment can be lower than 1 mm when the modulus of the
flexible substrate is reduced to E; = 200 MPa.

Figures 4(c) and 4(d) show the variations of CCR with
the thickness ratio, and the different colors represent different

(1—3)[14+ 20 (Bn? + 61 +4)] \/(1 =)+ (1 -13)

h or H. It can be observed that the CCR is negatively corre-
lated with H for a fixed /& and positively correlated with /4 for
a fixed H. Moreover, the CCR value is more sensitive to /4 as
compared with H. For example, the CCR variation range
caused by a certain change in / is two orders of magnitude
wider than that caused by the same change in H. In other
words, both the decreasing thickness of the flexible substrate
and the increasing thickness of the adhesive layer can
improve the bendability of the device; however, the former
strategy has higher efficiency. Taking the device in the com-
pressive buckling experiment (H = 100 um for the adhesive
layer, and the other parameters are unchanged) as an example,
when the thickness of the flexible substrate is as small as
40 pum, the CCR value of the device can be reduced to 1 mm.

According to Eq. (15), we can see that the critical curva-
ture is proportional to the square root of the interfacial tough-
ness. The above observation follows the common sense that
the tougher the interface, the smaller the CCR. Figure 5(a)
shows that the CCR decreases monotonically as the interfacial
toughness increases, and the rate of decrease gradually slows
down to a small value quite close to zero.

Our theoretical model can not only estimate the devi-
ce’s CCR but also point out the most efficient way to
improve the bendability of the device. Different improve-
ment strategies, including halving the thickness of the
flexible substrate, decreasing the modulus of the flexible
substrate, doubling the thickness of the adhesive layer, and
increasing the modulus of the adhesive layer, are compared
with each other in Fig. 5(b) by taking the material and size
parameters in Fig. 5(a) as the reference condition. The
results indicate that the former two strategies can improve
the critical curvature of the flexible substrate by around four
times compared with the latter two, which show little
improvement. Similarly, other possible improvements such
as the increasing interfacial toughness can also be consid-
ered to find the most efficient way to enhance the bendabil-
ity of the flexible device.
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g 60 h=500pm g tionship between the critical curvature
= 1 h=1000pm = 60 radius (CCR) and the thickness ratio for
6 40 6 different values of the adhesive layer
&) D 30 thickness, H.
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0 0
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a b 30 It turns out that decreasing the thickness and modulus of the
25 Reference . . . .
h=100um E, =2.5GPa 251 P flexible substrate, increasing the thickness and modulus of
= 20 = 1 . . . . .
£ H=100ym E, =30GPa E 20 ‘l e %10 the adhesive layer, and increasing the interfacial toughness
g * g By A== n2 can all improve the bendability of the device. In summary,
S o 10 ‘\ Hx2 the proposed model can not only be used to estimate the
s N So———— bendability of a certain device but also from the detailed
5T 10 15 20 0 5 10 15 20 quantitative analysis be helpful in finding the most efficient
Ge(J/ m*) Ge(J/ m*) way to enhance the device’s bendability.

FIG. 5. Comparison between several different strategies to enhance the bend-
ability of the device. (a) The influence of the interfacial toughness on the criti-
cal curvature radius (CCR). The parameters used here are considered as the
reference ones. (b) Comparison between several improvement strategies asso-
ciated with the thickness and varied values for the Young’s modulus.

CONCLUSIONS

The IC chip-based flexible circuits or devices can facili-
tate the application of stretchable and flexible electronics for
complex circuitry, such as wireless transmission, data proc-
essing, and power supply. However, the working perfor-
mance and reliability of such flexible devices are shown to
be highly dependent on the mechanical properties of the
bonding edge of the IC chips. In this paper, we have devel-
oped an experimental method based on the compressive
buckling to quantitatively impose the bending deformation
onto the bonding edge of the device to test its bendability
(characterized by the critical curvature). The bending load
can be modulated by designing the effective length of the
device or controlling the compressive ratio (i.e., the ratio of
the compressive displacement to the effective length of the
device). To better understand the bendability due to interfa-
cial failure of such flexible devices, we have established a
theoretical model based on the interface crack model of two
elastic layers and the beam theory. This theoretical model
gives the analytical expression of the critical bending curva-
ture, above which the debonding is highly possible to occur.
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