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a b s t r a c t

Flexible electronic systems integrate heterogeneous materials such as ceramics, metals, and elastomers,
which results in interfaces prone to delamination under stress. In this research, we show that
delamination can be initiated in a polyimide-based flexible interconnect system directly printed on
a polydimethylsiloxane substrate where the metallic interconnect acts as the crack initiation site.
This problem is experimentally and analytically evaluated to identify the controlling parameters and
propose pathways to prevent delamination. The driving force for delamination is shown to be the
vapor pressure of the absorbed moisture in the polymer. Based on the dimensions of the cracks in
our system (20–60 µm) and the thickness of the delaminated polymer films (2–6 µm), nonlinear von-
Kármán plate theory is utilized to capture both membrane stretching and thin plate bending behavior
in the polymer films. The model yields ‘delamination mechanism maps’ that relate the energy release
rate to the geometric dimensions of the flexible interconnects/circuits. For thin polymer films, a ‘vapor
starved’ regime is shown where insufficient moisture reduces the driving force for delamination. For
thicker films, a higher resistance to fracture is observed due to an increased rigidity of the polymer
layer which behaves as a ‘plate’ rather than a ‘membrane’. Under these conditions, however, the higher
retained moisture in the thicker films sustains the driving force for fracture capable of reaching the
critical energy release rate. The mechanism maps also reveal the width of the metallic conductor (i.e.,
the initial crack size) as an important factor controlling fracture. For example, it is shown that the
energy release rate for fracture is reduced from 20.5 to 4.6 J/m2 when the conductor width is reduced
from 50 µm to 30 µm for a polymer film thickness of 6 µm. These predictions are shown to be in
reasonable agreement with our experimental observations. A finite element model is also developed
and used to further validate the analytical model. The work presented in this paper provides highly
important and practical design guidelines for improved reliability of flexible electronic systems.

© 2021 Published by Elsevier Ltd.
1. Introduction

Flexible electronic devices are used in emerging areas such
s smart textiles [1,2], remote health monitoring [3–5], and soft
obotics [6,7]. A key advantage of such devices comes from
heir mechanical properties which are similar to the human
kin/body. For example, conformal and comfortable sensing de-
ices mimicking skin enable long-term health monitoring of
ensitive neonates [8], while soft wearable robotics can actively
upport rehabilitation of complex joints while maintaining full
ange of motion by mimicking the musculoskeletal system [9]. In
act, soft and conformal wearable sensors are considered to be a
ajor part of the future of health care [10].
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Flexible electronic systems consist of thin or thick metallic
lines that interconnect its electronic components and are typi-
cally encapsulated by a polymer. Patterned metallic conductors
have the advantage of being compatible with conventional device
assembly techniques like solder reflow to integrate traditional
silicon-based sensors and chips into flexible and stretchable elec-
tronics systems [11]. Direct printing methods such as aerosol
jet, inkjet, and extrusion printing allow precise patterning of the
metallic conductors as well as sensors and power components
such as temperature sensors [12], ceramics and carbon materials
for battery and supercapacitor electrodes [13], and polymers for
insulation and support [14]. These direct write methods offer
a new fabrication toolbox for flexible electronics that enables
elastomers, polymers, metals, and ceramics to be integrated in
a given circuit with large numbers of combinatorial possibilities.
This freedom, however, also gives rise to heterogeneous inter-
faces resulting in thermoelastic stresses during fabrication due
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o thermal mismatch [15], and mechanical stress concentration
uring device operation due to elastic modulus mismatch [16].
n fact, we expect stretchable systems with a large number of
lectronic components on a compliant elastomer substrate to
ave accentuated delamination problems when compared to rigid
ircuits [17–19].
A popular substrate material in flexible electronics is poly-

mide which has remarkable usable temperature range, and high
trength and stiffness [3,4,8,20–22]. However, polyimide is ex-
remely hygroscopic, and the adhesion strength has been shown
o depend on the moisture loading of the polyimide [23]. At
igh temperatures, this moisture has the potential to vaporize
ithin voids at material interfaces to cause delamination. While
ypical temperature conditions during device operation are low,
igh temperatures are required during device fabrication to cure
olyimide or sinter metallic inks. This has been observed in
hermoset polymers in the fabrication and assembly of electronic
ystems [24–26]. Several models have been developed to de-
cribe the delamination initiated at a circular edge [27,28], along
straight line [29–31], and to measure the interfacial adhe-

ion energy [32]. Additionally, models have investigated the role
f vapor availability, with one model parametrically describing
team driven delamination at high temperatures by considering
circular blister geometry at point defects [24,25,33]. Given the

mportance of vapor availability to drive crack growth, blister
eformation must be accurately captured for all geometric con-
igurations typical of printed electronics. Nonlinear models are
equired to capture both the effects of tensile stress developed
n very thin membranes and the bending stress developed in
hicker films. However, to the authors’ knowledge, there has not
een a model reported to link vapor availability in a nonlinear
traight crack with general applicability to the geometry typical
f 3D printed flexible electronic devices that span from thin
embrane-like films to thicker plate-like films.
This research was undertaken with two clear aims in mind.

irst, we wanted to demonstrate the conditions under which
elamination failure can happen in highly flexible electronic
ystems consisting of polyimide-silver interconnects on a poly-
imethylsiloxane substrate. The focus was on utilizing aerosol
et 3D printing (AJP) to create circuits with different intercon-
ection geometries to identify the conditions under which vapor
riven delamination can occur. The second aim was to obtain
mechanistic understanding of this problem by developing a
arameterized crack model to develop ‘delamination mecha-
ism maps’ for flexible electronics; and use this knowledge to
rovide design guidelines to avoid delamination. To verify the
arameterized straight crack model and extend the applicability
o meandered geometry, two finite element (FE) models were
eveloped and compared against the nonlinear theoretical model.

. Experimental methods

aterials: The stretchable electronic system consisted of poly-
imethylsiloxane (PDMS) base, sintered silver nanoparticles as
he conductor, and polyimide (PI) as the encapsulant material
around the conductors) as shown in Fig. 1. The PDMS material
Sylgard 184, Dow Corning Corporation, Midland, MI) was pre-
ared by mixing base elastomer and curing agent at a ratio of 20:1
y weight followed by degassing. The interconnect conductor was
abricated using silver nanoparticle ink (Prelect TPS 50, Clariant,
rankfurt, Germany). The nanoparticle size in the ink was 30–
0 nm, while the silver particle loading in the ink was 40 ± 2

weight %. The ink was diluted with deionized water at a ratio
of 3:1 (ink:water) by volume prior to printing. The PI precursor

resin (PI 2574, HD MircroSystems, Parlin, NJ) was mixed with

2

N-Methyl-2-pyrrolidone (NMP) as a solvent at a ratio of 2:3 by
volume.

Sample Fabrication: The flexible electronic system chosen for
this study consisted of a PDMS base, and AJP silver nanoparti-
cle interconnects with different widths encapsulated by top and
bottom PI layers. The schematic of the construction is shown in
Fig. 1A. First, the mixed PDMS base and curing agent was spin-
cast onto a silicon wafer having a polyacrylic acid (PAA) release
layer following the procedure outlined in our earlier work [34].
The AJP (AJ 300 Optomec Inc, Albuquerque, NM) was used to
print the PI and silver interconnects. The AJP has pneumatic and
ultrasonic atomizers that convert the ink into aerosol droplets
which is carried to the print head with a carrier gas (N2). This
aerosol laden gas is then focused at the print nozzle using a
separate sheath gas, again N2, capable of focusing the aerosol
stream to print features down to 10 µm [35,36] depending upon
the nozzle size and gas flow parameters. The nozzle size, carrier
gas flow rate, sheath gas flow rate, and atomization method all
affect the feature size and quality, and several reports have inves-
tigated influence of each of the parameters [37–40]. To print PI,
the pneumatic atomizer was used along with a 300 µm diameter
nozzle, a sheath gas flow rate of 80–100 sccm, and a carrier gas
flow rate of 40–50 sccm. The PI layer was then cured in a vacuum
chamber at 1 Torr for 3 h at 300 ◦C with a rapid temperature
ramp rate. These curing/sintering process conditions were the
same for each layer and illustrated by Fig. 1B. Silver nanoparticle
ink was then printed directly onto the cured PI layer utilizing
the ultrasonic atomizer and a 150 µm diameter nozzle, a sheath
gas flow rate of 45–50 sccm, and a carrier gas flow rate of 25–
30 sccm. After sintering the silver (conditions shown in Fig. 1B),
another layer of PI precursor was printed on top of the silver to
encapsulate the silver interconnects in PI. The top PI layer was
then cured, under the same processing conditions as the bottom
PI layer, to complete the fabrication of the stretchable electronic
platform. Samples were fabricated with varying the PI thicknesses
controlled by the number of overlapping print passes. In total, 21
samples were fabricated with 8 samples each printed with one
(2 µm) and three (6 µm) passes of PI, and 5 samples printed
with two (4 µm) passes of PI. An SEM image (Quanta 600, FEI,
Hillsboro, OR) of the printed bottom PI, silver interconnect, and
top PI layer is shown in Fig. 1C, while the profilometer scans
(Dektak 3, Bruker Corporation, Billerica, MA) of the individual
layers are given in Fig. 1D.

Analytical Model and Finite Element Analysis: Nonlinear von-
Kármán plate theory was utilized to model the delamination as
will be discussed later. To validate the analytical model, two FE
models were developed. The first FE model was designed as a 1:1
comparison with the analytical model to validate the deflection
and strain energy results. A 2D analysis was conducted in ANSYS
(Ansys Inc., Canonsburg, PA) with boundary conditions shown in
Supplementary Information, Fig. S1. The void volume was calcu-
lated by summing the deflections of the surface nodes along the
crack. Vapor starvation was detected (described in Section 3.3)
and the input pressure was iteratively changed until the error of
pvsV and naRT was less than 0.1%. The deflection of the midline
nodes, reaction force in the x direction transverse to the inter-
connect, and strain energy were outputs of interest. The second
model was developed to capture more of the complexities that
were not modeled in the analytical model including the presence
of the silver interconnect, the meandering geometry, nonlinear
material properties, and crack growth. A 2D axisymmetric model
was developed with the cracks in a meandering pattern, i.e., a
distance ‘r’ away from the center of the axis around which the
meander revolves (Fig. S1). The silver layer was included to match
with the profile as shown in Fig. 1D. The interface between the
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Fig. 1. Schematic of aerosol jet printing with electrical interconnect design and process flow. (A) Schematic of aerosol jet printing where ink is atomized in the vial
and carried towards the print head where ink is directly patterned on the substrate. The cross section of the meandering silver electrical interconnect embedded in
PI is shown in the inset image. (B) Sintering and curing profiles for each fabrication step (1) spinning PDMS and release layer onto silicon wafer followed by (2)
printing of the base layer of PI, (3) printing of silver, and (4) printing of the top layer of PI. (C) Representative SEM image of the PI-encapsulated silver interconnect
printed on a PDMS platform. Bar: 50 µm. (D) Profilometer scans on a silicon substrate of a printed silver profile, and printed PI profiles with varied number of
rinting passes. The solid lines are the average of three scans at different locations along the trace, and the shaded envelope shows the minimum and maximum
xtent of the scans.
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op and bottom layer of PI was modeled with shared nodes that
ould separate if the critical energy release rate criterion was
et. The critical energy release rate is a material property, or

n the case of interfacial delamination, a function of the bond
trength. The virtual crack closure technique (VCCT) was utilized
o calculate the energy release rate, G. The vapor pressure and
oid volume were calculated at each sub step, and if the vapor
tarvation condition was met, the simulation was stopped. Both
he inner edge and outside edge of the crack were allowed to
row, and the energy release rate for each crack edge was calcu-
ated independently, allowing a comparison with the theoretical
eander model.
Identical material properties were used in analyzing both the

nalytical and FE models and are discussed below. For thermoset
olymers such as PI, a linear decrease of modulus with increasing
emperature up to the glass transition temperature has been
eported. Therefore, the elastic modulus of PI at 300 ◦C was
linearly extrapolated from the datasheet and taken to be 1.72
GPa; with a glass transition temperature of 320 ◦C [41]. The PI
moisture uptake was taken to be 2 % from the manufacturer
data sheet [42]. Poisson ratio for PI was taken to be 0.34 [41].
The bond strength for two PI layers, both cured at 300 ◦C, was
measured to be 30 N/m using T-peel test [43]. The T-peel test
generally includes plastic energy dissipation, in addition to the
interfacial fracture. Although the blister delamination modeled in
this work is expected to include some plastic deformation, we
take the critical energy release rate, Gc , to be 30 J/m 2, which is
expected to be the upper bound of the fracture energy. For silver,
the Poisson ratio was taken to be 0.37 and an elastic modulus
of sintered silver film was taken to be 2.3 GPa from our earlier
work [44]. For silver and PI, the tangent modulus was taken to be

about 10 % of the elastic modulus. a

3

3. Results and discussion

3.1. Delamination observations

Fig. 2 shows optical and SEM images of the polymer–polymer
delamination observed in this work. The delamination was ob-
served between the bottom and the top PI layers, with the silver
interconnect in between. As shown in Fig. 2C, the width of the
silver interconnect line at the ends of the stretchable circuit was
about 50 µm, while that at the center was 30 µm. We observed
hat the delamination happened only for the section of the circuit
here the silver interconnect width was about 50 µm (created
y 3 side-by-side passes of AJ printing) and not for a width of
0 µm (created by a single pass) as shown in Fig. 2C. We note
hat optical images were taken of the samples between every
rocess step (Fig. 1B), and delamination was observed to occur
uring the cure of the final layer of PI, but only for samples
ith the thickest PI layers (i.e., with 3 printing passes). Of the
samples with the thickest top and bottom PI, a total of three

amples showed delamination. For 13 other samples with thinner
I, we did not observe any delamination (see Fig. 2A for a repre-
entative SEM image). We also observed that the surface of the
ilver interconnect (Fig. 2B, also see Fig. 1C) shows characteristic
urface roughness due to sintered nanoparticles. The measured
rofiles of the PI thicknesses are shown in Fig. 1D and were
sed in the models described later. Fig. 2B shows SEM images of
he delamination, with insets showing high magnification images
hat clearly illustrate polymer–polymer delamination with the
ilver interconnect in-between.
The polymer–polymer delamination shown in Fig. 2 is ob-

erved to occur only for thick PI layers and only at the locations
here the metallic interconnects were widest (e.g. Fig. 2C). These
bservations led us to hypothesize that the silver interconnect

cted as the crack initiation sites with the silver width acting
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Fig. 2. Delamination between PI layers of prototype stretchable interconnect. (A) SEM image of bonded sample with a single print pass of PI on the top and bottom
ayers encapsulating the silver. (B) SEM image of delaminated sample with three printing passes of PI comprising the top and bottom layers encapsulating the silver.
C) An optical image, taken after final cure, of the entire printed interconnect. The delamination region is limited to the two ends where the silver trace is 50 µm vs
0 µm wide after the final cure. Inset: transition region from wide to thin silver, image taken before final cure. All scale bars are 500 µm unless otherwise noted.
s the initial crack length. Further, we also hypothesize that the
bsorbed moisture could diffuse to the PI/silver interface and va-
orize; providing the necessary force required for delamination.
hicker PI would allow for a higher level of available vapor and
higher crack driving force. When the critical energy release

ate, Gc , is reached, the delamination is expected to occur. Before
odeling the system with the above hypotheses (Section 3.3), we

nvestigated the possibility of thermoelastic strain-energy driven
elamination in our system (Section 3.2).

.2. Thermoelastic strain energy model for delamination

The first hypothesis tested was that the cooling of the multi-
ayered interconnect from its curing temperature (300 ◦C) to
room temperature would induce a significant elastic stress due
to the thermal mismatch of the multiple materials present in the
stack up. This stress can then be relieved when the crack prop-
agates, and the top layer of PI and silver delaminates (Fig. 2B).
The strain energy available in the top PI layer and silver layer per
delaminated area is then the energy release rate, G. While the
energy release rate for thermoelastic strain driven delamination
was determined to be insufficient to cause the delamination
observed in the interconnects in this work, the thermoelastic
model is presented here for use when analyzing interconnects
with thicker layers where thermoelastic strain energy may be the
dominate driver for delamination. A thermoelastic strain model
4

was developed to determine the strain energy available in the
silver and top PI layer assuming a zero-stress state at the cur-
ing temperature, thin film assumption, and no applied external
forces. The delamination region and the multilayer stack up mod-
eled is shown in Fig. 3A. The model is a 1D model where the
thicknesses of the layers, hi, are varied between the different
layers, and the width of the layers, w, and the length of the
system, l, are normalized [15]. Each layer experiences a surface
force from its neighboring layers as shown in Fig. 3B. Because
stack up is not constrained by any external forces, the top and
bottom layers only experience an interfacial force from its single
neighbor. These interfacial forces are equal biaxial shear forces,
and by making a thin film assumption, the shear stress can be
assumed to be equally distributed along the length of the stack
up and the bending moment inside of the film can be assumed to
be small. Then, the shear forces from both neighboring layers can
be summed together along the length of the film to determine an
equivalent normal force available to elastically strain the layer to
match the total strain of the system, εtot . Each layer has the same
total strain εtot because they are attached, but the elastic strain
εel,i and thermal strain εth,i in each layer are different depending
upon the material properties and geometry as described by,

εtot = εel,i + εth,i =
Fi − Fi−1

AiE ′

i
+ αi∆T (1)

where m is the total number of layers, αi is the coefficient of
thermal expansion, ∆T is the change in temperature, A is the
i
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Fig. 3. Thermoelastic and vapor driven delamination model. (A–B) The thermoelastic model has a multilayered stack up (A) matching that of the experimental design
ith the modeled delamination surface in the hashed area between the Ag and bottom PI layer. (B) Exploded free body diagrams for the layers. The interfacial forces
re summed over the length from both neighboring layers to form the equivalent axial force from the assumption that the layers are thin. The interfacial forces arise
rom the thermal expansion differences of the materials and develop the elastic strain energy in each layer that is available to delaminate the surfaces. (C–D) The
apor driven model consists of the top and bottom layer of PI shown in (C) where the bottom layer of PI is saturated with water moisture. This water moisture is
hen able to diffuse to the boundary with silver and vaporize in the voids between the rough surface of the sintered silver and the PI as shown in the inset image.
he area directly below the delaminated surface (purple region in C) is the volume of saturated PI available to deliver water to the crack void area. The crack is
onsidered to be straight and long in the z direction as shown in (C). The corresponding free body diagram for the vapor driven model is shown in (D) for the
eformed state of the top layer of PI. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
ross sectional area, E ′

i = Ei/(1−vi) is the biaxial elastic modulus
to account for the equal biaxial stress state, and Fi and Fi−1 are
the surface forces of the ith layer. Due to the boundary condition
that there are no external forces, F0 and Fm are equal to zero. The
interfacial forces and total strain are unknowns and there are an
equal number of equations, allowing the system of equations to
be solved to obtain the elastic strain energy in both the top PI
layer and silver layer. The energy release rate, G, is then the sum
of the change in elastic strain energy of the silver layer and top
PI layer [45].

G =
∂Uel

Ag

∂Ad
+

∂Uel
PI

∂Ad
(2)

where
∂Uel

i

∂Ad
=

(1 + vi)
2(1 − vi)

Eiε2
el,ihi (3)

and Ad is the delaminated area.
The full model development and results are shown in Sup-

plementary Information, Section S1. The available energy per
unit area for delamination increases linearly with increasing PI
thickness as a result of hi in (3) and is 0.46 to 1.01 J/m2 for PI
having thicknesses of 2 µm and 6 µm, respectively. These values
re over an order of magnitude lower than that required for de-
amination (30 J/m2) [43]. In a system where the layer thicknesses
re significantly larger, the thermoelastic strain energy will play
significant role in delamination. In the current case, however,

he available strain energy is unable to drive the experimentally
bserved delamination. We thus reject the hypothesis that the
5

delamination observed in Fig. 2 is driven by thermoelastic strain
energy in the flexible electronic interconnect system.

3.3. Nonlinear von-Kármán plate model for delamination

The hypothesis that the delamination shown in Fig. 2 is driven
by vapor pressure in the system was tested with a nonlinear
vapor driven delamination model. The model begins by con-
sidering the cross section of the meandering interconnects as
shown in Fig. 3C. The inset in Fig. 3C shows the top PI layer,
the silver interconnect, and the bottom PI layer. Note that PI is
a hygroscopic material capable of absorbing 2 % of its mass in
water under at room temperature and humidity, and the moisture
absorption into the bottom PI layer is expected to be governed
by Fick’s law [46]. For the length scales investigated in this paper
(e.g. Fig. 1D), the absorbed moisture can reach saturation levels
at room temperature and humidity within an hour as shown in
Supplementary Information, Section S2 and Fig. S3 [24,47]. This
time scale is within the range of wait times in our fabrication
process shown in Fig. 1C. The moisture from the bottom PI layer
directly under the crack surface is assumed to diffuse to the silver
interface (i.e. initial crack) at high temperature occurring during
the curing stage. Note that at the boundary between the silver
interconnect and PI, there are voids due to the surface porosity
of sintered nanoparticles as mentioned before, which allow the
moisture to vaporize and create pressure at the boundary as
shown in Fig. 3C.

We next consider the initial crack surface to be between the
silver and the bottom PI layer. This assumption comes from
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he experimental observation of the crack interface observed in
ig. 2B and this sets up the model shown in Fig. 3D. Because the PI
t both sides of the silver along the x direction are fixed, a tensile
eaction develops as the thin film is stretched during the bending
eformation. On one extreme of the dimensional combinations
n our experiments, a wide silver trace (50 µm) with a thin PI
ayer (2 µm) results in a membrane like behavior where the
ensile stresses dominate. On the other extreme, a narrower silver
race (30 µm) with a thick PI layer (6 µm), results in a case
here the bending stresses are most significant. To consider both
he membrane stresses and the bending stresses, the nonlinear
on-Kármán plate theory is utilized to have a unified model for
he entire parameter set. Models of this type do not have exact
olutions, but Timoshenko [48] provides a near exact solution for
his one-dimensional case that requires only a simple root finding
umerical method. The membrane stress, σm, bending stress, σb,
nd transverse deflection, w, are

m =
S
h

=
Du2

a2h
(4)

σb =
12Dy
h3

d2w
dx2

=
12a2py
h3u2

(
ucsch (u) cosh

(ux
a

)
− 1

)
(5)

w =
pa2

(
a2 − x2

)
2Du2 −

pa4

Du3 tanh u

(
1 −

cosh ux
a

cosh u

)
(6)

where p is the vapor pressure, a is the half crack length, h is the
hickness of the plate, y is the distance from the plate centerline, x
s the distance from the blister center, D is the flexural rigidity of
he plate, and S is the developed tensile reaction force. The second
erm in (6) describes the contribution of membrane stresses. The
irst term of the transverse deflection in (6) is similar to the
eam theory result with the addition of the simplifying term, u,
escribed as

2
=

Sa2

D
(7)

This term links the flexural rigidity to the developed tensile stress
and is dependent on the geometry, pressure applied, and material
properties being modeled. The solution for the u term is found
by applying fixed boundary conditions at both end points in the
x direction. Therefore, the extension of the film by the tensile
reaction force S in plane strain is equal to the difference between
the length of the deformed curve and the initial crack length 2a
hich is

εm =
Sh2a
12D

=
1
2

∫ a

0

(
dw
dx

)2

dx (8)

After substituting (6) into (8) and performing the differentia-
tion and integration, (8) can be rearranged into the following
relationship.

D2h2

p2a8
= −

9
u7 tanh u

−
3

u6 sinh2 u
+

12
u8 +

2
u6 (9)

For a given pressure, material, and geometry, u can now be
found. While (9) gives an analytical relationship for u, numerical
methods such as a root finding method must be used to solve for
u in order to get the stresses (4) and (5) and the deflection (6).

The strain energy, Uel, can now be found by noting that the
stress contributions from (4) and (5) in the delaminating plate
are both normal in the same direction and can simply be added
together to find the total stress on a differential element. The
strain energy density is then integrated over the entire volume
to find the strain energy

Uel
=

Dh3 ∫ h
2

−h

∫ a

(σm + σb)
2 dxdy
12
2 0

6

=
Dh2u4

12a3
+

a5p2
(
u2csch2u + u coth u − 2

)
2Du4 (10)

The energy release rate, also known as crack extension force, is

G =
1
2

(
dUel

da

)
p

(11)

here Uel is given by (10). Eq. (11) can be numerically solved
sing the finite difference method but does not have an exact
olution, because u is dependent upon a. The derivative in (11)
ay be taken at constant pressure or constant displacement

esulting in equivalent energy release rate determinations when
he change in crack length is small, but the constant pressure
ondition is most easily implemented in this case because p
ppears explicitly in (10).
In vapor pressure driven delamination, the absorbed water is

iffused from the bottom layer of polymer to the boundary with
he silver and evaporated into the micro voids at high tempera-
ure during the final cure step. The ideal gas law can be used to
elate the developed pressure and volume per unit length, V, of
he void given the temperature, T, and available water molecules.

V = naRT (12)

here R ≈ 8.314 J·K−1 mol−1 is the ideal gas constant. The total
umber of absorbed water molecules per unit length available,
a, to fill the void is assumed to be contained in the bottom
ayer of polymer directly under the crack area, which is shown
n Fig. 3C as the purple region. The total number of absorbed
ater molecules per unit length available can then be described
y geometric terms

a = 2ahb

(
ρpolywt%
MmolH2O

)
(13)

where hb is the bottom polymer thickness, ρpoly is the density of
the polymer, wt% is the weight percentage of water absorbed,
and MmolH2O is the molar mass of water. Vapor pressure will
reach saturated steam pressure, psat (T ), if there is enough water
present. However, if the deflection of the blister is large, the
void volume may grow large enough where there is not enough
water absorbed in the polymer to reach saturated steam pressure
(i.e. psatV > naRT ). This region is called the vapor starved region,
and in this case the pressure will be less than psat and will depend
on the void volume and moisture content under the blister. The
void volume of the blister is

V = 2
∫ a

0
wdx =

a5p
(
u2

− 3u coth u + 3
)

3Du4 (14)

ombining Eq. (14) with Eq. (12) and solving for p, the pressure
in the vapor starved region is

pvs =

√
3Du4naRT

a5
(
u2 − 3u coth u + 3

) (15)

The saturated vapor pressure is simply a function of temperature
and can be found in steam tables. The vapor starved pressure, pvs,
however, is a function of u, which in turn is a function of pressure
and must be found numerically; again, possibly implemented
with a root finding method. The internal blister pressure is found
for both the saturated and vapor starved conditions:

p =

{
psat if psatV ≤ naRT
pvs if psatV > naRT

}
(16)
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Fig. 4. Energy release rate vs crack length, and PI layer thickness (A) The surface plot shows the mapping of the energy release rate varying both the crack length,
in this case 2a which is initially the silver width, and the PI layer thickness, where the top layer and bottom layer are the same thickness matching our test samples.
(B) Holding the PI layer thickness constant, three curves are shown from the surface plot matching the thickness of the PI in test samples. (C) Holding the crack
length constant, the effect of continuously increasing PI layer thickness is shown for various crack lengths, 2a.
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.4. Modification of model for serpentine delamination geometry

The model in Section 3.3 assumes that the interconnect is
traight, i.e., has an infinite radius of curvature (Fig. 3C). The
eometry of the interconnect in our experiments, however, is
erpentine (Fig. 2). This geometry is incorporated into our model
y considering the difference in energy release rate separately on
he inner side of the interconnect (Gi) vs the outer side of the in-
erconnect (Go). For curved interconnects, the total strain energy
ontribution to the numerator of (11) increases by a factor of 2πr ,
ue to the out-of-plane dimension being axisymmetric instead of
artesian (i.e., normalized to unity), with r being the radius of
urvature. The differential crack growth area (the denominator
f (11)), changes from 2∂a to 4π (r − a) ∂a for the crack face on
he inner edge of the serpentine, and 4π (r + a) ∂a for the crack
ace on the outer edge of the serpentine. Inserting these values
nto (11), an estimation of the differences between the inner and
uter crack extension forces are:

Gi =
2πr

4π (r − a)
∂Uel

∂a
=

r
(r − a)

G

Go =
2πr

4π (r + a)
∂Uel

∂a
=

r
(r + a)

G
(17)

.5. Model prediction and comparison with experiments

Fig. 4 maps the energy release rate, G, as predicted by the
nalytical model as a function of two critical dimensions of the
roblem. The first dimension is the PI thickness, which in this
ase is set equal for both the top and bottom layers. The second
imension is the initial crack length, 2a, which is the width of the
7

ilver interconnect lines. The black isolines in Fig. 4A represent
onstant thickness and constant crack length. The crack length
nd PI thickness isolines are then plotted in Fig. 4B and 4C,
espectively.

Fig. 4B shows the energy release rate increasing with initial
rack length for both the 4 µm and 6 µm-thick PI. From Fig. 4B,
t is interesting to note that only the 6 µm-thick PI sample crosses
he critical energy release threshold at a 76 µm crack length,
ignaling the onset of delamination. This result is consistent with
he experimental observation that only samples with thicker PI
6 µm thick) delaminate during the curing of the top layer of
I. In experiments, the samples with a PI thickness of 2 µm and

4 µm did not show any delamination. This strong match between
the model and experiments provides confidence regarding the
hypothesis of the delamination mechanism as well as the model
developed in this work. We note, however, that the delamination
threshold is reached at an initial crack length of 76 µm, which
is higher than the 50 µm maximum silver width observed in
experiments (Fig. 2C). The model shows that the energy release
rate for an initial crack length of 50 µm is 20.5 J/m2. This minor
difference between our experimental observations and the model
can be attributed to PI thickness variation not captured in model,
material property variations from reported values at the specific
temperature, and moisture loading of the PI layer. The trend
predicted in Fig. 4, however, is consistent with the observed
experimental delamination represented in Fig. 2.

In Fig. 4B, the energy release rate reaches a limit and starts
decreasing at crack lengths of 59 µm and 88 µm for the 4 µm and
6 µm-thick PI films, respectively. The energy release rate then
flattens and converges to a value as the crack length increases.
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Fig. 5. Delamination Mechanism Maps (A) The surface plots show the mapping of the energy release rate varying both the top and bottom PI thickness for two
different crack lengths. The blue surface on both plots is the critical energy release rate of 30 J/m 2 and the isolines are highlighted in black at the critical energy
elease rate. Any portion of the surface higher than the critical energy release rate will delaminate. These isolines are then plotted in (B) for each silver width or
rack length (2a) to create a design map of regions with and without delamination for all three geometric parameters. The delamination region is highlighted in
lue as an example for the 60 µm crack length. (C) Individual graphs hold the top layer of PI constant, while showing curves for three different thicknesses of the
ottom layer of PI. (D) Individual graphs hold the bottom layer of PI thickness constant, while showing curves for three different thicknesses of top PI. Part (C) and
D) show the individual effects of the top and bottom PI thicknesses in the vapor starved and vapor rich region along with the critical energy release rate of 30 J/m2

hown by the dotted line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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his limit is the onset of vapor starvation described by (16), where
here is no longer enough moisture to maintain the saturated
team pressure. Reducing the available moisture is then a critical
tep in reducing the likelihood of delamination by limiting the
nergy release rate in the vapor starved region. This can be
chieved by several methods such as incorporation of a drying
tep prior to the final high temperature cure, utilizing a polymer
ncapsulant with a lower moisture update, or by reducing the
hickness of the bottom polymer layer.

Vapor starvation occurs at a smaller crack length for thinner
ayers of PI, as shown in Fig. 4B, for two reasons. First, there
s less moisture available for a given crack length, because the
ottom layer of PI is thinner and therefore has less total moisture
bsorbed. Second, the deformation for thinner top PI layer (small
) at the same pressure is larger, creating a larger void for the
apor to fill at the same crack length. This is exemplified by the
µm-thick PI, where it becomes vapor starved at 30 µm and

onverges to a lower energy release rate of approximately 10
/m2. Therefore, the top and bottom PI layer thicknesses have
ifferent effects on the developed energy release rate and can be
nvestigated independently.

Fig. 5 shows the effect of independently varying the bottom
nd top PI thicknesses on the energy release rate. The surface
ap in Fig. 5A shows the energy release rates for two different
8

crack lengths of 60 µm and 80 µm, where the top and bottom
PI thicknesses are varied from 1 µm to 10 µm. Both surfaces
indicate two distinct regions: the vapor starved region and the
vapor rich or saturated region. The vapor rich region is wavy with
larger energy release rate and has no dependence on the bottom
layer of PI, except to form the boundary where it becomes vapor
starved. This is shown in Fig. 5C where the top PI layer thickness
ht is held constant, and three curves for different bottom PI
thicknesses hb overlap until reaching the vapor starvation region.
hen, once the vapor starvation region is reached, the energy
elease rate slowly decreases and converges to a value which is
etermined largely by the bottom layer of PI. This is shown in
ig. 5D more clearly, where the bottom PI layer thickness is held
onstant in the three different graphs. The energy release rate in
he vapor starved region is nearly independent of the top layer
f PI as the curves converge to a single value independent of
rack size and top PI thickness. Furthermore, the magnitude of the
onverged energy release rate in the vapor starved region is only
ependent on the thickness of the bottom layer of PI. The energy
elease rate is then determined by the available moisture to fill
he voids and can be limited to a maximum value – independent
f crack size – if the moisture loading can be reduced in the
ottom layer of PI to the point of vapor starvation.
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Fig. 5B represents a delamination mechanism design map link-
ing the three geometric parameters of silver interconnect width,
top PI thickness, and bottom PI thickness to the likelihood of
delamination of any of those combinations. This delamination
map is created from the isolines in Fig. 5A where the surface
intersects with the critical energy release rate, signifying the on-
set of delamination. Additional isolines of critical energy release
rate for different crack lengths are plotted in Fig. 5B to complete
the map. The area filled in with blue represents conditions where
delamination is likely to initiate for crack lengths or silver widths
of 60 µm. Design guidelines to reduce the energy release rate
can be extracted from this mapping and include reducing the
bottom PI thickness to reduce the moisture available, increasing
the top PI thickness to increase the mechanical stiffness of the
system which results in less strain energy for a given pressure,
and printing smaller silver interconnect widths to reduce the
initial crack length.

3.6. Validation of analytical model by finite element modeling

The analytical model described in Section 3.3 captured both
the bending and tensile stresses developed in thin polymer films/
plates arising from a non-linear behavior. The model, however,
still makes important assumptions such as small angle approx-
imations, and no contribution from shear stress. While these
assumptions are widely made with good results on the maximum
stress developed, an accurate deformation result is important for
determining the energy release rate in this model. In this section,
the results from the FE models (see Methods, and Fig. S1) are
compared against the analytical model to investigate the signif-
icance of these simplifications. Fig. 6 compares the maximum
displacement wmax, the tensile vs bending reaction characterized
by the parameter u, and the energy release rate, G, between the
nalytical model and the FE model. The displacement comparison
n Fig. 6A shows that the analytical model captures the nonlinear
ehavior shown by the FE analysis. The same trends are captured,
ith the FE model predicting a more rapid increase of maximum
isplacement, which in turn, affects the energy release rate G
hown in Fig. 6C. Once the vapor starved region is met, both
odels show the limit and reduction of the energy release rate.
he nonlinear stress distribution is precisely captured as shown
n the comparison for the u parameter in Fig. 6B. This shows that
he bending and tensile stress reactions are developed similarly
n both the FE model and the analytical model as the deformation
ncreases due to a larger crack length or higher pressure. This
xcellent agreement gives strong confidence that the paramet-
ic analysis of vapor delamination in printed electronics can be
arried out using the analytical framework described earlier.
The second FE model incorporating the meanders is shown

n Fig. 6D–F and shows the crack growth as pressure is applied
o the crack surfaces. In Fig. 6D, when the crack is just starting
o grow as the void is pressurized, all deformation is elastic and
eversable. In the next step Fig. 6E, the crack is just about to grow
n the inner edge as the pressure has increased to 0.92 psat and
he inside edge and outside edge have energy release rates of 29.7
nd 27.9 J/m2, respectively. These values are larger than both the

first FE model and analytical model, where the predicted energy
release rates are 25.3 and 20.5 J/m2, respectively. This difference
may be due to the presence of the silver interconnect, and the
‘elastic hinge’ boundary formed between the edge of the thin film
and the bulk rather than the fixed boundary condition in both
the analytical model and first FE model. The theoretical meander
model in (17) estimates that the energy release rate on the inner
face, Gi, to be 8.7 % larger than Go, and the FE analysis calculates
hat it is 6.5 % larger. Fig. 6F then shows the progressive growth
f the crack where the preferential direction is on the inside edge.
9

The plastic strain after crack growth is through the thickness of
the top PI layer, indicating significant plastic deformation, but not
enough to rupture the blister. Despite the added complexity of
the meander FE model, the close agreement between the absolute
and relative values of Gi and Go lend confidence to both the
analytical model and the theoretical meander model developed
in this paper.

3.7. Design implications

Several important design guidelines come out of the results
discussed in previous sections. Careful design of the geometry of
the printed interconnections, the fabrication process parameters,
and the materials all have an impact on reducing the likelihood
of delamination. Geometric design guidelines along with insights
related to process parameters and material choice can be eluci-
dated from the geometric parameter models investigated in this
paper. Design guidelines to mitigate vapor driven delamination
are highlighted below:

• Reduce moisture availability by

◦ Reducing thickness of the bottom encapsulant layer
◦ Incorporating a drying step before final cure in oven
◦ Utilizing encapsulant with low moisture uptake

• Reduce width of printed nanoparticle-based traces to de-
crease the initial crack length

• Increase the thickness of the top layer of encapsulant layer
• Increase the meander radius, and
• Decrease the curing/sintering temperature

Reducing the moisture available is the most effective way to
mitigate vapor driven delamination in flexible and stretchable
electronics, and can be addressed with geometric design, process
design, and material choices. Introducing a drying step or slow
temperature ramp is perhaps the most easily implemented de-
sign change to reduce moisture availability, as it only requires
simple oven temperature control and a short time period to
drive off moisture before reaching the final curing or sintering
temperature. Reducing the width of the printed nanoparticle-
based trace is a geometric design parameter that can be changed
to address delamination, but design changes in the conductor
geometry may affect the electrical performance. If possible, con-
ductor cross sections with higher aspect ratio will decrease the
likelihood of vapor driven delamination while maintaining re-
quired electrical conductance. Increasing the thickness of the top
polymer layer is another geometric design consideration as the
increased bending resistance reduces the energy release rate for
smaller cracks where the bending stresses dominate. However,
increasing the thickness of the top polymer layer also increases
the thermoelastic driven energy release rate. Increasing the me-
ander radius can also mitigate delamination, but also impacts the
areal footprint of the interconnection and can impact conductor
densities. Decreasing the sintering/curing temperature will signif-
icantly reduce the maximum vapor pressure and proportionally
reduce the thermoelastic strain to drive delamination. However,
changing the sintering temperature may limit choice of material
for the conductor or the sintering method [49] and may affect the
mechanical and electrical properties of the interconnect. These
considerations will help the flexible and stretchable electronics
industry as this field moves increasingly from research phase to
production.
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Fig. 6. Finite element model results and comparison with analytical model. (A–C) Compares the analytical model to the direct comparison FE model. (A) Comparison
of the maximum displacement wmax at the center of the blister. (B) Comparison of the u factor, which determines whether the deformation behavior in the blister
s membrane or plate dominated. (C) Comparison of the energy release rate development between the two models also showing the critical energy release rate
f 30 J/m2 . (D–F) Results of the progressive crack growth model with meander geometry. Growth of the crack is shown in (D–F) for a PI thickness of 6 µm and
ilver width of 50 µm where (D) the crack is just opening due to a lower pressure, (E) the crack is just about to grow, and (F) the crack has preferentially grown
owards the inside edge. The energy release rate just before growth in (E) is Gi = 29.7 J/m2 and Go = 27.9 J/m2 . The plastic strain εpl is displayed by the color map
nd shows minor plastic strain just before crack growth (E) and not completely through the thickness of the top PI; contrasting with (F) where plastic strain has
ccurred across the thickness of the PI after initial delamination. (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)
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. Conclusion

Delamination is observed in a 3D printed flexible electronic
latform between two polymer layers, with a nanoparticle-based
etallic interconnect acting as the crack initiation site. This prob-

em is analyzed using a nonlinear fracture model with vapor
ressure as the driving force for delamination. The results from
he analytical model are consistent with experimental obser-
ations and are verified through FE modeling. The parametric
odel gives ‘delamination mechanism maps’ for flexible and
tretchable electronics where two regimes described as vapor
ich and vapor starved control the delamination. Transitioning
rom the vapor rich to vapor starved region, the energy release
ate is limited and dominated by the moisture availability rather
han the top film thickness and initial crack size. Designing a
lexible and stretchable interconnection geometry and process
n the vapor starved regime is therefore critical in reducing the
ikelihood of delamination. Delamination mechanism maps and
esign guidelines are presented to reduce the energy release rate
n both vapor pressure and thermoelastic driven delamination.
he metallic interconnection width is shown to be the second
ost critical dimension by both experimental observation and
arametric model as the energy release rate can be reduced
y 77 % when the metallic width is reduced from 50 µm to
0 µm when all other parameters are kept the same. Meander
eometries are also investigated via a perturbation of the straight
rack model, and the inside edge of the meander is shown to
ave a higher energy release rate when compared to the out-
ide edge. These results provide important design considerations
or improving the reliability of printed flexible and stretchable
lectronic devices.
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