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Abstract
Flexible hybrid electronics (FHE) have been gaining interest in recent years as this technology has
the potential to become a low-cost, mechanically pliable sister technology for multilayer printed
circuit boards (PCBs). One of the limitations of rigid PCB is low endurance to mechanical
bending, this limitation poses a threat to the efficacy for wearable applications. During bending, a
substrate experiences both compressive and tensile stress. These stresses are similar in magnitude
but opposite in direction. This difference in directionality creates a non-linear stress gradient in a
via which impacts the structural integrity, endurance and bending reliability of a circuit during its
operation. Additionally, as flexible substrates can be bent to a higher bending radius, the
magnitude of maximum extrinsic stresses observed on flexible substrates could be higher than the
stress observed on rigid substrates. Hence, the reliability and mechanical compliance of
through-hole-plastic-vias for reliable flexible circuits need to be understood. In this study, we have
developed a process to create vias on flexible substrates using a rapid commercial laser (Nd-YaG
laser) to study the effects on via resistance due to three different variables—bending stresses, via
diameter and via length. A novel non-destructive approach (CT-scanner) was used to scan the via
structures and determine the filling for all via diameters from 50 to 450 µm and via lengths of 7, 10
mils. Two different configurations of vias were used to measure and analyze the effect of
mechanical cycling on via resistance and via filling. This demonstration of electrical and
mechanical testing of vias and novel methodologies for via filling, and via electrical resistance can
contribute to better design and fabrication guidelines of multi-layer FHE circuits.

1. Introduction

The development of complex flexible hybrid electron-
ics (FHE) devices can include multiple conductive
and insulating layers and is driven by demands for
multi-functional wearable and conformable applic-
ations [1, 2]. While the essential feature of a via is
the same as that used in rigid multi-layer printed cir-
cuit boards (PCBs) [3], there are additional design
considerations to support flexibility required in FHE
applications. Even in rigid/flexible traditional PCBs,
vias have been identified as one of the primary failure
node of devices when exposed to external [4] and/or

intrinsic stresses during normal operation. Further-
more, traditional FR-4 substrates used in PCBs have
not been designed for bending. However, one of the
primary objective of substrates for FHE is endurance
to high bending radii. Therefore, it is important to
investigate models and perform studies that are more
relevant for flexible substrates. This understanding
of the effects of bending on flexible substrates with
through-plastic vias (TPV) can enable more reliable
devices for IOT and wearable electronics.

Conductive via fabrication includes the construc-
tion of a via hole and hole filling/lining with conduct-
ive material. Typical methods of via hole fabrication
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include: (a) punching [5, 6], (b) laser micromachin-
ing [7, 8], and (c) laser drilling [8]. All these methods
have been employed for fabricating through-holes in
PCBs and in flexible substrates with modified para-
meters [9–12]. One of the modified parameters is
a lower laser power used for laser drilling through
softer flexible substrates than the rigid PCBs [10].
Commonly used substrates for FHE include organic
polymers such as polyethylene terephthalate (PET,
Young’s modulus = 2 GPa) [2, 13] and polyim-
ide (PI, Young’s modulus, cross linked PI polymers
have Young’s moduli ranging from 2.8 to 10 GPa)
[14, 15]. In contrast, the substrate frequently used in
rigid PCBs, known as FR-4 and related classifications,
has a Young’s modulus ∼21–24 GPa and consists of
fiberglass-reinforced epoxy laminates [16].

For FHE, conductive TPVs are typically filled
while screen printing the conductive traces. There-
fore, the via filling for TPV is dependent on multiple
material parameters including the (a) surface energy
of substrate, (b) surface tension of ink, and (c) ink
viscosity, and geometrical parameters such as (d) via
diameter and (e) via aspect ratio = height/diameter.
As the aspect ratio increases, it becomes more diffi-
cult to fill the via. Techniques used to increase the ink
throughput include (a) increasing the ink temperat-
ure [17], (b) vibrating the squeegee used in screen
printing [18], and (c) modifying the squeegee para-
meters [19]. Additional techniques include a com-
bination of electroless and electroplating similar to
plated through-hole filling in PCBs [20]. These tech-
niques can also be applied for FHE fabrication, how-
ever these methods add additional steps which makes
the process cumbersome and expensive from the per-
spective of high-volume device manufacturing.

Traditionally, via filling inspection has been per-
formed using scanning electron microscopy (SEM)
[21, 22]. This inspection filling provides a qualitative
estimate into via’s mechanical and electrical perform-
ance such as current carrying capacity [23], cross-
talk [24], and localized heating [25]. Via filling can
be calculated through the ratio of volume of mater-
ial filled inside the via to the total volume of the cyl-
indrical via. Sample preparation for SEM includes
sectioning and potting of the via [26]. This section-
ing could be performed using focused ion beam [27]
and/or sample milling. One of the disadvantages of
using these methods is the cracks caused by localized
heating [27] which may lead to loss of filled material.
Hence, non-destructive approaches are preferred for
via filling inspection. Approaches such as computed
tomography (CT), uses the principle of x-ray imaging
and restoration for examining different substrate lay-
ers and components, do not require sectioning and
are thus more suitable for vias on flexible substrate.

Stress factors such as bending can severely impact
the performance of a via and resultantly impact the
connected circuits reliability. Industry standards on
reliability testing of PCBs include (a) temperature and

(b) humidity cycling [28, 29]. These stress factors
can also affect the reliability of TPV. In addition to
these, another limitation to FHE device reliability is
the extrinsic stress induced due to bending. Bend-
ing stress on PCB can be damaging for substrate and
resultantly the circuit reliability. Modeling of such
stresses has been investigated for PCB and similar
investigations on FHE substrates becomes complex
because of the non-linearity in visco-elastic proper-
ties [30]. Therefore, the bending stress models avail-
able for PCBs cannot be applied implicitly for FHE.
As reported by Jonnalagadda et al [31], in PCBs the
elastic modulus and volume of the material filled in
the via are factors that impact the stress observed on
a via and can lead to via delamination. Therefore, it
can be inferred, there could be a direct relationship
between the bending stress and volume of the mater-
ial in TPV via. Additionally, bending stress induces
a strain on the via. This strain can be either a neg-
ative strain (concave/compressive side) or a positive
strain (convex/tensile). As described by Jonnalagadda
et al [31] the stress inside a via follows a non-linear
behavior. The stress is compressive on concave plane,
tensile on the convex plane and inside the via it trans-
itions from compressive to tensile. Therefore, directly
relating the strain to the via resistance requires extens-
ive calculations using non-linear finite element mod-
eling. Hence, investigation of parameters that control
the volume ofmaterial filled inside the via can provide
a simplistic insight in reliability of TPVs.

In this study, the effects of via diameter, substrate
lengths and via filling were used to evaluate themech-
anical and electrical reliability of through plastic vias.
Quantity and quality of via filling were evaluated for
different vias using a CT-Scanner. Cyclic strain tests
were studied to evaluate the effect of bending stress
on vias with different fillings. These investigations
present a detailed effect of factors that cause a change
in via performance based on via parameters such as
via filling and aspect ratio. This study was also exten-
ded to compare the via performance for 100% filled
vias and a similar trend of via reliability was observed.
These demonstrations of via filling calculation, test-
ingmethodologies and, bending analysis help provide
design guidelines of FHE circuits and devices.

2. Experimental procedures andmethods

2.1. Screen printing, inks and substrates
Screen printing was done using an automatic screen
printer (Model No: 293111, DEK Horizon 03i, USA).
Constant squeegee speed, squeegee pressure and sub-
strate plate’s vacuum were used for printing the
flexible silver ink and comparing the filling of all
the vias. Print/flood mode was used for print-
ing with a constant print speed of 10 mm s−1.
Screen printing was performed on different sub-
strates using squeegee pressure of 4.5 N. Print-
ing process conditions that were studied have been
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Figure 1. Fabrication process for via fabrication, (a) laser drilling vias, (b) screen printing silver ink on one side, (c) curing and
printing on the other side of the substrate, (d) printing on the other side to make a contact between the two vias. Images of
samples with (e) one via.

shown in supplementary section (available online
at stacks.iop.org/FPE/6/025001/mmedia). Each print
run was done using the print/print mode where each
run corresponds to two successive screen prints in
a back-and-forth motion. This method was chosen
because it maximizes the ink volume that can pass
through the screen in a single run.

The silver ink used in this study has 66% particle
content and a surface tension of 25 N cm−1, the
particle size of the silver in the ink ranges from 1 to
5 µm. The silver ink is cured at 112 ◦C for 20 min.
Flexible PET substrates with two different thickness,
7 mil (∼178 µm) and 10 mil (∼254 µm), were used
in this study. Both substrates have a surface energy
of 28 ± 2 mN m−1, measured using a contact-angle
goniometer (Model No. 250, Rame-Hart Instrument
Co., USA). Other characteristics of the substrate used
are high crease resistance and reworkability of the
substrate.

Figure 1 shows the protocol used for printing and
depositing the test sample. Figures 1(a)–(d) show the
four steps used in the fabrication of the test structure.
The detailed process steps are discussed below.

2.2. Via fabrication
2.2.1. Via hole fabrication
Hole construction on PET substrate is performed
using a laser ablation tool (figure 1(a)). Via holes
were laser drilled with a picosecond Nd-YaG laser
(Oxford Lasers, UK). Drilling using a laser requires
control of two parameters, (a) number of passes/steps
down and (b) laser power. Effective control of these
parameters results in a well-defined hole for the via
and less possibility of excessive heating and burn-
ing. Table 1 shows the different values of num-
ber of passes and laser power that were tested for
the two PET thicknesses. In this study, the num-
ber of passes corresponds to the number of times
the laser cuts the circular surface of the hole at a
fixed height. The step down is the incremental step
height used to cut the hole after the fixed num-
ber of cut passes are complete. The samples are
then washed with IPA and dried post-drilling since
the laser may cause burning and result in carbon
residue. Screen printing and subsequent curing of sil-
ver ink is done on both sides of the vias (figures 1(b)
and (c)).

3
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Table 1. Results for different attempts for cutting precise via holes in PET sheet.

Run #

Number of
passes/step
down (µm)

Laser power % (total
power= 3.25 W)

Expected hole
diameter (µm)

Observed mean hole
diameter (µm)/Shape
of hole (circular/
non-circular) Burning?

1 100/50 1 250 247/circular No
2 100/50 1 50 42/circular No
3 50/50 1 250 240/non-circular No
4 50/50 1 50 39/non-circular No
5 100/50 5 250 249/circular No
6 100/50 5 50 51/circular No
7 50/50 5 250 248/circular No
8 50/50 5 50 49/circular No
9 100/50 7.5 250 252/circular Yes
10 100/50 7.5 50 56/circular Yes
11 50/50 7.5 250 250/circular Yes
12 50/50 7.5 50 54/circular Yes

Table 1 shows the number of passes and laser
power that were used for cutting the vias. Drilling was
performed below 7.5% laser power to avoid burning
in PET. The final drilling configuration used for cut-
ting the via hole was 100/50 (number of passes/step
down (µm)) and 5%power. These values were chosen
because they provided the best cutting profiles using
the Nd-YaG laser.

2.2.2. Via hole filling
Via hole filling was done using screen printing in the
print/flood mode using the screen layout described
in section 2.1 (figures 1(b)–(d)). A constant squee-
gee pressure was applied on the screen and main-
tained by the screen printer. This allowed consistent
volumes of ink to pass through the screen in each
‘print’ pass.Maintaining the squeegee speed and pres-
sure are essential for maintaining repeatable filling in
vias. Different industry best practices were followed
for printing these vias, therefore all the relevant para-
meters were optimized before printing.

Syringe filling was used to fill via holes completely
irrespective of geometry to obtain a baseline for elec-
trical and mechanical measurements. In this method,
a syringe was filled with a conductive ink and a con-
stant pressure of 2.5 bar for 10 s was used to fill the
holes individually.

Figure 1(d) shows the final test structure with two
vias. The test patterns were also designed for a single
via (figure 1(e)). The one-via sample was used for cal-
culation of fill ratio, while the two-via samples were
used for via resistance measurement and averaging.

2.3. Via analysis and via filling estimation
Non-contact via analysis was performed using a CT
Scanner (CT-Scanner GE Model no.: V|TOME|X M
240). A diamond x-ray generator tube with 240 kV
microfocus was used for via filling inspection and
analysis. The software VG Studio max was used for
CT scan reconstruction and characterization of sil-
ver volume and via filling. The latter is accomplished

from the reconstructed 3D profile of the via which
contains a set of multiple 2D equidistant slices of the
whole via. The via filling is calculated using a cent-
ral 2D slice of the 3D reconstructed CT-scanned via.
ImageJ is used to extract the x and y coordinates of the
silver edges. These (x, y) coordinates are then conver-
ted into coordinates which are fitted into a parabolic
equation (f (x)). The silver volume, V silver, is then cal-
culated using equation (1),

Vsilver =

ˆ
f(x)2 (1)

and the via filling, vf, is determined from the ratio of
the silver volume to the via volume,

vf=
Vsilver

πr2l
(2)

where r is the via radii, l is the via length.

2.4. Mechanical cycling and resistance
measurements
Mechanical cycling was performed using the univer-
sal testing machine, Mark-10 (Model No. ESM303,
Mark-10, USA). The cycling was controlled using
a MATLAB code, and the cycling frequency, f,
was kept constant at 0.0833 cycles s−1 for all the
measurements.

The via resistance was extracted from the net trace
resistance using a four-wire method on a two-via
test sample as shown in figure 2. Each resistance was
measured using an Agilent 34970 A using the four-
wire method to eliminate the parasitic resistance of
the cables. During cycling, the resistance was meas-
ured at a frequency of f/4. The via resistance is calcu-
lated using equation (3)

Rvias =
RP6−P1 − (RP1−P2 +RP3−P4 +RP5−P6)

2
. (3)

where the resistance between ports P1 and P2, P5 and
P6, and P3 and P4 are simultaneously measured in a
four-wire configuration using the Agilent 34 970 A.
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Figure 2. Via resistance extraction method to extract via resistance from net trace resistance using four-wire method, (a) two-via
printed sample and (b) measurement schematic.

3. Results and discussion

3.1. Characterization of via filling
Three different views of TPV fabricated using the pro-
cess flow given in figure 1 are shown in figure 2. The
views include seven different via diameters ranging
from the 450 µm to 50 µm. The 3Dwire mesh repres-
entations of CT-scans are shown in figure 3(a) super-
imposed on the equivalent cylinder of each via dia-
meter. For visibility of the wire mesh, the scale of all
vias are normalized to diameter. Figure 3(b) shows a
2D slice of the 3Dmesh taken at the geometric center
of the via. All the via images shown in figure 3(b) were
processed to increase the brightness by 51%. Note: A
few images exhibit shaded regions in the background
which is an artifact of CT-scanning (beam harden-
ing) [32]. Additional post-processed CT scan images
are included in supplementary materials that have
higher brightness and contrast. An optical image of
the sample is shown in figure 3(c).

CT-scanning provides details into via morpho-
logy. Figures 3(a) and (b) show the discontinuities
and surface topology in the vias after fabrication and
before bending. Images were also taken for vias after
bending (not shown), and no significant change was
observed. The resolution limit of the CT Scanner is
∼1 µm As shown in these figures, the three smal-
lest diameter vias do not have any central void while
the four largest diameters have a void. Possible causes
of the voids include removal of volatile matter, low
adhesion between ink and substrate, or ink falling off
from the via due to insufficient via hole wetting. A
previously published study byKujala et al [33] presen-
ted a similar observation of screen-printed inks resid-
ing only in the walls for vias >150 µm. According to
the ink manufacturer, the adhesion of the ink to the
PET substrate is high. Since the percentage of volatile
solvent is less than 10%, the voids in the larger dia-
meter vias may be primarily caused by the ink flow
profile during printing. The void diameter shown in
figure 3(b) can also be seen in the figure 3(c). Further-
more, each figure shown in figures 3(a)–(c) is essen-
tial for understanding the via morphology from a dif-
ferent perspective. The different morphology can be

understood using 450µmvia diameter as an example.
As shown in figures 3(b) and (c), the filling in the
450 µm via diameter can be claimed to be symmet-
ric. However, this claim cannot be substantiatedwhen
observing figure 3(a). Slight irregularities of silver
observed in the edges are present. Hence, each figure
individually is essential for a complete via filling and
via morphology analysis.

Both aspect ratio and print parameters (squeegee
pressure and print speed) affect via filling. Figure 4
shows the data for via filling for different substrate
lengths and diameters. The largest via filling (0.6)
is observed for smallest diameter via (50 µm) and
smaller substrate thickness (7 mil). The inset images
shown in figures 4(a) and (b) are the 2D side CT-
scanned images that are shown in figure 3.

Aspect ratio of the via play an important role
for governing via filling. Additionally, the material
properties of the ink such as viscosity, and surface
energy of substrate. The ink thickness after printing
was observed to be ∼12 ± 5 µm and ∼9 ± 2 µm
after curing. After each pass, the ink transfers into
the via and deposits on the sidewalls. Since the dry/-
cured ink thickness is 18% of the smallest 50 µm dia-
meter via, it follows that the ink settles on the sides of
the via instead of plugging the whole via. As expec-
ted, via filling is largest for the smallest diameter and
decreases with increasing diameter. After two squee-
gee passes on top and bottom, the via filling is 0.6 for
50 µm diameter via on 7 mil thick substrate. It also
depends on the volume of the fluid, with each squee-
gee pass only a fixed volume of ink passes through
the screen and settles onto the substrate after curing.
Therefore, for the same ink volume passing through a
via, the via filling will be higher for a smaller diameter
via (vf150 µm < vf250 µm, for vias with the same length),
as the curing conditions are maintained same. This
discussion can also be extended to compare the filling
of vias for different via lengths. For a longer via, the
ink will spread and settle more along the length. This
will reduce the thickness of the conductive ink inside
the via, causing a reduction in filling for a longer
via (vf10 mil > vf7 mil). The aspect ratio defined as
via length/via diameter is an important geometrical

5



Flex. Print. Electron. 6 (2021) 025001 K Sondhi et al

Figure 3. Images obtained from CT-Scanner with seven different diameters. (a) 3D images of scanned silver, (b) 2D side view
images of the scanned silver and (c) silver pads. These images are of vias after printing and curing.

parameter, which is dependent on both via diameter
and length. The aspect ratio also assists in simplifying
the data representation and analysis by combining the
two geometrical variables that affect via filling.

3.2. Experimental via resistances
Besides estimation of via filling, the resistance of
the partially filled via is an important operational
parameter. The via resistance and via filling are
plotted versus via diameter in figure 5(a) for two

different substrate thicknesses (via lengths) and with
respect to the aspect ratio (via length/via diameter)
in figure 5(b). The theoretical resistance for a com-
pletely filled via is also shown. If the vias are com-
pletely filled, the via resistance would be smallest for
the shortest length/largest diameters (smallest aspect
ratio). However, as noted above, these smallest aspect
ratio vias also have the least via filling. Hence, the
deviation of the theoretical resistance from the meas-
ured via resistance is largest for these small aspect
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Figure 4. Via filling for different diameter and substrate lengths. Insets: 2D side view images to compare the effect of (a) different
via diameter (a smaller diameter will have lower via filling), and (b) different via length (a larger length will have lower via filling).

Figure 5. Via resistance and via filling vs (a) via diameter, (b) aspect ratio. Left Y axis: via filling, right Y axis: via resistance.

ratio vias. In fact, themeasured via resistance diverges
from the theoretical resistance fairly closely below an
aspect ratio of about 2.When the number of squeegee
passes is increased, more ink fills inside the via, and
the agreement between measured and theoretical res-
istance improves correspondingly. However, in this
study we have used the same two squeegee passes for
all via diameters. Hence, all vias being compared were
printed using the same print parameter. The exper-
imental via resistance will be dependent on the via
filling and geometrical parameters while the theoret-
ical via resistance is dependent only on the geomet-
rical parameters (assuming 100% filling).

3.3. Cyclic resistance measurements
As reported by Hicks et al [34], cyclic bending
causes a prolonged interfacial stress and can lead
to formation of cracks within the via and sub-
sequent crack propagation on interfaces [35]. In the
aforementioned study, completely filled vias were

used. In this study, the effect of cycling bending on
via resistance was investigated as a function of via
filling. Figure 6(a) shows the test structure that was
used for via cycling measurements. Figure 6(b) illus-
trates the bent and unbent substrate containing vias.
Figures 6(c) and (d) show the percent change in
resistance due to cyclic bending for three different
via diameters. The increase in resistance shown in
figures 6(c) and (d) is the raw data that was observed
during cycling of the test structure for 10 000 cycles.
Figure 6(e) summarizes the change in resistance
for different via diameters after 10 000 cycles. It is
observed that smaller diameter vias exhibited higher
percentage change in resistance compared to the lar-
ger diameter vias. To understand possible reasons, it
is noted that the smaller diameter vias had the highest
via filling values.

As shown by Vasu et al [36], the stress profile on
a structure such as the via in a flexible substrate is
dependent on its orientation to the bending force.

7
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Figure 6. Cycling setup for samples that were used for resistance testing. (a) Experimental setup used for cyclic testing,
(b) schematic of setup showing the effect on via bending. Change in via resistance for (a) 10 mil PET and (b) 7 mil PET.
(e) Change in via resistance for different via diameters after 10 000 bending cycles.

The concave side experiences a tensile stress while the
convex side experiences a compressive stress. Since a
via spans the two sides of the flexible substrate, the
stress on each side creates a stress gradient across
the via length. Furthermore, the amount of filling
of the via affects the effective stiffness of the via.
The above CT-Scan images showed that the 50 µm
via had much higher filling than the 450 µm vias.
Hence, the 50 µm via is stiffer than the 450 µm
via. As indicated computationally, there is a higher
stress concentration at the junction of the metal
trace and 50 µm via. The higher stress may lead to
micro-cracks [35]. Hence, with cycling, the 50 µm
via would incur a larger increase in resistance com-
pared to the 450 µm via as seen in figure 5(e).
Therefore, from the perspective of mechanical reli-
ability, a lower via filling is a preferable condition
for circuits that will be exposed to a cyclic bending

stress. Furthermore, as via filling is directly depend-
ent on the aspect ratio, the latter can also be used to
define the preferable condition for high mechanical
endurance.

Another geometrical parameter that can affect
via reliability is the curvature (=1/bending radii)
induced due to the bending stress. As the bending
tool used in this study (Mark-10) can be only used
to control the motion in z-direction, the bending
radii (1/curvature) is calculated using equation (3).
The displacement of the moving clip has been rep-
resented through a variable z and has been shown in
figure 5(b).

r=
3π
(
l−z
2

)2(
3l− 2π

(
l−z
2

)
+

√
3l2 + 6πl

(
l−z
2

)
− 5
(

π(l−z)
2

)2)
(4)
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Figure 7. Change in resistance for vias for different values of z and 250 µm via diameter with substrate thickness of (a) 10 mil
PET, (b) 7 mil PET. Change in via resistance for different via diameters for (a) 10 mil PET and (b) 7 mil PET. All this data is for
500 cycles.

where r is the bending radii, and l is the substrate
length. Ramanujan’s approximation [37] was used for
derivation of r. It is observed from equation (4) that
an increase in the value of z leads to a decrease in
bending radius. This reduction of bending radii will
lead to a higher stress on the vias. Figures 7(a) and
(b) shows the effect of bending stress on experimental
via resistance for vias with a diameter of 250 µm and
length of 7 and 10 mils. As shown in equation (4),
substrate length (L) also impacts the bending radii,
hence the substrate length was kept constant for a
consistent comparison between the via diameters.
Figures 7(c) and (d) show the cumulative results for
change in resistance for 50, 250 and 450 µm via dia-
meters after 500 cycles for 10 and 7 mils PET respect-
ively. Three different values of z (5, 7.5 and 10 mm)
were chosen for testing the effect of curvature.

As shown in figures 7(a) and (b), a higher increase
of resistance is observed for smaller radii of curvature.
As described byMoon et al [38], cyclic bending causes
a corresponding cyclic change in resistance. This cyc-
lic change in resistance has been shown in figures 7(a)
and (b). The smallest radii of bending (z = 10 mm

(radius = 3.29 mm)) shows the highest increase in
resistance compared to 7.5 mm (radius = 6.02 mm)
and z = 5 mm (radius = 10.98 mm). In figures 6(c)
and (d), a higher change of resistance is observed for a
lower bending radii. In figures 7(c) and (d), a higher
change of resistance is observed for a lower bending
radii. In another application, the effect of bending
radii induced stress on flexible conducting traces was
observed in a previous study published by our group
[35]. It can also be observed from figures 7(c) and (d)
that a higher substrate thickness/via lengths causes a
higher change in resistance. This behavior has been
reported in previous studies and is attributed to addi-
tional stresses imposed by the substrate-silver inter-
face. A similar behavior was observed in figures 6(c)
and (d), where the thicker substrate induced a higher
bending stress and resulted in a higher increase of
resistance.

To further investigate the impact of filling on via
bending, all the unfilled vias were subsequently filled
using a syringe. Comparison of the via resistance for
the two substrate thicknesses/via lengths is shown in
figure 7(a) for the filled vias. Comparison of the via
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Figure 8. (a) Via resistance for filled vias and (b) change in the calculated via resistance for different diameters vias after 500 cycles
of bending with z = 10 mm.

resistance data shown in figures 8(a) and 5 shows that
the via resistance for the filled vias is lower than the
unfilled vias as expected. The resistance of a 100%
filled condition can be modeled by the resistance of
a solid cylinder. In a solid conductive cylinder, the
resistance is inversely proportional to the diameter
squared and directly proportional to the length. Next,
the change in resistance of these filled vias of different
diameters due to cyclic bending stress was evaluated.

The filled vs. unfilled via cycling bending com-
parison test illustrated in figure 8(b) was designed
to further test the inference made from the cyclic
bend test of the unfilled vias (figure 5). Figure 8(b)
shows the change in resistance for both substrate
thicknesses and the two filling conditions (filled and
unfilled). It is observed that the change in resistance
for unfilled (7 and 10 mil) vias is lower than their
filled via counterparts. This suggests that a completely
filled via inadvertently results in greater susceptib-
ility to bending induced increase in the resistance.
An increase in resistance with cyclic bending of filled
vias on rigid PCBs has been observed and is attrib-
uted to formation of micro-cracks [39]. It was also
seen that crack propagation increased with the num-
ber of cycles, resulting in an increase in resistance
[39]. An increase in via resistance with bending cyc-
ling is shown in figure 8(b) and is attributed to crack
propagation. An increase of ∼1.2× in via resistance
is observed for filled 250 vias on 10 mil substrate and
a ∼1.6× increase for 7 mil substrates. Therefore, a
higher change in resistance was observed for 7 and
10 mil filled vias than unfilled vias (figure 8(b)), sug-
gesting amodel of greater formation and propagation
of micro-cracks in the filled vias.

4. Conclusion

In this work, the reliability of vias on a flexible sub-
strate was evaluated using three different bending

radii, two different substrate thicknesses, and seven
different via diameters. The ASTM bend test (F2749)
was used as the primary test to investigate the via reli-
ability. Electrical and optical results were used to ana-
lyze the effect of bending stress and bending cycles
on all the vias. It was observed that vias with lower
filling not only showed a better mechanical pliabil-
ity but also showed a lower change in resistance after
10 000 cycles of bending. It was also observed that the
resistance change was high for completely filled vias,
suggesting a mechanism of an increased crack forma-
tion and propagation for high via filling conditions.
All via filling estimates were obtained using a non-
contact CT-scanning approach. This non-destructive
method assisted in increasing the repeatability of the
via fillingmeasurements and overcame the drawbacks
that are associated with traditional methods such as
cutting cross-sections and imaging with SEM. This
understanding and discussion of the effect of bending
on the electrical and mechanical reliability of TPVs
could assist the design of reliable multilayer flexible
printed circuits.
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