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a b s t r a c t
Sensor interconnection achieved with Flip Chip (FC) technology and most particularly with Anisotropic
Conductive Adhesive (ACA) is a very attractive technique, in achieving a Direct Access Sensor (DAS), in
a swallowable diagnostic sensing capsule. This paper describes the work carried out to mechanically
characterise the ACA joints when they are inserted in the capsule to determine the smallest capsule diameter that could be used without imparting excessive stress on the interconnect in the DAS integration
process for a speciﬁc substrate and chip design. Three point inward bending was used to study the effect
of the mechanical loading on the joints during the insertion process. The results showed that the insertion
force linearly increased and leveled off at a, low friction, constant value. The spring constant of the linear
region in a 23 mm was 0.2729 N/mm and increased to 1.5 N/mm for the 15 mm diameter hole. It showed
that the spring constant decreased linearly as the diameter increased, signifying that for the same distance, less force will be required in a larger diameter hole than in the small diameter holes. During insertion the stress in the assembly, was higher towards the centre of the chip and the window than at the
edge of the chip and the ACA ﬁllet. This was characterised by it exhibiting lower voltage values measured
in the partial daisy chains that were close to the window rather than the ones that were situated away
from the window. The insertion test suggested that the 23 mm diameter hole would be the smallest suitable hole for insertion of this assembly. Failure analysis revealed that the depression and the wide crack
close to the window imply that the stress was high in this region. The cross sectional analysis showed
that failure occurred within silicon/silicon chip pad and that the ACA contacts form a strong joint and
was able to withstand the insertion force required to secure the ACA sensor in place before encapsulation.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
With recent advances in microelectronics, wireless communication and sensor development, the limitations of endoscopy is overcome in the format of a biomedical swallowable capsule [1]. The
swallowable capsule is an autonomous system which contains a
sensor, the associated electronics for signal conditioning and
amplifying and a radio transmitter, all encapsulated in a biocompatible material. The swallowable capsule is based on a noninvasive technique which can provide information about the whole
gastrointestinal (GI) tract. The concept of the ﬁrst radio telemetry
ingestible capsule was put forward by Mackay and Jacobson in
1957 [1,2]. Swallowable capsules can be classiﬁed into families of
imaging capsules (PillCam, Olympus Optical) [2–4], drug delivery
systems [2,4,5] and sensing capsules [1,2,4–12]. Unlike imaging
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and drug delivery capsules where none of the parts are exposed,
chemical sensing capsules have one or more sensors that can measure biochemical variables related to the gut ecosystem through
exposed sensors. But in none of the diagnostic sensing capsules
is the sensor attachment (the ﬁrst level packaging of the sensor
in a swallowable capsule) is achieved through Flip Chip (FC), and
in particular by the Flip Chip Over Hole (FCOH) method using
Anisotropic Conductive Adhesive (ACA).
ACAs relatively simple process steps [13] make it suitable for
bonding a Direct Access Sensor (DAS). In a DAS, ACA not only provides the electrical interconnection to the sensing die but simultaneously seals the interconnect area around the die and the ﬂexible
substrate. This sealing should provide protection to the underlying
electronics in a capsule application, as shown in Fig. 1.
During DAS integration into a swallowable capsule, a mechanical force is required to push the sensor assembly through the
length of the capsule before securing the chip and the substrate
in the capsule for the encapsulation process [14]. The compressive
force during the securing of the chip used in this study has been
shown to be 7 N [14]. This study also showed that the DAS packaging was reliable (as the electronic functionality and chemical
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Fig. 1. Schematic of (a) capsule with (b) expanded image of FCOH/DAS and (c) cross sectional view of FCOH/DAS interconnections based on ACA.

sensing performance was not compromised) and that the mechanical securing did not degrade the ACA joints. But it did not provide
any information about the joint behaviour during the capsule
insertion process.
Fig. 2a and b shows the three point bending and four point
bending tests [15–19] that are often used to assess the mechanical
reliability of ACA joints. Depending on the position of the die on
the substrate and the z axis, the bending could be classiﬁed into
two categories [20,21]: (i) the outward bend characterised by the
die positioned on the negative part of the z axis as shown in
Fig. 2a and b and (ii) the inward bend distinguished by the die positioned on the positive side of the z axis, Fig. 3.
Most of the literature deals with outward bending using three
or four point bending. A study conducted by Rizvi et al. [15] on
the outward three point bending on the ACF joint behaviour
showed that the stresses were high on the corners where the chip
and ACF were connected together. The high stress at the corners
led to increased ACF thickness at the corners and eventually caused
a greater gap between the chip and the substrate at the corner
positions and the failure of the corner joints.
Cai et al. [20,21] reported on the reliability evaluation of a ﬂexible RFID tag using ACA. The ﬂexibility reliability test showed that
the outward bend was more destructive on the contact conductivity than the inward bend. It was concluded that the outward bend
caused a tearing effect and that the bend cycle caused the particles
between the bump and the pad to undergo an open–close action.
Furthermore the inward bending created a constant compressive

stress on the ACA joints providing a stable contact resistance during the test.
The DAS capsule integration of the FCOH sensor assembly in
this work could be only achieved by an inward bending of the sensor assembly. This paper describes the work carried out to mechanically characterise the ACA joints during the capsule insertion
process and to determine the smallest capsule diameter that could
be used without imparting excessive stress on the interconnect in
the DAS integration process for a speciﬁc substrate and chip design. It will investigate the forces required for the insertion of the
ﬂex assembly (ﬁxed size) into different sized capsules. The following section describes the materials and the method used for the research. This is followed by the ACA assembly insertion test into
different diameter holes to determine the smallest diameter that
could be safely used for a speciﬁc assembly.

2. Materials and method
2.1. Test chip
The test chip was a 5 mm  5 mm silicon die with a thickness of
0.5 mm. The test chip was designed speciﬁcally for this FC reliability investigation and had an array of 144 (100 lm  100 lm) pads,
with a pad pitch of 400 lm, as shown in Fig. 4. An interleaved sequence of connective pads was laid out on the chip so that it could
be used as a daisy chain in the ﬁnal assembly and thus monitor the

Fig. 2. Schematic of (a) three point; and (b) four point outward bending, force applied to substrate.
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Fig. 3. Schematic of three point inward bending, force applied to chip.

2.2. Flex substrate

Fig. 4. Micrograph of test chip with coined gold stud bumps.

continuity of the ﬂip chip joints during the mechanical insertion of
the assembly. The unbumped die had an aluminium pad metallization. The die was then gold (Au) stud bumped and coined. The
height of the coined stud bump was around 40 lm. The main purpose of the coined stud bump was to maximise the contact area
during bonding.

Fig. 5a shows the Protel layout of the ﬂex substrate. It was
8 cm  8 cm single sided ﬂex in the form of a cross. In the centre
of the cross, at around 4 cm from the edge of the cross, a 2.4 mm
window was laser cut to expose the centre of the chip to the surrounding environment as shown in Fig. 5a. At around 3.3 cm from
the four edges of the cross, slits with circular edges of radius
0.95 mm were cut to facilitate the folding of the ﬂexible substrate
during the encapsulation process. The conducting tracks on the
board were terminated with a connector pad which had 2 mm
holes to enable soldering of wires to carry out electrical testing.
The thickness of the ﬂex substrate was 0.1 mm. The copper tracks
on the ﬂexible substrate were 15 lm thick while on the substrate
bond pads, an additional 5 lm Ni and 0.05 lm of electroplated
ﬂash gold were deposited. Fig. 5b shows the manufactured ﬂexible
substrate while Fig. 5c shows the alternating conductive lines for
the daisy chain measurement. The sensor interconnection part of
the test structure resembles the DAS structure used in the sensor
assembly. The overall difference of this test structure to Fig. 1 sensor assembly is the foldable arms that were designed to monitor
the joint performance during the insertion process. The foldable
arms made the test structure wider in comparison to the actual
sensor assembly.

Fig. 5. (a) Protel layout of the ﬂex substrate, (b) micrograph of the ﬂex substrate; and (c) micrograph detail showing conductive lines for daisy chain measurement.
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Fig. 6. Polycarbonate block with different diameter holes.
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An 11 mm diameter iron rod with its tip covered in 1 mm of silicone was used as a pushing tool. Before each test, the pushing tool
and the ACA assembly were placed in the centre of each hole with
the hole diameter becoming progressively smaller. This was carried out to ensure that the assembly went down the middle of each
hole.
After centreing the rod and the ACA assembly, the mechanical
test was carried out by placing the iron rod directly on the middle
of the back of the chip and pushing the assembly though the hole.
Unlike three or four point bending where the end of the substrate
is clamped, the substrate was free to go through the hole. Fig. 7
shows the mechanical test setup and the electrical setup that
was used for testing the ACA joints during capsule insertion. Since
the die was positioned on the positive side of the z axis, this setup
could be classiﬁed as an inward bending process. The mechanical
test was carried out on Instron 5565 with a cross head speed of
2 mm/min, and the required insertion force was recorded. All the
mechanical tests were performed at room temperature with a relative humidity (RH) of 50%.

2.3. Bonding process
FP5300 ACA from Henkel was used for bonding the chip to the
substrate. The ACA was dispensed on the board using a CAM/ALOT
1414 liquid dispense system. Dots were dispensed close to the
bond pads and alignment and bonding of the chip/substrate was
performed using a Finetech Flip-Chip bonder. Bonding was carried
out at a ramp rate of 2 °C/s with a hold at 180 °C for 40 s and a cool
down rate at 3 °C/s and with a bonding pressure of 69 MPa, calculated for the total surface of the Au bumps on the bond pads, for
8 s. These bonding process settings are comparable to the known
bonding setting [22,23]. The average bond line thickness of the
adhesive taken from 10 samples was approximately 21 lm with
a tolerance of 1 lm.

2.4. Assembly insertion test
Fig. 6 shows a polycarbonate block of 75 mm  100 mm 
27 mm in which 23 mm, 21 mm, 19 mm, 17 mm, 15 mm and
13 mm diameter through holes were drilled to carry out the
mechanical testing. These holes represent different diameter
capsules. Due to the fact that the diagonal slits on the ﬂex board
had a length of 12 mm diameter, the minimum diameter hole
was set at 13 mm.
In order to carry out the mechanical testing the ACA assembly
had to be placed on top of each hole and then pushed through.

2.5. Electrical testing
Fig. 8a and b shows the schematic of the test assembly and the
electrical test setup that was used to record the electrical behaviour of the assembly during the mechanical test. Fig. 8b shows
the daisy chain layout that was used in the electrical testing. A preliminary evaluation of the design showed that the test structure
was symmetric in nature. Therefore due to the symmetry of the
assembly only half of the assembly was considered for electrical
characterisation to simplify the test and reduce the amount of data.
As shown in Fig. 8, the test assembly contained four partial daisy
chains deﬁned as x1, x2, x3 and y and a total daisy chain z (all four
daisy chains connected together). Three partial daisy chains were
positioned in the x direction while one was positioned in the y
direction. The partial daisy chain x1 was located 1 mm from the
window, x2 was located 0.6 mm from the window, x3 was located
0.2 mm from the window and y was located at 0.2 mm from the
window. In order to electrically assess the joints a four point
measurement was devised by applying a constant current of
100 lA to the total daisy chain while the voltage was measured
at the total daisy chain and the partial daisy chains x1, x2, x3 as
shown in Fig. 8. As the electrochemical measurements showed
that the current that passed through the joint was in the range
of microamps, 100 lA was used in the four point electrical
measurement test.

Fig. 7. Instron mechanical test setup and electrical test setup for testing ACA joints.
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Fig. 8. (a) Schematic of the four point measurement test setup during mechanical test; and (b) layout showing the daisy chain in the test assembly.

An electrical circuit was made to make sure that it supplied
100 lA to the test assembly. A Digimess HY3003 power supply,
set to deliver ±5 V, was connected to a 50 kX resistor which was
connected in series with the negative input of an operational
ampliﬁer OP177. The positive input of the operational ampliﬁer
was connected to the ground of the Digimess HY3003. This setup
allowed for 100 lA to be obtained at the operational ampliﬁer output which would be supplied to the test assemblies. All the voltage
measurements from the individual daisy chains and the total daisy
chain were transmitted to the computer via GPIB. LabView was
used to automate the measurements and the data was collected
with an Agilent 349901A 20 channel multiplexer and recorded into
Microsoft Excel. The test was carried out for 800 s and the electrical
data was recorded every 5 s.

3. Results and discussion
In Fig. 9a, the primary axis represents the variation of the force
with respect to the distance travelled by the ACA assembly in each
diameter hole. The secondary axis shows the variation of the voltage measured in the total daisy chain of an ACA assembly as the
sample was pushed through different diameter holes. An analysis
of the insertion force curve in the 23 mm diameter hole will be
used to explain the general form of the force curve obtained in
other diameter holes. The general form of the force curve consisted
of an initial linear part which corresponds to preliminary insertion
of the assembly into the hole. This was characterised by the slow
folding of the ﬂex assembly’s arms into a conical form as it is
pushed through the hole. In this linear region the ﬂex assembly
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Fig. 9. (a) Plot showing the variation of the force and the measured voltage as a function of distance; and (b) images of the corresponding positions depicted in the force plot
in different regions.

acts as a spring and opposes the assembly being pushed through
the hole. Therefore this region could be approximated by Hooke’s
Law in the form:

F ¼ kd

ð1Þ

where k (N/mm) is the spring constant, F is the force and d is the
distance.

Fig. 10 shows the linear part of the force curve in the 23 mm
diameter hole until position A. The slope of the linear part provided
the spring constant and for 23 mm it was 0.2729 N/mm. At position A, the side corners of the extended arms of the ﬂex cross of the
fanned out region, close to the slit came in contact with each other,
as shown in Fig. 9b. This corresponds to the end of the linear region
where the assembly had folded into a conical form into the hole.
From this point forward, there was no spring reaction from the
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Fig. 10. Plot showing the linear part of the force curve in a 23 mm diameter hole
until position A.

Fig. 11. Spring constant as a function of the hole diameter.

assembly and the only force encountered by the assembly was the
friction from the side walls of the hole. As the surface of the side
walls were polished little friction was experienced by the assembly
when pushed through the hole. This could be approximated by a
horizontal straight line until the end of the test. This constant force
to push the assembly was disrupted by the corners of the extended
arms entangling at around position E as shown in Fig. 9b. As soon
as the arms slipped over each other, the force applied returned to
its original constant value until the end of the insertion test.
Fig. 11 shows the spring constant k calculated from the slope of
the linear part of the graph in Fig. 9a as a function of the hole diameter. It can be seen that the spring constant decreased linearly as
the hole diameter was increased. This signiﬁes that for the same
distance, less force would be required in a larger diameter hole.
The conical shape occured at an earlier stage as the diameter of
the hole shrank. This also led to the entanglement of the extended
ﬂex side arms at an earlier stage. This was indicated by positions B
and C as shown in Fig. 9a and b. Further curling of the assembly
onto itself led to one of the tips of the fanned out arms being
caught up with its neighbouring soldered bond pad as shown in
Fig. 9b, positions D and E. In the 15 mm diameter hole, this was
apparent by the chip break which occurred at an insertion force
of around 70 N.
The electrical response of the total daisy chain during insertion
into the 23 mm diameter hole was characterised by a constant
voltage except at around position E where there was a 15% drop
in the measured voltage. This drop in the measured voltage was
only momentary, i.e. after position E the voltage returned to its original value and corresponded to the increase in the force at position E. In 21 mm, 19 mm, 17 mm, and 15 mm diameter holes at
position B and C, the average decrease in the measured voltage
was around 44%, 53%, 46%, and 44%. A step decrease in the measured voltage was also observed for assemblies pushed through
19 mm, 17 mm and 15 mm diameter holes corresponding to positions B and C. This step-wise reduction in the measured voltage in
the total daisy chain will be explained in detail when dealing with
the partial daisy chains.
Table 1 shows the mechanical properties of the materials involved in the test. As mentioned earlier, an iron rod was placed
on the back of the chip and pushed the assembly through the hole.
This would generate stress on the chip, the ﬂexible substrate and
the adhesive that holds the chip and the substrate together. Since
the assembly is pushed through, the stresses generated on the chip
and the substrate are compressive and tensile in nature respectively [15]. As the elastic modulus of the chip is much greater than
that of the ﬂexible substrate, it will not bend as much as the substrate. Due to the relatively low elastic modulus of the ACA, it will
tend to compress or deform in-between the chip and the substrate
[15]. As a consequence the increased pressure on the back of the
chip will be reﬂected by further compression of the joints.

The momentary decrease in the measured voltage was followed
by it returning to its original value as soon as the applied force decreased or recovered to its initial values. As the entanglement
passed through, the brief compression exerted on the joint was relaxed. During this brief compression, the conductive particles undergo elastic deformation and thus increase the contact area
[24,25]. This would explain the decrease in the measured voltage
which recovered at position E during insertion.
Fig. 12 shows the variation of the measured voltage in each
partial daisy chain with respect to the distance travelled by the
assembly as the mechanical test was carried out. For the partial
daisy chains situated in the x axis, x1 and x2 which are located further away from the window showed no variation in the measured
voltage while x3 close to the window showed a temporary 50%
decrease in the measured voltage at a depth of 25 mm before
returning to its original value. As stated in the previous section,
the average decrease in the total daisy chain voltage was approximately 15%. This decrease corresponded to the increase in the force
applied to the assembly, corresponding to position E as shown in
Fig. 9a and b. Furthermore, the decrease in the measured voltage
in the total daisy chain and the partial daisy chain happened at
the same time. This was in perfect agreement with the result observed for the total daisy chain as it was just an addition of all the
partial daisy chains. No decrease was observed on the partial daisy
y situated close to the window in the y axis. At the end of the insertion test all the measured voltage values remained at or regained
their original value, thus suggesting that in a capsule insertion
the joint would not be under stress during further processing.
Since the rod was placed in the centre of the back of the chip
during insertion, the maximum stress would be expected at the
middle of the chip close to the window area [15]. Fig. 13 shows
that for an assembly pushed through a cylindrical hole, the ﬂexible
substrate bend was limited by the slits made for facilitating the
folding of the substrate during the insertion. As the full bend was
not achieved, the adhesive holding the chip and the substrate at
the chip perimeter would not be under high shear stress, as indicated in Fig. 13. The high stress region for this assembly would
be at the ﬂip chip end of the window opening where the chip
was interconnected with the substrate. At position E, where the
edge of the ﬂex arm was entangled with the solder connector bond
pad, as shown in Fig. 9b, the ACA would not compress uniformly
from the window opening to the edge of the chip. Instead, the compression was greater at the window opening close to the centre of
the chip than at the edge of the chip because of this. This would be
the reason that the momentary increase in force observed at a
depth of around 25 mm (position E) into the hole was reﬂected
by a corresponding decrease in the measured voltage at the partial
daisy chain x3, close to the window.
Fig. 14 shows the variation of the measured voltage in the individual partial daisy chains with respect to the distance travelled by
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Table 1
Material parameters of the materials used in the mechanical test. Collected from
[22,23].
Properties

ACA

PI ﬂex

Chip

Young’s modulus, E (MPa)
Poisson’s ratio, m

5900
0.3

4826
0.3

131,700
0.3

the assembly as the mechanical test was carried out in 21 mm,
19 mm, 17 mm and 15 mm diameter holes. In order to observe
the contribution clearly from individual daisy chains, the plots
have been offset. As can be seen in Fig. 9a, the step like behaviour
observed in the total daisy chain in the 19 mm diameter hole could
be explained by the addition of the decrease observed in each partial daisy chain. For instance daisy chain x3 and y (closest to the
window) showed an earlier sign of decrease in the measured voltage at around 14 mm of insertion into the hole. These had a percentage decrease of around 86% and 78% respectively. This as
mentioned earlier, was due to the applied force on the back of
the chip that resulted in the compression of the ACA joint. This decrease in x3 and y was responsible for the initial lowering of the total daisy chain voltage. The partial daisy chains x1 and x2 had a
voltage decrease of about 88% and 90% at a depth of around
15 mm. As seen in Fig. 14, the decrease in the daisy chains x1
and x2 further away from the window occurred on top of the
reduction that was already observed in x3 and y. This induced an
additional reduction in the measured voltage, thus resulting in a
step like behaviour observed in the total daisy chain.
The major information to be gathered from these graphs is the
fact that, as the diameter of the hole decreased, due to the
increased applied force to counterbalance the wall friction and
mechanical contact, the measured voltage from the joints
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decreased. Another crucial piece of information to be gathered was
that this voltage reduction was ﬁrst observed in the partial daisy
chains x3 and y that were closer to the window. For example, going
through the graphs in descending order, i.e. from a 23 mm diameter hole to a 15 mm diameter hole, it can be noticed that the ﬁrst
reduction in the measured voltage always occurred at the partial
daisy chains x3 and y which are closest to the window. It was also
clear that as the diameter was reduced, the depth at which the
voltage reduction occurred also reduced. It should be noted that
as the hole diameter decreased, the measured voltage in these
daisy chains did not return to their normal value until an open circuit was obtained at the 15 mm diameter insertion due to the die
cracking. As the diameter decreased, the drop in the measured value in the daisy chains x1 and x2 (further away from the window)
experienced more compression on the joints due to the higher
force required to overcome the mechanical contact. Once again
these measurements help to conﬁrm the hypothesis that there
was a high compressive stress on the chip close to the window
joints and that this could be used as a design consideration for further designing of interconnection for capsule integration.
Although, going for a wider diameter hole would produce less
strain on the joints, in this research the limit was set to 23 mm
diameter hole so that it represented twice the size of a standard
capsule.
Fig. 15a shows the micrograph of the assembly after the open
circuit occurred. The cracks seem to widen near the centre of the
chip and also close to the void that was present in the ACA, thus
implying that it started simultaneously at the centre and at the
corner of the chip and that the stress was high in these regions.
The right hand micrograph in Fig. 15b shows an image of another
cracked die. It can be seen that the silicon die at the centre seemed
to have lifted and there is a slight depression close to the edge of
the window. It can also be noticed that the cracks seem to widen

Fig. 12. Variation of the measured voltage as a function of the distance travelled in a 23 mm diameter hole.
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Fig. 13. Schematic showing the regions of stress in the assembly during insertion.

Fig. 14. Plot showing variation of voltage in each individual daisy chain as a function of distance travelled in 21 mm, 19 mm, 17 mm, and 15 mm diameter holes.

at the point where the silicon die seemed to lift off. The depression
and the wide crack close to the window imply that the stress was
high in this region. On both micrographs, the silver regions represent the surface chipping of the silicon die. The maximum load that
the silicon test die could withstand in compression was around
70 N. This was in accordance with the ﬁnding that a die of thickness of around 0.4 mm would require a break load of about 70 N
[26].

An analysis of the failed ACA contacts after the mechanical test
was carried out by cross-sectional analysis. Fig. 16 shows the crosssectional micrograph of one of the ﬂip chip ACA contacts. Fig. 17
shows the position where the cross-sectional micrograph was
taken.
It can be noticed from Fig. 16a, that the crack was wide close to
the bump and the crack width gradually decreased towards the top
of the silicon chip. From Figs. 16b and 17, it could be noticed that
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(b)

(a)

Fig. 15. Micrographs showing the cracked die after mechanical testing.

Fig. 16. (a) Cross sectional micrograph showing the crack propagation in the ACA assembly and; (b) schematic of the cross section showing force and direction of propagation.

Fig. 17. Schematic showing the position of the cross-section micrograph.

the bond pad was close to the applied force and that the crack was
oriented towards the applied force. It also suggests that the stress
was high close to the edge of the window and that the stress was
built up in the epoxy from where it was released by die cracking
and pad lift off. It could also be noticed that the ACA adhesion to
the substrate was still strong with a good contact with the ACA
conductive particle. This may be the reason why the x1 and x2
resistance showed a sudden open contact. This showed that the
weakness was on the chip pad side and not on the ACA contact.

4. Conclusion
This study has described the mechanical reliability testing of an
ACA joint during the insertion of a ﬂex test assembly into different
diameter holes representing different capsule diameters. The insertion test described in this paper is similar to an inward bend test
and can be characterised by the die positioned on the positive side
of the z axis. During insertion into the holes, the force curve was
characterised by a linear region and a constant region character-

ised by the low friction of the assembly. The ﬂex assembly acted
as a spring and opposed the assembly being pushed through the
diameter hole and was approximated using Hooke’s law. The
spring constant for the 23 mm diameter hole assembly was
0.2729 N/mm and increased to 1.5 N/mm for the 15 mm diameter
hole. The spring constant decreased linearly with increasing hole
diameter signifying that for the same distance, less force will be required in a larger diameter hole. After the initial linear insertion,
further pushing through the hole was characterised by a constant
force. The ﬂex assembly deformed into a conical shape at an earlier
stage as the diameter of the hole decreased. This also caused the
entangling of the extended ﬂex side arms to occur at an earlier
stage. The electrical measurement in the total daisy chain made
during insertion closely matched the insertion force, i.e. every increase in the insertion force was matched by a corresponding decrease in the measured voltage.
During insertion the stress in the assembly was higher towards
the centre of the chip and the window than at the edge of the chip
and the ACA ﬁllet. This was demonstrated by the lower voltage values measured in the partial daisy chains that were close to the
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window rather than those that were situated away from the window. In these daisy chains, as the hole diameter was reduced, the
insertion depth at which the voltage reduction occurred also reduced, and the measured voltage did not return to its original value
until an open circuit was obtained. It also showed that a high compressive stress was applied to the middle of the chip and close to
the window compared to the edge of the chip and the ACA ﬁllet.
This mechanical test and the electrical measurements throughout the insertion test suggested that the 23 mm diameter hole
would be the smallest suitable hole for insertion of this assembly.
This implies that a capsule diameter of 23 mm was the smallest
that could be used in the DAS integration process for this speciﬁc
substrate and chip design.
Failure analysis showed that cracks could be noticed close to
the centre of the chip while smaller cracks were visible close to
the edges of the chip, suggesting high stress close to the centre
of the chip. The cross-sectional analysis showed that the failure occurred within the silicon/silicon chip pad and that the ACA contacts
formed a strong joint and were able to withstand the insertion
force required to secure the ACA sensor in place before
encapsulation.
Future work will involve ﬁnite element analysis of the structure
and a comparison with the results presented in this paper.
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