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Abstract 

Technological developments in biomedical microsystems are opening up new opportunities to 
improve healthcare procedures. Swallowable diagnostic sensing capsules are an example of these. In 
none of the diagnostic sensing capsules, is the first level packaging of the sensor achieved by the Flip 
Chip Over Hole (FCOH) method using Anisotropic Conductive Adhesive (ACA). ACA’s relatively simple 
process steps make it suitable for bonding a Direct Access Sensor (DAS). This PhD work was 
undertaken to develop a novel sensor attachment method on foldable circuitry to be used in a 
capsule environment.  
  
In a direct access sensor, ACA not only provides the electrical interconnection but simultaneously 
seals the interconnect area and the underlying electronics from the sensor area in a capsule 
application. This work characterized the ACA joint used in the DAS in terms of development 
qualification, mechanical reliability during integration, electrical characterization, hygrothermal 
reliability and reliability when exposed to fluid conditions representative of those found in the 
human gut.  
 
The development and characterization showed that the ACA FCOH was a viable option for the DAS 
interconnection and sealing in a capsule environment. Parameter optimization showed that an ACA 
deposit dot diameter of 280µm and a height of 60μm provided reliable flip chip alignment and 
bonding. It was found that sufficient adhesive supported shear stresses of at least 120N/mm2, 
providing good adhesion and good interconnection, all indicating good reliability. The mechanical 
characterization of a specific assembly showed that a 23mm diameter capsule would be the smallest 
suitable capsule for insertion without any deleterious consequences on the joint. It also showed that 
ACA contacts formed a strong joint and withstood the -6N required to secure the final sensor 
assembly in place before encapsulation. Electrical characterization of the ACA joint in a fluid 
environment showed that after 1hr soak, the leakage current was in the range of 100nA/mm. The 
77μm thick ACA was saturated with moisture in the first hour of soak. During the first 4hr soak, the 
study showed that the ions in the solution actively contribute to the leakage current and was 
characterized by the varying rate of change of conductance. A long term reliability study of the ACA 
joint showed that in constant humidity, the offline test measurements showed a thermal strain of 
0.004 and a hygroscopic strain of 0.0052 and resulted in a fatigue like process. It also showed that 
shear stress was the dominant stress during hygrothermal aging. In-vitro tests showed that high 
temperature and acidity had a deleterious effect of the ACA and its joint. It also showed that the ACA 
contact joints positioned at around or over 1mm would survive the gastrointestinal (GI) fluids and 
would be able to provide a reliable contact during the entire 72hr of the GI transit time. 
 
A final capsule demonstrator was achieved by successfully integrating the DAS, the battery and the 
final foldable circuitry into a glycerine capsule. Final capsule soak tests suggested that the silicone 
encapsulated system could survive the 72hr gut transition.  
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Chapter 1 Introduction 

 

The human gut is a complex and dynamic ecosystem which is composed of different microbial 

communities that are either permanently present in the gut or introduced from the environment [1]. 

There are around 100 trillion bacterial cells that have colonised the human gastrointestinal (GI) tract 

where they live in perfect mutual harmony with the human host.  These bacteria play an essential 

role in the metabolic activities of breaking down food that is required by the human body. Until 

recently there was not enough information on the exact functioning of the GI tract [2].  This is due to 

the current limitations in the techniques used to collect data from the gut. These limitations could 

be overcome if a miniature system could move through the gut non-invasively and collect tissue 

samples, liquids or perform in situ measurements. This miniature system can be considered feasible 

due to the recent developments in microelectronics and wireless technology. These electronic 

systems can normally be found in the form of a capsule [3]. These capsule systems could help 

doctors study, understand and get more information about GI diseases and the state of the gut. The 

following sections will provide an overview of the human digestive system and inflammatory bowel 

diseases (IBDs) – the intended area of application for these capsules. An overview of the capsules 

that have been published in research or are reported commercial ventures will also be provided.  

 

1.1. General overview of the digestive system 

 

The human digestive system is a complex system that processes food to provide energy to the body. 

Put more precisely, the process involves ingestion, mechanical breakdown via mastication, 

degulation which is swallowing of foods, digestion where enzymes and chemicals break down the 

food into absorbable molecules, absorption which is the passage of the absorbable molecules 

(nutrients) into the blood, and expulsion of waste material.    
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Collected from [4]
 

Figure 1.1. The Human digestive system [4]. 

 

The digestive system is made up of the digestive tract or Gastrointestinal (GI) tract and accessory 

organs.  The GI tract is approximately 9m long and extends from mouth to anus. The GI tract consists 

of oral cavity, pharynx, oesophagus, stomach, small intestine and large intestine. The accessory 

digestive organs include teeth, tongue, salivary glands, liver, gallbladder and pancreas. Figure 1.1 

shows the full digestive system with its GI tract and the organs involved in the digestion process 

[5,6].  

 

Table 1.1 provides a summary of the digestive system organs and their function with the 

characteristic intestinal fluids and pH involved in the system [7,8]. As shown in Table 1.1, food starts 

to be digested as soon it enters the mouth. Mastication and saliva help break down the 

carbohydrates. It then passes through the oesophagus into the stomach. 
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Table 1.1.  Major digestive functions and locations, collected from [7,8]. 

 

The function of the stomach is to store food, to initiate the digestion of proteins and kill 

microorganisms. Food stays in the stomach for approximately 4-5hr. In the stomach the food is 
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turned into a pasty material called the chime which is then passed on to the small intestine. The 

small intestine is the primary site for the digestion of all the nutrients in the food. This is done with 

bile from the liver and pancreatic juices from the pancreas.  The small intestine is divided into three 

sections called duodenum where most of the digestion takes place, jejunum, and ileum where the 

nutrients such as water, vitamins, and minerals are absorbed. The transition time through the small 

intestine is around 4-6hr. The chime then passes through the large intestine. The large intestine is 

also divided into three sections: cecum, colon (ascending colon, transverse colon, descending colon, 

sigmoid colon, and rectum) and anal canal. The progression of the chime through the large intestine 

is relatively slow (12-18hr). With the exception of water and salt, little digestion occurs in the colon. 

This is followed by the expulsion of the waste through the anus. In a healthy individual the whole 

digestion process takes between 24-48hr. The whole GI tract is prone to various distressing and fatal 

disorders, just to list some of them:  oesophageal cancer, colorectal (colon and rectum) cancer, 

gastroesophageal reflux disease (GERD) which happens when the stomach acid flows back into the 

oesophagus attacking the lining of the oesophagus which can lead to Barrett’s oesophagus disease, 

Crohn’s disease and ulcerative colitis [9].  

 

1.2. Inflammatory bowel disease 

 

 This project concentrates on one of the significant pathologies called inflammatory bowel diseases 

(IBDs). In medicine, IBD is a group of inflammatory conditions that affect the GI tract [10]. Although 

IBD can be divided into several categories, the two major forms of IBD are Crohn’s disease (CD) and 

ulcerative colitis (UC) [11]. There has been a rapid growth of IBD in Europe and North America during 

the second half of the twentieth century and it is becoming more prevalent in the rest of the world 

as they adopt the western lifestyle [12]. CD and UC are chronic diseases which can lead to long-term 

and sometime irreversible impairment of the GI tract [10]. Despite the fact that there are no exact 
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known causes for CD or UC disease, several theories are put forward to explain their origins.  It is 

believed that both CD and UC result from the interactions of genetic, immunologic, microbial and 

environmental factors [10,12,13]. It is also suggested that many features of UC could be bacteria 

driven.  

 

1.2.1. Crohn’s disease       

Crohn’s disease (CD) [10,11,14-17] is a chronic disease that can affect any part of the GI tract, but 

most commonly the terminal ileum, cecum, peri-anal area and colon. Inflammation extends through 

all layers of the gut wall and is characterized by patchy distribution, i.e. lesions with areas of normal 

tissue between them. The symptoms of Crohn’s disease may vary, depending on the site and 

severity. The most common symptoms are diarrhoea, abdominal pain and tenderness over the 

intestine (often in the lower right area), weight loss, rectal bleeding, fever, tiredness and arthritis. 

The diagnostic methods for CD include blood and stool sampling, upper GI series, visual exam 

performed via sigmoidoscopy, colonoscopy and biopsy which is the collection of tissue samples from 

the intestinal wall. Treatment includes drug therapy, nutrition supplements, surgery or a 

combination of these options. However, there is no definite cure and there is a possibility that the 

disease could reoccur after long periods of remission. 

 

1.2.2. Ulcerative Colitis  

Ulcerative Colitis (UC) [10,11,14-17] is also a chronic disease in which the inflammatory process is 

limited to the rectum and the colon. The inflammation may extend in a continuous pattern 

throughout this whole region. The inflammation affects superficial (mucosal) layers with penetration 

of the white blood cell like lymphocytes and causes damage to the lining of the digestive tract. This is 
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characterized by deep ulcers and scarring to the intestinal wall. Ulcerative colitis is characterized by 

diarrhoea, anemia, fatigue, weight loss, loss of appetite, skin lesions, loss of body fluids and rectal 

bleeding. As in Crohn’s disease UC is diagnosed by taking blood and stool samples, performing a 

colonoscopy, sigmoidoscopy and biopsy. Once again the treatment includes drug therapy, nutrition 

supplements, surgery or a combination of these options. There is no definite cure for UC and once 

again there is a possibility of reoccurrence of the disease after long periods of remission. 

 

1.3. Diagnostic pills 
 

As mentioned in the previous sections, one of the conventional methods used to investigate any 

suspected pathology is to use an endoscope which is inserted through the patient’s mouth, nose or 

anus. These procedures provide some information: gastroscopy provides information about the 

oesophagus and the stomach while colonoscopy helps investigate the large intestine. These 

procedures are not only unpleasant for the patients, but are also unable to provide information from 

the small intestine.  

 

With recent advances in microelectronics, wireless communication and sensor development, the 

limitations of endoscopy can be overcome in the format of a biomedical swallowable capsule [3]. 

The swallowable electronic 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 involves a non-invasive technique which can 

provide information about the whole GI tract. The concept of the first radio telemetry ingestible 

capsule was first put forward by R. Stuart Mackay and Bertil Jacobson in 1957 [3,18]. The 

swallowable capsules can be classified into families of imaging (PillCam, Olympus Optical) [2,18-20], 
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drug delivery systems [2,18,21] and sensing capsules [2,3,9,18,20-28]. Table 1.2 gives a detailed 

description of the different capsules that are available with their functions.   

 

 

Table 1.2. Different swallowable capsules classified into different families, collected from [2,3,9,18,20-28]. 
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Unlike the imaging and the drug delivery capsules where none of the parts are exposed (all the 

sensors and the electrical parts are sealed under a glass dome or hard plastic), the chemical sensing 

capsules have one or more sensors that measure biochemical variables related to the gut ecosystem 

through exposed sensors. 

 

In a similar way to the chemical sensing capsules that are available in the market and in research, the 

project DIACAPS (Enterprise Ireland CFTD / 05/ 122) that partially supported this thesis work aims to 

use an electronic tongue (e-tongue) technology [29] that has been demonstrated to work in the food 

industry and apply it to the human gut environment. This sensor uses an electrochemistry technique 

to provide information on the solution under investigation. In order to use the e-tongue in a 

diagnostic sensing environment, it has to be integrated into a capsule format. This requires three 

areas of work whch are: sensor integration, the development of the electronics body part to fit a 

capsule environment and performing analysis of the faecal fluids to identify the signature of healthy 

and non healthy individuals. In this project parallel work was carried out in all three areas. The work 

reported in this thesis concentrates on the development of a sensor interconnection method to 

enable the sensor to be in direct contact with the faecal fluids. There are different ways of 

interconnecting a sensor on to the printed circuit board (PCB) of the electronics in the capsule. The 

challenges involved in this are: 

• Choosing the appropriate interconnection material; 

• Picking the correct sealing material  for the interconnection so that it will not only protect 

the interconnection but will also seal the underlying electronics; 

• That the sealing material withstands the gut fluids; 

• Making sure that the sensor interconnection withstands the capsule integration and that it 

does not affect the sensor functionality.  
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So the main aims of the thesis are to: 

• Develop a method for sensor interconnection that has not been achieved for any of the 

other diagnostic sensing capsules; 

• Characterize the sensor interconnection mechanically for sensor integration into the 

capsule; 

• To test the reliability of the interconnection and the seal in the final environment and to 

build a first prototype e-tongue capsule.  

 

1.4. Thesis outline 
 

The thesis is organized into the following chapters:  

Chapter 2 gives an overview of the sensor interconnection technology with the choice of 

interconnect technology that was chosen for the development of the technological demonstrator. It 

begins with a brief introduction into wire bonding technology and its application to sensor 

interconnection in the existing diagnostic sensing capsules. This will be followed by the alternative 

interconnection methods that are available, with a review of the different interconnection 

processes. In the final section, the chip’s bond pad stack structure will be presented along with the 

reasoning behind choosing the interconnection that will be used to achieve the technological 

demonstrator.  

 

Chapter 3 explores the development of the direct access sensor (DAS). This experimental part uses a 

Design of Experiment (DOE) approach to develop a sensor interconnection process, which is then 

tested in an electrochemical environment to establish the functionality of the sensor as well as the 
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joint. A preliminary sensor packaging method will also be described in this chapter. An assessment of 

the effect of encapsulation on the sensors and the interconnection’s response is provided.  

 

Chapter 4 describes the mechanical characterisation of the ACA joints during the capsule insertion 

process and identifies the smallest capsule diameter that could be used in the DAS integration 

process for a specific assembly.  

 

Chapter 5 describes the electrical characterization of the ACA in a DAS. In particular the effect of 

moisture and ions on the leakage current of ACA will be described. 

 

Chapter 6 depicts the reliability of the ACA in terms of contact resistance with accelerated life time 

(ALT) testing. ALT was used to accelerate the degradation mechanism of the ACA joint and to identify 

the dominant failure mechanism. Two distinct phases of testing were undertaken: firstly, a constant 

humidity aging of the ACA joint was carried out and this was followed by in-vitro testing. 

 

Chapter 7 describes the integration of the capsule. In this chapter the integration of the DAC into the 

final electronic prototype is explained. 

 

Chapter 8 discusses the novelty of the work carried out, the achievements of the research 

completed for the thesis and provides an outline for the future requirements of the final product 

and need for new technological development.  
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This thesis addresses some of the challenges faced in achieving a new highly reliable DAS that could 

be accommodated into a swallowable sensing capsule for measuring gut fluids. To provide a solution 

to this problem the process, a variation of flip chip, was developed on a flexible substrate which was 

then transferred onto the final prototype substrate for capsule integration. The influence of the 

mechanical pressure on the DAS joint in relation to the force applied when fixing it to the capsule 

was also characterized. The electrical characterization of the joint in response to moisture and its 

reliability in humid and in-vitro environments were verified. Finally, the sensor and battery 

integration into a folded serpentine form for the capsule was achieved.  
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Chapter 2 Background to the project 

 

2.1. Background to the project 

 

As mentioned in the introduction, the overall aim of the project was to develop a swallowable 

sensing capsule system that could take real-time measurements of the gut in the human body. As 

depicted in Figure 2.1, a swallowable capsule has all the parts placed in a small oval form so that it 

can easily be swallowed and moved through the GI tract via the segmental contraction and 

peristaltic movement [5].  In this sensing capsule, the sensor interfaces with the external 

environment through the opening provided for the sensor. The sensor measurements are 

communicated to the signal conditioning part via the interconnection.  Different interconnection 

technologies such as wirebond technology or the flip chip technology that is used in other 

mainstream applications such as computer assembly could be used for the swallowable capsule.  

 

 

Figure 2.1. Schematic of the components of a swallowable capsule. 

 

The aim of this chapter is to provide an insight into sensor interconnection technology used in 

diagnostic sensing capsules by reviewing wirebond and flip chip technology.  The review of these 

different technologies with their different interconnection processes will provide some 

understanding of their issues and their advantages in order to choose a feasible interconnection that 

can be implemented for the DAS developed in the overall project.   
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2.2. Sensor interconnection methods 
 

The following sections give an overview of the most common interconnect methods used for sensor 

interconnection. 

  

 2.2.1. Wirebonding 

 

Wirebonding is the most common method used for sensor interconnection. It consists of using thin 

gold or aluminium wires to make connections between the bonding pads on the chips and the 

metallization on the substrates with a combination of heat, pressure and/or ultrasonic (US) energy 

[30]. First the chip is attached to the substrate face up with the help of a die attach. This is then 

followed by the wire bonding process. Depending on the bonding tool used (capillary or wedge) the 

wirebonding process could be classified as ball bonding or wedge bonding.  

 

 In a ball bonding process, the wire is passed through a hollow capillary and a small ball is formed by 

electrical discharge. As the wire solidifies, the surface tension of the molten metal forms a spherical 

shape which is then pressed to the bonding pad on the chip with sufficient force to cause plastic 

deformation and atomic interdiffusion between the wire and the underlying metallization. This 

guarantees the intimate contact between the two metal surfaces; see Figure 2.2(a).  The capillary is 

then raised and moved to the substrate side.  

 

In wedge bonding, the wire is fed at an angle of 30-60° through a hole in the back of a bonding 

wedge. Firstly the wedge is carried out on the chip bond pad by pinning the wire on to the bond pad, 

see Figure 2.2(b). It is then moved to the substrate side where the wire is torn off while the bonding 

force is maintained. 



Chapter 2: Background to the Project   

 

14 
 

         

               (a)               (b) 

Figure 2.2.  Sensors electrically connected to the substrate via (a) ball bonding; (b) wedge bonding [30]. 

 

 There are three types of wirebonding; thermocompression bonding (TC), thermosonic bonding (TS), 

and ultrasonic bonding (US). All these methods create a solid state metal to metal contact between 

the chip bond pad and the wirebond. Table 2.1 illustrates the comparison of these three methods. 

 

 

Table 2.1. Comparison of three wirebonding methods [30]. 

 

 Au and Al metallization are used for wirebonding.  The Au-Au system is an extremely reliable bond.  

It requires either TC or TS techniques during bonding. This system is also highly biocompatible and 

can potentially be used as the bonding technology for the swallowable capsule.  The Au-Al system is 

the most commonly used wirebonding process, but is prone to various reliability problems due to 

the formation of such intermetallic compounds as - Au5Al2, Au4Al, A2Al, AuAl and AuAl2. Furthermore 

when this Au-Al system comes in contact with a humid environment it could lead to corrosion of Al 

by the formation of an electrolyte solution whereby the driving force could provide the 

electrochemical potentials between these dissimilar metals in the presence of an external bias [31]. 
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The Al-Al system is a very reliable bond. No corrosion or intermetallics are observed in this bond 

system. It requires US, although a TC bond can be created by high deformation.  Al is prone to 

corrosion if it comes into contact with HCl which is present in the stomach [32] or salt water which is 

present in the small intestine [33]. Consequently, it cannot be considered applicable to the 

swallowable capsule use.  

 

2.2.1.1. Sensor interconnection methods used in diagnostic sensing pills  

 

Smartpill 

Smartpill [34] has an open recess in the dome of the biocompatible material through which the GI 

fluids come in contact with the sensor as shown in Figure 2.3. It contains a Microelectromechanical 

system (MEMS) based pressure sensor, a conventional ion-sensitive field effect transistors (ISFET) 

type pH sensor [22,35] and a temperature sensor. The ISFET sensor is derived from Metal Oxide 

Semiconductor Field Effect Transistor (MOSFET) technology where the current between the source 

and the drain is controlled by the gate voltage. The gate has a chemical layer which is sensitive to 

free hydrogen ions. Due to the commercial nature of the product no real information could be 

obtained about the interconnection of the pH and the pressure sensor. Liby et al [36] showed that 

for ISFET sensors used in catheters, both flip chip (FC) and wirebonding techniques could be used to 

achieve the interconnection. Ramesham et al [37] point out that a MEMS structure is at risk of 

structural failure during wirebonding because the small features tend to resonate at similar 

frequencies to those used during wire bonding. They also point out that there is a risk of damaging 

the thin diaphragm of the pressure sensor during FC bonding. However Shaw et al [38] outlined a 

design for a high volume MEMS pressure sensor which could be obtained by the addition of a dam to 

the wirebonded sensor and a film assisted mould process. Considering the fact that wirebonding 

technology is a mature technology often used in large scale high volume production, it can be said 

that wirebonding would be the preferred technology for the sensor attachment for smartpill.   
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Collected from [34]
 

Figure 2.3. Smartpill [34]. 

 

Intelligent Pill (iPill) 

The intelligent Pill (iPill) [21] contains a pH sensor, temperature sensor and a fluid pump. Once again 

due to the commercial nature of the product no information could be gathered about the pH or 

temperature sensors or the interconnection technology used. However, the mechanical design of 

the iPill shows that wirebond technology was being used as the interconnection method for the pH 

sensor; this is shown in Figure 2.4.  

 

                              
Collected from [21]

                                            

(a)                                                    (b) 

Figure 2.4. iPill by Philips (a) mechanical design showing the wire bonded pH sensor; (b) picture of the wire 

bonded sensor with the wire bond covered by epoxy [21]. 
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The IDEAS (Integrated Diagnostics for Environmental and Analytical Systems) 

Project 

  The IDEAS project device combines lab-on-a-chip (LOC) and a system-on-a-chip (SOC) technology as 

shown in Figure 2.5 [24,28,39]. It is a remote chemical imaging pill comprising of an ISFET pH sensor 

with an integrated Ag/AgCl reference electrode, a PN-junction silicon diode temperature sensor, a 

dual-electrode direct-contact conductivity sensor, electrochemical oxygen sensor, and NiCr 

resistance thermometer. The interconnection between the sensor chip and the chip carrier was 

achieved via wire bonding. The interconnection is protected from any fluid environment by placing it 

further away from the sensor. Access to these electrodes was achieved through a polyimide window 

opening on top of the electrodes. The batteries, electronics and the magnet (to enable tracking of 

the device in the GI tract) are either protected by a hard chemical resistant epoxy resin (Araldite 

2020) or by integrating into a biocompatible capsule made from Polyether-terketone (PEEK). The 

package sensor access is achieved by either drilling a hole in the plastic cup attached to the sensor or 

via a rubber seal in the PEEK capsule.  

 

Collected from [37]
 

Figure 2.5. Schematic of first version of IDEAS [37]. 

 

Wire bonding seems to be the sensor interconnection method for the exposed sensor that is used in 

the diagnostic pills. Flip Chip (FC) is another interconnection method that could be used to interface 
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the sensor to the external environment [40-42]. The following section reviews the FC 

interconnection, the interconnection process and the choice of interconnection method for the DAS. 

 

2.2.2. Introduction to Flip Chip (FC) and Flip Chip Over Hole (FCOH) 

technology 

 

As seen in Figure 2.6, FC interconnection involves attaching the bond pads of a chip face down on to 

a substrate directly through interconnect material.  This technology was first developed by IBM as a 

direct chip attachment method [43-45].  FC has the following advantages [46]:  

• Small Size: Unlike wire bond technology, FC interconnection does not need peripheral space 

for electrical connection. Therefore the package footprint size is reduced.  

 

•  Highest performance: The short interconnection provides high speed electrical 

performance. Direct chip attach leads to a reduction of resistance, inductance and 

capacitance in comparison to wirebond technology. 

  

• High Input/Output (I/O) Flexibility:  FC technology utilizes the whole die surface area for 

interconnection and thus provides flexibility in the bond pad distribution.   

 

• Rugged: Once the interconnection is complete, the use of underfill adhesive forms a solid 

block that provides mechanical strength to the joint. 

 



Chapter 2: Background to the Project   

 

19 
 

 

Figure 2.6. Schematic of FC process. 

 

FC also has certain disadvantages some of which are described below: 

• Unlike the wirebonding process where the chip is first placed on a substrate before 

interconnection, in the FC process the interconnection and the attachment occur at the 

same time. Therefore for some of the FC processes (adhesive FC), it is not possible to easily 

replace the chip.  

• A flat surface is required to carry out the bonding. This flatness is hard to maintain as the 

board heats and cools during the interconnection process. 

• The short connections are very rigid; as a result, the coefficient of thermal expansion (CTE) 

of the chip needs to be matched to the board so that no cracks or open circuits can occur in 

the connection.   

 

The fact that there are more advantages in using FC than disadvantages has led to its use in high end 

applications such as the computer and electronics industries. In recent years it has been used in 

many electronic products such as LCD, mobile phones, calculators, watches, etc. 
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2.2.2.1. Flip Chip interconnection process 

 

Figure 2.7 shows the different chip to substrate interconnection methods that are available to carry 

out the FC interconnection process. They are either metal joint interconnection, or contacting 

interconnection.  

 

 

 Figure 2.7.  Different FC interconnection processes. 
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Flip Chip metal joint interconnection 

 

In FC metal joint interconnections, the electrical connection is produced by intimate contact – metal 

diffusion – between the metals used in the chip pad and the substrate pad. This metal joint 

interconnection can be subdivided into three categories: thermocompression bonding, thermosonic 

bonding and soldering for the purposes of discussion.  

 

Thermocompression (TC) bonding 

Thermocompression bonding (TC) is a solid state metal to metal contact between the chip and the 

substrate achieved through applied pressure and temperature. In most cases, electroplated gold or 

gold stud bumps on the chip are bonded to either a gold or aluminium pad on the substrate. The 

bonding process is as follows: first the chip with gold stud bumps or electroplated gold on pads is 

aligned face down to the pads on the substrate. Then the chip is pressed down by the bonding tool 

while temperature is applied. The temperature and the pressure deform the gold and make 

intimate contact with the metal on the substrate bond pad, thus creating a metal-to-metal contact. 

This process requires a high temperature and pressure during the bonding process [46]. The applied 

bonding temperature is around 300°C while the applied pressure is around 156.25MPa and requires 

a rigid substrate to carry out the process [47,48].  As a consequence, this is not suitable for certain 

substrates such as FR4. In addition, high precision placement equipment which provides high 

accuracy parallel alignments between die and substrates with high planarity is required. 

Furthermore, the pressure imposed during the process could cause the die to crack. Underfill is not 

always necessary in the Au-Au interconnection processes but it does provide structural integrity to 

the assembly. It also helps minimize the stress that might occur due to thermal mismatch (CTE) 

between the die and the substrate.  
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Thermosonic (TS) bonding 

Like TC bonding, thermosonic bonding (TS) also provides a solid state metal to metal contact. Once 

again, gold is the preferred interconnection material in this process. Either gold stud bumps or 

plated gold are used for chip bond pads. The considered metallization for the pad on the substrate 

side is either electroplated gold or gold thin film. The bonding process is similar to TC bonding 

except that the TS process uses ultrasonic vibrations to replace part of the thermal bonding energy. 

This enables the temperature used in TS bonding to be lowered from >300°C to around 150°C while 

high bonding  pressures  of around 75MPa are required [49,50]. This ultrasonic vibration softens the 

Au material during bonding process and thus helps Au-Au diffusion. It also greatly lowers the 

bonding process time [50]. It is used in LED technology, and in magnetic recording head technology 

[51]. In his work on FC of LED on silicon substrate, Kun et al [50] showed that an increase in 

temperature, pressure or bonding power has an adverse affect on the strength of the metal to 

metal bond. This work showed that although the initial temperature rise gives rise to a high contact 

area, any further increase in temperature causes the strength of the joint to decrease. This is 

attributed to substrate warpage due to high temperature. They also suggest a force of over 18N 

might cause damage to the device. They showed that a substantial increase in US power over 1.7W 

deteriorated the bump. TS require a high substrate planarity of <3μm as well as stud bump height 

consistency [52], high precision placement equipment and high accuracy in parallel chip-substrate 

alignments [49]. High US power is required on organic substrates to get the same results as on 

ceramic substrates [52].  This is due to the “energy absorption effect” of the US power by oscillation 

of soft materials. Cheah et al [49] pointed out that any misalignment might cause misalignment of 

the joints while the lack of co planarity and parallelism will cause a cold joint on one of the sides due 

to a lack of pressure. High US power can also cause die cracking and pad damage [52]. US FC is 

relatively well suited for small IC connections but large ICs require high levels of planarity and 

homogeneity, so it becomes less suitable. Furthermore it requires an additional underfill process.  
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Solder bonding process 

Solder bonding is the most traditional form of bonding used to provide an electrical connection. Tin 

based solders are often considered for the bonding purpose. However, due to environmental 

concerns relating to lead based solder in microelectronics and the alpha particle emission from lead 

isotopes issues for FC application have led to the increase use of lead free solder in the 

microelectronic industry [53]. A typical solder FC process starts with deposition of Under Bump 

Metallurgy (UBM) on the bond pads of the chip. The UBM is normally created by Physical Vapour 

Deposition (PVD), plating or a combination of these processes. The main purposes of the UBM are 

to: 

• Provide good adhesion to bond pad metallization; 

• To act as a diffusion barrier during solder bonding; 

• To provide a solder wettable metal finish; 

• To prevent oxidation of the surface [46]. 

 Different UBM is used for different bumping processes as shown in Table 2.2.  Solder deposition can 

be carried out via evaporation, electroplating, stencil printing, electroless plating, dispensing and 

solder jet printing techniques. The pad metallization could be copper/nickel/gold.  The electrical 

connection is achieved by reflowing solder after chip/substrate to pad alignment.  This provides 

better electrical performance by providing a low and stable contact resistance [54]. It is a well known 

process and it is easy to carry out rework of the solder interconnection. Most of the technical flaws 

associated with solder joints are known and tolerable during the manufacturing process. The short 

solder interconnection leads to low inductance at the connection [45,46]. Furthermore, solder has 

good thermal performance because heat as well as electrical current can be transferred through the 

joints [55]. Surface tension of molten solder `self aligns’ the chip to the substrate during the reflow 

process [56,57]. This minimizes any requirement for high precision placement equipment. However, 

in some cases, for example. solder bonding in fine pitch assembly, bridging of adjacent bond pads 

may occur. The CTE mismatch between the silicon chip and the organic substrate exerts large shear 
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stress on the joints [58]. This shear stress is proportional to the distance from the “neutral point” at 

the centre of the chip. This situation can lead to failure of the solder joint during thermal cycling. 

Underfill is always used with the soldering process [59]. It is introduced between the die and the 

substrate where it forms a solid block once cured. This solid block provides mechanical stability to 

the solder joint and can enhance the solder joint fatigue life. The use of underfill reduces the 

thermal stress on the solder joint by redistributing it among the chip, underfill, substrate, and all the 

solder joints. Thus the stress concentrations on the peripheral joints are reduced.  Numerous 

process steps are involved in solder bonding. These include pre cleaning of the chip/substrate, and 

post cleaning of the flux residues before underfilling the reflowed assembly.  It also requires a solder 

mask to stop the solder from bridging to an adjacent pad, and most important of all, a solderable 

surface finish is required to carry out the soldering process. 

 

Collected from [46]
 

Table 2.2. Different UBM used in different bumping process [46]. 

 

FC contact bonding 

In FC contact bonding, the electrical connection between two metals is obtained by bringing the chip 

pad and the substrate pad into contact via another metal. There is no diffusion between the metals 

and there are three ways of producing these contacting joints. They are isotropic conductive 

adhesive (ICA), which conducts in all directions, anisotropic conductive adhesive (ACA) which only 
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conducts perpendicular to the substrate/chip surface and non-conductive adhesive (NCA) which is 

essentially glue and provides isolation in all directions. 

 

Isotropic conductive adhesive bonding 

ICAs are adhesive materials which are loaded with conductive particles in a thermosetting polymer 

matrix which provide electrical conduction and thermal conduction in all directions [60].  Silver (Ag) 

is the most common conductive particle used for ICA formulation.  It is normally screen printed on to 

the substrate bond pads or dip transferred on to the bump on the chip bond pad. When using the 

dip method Au stud bumps are pre-formed on the chip pads which are flattened to a certain height 

(coined). These studs are then dipped on to ICA whereby conductive material is transferred on to the 

bump. This is followed by the chip and substrate alignment and the bonding takes place by applying 

temperature at around 150°C. ICA has around 25-35 volume percent filler content [61] which is 

above the percolation threshold (this is the point at which the electrical resistivity drops suddenly 

due to a high concentration of particles forming a conductive network). The electrical contact is 

obtained through a network of contact points between individual particles [62,63]. It requires an 

additional underfill step to compensate for the thermal mismatch [46,64] and to increase bond 

strength.  ICA has been mostly used in flip chip and surface mount technology (SMT). Its application 

ranges from die attach for small passive chips in automotive electronics, RFID tags [65] and LCD 

displays [62]. Some of the main draw backs of ICA include moisture absorption, silver migration and 

galvanic corrosion between dissimilar metals [61,65]. For further development in the ICA field an 

excellent review of this topic has been provided by Morris et al [65]. In the ICA process no self 

alignment is possible, and therefore there is a requirement for high precision chip to substrate 

alignment equipment.  
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Anisotropic conductive adhesive bonding 

ACA can be applied in different forms: paste (ACAP) and film (ACF) and is generally composed of 

conductive particles dispersed in an epoxy based polymer matrix. The most widely used epoxy resins 

are diglycidyl ether of bisphenol A (DGEBA) and diglycidyl ether of bisphenol F (DGEBF) [66].  In the 

work of Lin et al [66] it was suggested that the outstanding performance of the resin was attributed 

to the bisphenol chemistry (toughness, rigidity, and elevated temperature performance). In this 

material the ether linkages are responsible for the chemical resistance, while the hydroxyl and epoxy 

group are responsible for reactivity with various chemical curing agents. Bisphenol F epoxy has the 

same characteristics as bisphenol A but has lower viscosity. The conductive particles are either 

metallic or metal coated polymer spheres. The chip bond pads are Au stud bumped. As with ICA, 

these Au stud bumps are then coined to be of a specific height. ACAP is dispensed or screen printed 

on to the substrate bond pad which has bondable metallization such as Au-plating [46,67]. This is 

followed by chip and substrate alignment using fiducial marks and then the bonding takes place by 

applying a bonding pressure of 50MPa, and applying temperature of around 180° - 200°C for 5 – 

10sec [67]. The electrical connection is made by trapping the conductive particles between the 

raised pads of the chip and substrate. The volume fraction of particles used in ACA is around 5-10 

volume percent, which is well below the percolation threshold [63,68]. Due to this low volume 

fraction of particles, there is no conductive path in the x-y direction and conduction only occurs in 

the z direction and therefore no risk of shorts between the closest pads arises [61,63].  

 

ACA has been used in several applications such as Application Specific Integrated Circuit (ASIC) in 

radio transmitters, Personal Digital Assistants (PDAs), sensor chip in digital cameras, memory chips in 

laptop [69], LCD panels [70,71], etc. Numerous studies have been carried out on the bonding 

conditions and the contact resistance. For example, Yim et al [70] developed an electrical conduction 

model with a physical contact mechanism to understand the electrical conduction of ACF. They 

suggested that the electrical contact resistance depended on pressure, the number of particles, their 
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size, the material properties of the particle and their mechanical and electrical properties. As the 

pressure increased the resistance decreased until a certain critical pressure was reached where the 

contact resistance remained constant but further pressure increase led to increased contact 

resistance. This was explained by the viscoelastic behaviour of the epoxy after the pressure release 

(Viscoelasticity is the property of a material to exhibit both viscous and elastic behaviour when 

deformed). Instead of the customary volume percent used to present the fraction of the particles 

present in ACA, Yim et al [70] presented the fraction of particles present in the ACA in weight 

percent. They concluded that the increase in the number of particles decreases contact resistance 

and becomes constant for over 4 weight percent of the particles. This was explained by the two 

opposing factors that come into play as the number of particles is increased.  The increase in particle 

numbers exerts less pressure per particle thus reducing the contact area but the number of particles 

present causes the resistance to decrease. They also suggested the mismatch in CTE between the Ni 

particles and metal coated conductive particles in an assembly will have a high impact on reliability. 

A theoretical characterization of electrical contact in ACA was studied by Fu et al [72]. They 

suggested that the spatial position of the conductive particles also affects the contact resistance. 

Frisk et al [71] studied the effect of different chip and substrate thicknesses on the reliability of the 

ACA FC joints. They concluded that a thin substrate and a thin chip had a higher performance during 

temperature cycling test than the thicker samples. This is due to the fact that both the thin chip and 

substrate are both more pliable and consequently the assembly may warp thus leading to lower 

shear strain. The effects of different temperatures on the reliability performance was studied by 

Chan et al [73], who concluded that the degree of cure of the ACA was determined by the bonding 

temperature. With too low a temperature, the epoxy and the conductive particles move at a slow 

rate. Moreover, there is under curing of the epoxy. Too high a temperature cure will prevent the 

particles from spreading evenly and might cause the chemical bonds in the cross link to degrade. The 

effect of temperature ramp rate on FC ACA joint quality and reliability has also been studied by 

Gustafsson et al [74]. Their study suggested that a slow temperature ramp rate provided a better 
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joint quality than a high temperature ramp rate, as a high temperature ramp rate will risk the 

adhesive being cured before a full compression of the particle was reached.  Bivragh et al [43] 

suggested that a planar bump would provide a better reliability than an undeformed gold bump. The 

low process temperature favours the use of different substrate materials. Unlike the soldering 

process where a solderable surface is required to make the interconnection, the ACA process is 

compatible with a wide range of surfaces including non-solderable ones. There is no requirement for 

a solder mask in order to keep the adjacent bond pads from being shorted and it also has 

considerably less process steps. As seen with ICA, the ACA process does not allow self alignment 

between the chip and the substrate which is necessary in order to obtain good reliability [67,75]. 

This approach also requires high accuracy placement equipment. On thermosetting polymer 

adhesive, no rework can be carried out.  

 

Non-conductive adhesive 

Non-conductive adhesives (NCA) are epoxy based polymers (b-stage epoxy) or thermoplastic 

materials without conducting particles [75]. Different bump types such as electroplated Au bumps, 

electroless Ni immersion Au bumps or Au stud bumps could be used for the chip bond pad.  The 

most common method is the stud bump method. Again the bonding is carried out by picking, 

aligning, placement and attachment of the chip to a substrate with any bondable metallization such 

as Cu, Au, Al etc [76]. The contact between the stud bump and the metallization on the substrate 

bond pad is obtained by applying pressure and temperature. Typical bonding pressure is around 

100MPa with an applied temperature of around 175°C for a period of 10sec [75]. It is a 

physical/mechanical contact and no metallurgical joints are obtained [77]. However, Pendse et al 

[78] argue that the connection between the stud bump and the metallization on the substrate pad 

is metallurgical. However, they never performed fracture analyses on the surface of the bond pad to 

prove that the stud bump used with NCA produced an intimate metal contact. Recently 
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thermosonic FC with NCA on to flex has been demonstrated by Cheng-Li et al [79]. Once again a 

precise alignment and coplanarity is required to get a good interconnection.  

 

Conductive adhesives are made up of polymeric materials, which makes the material susceptible to 

moisture absorption. ICA moisture absorption could lead to galvanic corrosion between dissimilar 

metals [61,65]. Moisture absorption of the ACA has been reported in literature [66,80,81]. Moisture 

penetration is also of concern for the NCA assembly because this could lead to pad corrosion if Al 

was used as the chip metallisation [78]. 

 

Figure 2.6 showed an example of the structure of the die where all the above mentioned processes 

could be applied. It can be seen that the face up side of the chip is just bare silicon (Si) which makes 

it easy for the bond head to be placed to apply pressure during bonding. In the case of a sensor that  

needs to be exposed, the sensor will be placed in the die face up, otherwise the FC tool could not be 

used; and this means that the FC interconnection method has to be considered as a second level 

interconnection (Ball Grid Array – BGA), as shown in Figure 2.8. This method will considerably 

increase the cost of the product and would take up a lot of space in a swallowable capsule. This 

would force a fall back to the wirebonding version as mentioned when considering the 

interconnection method used in the Smartpill.  For a capsule package it is crucial to keep the size of 

the first level packaging to a minimum and this is only attainable by using bare die flip chip and this 

type of FC package for sensor is explained in the next section.   

 

 

Figure 2.8. Schematic of sensor placed face up on the same side as the bond pad for FC interconnection. 



Chapter 2: Background to the Project   

 

30 
 

2.2.2.2. Flip Chip Over Hole (FCOH) or Direct Access Sensor (DAS) 

 

FCOH is a variation of FC interconnection whereby the sensor is placed on the side of the 

interconnecting bond pads, as shown in Figure 2.9.  The sensor attachment is carried out by flipping 

the die and attaching it face down on to a Printed Circuit Board (PCB) which has an opening to allow 

interaction between a sensor die and the environment it is supposed to be measuring. This is 

illustrated in Figure 2.10. 

 

 

Figure 2.9. Schematic of sensor face down.  

 

FCOH is of particular interest for systems with low I/O count technology such as sensor attachment 

[40-42]. However, there are certain constraints with FCOH for Direct Access Sensor (DAS) 

attachment and it is necessary to:  

• Avoid covering the electrode with any material used in the interconnection process. 

• Provide mechanical strength to the joint during sensor integration into the capsule.  

• Provide electrical insulation to the joint and the underlying electronics while the sensor is 

exposed to stomach acid and powerful digestive enzymes for 72hr.  
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All the above mentioned interconnection processes are viable options for the FCOH DAS. However, 

one of these interconnection processes has to be selected for the microelectronic sensor developed 

for this research. The next section will detail the microelectronics pad metallization scheme and 

explain the choice of the interconnection process chosen for the FCOH DAS capsule application.    

 

 

                     Figure 2.10. Expanded schematic of FCOH process. 
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2.3. Choice of interconnect scheme for the swallowable capsule 

project   
 

2.3.1. Microelectronic sensor chip – pad metallization scheme 

  

Figure 2.11 shows the pad metallization scheme used in the microelectronic sensor. It can be seen 

that a gold finish has been used in the chip finish as a protective layer.  In a solder bonding approach, 

a chemical reaction between the solder, surface finishes and the underlying metal can lead to inter-

metallic formation. It is well known that the inter-metallic layers between the solder material and 

base metal are a sign of good metallurgical bonding. It is also known that during soldering the gold 

layer dissolves and an inter-metallic layer is formed with the underlying metal [82].  

 

                                                       

Figure 2.11. Schematic of deposited stack layer of the microelectronics sensor.  

 

Gold dissolution in molten solder  

The rate of dissolution depends on the base metal, solder composition, temperature, cleanliness and 

solder velocity [82]. Figure 2.12, acquired from efunda solder guide lines [83] shows the dissolution 

rate of different metals used in the surface finish of most of the bond pads.  
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Figure 2.12. Dissolution rate of gold. 

 

It can be seen from this that at around 250°C 4μm of gold metal would be dissolved per second. 

However, from Figure 2.11 it can be noted that there was only 200nm of gold deposited on the 

microelectronic sensor chip pad. This means that all the gold will dissolve into the solder and the 

solder has to form intermetallics with the underlying chromium. But chromium is not solderable 

[84,85]. This meant that solder was not an option for this application.   

 

Since Au is a biocompatible material that can be used in the body environment, thermocompression 

Au-Au bond is a viable option to be considered for the DAS interconnection for the capsule. The fact 

that only the rigid substrates are suitable for TC bonding means that a high cost will be added to the 

final product. Even though underfill is not required for other applications, in a capsule environment 

it is a requirement because it will protect the underlying electronics. This makes it a two step 

process. Furthermore, the high temperature that is normally used in the curing of the underfill could 

harm the electronic components that would have been included in the final prototype substrate. 

Keeping in mind that the final product is for single use, the cost of the DAS attachment should be 

kept to a minimum. Taking into account the cost issue; the other additional step require for FC 
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process and other issues that could occur during bonding, the TC bonding was deemed to not be an 

option for this application.  

 

TS bonding is also a feasible option due to the reasons mentioned for the TC bonding but it is not 

suitable for large dies as it might cause the die to crack during bonding. It also required an additional 

underfill process when considered for the capsule application. Due to these reasons the TS bonding 

was not considered for this application.  

 

ICA has been applied for other applications as mentioned in the above sections and is still a viable 

option to be considered for the DAS. Similar to TC and TS interconnection, ICA requires an additional 

underfill process to achieve a reliable DAS. The issue involved with underfill curing in relation to the 

final prototype was the reason in not considering ICA interconnection for the DAS. 

 

ACA and NCA are once again perfect candidates for the DAS interconnection. Similar to ACA, The 

NCA process could involve bonding and curing at the same time. Even though the Au stud bumping is 

biocompatible, there is no information on the epoxy’s biocompatibility that is used in ICA, ACA and 

NCA. Although fully cured epoxy is generally considered non toxic [86], an incomplete curing of the 

epoxy might lead to release of potentially allergic compounds into the body.  Bivragh et al [43] 

showed that for a similar type of ACA that is used in this research, there was 95% cure in the epoxy 

matrix at 200°C. Even though they obtained a 98% cure in the epoxy matrix at 220°C, they concluded 

that it was preferable to carry out the processing at 200°C in order to reduce the processing time 

and thermally induced processing stress. In this research, as suggested by Bivragh et al [43] and 

Gustafsson et al [74], a planar bump, a slow temperature ramp rate and the cure temperature of 

200°C was considered for the FC process. Bivragh et al [43] also suggested that a 100% cure in the 
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epoxy matrix was very difficult to achieve. Furthermore as there is no biocompatible ACA available in 

the market, this thesis aims to develop a reliable DAS process based on ACA and then assess the 

biocompatibility issues after a reliable process has been defined.      

 

In comparison to NCA assembly, the ACA assembly would add an extra height to the assembly due to 

the presence of the conductive particles that have to be trapped in-between the bond pads to 

provide conduction. This extra height in the ACA assembly might create additional mechanical stress 

on the assembly [87], but Bivragh’s work [43] showed that the coining of the bump provided better 

reliability. The risk with NCA assembly is the application of high pressure as this might endanger the 

chip and cause chip cracking. Due to this reason NCA process was not considered and ACA process 

will be used in the DAS interconnection.  

 

2.4. Conclusions 
 

In this chapter, a review of different interconnection technologies that could be used for sensor 

interconnection for a direct access sensor-capsule environment has been presented. First, wire 

bonding technology was presented with its different processes; their advantages and their 

disadvantages. A review of all the diagnostic sensing pill sensor interconnection showed that 

wirebonding was the preferred interconnection method.  

 

The second part showed that FC interconnection is also possible for direct access sensor 

interconnection. In FC interconnection the processes are classified into metal bonding or contact 

bonding depending on the nature of the bond. Metal bonding consists of TC, TS and solder bonding 

where an intimate contact between is obtained during bonding. The advantages and disadvantages 

of each process were presented along with their application in other fields. Contact bonding 
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comprises ICA, ACA and NCA bonding where a contact is provided by either the conductive particles 

or the metal used in the process. These are polymeric materials and possess their own advantages 

and disadvantages with respect to their application. It was shown that these processes apply to a 

technology where the chip’s upper side was bare silicon, thus making it easy to place the bonding 

head.  

 

In a DAS using a variation of FC technology the sensors are placed on the same side as the bond pads 

and the bonding substrate contains a hole so that the sensor can interact with the external 

environment. The challenge in using such a technology is that care must be taken not to cover the 

electrode with any material used in the interconnection process, because covering the electrode 

might hinder the sensor functionality. It is also crucial that the interconnect survives the system 

integration and continue to function reliably in the gut for 72hr. 

 

With the exception of solders, all the FC interconnection processes were feasible options for the DAS 

attachment. This is because the bond pad structure used in the chip does not accommodate the 

soldering process. After considering the pros and cons of each FC process with respect to the 

development of the DAS and its integration in the final capsule prototype, ACA was deemed to be 

the suitable one. Furthermore as there is no biocompatible ACA available in the market, this work 

aims to develop a reliable DAS process with ACA before its biocompatibility can be assessed.   

 

This review chapter showed that although FCOH was used in other areas such as neonatal catheters, 

it has never been considered for sensor attachment in a diagnostic sensing capsule and more 

specifically the use of ACA in the DAS. This thesis aims to develop a DAS using ACA interconnection 

method. The challenges include the development of the ACA interconnection without covering the 

sensor electrodes and to qualify the joint for sensor integration and its final application. Chapter 3 
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provides a detailed insight into the choice of DAS placement with the development of the DAS using 

ACA and its qualification via shear testing.  
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Chapter 3 Development of the DAS 

 

3.1 Introduction 
 

As shown in Figure 2.10, a direct access sensor (DAS) needs to be mounted as Flip Chip Over Hole 

(FCOH) on a flexible substrate. Anisotropic conductive adhesive (ACA) is the material of choice to 

achieve electrical interconnection while simultaneously sealing the interconnect area from the 

sensor area.  

 

ACA is available in two forms: film (ACF) and paste (ACP). The overall aim of this work was to 

produce a low cost, disposable capsule. It was therefore essential to limit the cost of development of 

the DAS/FCOH sensor. Both ACF and ACP are good candidates to develop the DAS. With ACF there is 

good control of volume, density of particles in a sample, and the distribution of the particles within 

the sample. Due to these advantages, it is mostly considered for fine pitch applications [69]. For the 

DAS, the use of an ACF would require an additional tool to be made to cut the film and remove the 

window area so that the sensor can be exposed. In addition, ACF adhesion to the chip was found to 

be very poor. This poor adhesion could be explained by the processing issues. In comparison to ACF, 

ACP cannot provide the same level of adhesive volume control or particle dispersion. ACPs are 

generally less expensive than ACF and were also found to have better adhesion to the chip. For these 

reasons, ACF was rejected and ACP was chosen to use as in-house dispensing equipment could be 

utilized. Hereinafter, during the whole thesis, ACP will be addressed as just ACA.  

 

The downside of using ACA is that it needs to be selectively dispensed and doesn’t allow FC 

alignment before dispensing. As a transparent ACA could not be found, a brown opaque ACA was 

chosen as the interconnect material. Due to the opaque ACA, the pad features on the substrate will 
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not be visible for chip bond pad alignment. In a sensor FCOH, the presence of the large sensing area, 

the peripheral placement of the bond pads on the chip and the presence of the window on the 

substrate inhibits the placement of fiducial marks and the only option is to dispense the ACA within 

the confines of the bond pads. Screen printing and stencil printing are the most commonly used 

methods for depositing materials like ACA before bonding. However, for this work with 300µm wide 

bond pads, a liquid dispense system was used to deposit the paste in the form of dots on to the 

substrate before the FC bond pad alignment. The ACA can be directly dispensed on top of the bond 

pads while a separate pattern can be used for insulating and sealing off the sensor. This chapter 

describes the experimentation carried out which resulted in the qualification of a suitable ACA 

dispense pattern through shear testing. Finally, it reviews the sensor placement options for a capsule 

environment. 

 

3.2. Experimental details 
 

The objectives of this work are to: (i) identify the parameters that control the dispensing of the ACA 

so that a small deposit footprint and volume can be achieved on the bond pads, thus achieving a 

repeatable deposition process so that identical interconnect joints could be formed; (ii) qualify the 

dispense pattern through shear test after hygrothermal aging, and to monitor the mechanical 

behaviour of the adhesive joint exposed to environmental effects; (iii) demonstrate that the process 

provides a DAS with proper sensor and interconnect functionality and finally (iv) review DAS sensor 

placement options. Details of the sensor die, the flexible substrate, ACA, and the bonding process 

are presented in the following sections.  
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3.2.1. Materials 

 

3.2.1.1. Sensor chip 

 

The test chip is a 6mm x 6mm die with a thickness of 0.525mm. It was fabricated on a wafer using a 

silicon multi-layer process and photolithography techniques. The sensing chip has five interconnect 

pads on the periphery with a pad size of 300µm square as shown in Figure 3.1. A 500nm silicon 

nitride passivation layer was applied over the chip with open areas around the electrodes and the 

bond pads. The sensor comprised of three gold (Au) working electrodes (WE) of 1mm diameter, a 

platinum (Pt) counter electrode (CE) of 2mm diameter and a platinum reference electrode (RE) of 

1mm diameter. The distance between the centres of the counter electrode and the working 

electrode was set at 0.5mm. The sensor chip electrodes are used to evaluate the liquid medium with 

cyclic voltammetry. 

 

                                      

Figure 3.1. The direct access sensor chip. 
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3.2.1.2. Test substrate  

 

Figure 3.2 shows the 0.025mm thick single layer thin polyimide substrate that was used to test the 

sensor. The copper tracks on the flexible substrate were 15μm thick while on the substrate bond 

pads an additional 5μm Ni and 0.05μm of electroplated flash gold were deposited. The flexible 

substrate was 77mm long, with a circular section of radius 6mm on one end, a 3mm wide middle 

section and 11.25mm wide fanned-out section on the other end. A square window of 4.4mm was cut 

from the centre of the circular section of the board with a laser cutting tool to expose the sensors to 

the external environment. 

 

 

Figure 3.2.  Flexible substrate with window opening for sensor access. 

 

3.2.1.3. Anisotropic Conductive Adhesive paste (ACA) 

 

The ACA Henkel & Loctite (FP5300) was chosen for this research. This material contains hard 

conductive particles of gold (Au) coated nickel (Ni) particles with an average particle size of 7µm. As 

it was not possible to measure the ACA properties due to lack of availability of test equipment, the 

manufacturer’s data was used throughout the thesis. Table 3.1 gives the specification of the ACA 

used in this research. The ACA material was dispensed on the test board using a CAM/ALOT 1414 

liquid dispense system.  
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Properties ACA

Colour

Matrix Material 

Conducting particles

Average particle size (µm)

Glass transition temperature  (˚C)

Coefficient of thermal expansion (45 to 90°C) – CTE (ppm/°C)

Viscosity (cP)

Particle density per cm2 †

Dielectric Constant

Resistivity (Ω)

Insulation resistance (Ω cm)

Dielectric  Strength (V/cm)

Brown

Epoxy

Au-Coated Ni spheres

7

126

47

87000

8.3*104

3.56

< 0.1

2*1013

2*105

† Measured by experiment  in section  3.2.3  

Table 3.1. Material specification for the conductive adhesive. 

 

3.2.2. Bonding process 

 

A pre-cleaning procedure was carried out separately for both the chip and the substrate. This 

involved placing the chips and the substrates into a barrel type chamber of a March Plasmod system 

and exposing them to an oxygen plasma for 40sec at 150Watts. This was followed by IPA immersion 

in a bench top Ultraware ultrasonic precision cleaner for 5min followed by a deionised water rinse. 

The samples were then dried in a Heraeus vacuum oven at 150˚C for one hour.  Any grease, oil and 

solid residues present on the chip and the substrate are removed at this pre-cleaning stage [89]. 

 

Gold stud bumps were formed on the die pads using a Kulicke and Soffa ball wedge gold bonder. 

Figure 3.3(a) shows the stud bump which had a mean diameter of 103µm and a mean height of 

108µm. This was followed by coining the gold stud bump onto a glass substrate using a Finetech 

Fineplace 96 Lambda flip chip bonder. The main purpose of the coined stud bump is to maximize the 

contact area during the assembly of the device onto the substrate. The gold stud bump was coined 
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at 26MPa at a coining temperature of 180°C for 20sec. Figure 3.3(b) shows the diameter and the 

height of a coined stud bump which are around 123µm and 19µm respectively. 

 

 

Figure 3.3. SEM image of: (a) a gold stud bump; (b) a coined stud bump. 

 

The alignment and bonding of the chip/substrate was performed using the same Finetech Flip-Chip 

bonder. Bonding was carried out at a ramp rate of 2°C/sec with a hold at 200°C for 50sec and a cool 

down rate of 3°C/sec, as shown in Figure 3.4. During the bonding process of a 300μm square bond 

pad chip, a bonding pressure of 22MPa for 8sec was used to achieve a satisfactory bonding. The 

average bond line thickness of the adhesive taken from 10 samples was approximately 7µm with a 

standard deviation of 1µm.  

 

 

Figure 3.4. ACA Reflow Profile. 



Chapter 3: Development of the DAS   

 

44 
 

The next section will look into the development of the interconnect, more precisely the ACA dot 

footprint qualification by using design of experiments (DOE), environmental testing and the 

characterisation techniques. 

 

3.2.3. Estimating the number of conducting particles 
 

To estimate the number of particles per bond pad, ACA was dispensed on to the bond pads and then 

bonded to a thin piece of microscope slide glass. The thin glass microscope slide was then separated 

from the bond pads and the bond pad area was magnified 90 times under an Olympus SZX12 

microscope. Image J [90] is a public domain, Java-based image processing program. The magnified 

images were then processed via image J software to count the number of conductive particles in the 

bond. Figure 3.5(a) shows the mosaic picture of a 300μm square pad with its processed image from 

image J shown in Figure 3.5(b). The processed image showed that there was an average of 8.3*104 

particles per square centimetre. So for a 300μm square pad, there are on average 79 particles, 10 

particles per 100μm square pad and 363 particles per 500μm square pad. 

 

 

Figure 3.5. Images of ACA particles: (a) Composite image of 300μm square pad with ACA particles in gray 

scale; (b) processed image via Image J software showing just the conductive particles on the right side. 
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3.3. Design of Experiments (DOE) 
 

 3.3.1. Dot diameter qualification through DOE to achieve the smallest 

footprint  

 

For this research, a CAM/A LOT contact dispensing system was used to dispense ACA. It can dispense 

either dots or lines. Preliminary trials with this in-house dispensing system showed that the width of 

the dispensed lines weren’t repeatable while there was good repeatability on the size of the 

dispensed dots. Furthermore, the dispensed lines would cover the bond pad and thus impede the 

alignment of the chip to the substrate during the bonding process. Due to the control of the 

repeatability of the ACA dispensed dots, these were chosen as the preferred method of deposition. 

In a contact dispensing method the main factors that influence dot consistency and diameter are: 

temperature, pressure, needle inner diameter, dispensing height (needle height from the substrate), 

shot time (needle release speed from one dot to another as it controls the occurrence of the tails for 

each neighbouring dot), and the properties of the ACA such as viscosity, surface tension, as well as 

the paste condition.  

 

West et al [91,92] pioneered the dot dispensing method of the adhesive for surface mount 

technology. Their study showed that the presence of a bubble during the flow could cause material 

variability during dispensing (the presence of a bubble in the flow could lead to either increased dot 

size or decreased dot size). The material variability could also lead to adhesive trails during 

dispensing. They attribute this material variability to the temperature, and pressure variation with 

the syringe adhesive. The effect of dispensing height on both dot size and dot consistency has been 

reported by Deng et al [93]. Temperature has an effect on the viscosity and consequently, the flow 

of the paste. Material viscosity has to remain constant so that consistent dots can be obtained. 

Therefore, in accordance with the manufacturer’s suggestion, the paste was brought to room 
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temperature before use. The following practices were utilized to minimize variations in the material 

properties; in order to maintain the same viscosity, the paste was maintained at a constant 

temperature by using a controlled temperature in the working environment, the same rigorous 

cleaning procedure was used on all the substrates to maintain the same quality of surface tension, 

and only relatively new pastes were used to eliminate any effect from the paste condition.  

 

 The dots were dispensed on to the bond pad and around the perimeter of the substrate. The 

objective was to get a dot small enough to fit within the 300µm square bond pads. As stated in Table 

3.1, the ACA has a high viscosity and a 23 gauge needle with inner diameter of 0.33mm was the 

smallest needle that would dispense the ACA. The variables remaining for the study were dispensing 

pressure, dispensing height, and shot time. A full factorial design was selected with three factors at 2 

levels. There were in total 8 runs with 2 repeats. Response variables, factors and the levels were as 

follows:  

• Response variable: dot Height, Diameter and Volume. 

• Factors: Pressure, Shot time, and Dispensing Height. 

• Levels: levels of each factor are shown in Table 3.2. 

 

 

Table 3.2. Levels of each factor. 
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3.3.2. Hypothesis testing 

 

In many engineering problems, there is a requirement to decide whether a statement about some 

parameters is to be accepted or rejected [94]. The statement is called the hypothesis, and the 

process involved in the decision making is called hypothesis testing. It is a useful statistical inference. 

A statistical inference makes use of information from a sample to draw conclusions about the 

population under study.  

The null hypothesis (H0) is the hypothesis to be tested. It is basically a statement about a theory that 

is believed to be true but not yet proven. It must contain conditions of equality such as lower than or 

equal to (≤), equal to (=), higher than or equal to ( ≥). The alternate hypothesis (H1) statement is one 

that somehow differs from the null hypothesis. The alternate hypothesis (H1) statement can be: not 

true (≠), or lower than (<), or higher than (>) the statement that was used for the null hypothesis. 

The main goal of hypothesis testing is to observe whether there is enough evidence to reject the null 

hypothesis. 

Hypothesis testing involves the calculation of a test statistic, a value that is calculated from a random 

sample [95,96]. The test statistic is based on a certain distribution (usually z (Standard Normal 

Distribution), t (Student's t Distribution), F (F Distribution) or χ2 (Chi-Squared Distribution)) [96] and 

is used to determine whether to accept or reject the null hypothesis. Some of the popular types are 

outlined below: 

1. The z test could be used to test a claim about a population proportion,  

                 n

pq

 p- p
 z 

)

= , 
                                               

(3-1) 

 

 where: p
)

 is the number of elements (x) per sample size (n); p is the population proportion and p-1  q =  
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2. The z test could also be used to test a claim about a population mean where σ is known,  
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where:   x is the mean, μ is the population mean and σ is the standard deviation. 

3. The t test would be used to test a claim about a population mean where σ is unknown, 
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 where:  x is the mean, μ is the population mean, σ is the standard deviation and s is the 

sample standard deviation. 
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 In the proposed DOE, the σ is unknown and therefore a t test will be considered in the statistical 

calculation. The following paragraphs show the steps involved in a manual calculation of the t test.  

 

3.3.2.1. Statistical inference for a single sample on the mean of a population, 

σ unknown 

 

Central Limit Theorem 

The Central Limit Theorem states that when a random experiment is replicated, the random variable 

that equals the average (or total) result over the replicates tends to have a normal distribution as 

the number of replicates becomes large, as shown in Figure 3.6[94].  

 

 

Figure 3.6. Sampling distribution of the sample mean. 

 

Inference on mean of a population when σ is unknown 

Suppose that a hypothesis is to be tested. The following shows the steps that would be involved in 

the hypothesis testing.  

Step 1: the hypothesis to be tested and the alternative hypothesis are stated 
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H0: μ = μ0    

H1: μ ≠ μ0    

Step 2: involves the test statistics calculation using equation (3-6) 

There are two different ways of carrying out the hypothesis testing:  

Step 3: Carry out hypothesis testing using either method 1 - test statistic approach or method 2 – p-

value approach  

 

1. Test statistic approach - method 1 

This method uses the critical value approach. This is the more traditional method of hypothesis 

testing. This is carried out via a tail test. The alternative hypothesis dictates what type of tail test to 

use.  In this case, a two tail test has to be considered as shown in Figure 3.7. The critical (rejection) 

region is defined by the significance level (α). The significance level (α) is the probability that the test 

statistic calculated in step 2 will fall in the critical (rejection) region when testing the null hypothesis. 

For a two tail test, α is the total area in the two tails of the rejection area.  The significance level (α) 

is chosen by the analyst. The most common choice for α is either 0.01 or 0.05. If the calculated test 

statistics falls in either of the rejection regions (t < -tα/2 or t > tα/2), the null hypothesis will be 

rejected.   
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μ-tα/2 tα/2

Acceptance region

α/2α/2Critical region
Critical region

 

Figure 3.7. The distribution of t, where H0: μ = μ0 is true, with critical region for H1: μ ≠ μ0. 

 

2. P-value approach – method 2 

This method uses the p-value approach. p-value is the smallest value of α at which the statistic is 

significant and H0 could be rejected. The calculated p-value is compared to the chosen alpha value by 

the analyst. If p-value < α, then the null hypothesis is rejected, as shown in Figure 3.8. If it is lower 

than α, then it shows strong evidence that the null hypothesis was wrong.  

 

Figure 3.8. The distribution of t, p-value null hypothesis test. 

Instead of manual calculation, a specialized statistical software Minitab-15 [97], was used to plot the 

effects of each factor and their interaction on the dot diameter. It investigates the significant factors 

that affect the response variable, the dot diameter via null hypothesis testing. In this case, the null 

hypothesis H0 considers that there is no effect of a given factor τi in response variable  Y; i.e. τi equal 
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to zero while the alternative hypothesis H1 assumes there is a value of τi which is different from zero. 

The hypothesis test in the factorial experiment examines the factorial model to see if the response 

at any level of the investigated factor is significantly different from that at the other levels. If this is 

not the case and the response at all levels is not significantly different, then it can be concluded that 

the investigated factor does not affect the response. The test on the factorial model is carried out by 

checking to see if any of the treatment effects τi is non zero. Therefore, based on the above factors 

the statements for the hypothesis are the following: 

 

1. H0: τP1 = 0 (No main effect of factor P1, pressure)    

H1: τP1 ≠ 0 for at least one level 

2. H0: τS1 = 0 (No main effect of factor S1, shot time)    

H1: τS1 ≠ 0 for at least one level 

3. H0: τH1 = 0 (No main effect of factor H1, needle height)    

H1: τH1 ≠ 0 for at least one level 

4. H0: τP1H1 = 0 (No interaction P1H1)    

H1: τP1H1 ≠ 0 for at least one level 

5. H0: τS1P1 = 0 (No interaction S1P1)    

H1: τS1P1 ≠ 0 for at least one level 

6. H0: τS1H1 = 0 (No interaction S1H1)    

H1: τS1H1 ≠ 0 for at least one level 

7. H0: τS1P1H1 = 0 (No interaction S1P1H1)    
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H1: τS1P1H1 ≠ 0 for at least one level 

 

Assuming the standard normal distribution, the critical value or the significant level (α) that could 

lead to the rejection of the null hypothesis is chosen as α=0.05. p-value is the smallest α at which the 

null hypothesis could be rejected. Table 3.3 contains in the last column the p-values for each term 

under study which statistically determines the significance of the term in explaining the response 

variable diameter. Those p-values which are less than α=0.05 are significant, i.e. the shot time, and 

pressure. However, there are some interactions that exist between shot time and dispense height, 

shot time and pressure, dispense height and pressure and these are shown in Figure 3.9. 

 

 

Table 3.3. p-values for significant terms. 
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Figure 3.9.  Interaction plot for dot diameter. 

 

As explained above, the smallest diameter of a dot is required to enable the user to see the pad 

during the alignment process. The software showed that for a 300μm bond pad, a dispense time of 

100ms, a needle dispense height above the bond pad of 0.23mm and a pressure of 40psi was 

required to get the target dot diameter within 300µm. As the paste was brought to room 

temperature, the material in the needle might have a lower viscosity than the material in the tube. 

The first 10 dots dispensed were not consistent, this was the reason the first 10 dots were discarded. 

After the first 10 dots a more repeatable dot size was achieved. The dots were then dispensed on to 

a glass substrate and the height and diameter of the dispensed deposits were measured. The shape 

of the dot after deposition is close to a spherical dome with a small peak on top, as illustrated in 

Figures 3.10(a), (b) and (c). Approximating the dot to a smooth spherical dome, the volume Vcap of 

the dispensed dots was calculated with the following formula: 

                           
( )223

6

1
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
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= π , 
(3-8) 
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 where a is the base radius and h is the spherical dome height. For a 300µm pad, the dot obtained 

was 280μm wide and 60μm high. Hence the volume of the dot was calculated to be 1.96*10-3mm3.  

This shows that the ACA dispense foot print will allow room for alignment before bonding. In order 

for the DAS to be complete, the area around the chip and the substrate has to be sealed and the 

following sections describe the dispense pattern qualification through moisture aging and shear 

testing.  

 

 

                               (a)                                   (b)                                          (c) 

Figure 3.10. Micrograph showing the shape of the dot: (a) top view; (b) The profile view and (c) schematic 

of a side view of the dot. 

 

3.4. Dispense pattern qualification  
 

3.4.1. ACA spread 

 

The values calculated by the Minitab software for pressure, height and shot time were used to 

dispense the ACA dots on to the substrate. The thermocompression bonding stage causes the ACA to 

spread under the chip and substrate area. The dots should spread evenly and seal off the area in 

between the chip and substrate and thus seal off the electronics from the external environment to 

which the sensor is exposed.  
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In order to assess the spread, a single dot of ACA was dispensed on to flex board and the final 

bonding pressure was applied. This gave a circular shape giving an indication of the dot spread, as 

shown in Figure 3.11. The average dot spread of 10 samples showed that the spread diameter was 

approximately 550μm +/- 39μm with thickness of around 8.25μm.  

 

 

Figure 3.11. Picture showing a spread of dot. 

 

The number of dots required and the dot spacing was calculated from the dot spread and the 

amount of space available between each bond pad. Therefore 9 dots of 300µm diameter with a 

spacing of 300µm to cover the window length were required for the bond pad-bond pad spacing of 

5187μm, 7 dots were required for the bond pad-bond pad spacing of 4350μm and 2 to 4 dots were 

required for the bond pad-bond pad spacing of 555μm. As it was difficult to reliably place dots in a 

regular pattern with centres closer than 600μm, the dispense pattern considered had three sets of 

offset dots so that there would be a good overlap of the ACA paste. 

 

The first rows of dots were positioned at 150μm from the window. The second rows of dots were 

positioned at 300μm from the first rows with an offset of 300μm so that they took up the space 

between the first rows of dots. The third rows of dots were positioned at 300μm from the second 

rows and in line with the first rows, as shown in Figure 3.12(a). The SAM image of the dispense 
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pattern in Figure 3.12(b) shows that there was enough epoxy to cover and fully seal the entire chip-

substrate area. If there was enough paste, it would tend to manifest itself along the chip edge thus 

resulting in a fillet, and the presence of a fillet has been shown to considerably increase the adhesion 

strength [98].  Figure 3.12(c) shows that a fillet was observed for the considered dispense pattern. 

Thus good adhesion would be expected. The volume of ACA used in the dispense pattern was 

approximately 20*107μm3. The area covered by the ACA for the dispense pattern was 46*106μm2. 

 

(a) (b) (c)  

Figure 3.12. The dispense pattern; (a) micrograph of the dispense pattern; (b) SAM image of the dispense 

pattern and; (c) cross-section showing the filet for the dispense pattern. 

 

3.4.2. Shear test 

3.4.2.1. Test method 

 

Scanning acoustic microscopy (SAM) was used to assess the sealing efficacy of the direct access 

sensor. Currently there are no established test standards for conductive adhesives, and although 

there are ongoing studies in this area, one of the problems is that researchers do not always 

mention or control the shear rate when testing. In this work, die shear adhesion tests were carried 

out with a Royce instrument using the MIL-STD-883G method 2019.7 [99] to qualify the dispense 

pattern. The minimum shear stress that should be supported for good adhesion is approximately 
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0.7N/mm2 [99]. As no standard test conditions could be found for biomedical humidity aging, the 

moisture humidity test was carried out at 50˚C/95%RH (so that the humidity test could be close to 

the body temperature). A temperature of 50°C was used to accelerate any aging process, but this 

was not too high a temperature so as to accelerate other competing degradation mechanisms 

[100,101]. The samples were subjected to hygrothermal aging using a Heraeus Vötsch HC7033 

humidity chamber at 50˚C/95%RH and adhesion tests were carried out using the shear tester at 

aging times of 24hr, 168hr, and 336hr. As a comparison, control samples without exposure to 

hygrothermal aging were subjected to adhesion testing. All of these tests were performed at room 

temperature. The samples were glued to a glass slide and the shear test was carried out at a shear 

rate of 0.025mm/s, as shown in Figure 3.13. 

 

Figure 3.13. Schematic showing the shear testing of the sensor chip. 

 

As seen in Figure 3.1, each electrode in the direct access sensor chip had its corresponding bond pad 

on the chip periphery. These bond pads are connected via the ACA joint to the matching bond pad 

on the substrate thus making individual joint connections for each electrode. The DAS structure 

developed in this research was destined to be tested via electrochemistry and therefore an online 

four point measurement of the contact resistance was not possible. As a result the contact 

resistance of the ACA interconnect was measured using a HP 3441A multimeter acting as a two 
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probe ohmmeter. The resolution of the resistance measurement was 1mΩ. The measurement was 

made by placing the probe tip on the electrode surface and at the conductor surface of the 

substrate. The resistance was separately measured for the chip, and the substrate. The same 

measurements were conducted on the device (chip) mounted on the substrate via ACA. The 

measurement carried out on the substrate and the chip was subtracted from the contact resistance 

measurement on the device, consequently measuring the contact resistance of the ACA joint. This 

was systematically carried out for each period of soak.       

   

3.4.2.2. Shear test results 

 

Four batches of FC assemblies were prepared. The control batch was not subjected to aging while 

the other three batches were subjected to hygrothermal aging. The initial resistance of the five 

adhesive connections of all the samples was under 500mΩ. These patterns were subjected to 

hygrothermal aging at 50°C/95% RH to accelerate the degradation process of the ACA joints. The 

control samples were subjected to shear testing and were compared to the hygrothermally aged 

samples. The hygrothermally aged samples were taken out of the chamber after 24hr, 168hr and 

336hr respectively and subjected to shear test. Even though moisture and temperature have known 

to have a detrimental effect on the mechanical properties of the epoxy resin [102], during the whole 

hygrothermal aging test the dispense pattern did not fail at 120N/mm2, which was the limit of the 

machine. This was attributed to the adhesive volume that was present in the dispense pattern. The 

dispense pattern had enough adhesive to spread and cover the entire area between the window and 

the edge of the chip, thus providing a large area of contact on the chip and the substrate and hence 

required increased shear stress to de-bond the chip from the substrate. The electrical measurement 

showed that the resistance of the joints was stable for the duration of the hygrothermal aging 

process.  
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As the dispense pattern did not fail, an alternative dispense pattern was developed to evaluate the 

potential failure modes of the ACA adhesive when subjected to hygrothermal aging in a DAS 

environment. This alternative dispense pattern had only one row of dots around the window area 

and therefore would not provide a good seal of the window in the DAS. The lack of sufficient ACA 

adhesive in this dispense pattern signifies that it would produce failure below 120N/mm2. Another 

four batches of FC assemblies with this alternative dispense pattern were prepared. Figure 3.14 

shows the relationship between the shear stress and the hygrothermal soak time for the assemblies 

that failed. The trendline showed that there is a strong linear relationship (R2 = 0.9965) between the 

measured shear stress and the hygrothermal aging time. If the trendline is extrapolated, the 

hygrothermal aging would cause the assemblies to fail, without any applied shear stress, at around 

500hr. After 24hr of hygrothermal aging, the shear stress was approximately 7.9N/mm2. 

 

The percentage decrease of the shear stress relative to 24hr aging was 26.8% and 65.5% 

corresponding to hygrothermal aging times of 168hr and 336hr. Epoxy resin is prone to moisture 

uptake and it has been shown in previous studies [80,102,103] that moisture absorption and 

temperature have a deleterious effect on the physical properties of epoxy resin. Plasticization and 

hydrolysis which occur due to moisture uptake [104] affect the mechanical properties of the epoxy 

and in addition to the moisture absorption, temperature also contributes to this degradation process 

by facilitating increased moisture diffusion and chain mobility [105]. As a result the shear stress 

required to de-bond the chip from the substrate decreases. 
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Figure 3.14. Plot of shear stress of dispense pattern that failed after hygrothermal aging. 

 

3.4.2.3. Fractographical analysis 

 

As shown in Figure 3.15 the failure mode of the adhesive-chip-substrate system can be classified as 

follows [80]: (i) interfacial failure – i.e. a fracture that occurs at the interface of chip/adhesive or 

adhesive/substrate; (ii) cohesive failure - a fracture within the adhesive and (iii) mixed mode failure – 

a fracture which combines (i) and (ii)   

 

 

Figure 3.15. Schematics of types of failure in adhesive-adherent system: (i) interfacial failure; (ii) cohesive 

failure and (iii) mixed failure. 

 

Fractographical analyses of the failed samples that underwent shear testing was carried out using 

Scanning Electron Microscopy (SEM). Figure 3.16(a) shows the SEM image of the chip and substrate 
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side after 24hr hygroscopic aging followed by shear test. It can be seen on the chip and the substrate 

that there are small plastic deformations where the material has elongated in the direction of shear 

before breaking (at the crack tip in the direction of the shear loading). This occurs when the adhesive 

joint yields to high stress at the crack propagation site. This material elongation indicates a moderate 

ductile fracture. Furthermore, it can be seen that the fracture is mostly on the chip side and the 

failure seems to be interfacial and cohesive in nature. Figures 3.16(b) and (c) show the SEM images 

of the shear tested samples after 168hr and 336hr hygrothermal test. All samples at both 168hr and 

336hr showed mixed mode failure, i.e. the failure occurred at both chip and substrate interfaces as 

well as exhibiting cohesive adhesive failure. As a result of moisture absorption, the disruption of the 

hydrogen bonds may occur causing plasticization in the short term [106,107], and hydrolysis [102] 

causing chain scission which results in chain mobility, thus leading to the loss of ductility in the 

adhesive joint. Figures 3.16(b) and (c) show that with increasing aging time, the small plastic 

deformation at the crack tip disappears and the edge of the crack tip is much smoother. These flat 

surfaces depict a brittle fracture. Brittle fractures takes place when there is a relatively small or 

negligible amount of plastic strain and is accompanied with rapid crack propagation resulting in 

cleavage of the surface. Thus, it can be concluded that the transition from ductile to brittle failure 

could be correlated to the moisture absorption, this was reflected by the low shear stress required 

to de-bond the chip from the substrate. 
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Figure 3.16.  SEM images of the failed samples: (a) after 24hr; (b) 168hr and; (c) 336hr. 

 

Summary 

This DAS development process showed that for a 300μm bond pad, a dispense time of 100ms, a 

needle dispense height above the bond pad of 0.23mm and a pressure of 40psi would provide a 

small print dot on to the pad so that the chip/sub bond pads could be aligned and connected. It also 

showed that the dispense pattern provided satisfactory sealing between the chip and the substrate 

area. With this prior knowledge, DAS were fabricated and tested in an electrochemical environment 

to observe the functionality of the sensor and the interconnect. 
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 3.5. Electrochemistry - Direct Access Sensor testing 
 

Cyclic voltammetry of the three electrode cell was used to interrogate the sensor. In a first system, 

the three electrode cell consisting of Au Working Electrode (WE), Pt Counter Electrode (CE) and an 

external Ag/AgCl Reference Electrode (RE) was used to perform the electrochemistry. As the DAS 

was required to conform to capsule environment, there was no room for the brittle glass Ag/AgCl RE 

normally used in these measurements. An alternative option was to use one of the Pt electrodes 

already present in the chip as a pseudo RE. The electrochemical reactions occurring at the interface 

between the WE and the solution were monitored using a CH instruments 620B computer controlled 

potentiostat. As shown in Figure 3.17, the fabricated test assemblies were dipped into a solution of 

0.5M of H2SO4 and cyclic voltammetry test at a scan rate of 0.2V/sec was applied to the electrode 

system. The chemical reactions that occurred at the Au WE in this solution are well documented [16] 

and any change in the performance of ACA would be identified at this stage. 

 

Figure 3.17. Schematic of cyclic voltammetry setup. 

 

Figures 3.18(a) and (b) show the plots of current versus potential for a forward and reverse sweep as 

a result of the cyclic voltammetry. It can be seen in Figure 3.18(a) that, for the system using an 

external RE, each voltammogram showed a similar response. A peak was obtained at 1.4V during the 
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positive voltage sweep (oxidation (ox)) - from 0 to 1.5V, and a corresponding peak was obtained at 

0.9V during the negative voltage sweep, (reduction (red)). The corresponding gold reactions taking 

place are [16]: 

                    (ox)    6e  6H  (hyd) OAu O3H  Au
-

322 ++→+ +
2 , (3-9) 

                 (red)     2e  H 2  2AuO  OH  (hyd) OAu
-

2232 ++→+ + ,     (3-10) 

 

The difference in the voltammogram shape could be attributed to the different sensor batches as 

the properties of Au may vary slightly from one batch to another. Figure 3.18(b) shows the result 

obtained for the system using Pt as the RE and it can be seen that the oxidation peak has been 

shifted to around 1.2V during the positive voltage sweep from 0 to 1.5V while the reduction peak 

has moved to around 0.6V during the negative voltage sweep. This 0.2V difference for each peak 

could be attributed to the change in reference electrode. However, these gold peaks were due to 

gold oxide formation and reduction, and they illustrated the correct function of the sensor and 

interconnect. Also since the measurement was supposed to be done in the body without a glass RE it 

was felt that the pseudo Pt RE on chip would be more representative.   
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Figure 3.18. Cyclic current-voltage curve of the Au WE with: (a) an external RE. electrode and (b) with 

pseudo Pt RE. 

 

Summary 

A DAS was fabricated and tested electrically in a solution and the electrochemistry showed that the 

sensor and interconnect functioned perfectly albeit with a 0.2V shift between classical RE and on 

chip pseudo RE. The next stage is to place this DAS in a capsule. Here different placement options 

were considered and the following section reviews the different sensor placement options. 
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3.6. DAS capsule placement 

 

3.6.1. Sensor placement option 

 

Prior to the final prototype selection, an initial capsule packaging solution was considered. This initial 

capsule packaging solution with its design selection is described in Appendix A1. Figure 3.19 shows 

the schematic of the final prototype with different mounting positions for the DAS. Even though 

Figure 3.19(a) is a viable option, it can be seen that this placement method leaves a lot of empty 

space at the front of the capsule leaving little room for the electronics to be fitted in. In addition the 

opening on the side of the capsule could be of concern as the intestinal collapsing walls may push 

the solids through and may clog the sensor as it passes through the GI tract. The design considered 

in Figure 3.19(b) also provides a lot of empty space at the front of the capsule and therefore could 

have the same integration issue as Figure 3.19(a). Once again the collapsing digestive wall might clog 

the sensor by pushing the solids on top of the sensor and thus inhibiting the proper function of the 

sensor. The final design, as shown in Figure 3.19(c) places the sensor at the front of the capsule. This 

design maximises the space in the capsule while at the same time the sensor and the interconnect 

material are exposed to the GI fluids. The final design was chosen as the sensor position in the DAS 

capsule for this reason.  

 

 



Chapter 3: Development of the DAS   

 

68 
 

 

 

Figure 3.19. Schematic of different viable sensor placement options. 

 

3.6.2. Preliminary DAS packaging  

 

A preliminary sensor packaging experiment was carried out which consisted of the following steps: 

the first step involved dispensing silicone on the perimeter of the window using CAM/A LOT and 

curing it in the oven at 80°C for 3hr. The cured silicone acted as a dam around the window. Then 

protection of the sensor was carried out using AZ photoresist, Diazonnaphthoquinones (AZ 

Electronic Materials GmbH) [108]. The photoresist was applied using the pendant drop method (i.e. 

6 drops of AZ on the sensor area, and then cured at 80°C for 1hr). The resulting photoresist film had 

a height of around 596.7µm and acted as a plug covering the exposed area of 19.36mm2. Once the 

dam and the plug were ready, the assembly was inserted into a 15mm gelatine glycerine capsule and 

mechanically secured in place. The fixed assembly was then filled with silicone and cured at room 

temperature for 24-48hr. This was followed by immersing the capsule in warm water (50°C) for 10-

15min to dissolve the glycerine capsule. The sensor was exposed by dissolving the AZ photoresist in 

acetone for 5-10min, as shown in Figure 3.20. 
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silicone

Silicone dispense

+Oven dry
AZ Photoresist application

+Oven dry
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Removal glycerine
capsule AZ  

Figure 3.20. Process flow of the sensor encapsulation method. 

 

To prove the quality of the encapsulation process the cyclic voltammetry test was carried out on 

both an un-encapsulated sensor and an encapsulated sensor with the use of an external Ag/AgCl RE. 

The derived voltammograms are shown in Figure 3.21. A similar response was obtained for both of 

the tested sensors. Oxidation and reduction peaks were obtained at 1.4V and 0.9V for both sensors; 

minor changes in the shape of the voltammogramms can be related to standard voltammogram 

dispersion as a result of differences between surface of the WE on the sensing chips and decreasing 

of the leakage current in the case of the encapsulated sensor. Thus these test results allow the 

conclusion that the assembly process for the sensor encapsulation did not affect the sensor 

operation. 
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Figure 3.21.  Voltammetric responses of an unencapsulated sensor and an encapsulated sensor. 

 

3.7. Conclusion 
 

The first part of the study was based on the development of a direct access sensor based on ACA FC 

assembly. The ACA was used to obtain good interconnection and at the same time seal off the area 

between chip and substrate. This work involved development of a small deposit of ACA on to the 

bonding pads for the interconnect part of the technology so that the pads would be visible during 

the alignment before bonding. A DOE showed that the dispense parameter pressure and the 

dispense time had the most influence on the diameter of the dot of ACA dispensed and thus on the 

volume. The optimal dispense parameters were a dispense time of 100ms, a needle dispense height 

of 0.1mm and pressure of 0.28MPa; and these were used to achieve the smallest dot of 280µm in 

diameter that would fit onto a 300µm square pad.  

 

The dispense pattern had enough adhesive material between chip substrate area to provide a 

sufficient seal. This was reflected by the fillet observed in the cross section. The mechanical shear 

loading after hygrothermal aging showed that the dispense pattern did not fail at 120N/mm2, which 

was the limit of the machine. This showed that the large contact area and the amount of adhesive 
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have an impact on the longevity of the sensor attachment. An alternative dispense pattern was 

developed to evaluate the potential failure modes of the ACA adhesive when subjected to 

hygrothermal aging. Sheared samples that had undergone hygrothermal aging showed a ductile to 

brittle transition with less plastic strain and rapid crack propagation resulting in cleavage of the 

surface. This showed that the moisture absorption had a deleterious effect on the physical 

properties of epoxy resin and thus lowered the shear strength of the adhesive joint.  

 

The second part of the work was to fabricate the DAS with the optimised parameters and to test it in 

the liquid environment using cyclic voltammetry. The cyclic voltammetry results showed that the 

functionality of the sensor and interconnect was not compromised.  The results showed that the Au 

oxidation peaks were obtained at 1.4V or at around 1.2V during the positive voltage sweep, 

depending on the RE used. For a negative sweep, depending on the RE used the peak were obtained 

at either 0.9V or at around 0.6V. This showed that the on-chip Pt electrode could be used as a 

pseudo RE for the capsule integration.  

 

A choice of the design of the DAS placement was reviewed and the placement of the sensor at the 

front of the capsule maximised the space in the capsule and was the chosen design for the final 

capsule integration. A preliminary capsule packaging was carried out using the test substrate and the 

die which showed that the packaging of the die in the capsule does not affect either the sensor or 

interconnect functionality. This chapter could be concluded with the note that ACA FCOH is a viable 

option for DAS and could be integrated into a capsule to achieve a DAS capsule.  

 

As mentioned in the DAS packaging into a capsule section, the sensor has to be mechanically fixed in 

the capsule. Although the preliminary results show that the interconnect was not affected, it is 
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crucial to understand how the mechanical stresses affect the joint. The following chapter will focus 

on the mechanical characterization of the ACA joint during capsule insertion and sensor fixing.  
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Chapter 4 Mechanical characterization of the ACA joint for a 

DAS 

 

4.1. Introduction 
 

As mentioned in Chapter 3, during DAS integration into the swallowable capsule, a mechanical force 

is applied 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. A preliminary test was performed to 

assess the force that was experienced by the ACA joints during the capsule insertion and securing 

process. This preliminary test will be presented in detail in the experiment section of this chapter. In 

Chapter 3, it was shown that the DAS packaging was reliable 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.  

 

Substrate
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Support point

Conductive particles

Chip

X

Z

Three point bending  

       (a) 
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X
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Four point bending  

       (b) 

Figure 4.1.  Schematic of: (a) three point; and (b) four point bending.  
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Figures 4.1(a) and (b) show the three point bending and four point bending [109-113] 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 [114,115]: (i) the 

outward bend characterized by the die positioned on the negative part of the Z axis as shown in 

Figures 4.1(a) and (b) and (ii) the inward bend distinguished by the die positioned on the positive 

side of the Z axis as shown in Figure 4.2.  

 

Substrate
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Chip
Conductive particlesZ
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Figure 4.2. Schematic of three point inward bending. 

 

Most of the literature deals with the outward bending using three or four point bending. A study 

conducted by Rizvi et al [109] on the outward three point bending on the ACA 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.  Yip et al [110] conducted a study on the effect of aging of the Chip-on-Flex (COF) 

ACF assembly using outward four point bending. Their study revealed that aging of the COF assembly 

decreased the flexibility of the assembly and changed the mode of failure of the ACF from cohesive 

to interfacial fracture between the ACF and the substrate. Although, Lai et al [116] conducted 

reliability testing on FR4 rigid and polyimide flexible substrate and came to the conclusion that the 

different stiffness of the substrate and increasing bump height has an effect on the reliability of the 

joint, they did not perform a mechanical study on the failure mode of the joint. Lin et al [80] showed 
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in their study that this change in ACA failure modes was due to the increased reduction in the 

interfacial fracture energy due to hygrothermal aging. Another outward four point study was carried 

out to analyse the bending fatigue reliability of the Au bumped FC with ACF [111]. This study showed 

that the differential bending between the substrate and the chip was shown to be the main cause 

for the occurrence of failure in the package during the bend test. It also showed that for an ACF 

package, the bending stress was concentrated at the conductive particles between the Au bump and 

the Electroless Nickel Immersion Gold (ENIG) pad during the bending fatigue test. Lu et al [112,113] 

conducted a reliability study of the Ultra-thin-Chip-on-Flex (UTCOF) with ACA joints. Once again an 

outward four point bending technique was used to study the flexibility of the UTCOF assembly. This 

study showed that an UTCOF assembly made with ACA was able to provide a stable resistance with a 

small (10%) variation throughout 1000hr of bending test.   

 

Cai et al [114,115] 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 constant compressive stress on the ACA joints 

providing a stable contact resistance during the test.  

 

This chapter describes the work carried out to mechanically characterize 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. The following section describes the mechanical testing; initially the 

preliminary capsule insertion is considered, followed by silicon compression testing and ACA 
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assembly insertion test into different diameter holes to determine the smallest diameter of the 

capsule which could be safely used for a specific assembly.   

   

4.2. Mechanical testing 
 

4.2.1. Preliminary capsule insertion 

 

As mentioned in Chapter 3, the DAS is inserted into a gelatine glycerine capsule and secured in place 

for the encapsulation process. In order to assess the force that the ACA joints experience during the 

capsule integration process, the following test was carried out. 

 

Using a temporary adhesive, an iron rod of 11mm was glued to the back of the chip. The 13mm 

diameter glycerine capsule was temporarily glued to a base plate as shown in Figure 4.3. Care was 

taken to position the rod with the sensor in the centre of the capsule before starting the test.  The 

compressive mechanical test was carried out via an Instron 5565 with a load cell of 500N with a cross 

head speed of 2mm/min and the results were recorded using Series 9X software.  

 

 

Figure 4.3. Mechanical setup for preliminary capsule insertion. 
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Figure 4.4, shows the force measured during insertion and securing of the DAS in a gelatine capsule. 

The variation of the force was minor until approximately 23mm into the capsule. This was 

characterized by the rod and the flexible substrate with the sensor moving into the capsule smoothly 

without real contact with the capsule sidewalls. The different stages of the insertion process are 

shown in Figure 4.4. At approximately 23mm into the capsule the edges of the flex substrate came in 

direct contact with the capsule wall due to the semicircular edge of the capsule. The contact 

between the assembly and the semicircular edge of the capsule wall led to the increase in the 

compressive force that was observed in the graph. From 23mm to approximately 27mm, the 

compressive force increased to 6N. This increase in force could be explained by the circular end of 

the flex substrate, which is 12mm in diameter (according to Figure 3.2), bending as the DAS is 

pushed into the final end of the 13mm diameter capsule, as seen in the last two photos in Figure 4.4. 

As mentioned in the introduction, this preliminary test does not provide any information about the 

joint behaviour during the capsule insertion process. The next section deals with the mechanical 

characterization of the ACA joints during the capsule insertion process and determination of the 

smallest capsule diameter that could be used in the DAS integration process for a specific substrate 

and chip design.  

 

Figure 4.4. Plot of force required to push through gelatine capsule and to fix the DAS.         
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4.2.2. Mechanical testing of the ACA joints during capsule insertion 

 

4.2.2.1. Material and methods 

 

Chip 

The test chip was a 5mm x 5mm die with a thickness of 0.5mm. This test chip is smaller than the final 

microelectronic sensor chip described in Chapter 3. As described in Chapter 3, the microelectronic 

sensor was designed for electrochemical analysis and it was impossible to get a quantitative analysis 

of the ACA joint behaviour during the mechanical integration. For this reason a new test chip was 

used in the following mechanical test. This new test chip was designed specifically for FC reliability 

investigation and had an array of 144 (100μm X 100μm) pads, with a pad pitch of 400μm, as shown 

in Figure 4.5. Interleaved sequences of connective pads were laid out on the chip so that it could be 

used as a daisy chain in the final assembly and thus monitor the continuity of the FC joints during the 

mechanical insertion of the assembly. The unbumped die had aluminium pad metallization. The die 

was then gold (Au) stud bumped and coined. The height of the coined stud bump was around 40µm. 

The main purpose of the coined stud bump was to maximize the contact area during bonding.  

 

 

Figure 4.5. Micrograph of test chip with coined gold stud bumps. 
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Substrate 

Figure 4.6(a) shows the Protel layout of the flex substrate. It was 8cm x 8cm single sided flex in the 

form of a cross. Information about the window selection will be described in Appendix A2.In the 

centre of the cross, at around 4cm from the edge of the cross, a 2.4mm window was laser cut to 

expose the centre of the chip to the surrounding environment as shown in Figure 4.6(a). At around 

3.3cm from the four edges of the cross, slits with circular edges of radius 0.95mm 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 2mm holes to enable soldering 

of wires to carry out electrical testing. The thickness of the flex substrate was 0.1mm. The copper 

tracks on the flexible substrate were 15μm thick, while on the substrate bond pads, an additional 

5μm Ni and 0.05μm of electroplated flash gold were deposited. The adhesive manufacturer’s design 

rule required that the interconnection area be left uncovered by solder mask or by coverlay because 

it might lower the effective bond pad height and as a consequence would not provide a good 

mechanical contact between the conductive particles, the bump and the substrate pad as shown in 

Figure 4.7. The flexible substrate manufacturer’s tolerance for positioning the coverlay is around 

0.1mm. An additional 0.5mm was added to all the sides of the chip placement area so that there was 

enough room for the chip during the bonding process. Hence an area of 30.25mm2 under the chip 

was left uncovered by the coverlay. Figure 4.6(b) shows the manufactured flexible substrate while 

Figure 4.6(c) shows the alternating conductive line pattern that was used in the bonding process to 

achieve the daisy chain required for testing.  
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Figure 4.6. Flexible substrate: (a) Protel layout, (b) micrograph of the entire substrate and (c) micrograph 

showing conductive lines for daisy chain measurement. 

 

 

Figure 4.7.  Schematic of coverlay issue. 

 

Bonding process 

ACA from Henkel & Loctite (FP5300) was once again used for bonding the chip to the substrate. ACA 

was dispensed on the board using a CAM/ALOT 1414 liquid dispense system. Once again dots were 

dispensed close to the bond pads and alignment and bonding of the chip/substrate was performed 
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using the same Finetech Flip-Chip bonder. Bonding was carried out at a ramp rate of 2°C/sec with a 

hold at 200°C for 50sec and a cool down rate of 3°C/sec. The average bond line thickness of the 

adhesive taken from 10 samples was approximately 21µm with a tolerance of 1µm. 

 

Test preparation 

 

Silicon compression test 

The following test setup was devised to test the maximum compressive strength of the silicon test 

die that was used in the mechanical insertion test. As shown in Figures 4.8(a) and (b), the silicon die 

was glued with Araldite fast cure to a 0.2mm thick metal frame which had a 2.4mm square window 

at its centre. This was done to replicate the assembly. Once more the test method chosen was 

exactly the one that was used in the preliminary capsule insertion, although the cross head speed 

was reduced to 0.25mm/min and the results were recorded via computer.  

 

 

Figure 4.8. Schematic showing: (a) the top view, and (b) the cross-sectional view of the silicon compression 

test. 
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Assembly insertion test   

Figure 4.9 shows a polycarbonate block of 75mm x 100mm x 27mm in which 23mm, 21mm, 19mm, 

17mm, 15mm and 13mm diameter through holes were drilled to carry out the mechanical testing. 

These holes represent different diameter capsules. Due to the fact that the circular section on the 

flex board had a 12mm diameter, the minimum diameter hole was set at 13mm. 

 

 

Figure 4.9. Polycarbonate block with different diameter holes. 

 

In order to carry out the mechanical testing, the ACA assembly had to be placed on top of each hole 

and then pushed through. An 11mm iron rod with its tip covered in 1mm 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 diameter hole with the hole setting becoming progressively smaller. This was carried out to 

ensure that the assembly went down the middle of each diameter through hole.  

 

After centring 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 
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through the hole. Figure 4.10 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 test method that was 

used in the preliminary capsule insertion was used to carry out and record the data of the 

mechanical test. 

 

 

Figure 4.10.  Instron mechanical test setup and electrical test setup for testing ACA joints. 

 

Electrical testing 

Figure 4.11 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. Due to the symmetry of 

the assembly only half of the assembly was considered for electrical characterization. As shown in 

Figure 4.11, the test assembly contained four partial daisy chains defined as x1, x2, x3 and y and a 

total daisy chain as 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 1mm from the window, x2 was located 0.6mm from the window, x3 was located 0.2mm 

from the window and y was located at 0.2mm from the window. In order to electrically assess the 

joints a four point measurement was devised by applying a constant current of 100µA to the total 

daisy chain while the voltage was measured at the total daisy chain (z) and the partial daisy chains 
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x1, x2 and x3 as shown in Figure 4.11. As the electrochemical measurements showed that the 

current that passed through the joint was in the range of microamps, 100µA was used in the four 

point electrical measurement test. 

 

An electrical circuit was made to make sure that it supplied 100µA to the test assembly. The 

Digimess HY3003 power supply, set to deliver +/-5V, was connected to a 50kΩ 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 100µA 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. 

 

 

Figure 4.11. Schematic of the four point measurement test setup during mechanical test. 
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4.2.2.2. Results and discussion 

 

Silicon compression test 

Figure 4.12 shows the variation of force versus distance in the Z direction travelled by the chip. In 

the graph travel from 0mm to 0.2mm was characterized by the deformation of the silicone on top of 

the chip. After 0.2mm the pressure was directly applied to the back of the chip. From 0.2mm the 

force increased in a non-linear manner up to 70N where it plateaued. The plateaued region 

corresponds to the silicon break as shown in Figure 4.12.  Therefore the maximum strength that the 

silicon test die could withstand in compression was around 70N. This was in accordance with the 

finding that a die of thickness of around 0.4mm would require a break load of about 70N [117]. It 

can be noted that the die had a slight depression towards the middle of the chip where significant 

cracks were present. From the centre of the chip where the cracks were present, finer cracks 

followed and traversed the length and the width of the chip. This could signify that the stress was 

higher close to the centre of the chip. 

 

 

Figure 4.12. Plot showing the force variation during silicon compression test.  
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Mechanical testing of the ACA joints during capsule insertion 

 

Two assemblies were subjected to mechanical testing. Each assembly was passed from the largest 

diameter hole to the smallest diameter hole successively until failure occurred. Each assembly was 

passed through each diameter hole twice and data was gathered before moving on to the next one.   

 

In Figure 4.13, 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 curve in the 23mm diameter will be used to 

explain the general form of the force curve obtained in the 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 characterized by the slow folding of the flex assemblies’ arms into a 

conical form when pushed through the diameter hole. In this linear region the flex assembly acts as a 

spring and opposes the assembly being pushed through the diameter hole. Therefore this region 

could be approximated by Hooke’s Law in the form: 

                                 KdF1 −= ,  (4-1) 

 

where K (N/mm) is the spring constant; F1 (N) is the force and d (mm) is the distance. 

 

Figure 4.15, shows the linear part of the force curve in a 23mm diameter hole until position A. The 

slope of the linear part provided the spring constant and for the 23mm hole it is -0.2729N/mm. At 

around position A, the side corners of the extended arms of the flex cross of the fanned out region, 
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close to the slit came in contact with each other, as shown in Figure 4.14. This corresponds to the 

end of the linear region where the assembly had folded into a conical form the hole. From this point 

forward, there was no spring reaction from the 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 wall is 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 catching up at around position E as 

shown in Figure 4.14. As soon as the arms slip out from each other, the force applied returned to its 

original constant value untill the end of the insertion test.   

 

 

Figure 4.13. Plot showing the variation of the force and the measured voltage as a function of distance. 
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Figure 4.14. Images of the corresponding positions depicted in the force plot in different regions.  

 

 

Figure 4.15. Plot showing the linear part of the force curve in a 23mm diameter hole until position A. 
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Figure 4.16 shows the spring constant calculated from the slope of the linear part of the graph in 

Figure 4.13 as a function of the diameter.  It can be seen that spring constant decreases linearly as 

the diameter is increased. This signifies that for the same distance, less force will be required in a 

larger diameter hole than in the small diameter holes.  

 

 The conical shape occurs at an earlier stage as the diameter of the hole reduced. This also led to the 

catching of the extended flex side arms to occur at an earlier stage. This was indicated by position B 

and C as shown in Figure 4.13 and Figure 4.14. Further curling of the assembly on itself led to one of 

the tips of the fanned out arms being caught up with its neighbouring soldered bond pad as shown 

in Figure 4.14, position D and E. In the 15mm diameter hole, this was characterized by the chip break 

which occurred at around 70N. 

 

 

Figure 4.16. Linear part spring constant as a function of the diameter. 

 

The electrical response of the total daisy chain during insertion into a 23mm diameter hole was 

characterized by a constant voltage with the exception of position E where there was a 15% drop in 

the measured voltage. This drop in the measured voltage was only momentary (i.e. the voltage after 

position E returned to its original value) and corresponded to the increase in the force at position E.  

The next section dealing with the resistance path of an ACA assembly will provide a detailed 
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explanation into the decrease observed in the measured voltage corresponding to the increase in 

the force experienced by the assembly. At positions B and C, the average decrease in the measured 

voltage was around 44%, 53%, 46%, and 44% corresponding to 21mm, 19mm, 17mm, and 15mm 

diameter hole respectively. A step decrease in the measured voltage was also observed for 

assemblies pushed through 19mm, 17mm and 15mm diameter holes. This step reduction in the 

measured voltage in the total daisy chain will be explained in detail when dealing with the partial 

daisy chains. 

 

Total resistance calculation 

The entanglement of the edge of the neighbouring fanned out arm or soldered bond pad caused the 

force on the back side of the chip to increase.  As shown in Figure 4.17 the total resistance of an ACA 

assembly (for one conductive particle) could be composed of the following parts:  

                                 
∑
=

=
n

1i

iAB RR , 
 (4-2) 

 

where n =17 and:  

R1 :  Bulk resistance of the copper foil 

R2 :  Bulk Resistance of substrate Ni pad  

R3 :  Bulk resistance of substrate Au pad 

R4 :  Contact resistance between the bond pad and the conductive particle 

R5 :  Bulk resistance of the conductive particle 

R6 :  Contact resistance between the bump and the conductive particle 
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R7 :  Bulk resistance of chip Au bump 

R8 :  Bulk resistance of chip Al pad 

R9 :  Bulk resistance of chip Al track 

R10 :  Bulk resistance of chip Al pad 

R11 :  Bulk resistance of chip Au bump 

R12 :  Contact resistance between the bump and the conductive particle 

R13 :  Bulk resistance of the conductive particle 

R14 :  Contact resistance between the bond pad and the conductive particle 

R15 :  Bulk resistance of substrate Au pad 

R16 :  Bulk Resistance of substrate Ni pad  

R17 :  Bulk resistance of the copper foil 

 

 

Figure 4.17. Schematic showing resistance path between A and B. 

 

Generally the bulk resistance of the copper metal is stable and could be omitted from the test. If the 

assembly was well bonded then the contact resistance could also be omitted [115]. The copper foils 
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have high ductility and the fact that they are present close to the neutral surface in bending, means 

that the bending strain generated on the surface is very small [118,119]. This means that the 

resistance variation on the copper track on the substrate close to the chip area during the bend can 

be neglected. 

 

Estimation of the chip, substrate, Cu track and Al track resistance 

In order to estimate the chip and substrate pad resistance, the bond pad metals were assumed to 

have slab geometry as shown in Figure 4.18.  

 

 

Figure 4.18. Slab geometry to estimate chip and substrate bond pad resistance. 

 

The resistance of each layer was calculated using: 

                                     SA

l
R    so

S

1
ρ  or  

A

ρl
R === , 

(4-3) 

 

 where R is the resistance (Ω), ρ is the resistivity (Ωm), l is the length (m), A the area of the slab (m2) and S 

is the conductivity of the materials (1/Ωm). 

Table 4.1 shows the resistance calculated for chip and substrate pad using the above approximation. 
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Table 4.1. Chip and substrate pad resistance. 

 

                          

Figure 4.19. Ni particle contact: (a) contact cylindrical approximation and (b) cross-section showing the 

1µm contact. 

 

Figure 4.19 (a) shows the cylindrical approximation used to calculate the resistance of one nickel (Ni) 

particle in contact with substrate and chip bond pad. Figure 4.19 (b) shows the cross-sectional image 

of an ACA assembly with the 1µm contact made by the Ni particle on the chip and on the substrate 

bond pad. Therefore the area obtained was 1.57*10-12m2. Using the Ni resistivity of 7*10-8Ωm [120], 

the length between the bondpads of 7µm and equation (4-2), the resistance was calculated to be 

0.312Ω. 

 

 There are 10 particles per 100µm square pad. Due to the variation in the Ni particles (the particles 

vary from 5µm to 12µm with an average particle size of 7µm), it could be assumed that just one 

particle made contact between the bond pads. Therefore RAB=0.624Ω. In a FCTC chip connection, 



Chapter 4: Mechanical Characterization of the ACA joint for a DAS  

 

94 
 

there are 25 connections (including two joints at a time). So Rtot=15.608Ω. For a constant current of 

100µA, the corresponding voltage to be measured would be 1.56mV. This is in the range of what was 

observed for the measured total voltage that was presented in the above section.  

 

Table 4.2 shows the materials involved in the mechanical test. As mentioned above, an iron rod was 

placed on the back of the chip and pushed the assembly through the cylindrical hole. This would 

generate stress on the chip, flexible substrate and the adhesive that holds the chip and the substrate 

together. As the assembly is pushed through, the stresses generated on the chip and the substrate 

are compressive and tensile in nature, respectively. The elastic modulus of the chip is 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 

[109]. As a consequence the increased pressure on the backside of the chip will be reflected by 

further compression of the joints. 

 

Properties ACA PI flex Chip

Young’s modulus,  E (MPa)

Poisson’s ratio, ν

5900

0.3

4826

0.3

131,700

0.3
 

Table 4.2. Material parameters of the materials used in the mechanical test, collected from [121, 122]. 

 

The momentary decrease in the measured voltage was followed by it returning to its original value 

as soon the applied force decreased or recovered to its primary values. As the entanglement passes 

through, the brief compression exerted on the joint was relaxed. This could explain the decrease in 

the measured voltage recovered at position E during insertion into the 23mm hole.  



Chapter 4: Mechanical Characterization of the ACA joint for a DAS  

 

95 
 

Figure 4.20 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 in a 23mm diameter 

hole. 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 at a depth of 25mm in the measured voltage before returning to 

its original value. As stated in the previous section, the average decrease in the total daisy chain was 

approximately 15%. This decrease corresponds to the increase in the force applied to the assembly, 

corresponding to position E as shown in Figure 4.13 and Figure 4.14. 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 chain y 

situated close to the window in the y axis. At the end of the test (insertion) 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 side of the chip during insertion, the maximum 

stress could be expected at the middle of the chip close to the window area [109]. Moreover, Figure 

4.12 showed that for the same configuration die test, that the stress was high close to the centre of 

the chip. Figure 4.21 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 might not be under high maximum shear stress, as indicated in Figure 4.21. The high 

stress region for this assembly could be at the flip chip end of the window opening where the chip is 

interconnected with the substrate. At position E (edge of the flex arm being caught up with solder 

connector bond pad), shown in Figure 4.14, the ACA might not compress uniformly from the window 
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opening until the edge of the chip. Instead, the compression is greater at the window opening close 

to the centre of the chip than at the edge of the chip because of this. This could be the reason that 

the momentary increase in force which was observed at a depth of around 25mm (position E) into 

the hole was reflected by a brief decrease in the measured voltage at the partial daisy chain x3 – 

close to the window. 

 

 

Figure 4.20. Figure showing the variation of the measured voltage as a function of the distance travelled in 

a 23mm diameter hole. 
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Figure 4.21. Schematic showing the regions of stress in the assembly during insertion. 

 

Figure 4.22 shows the variation of the measured voltage in the individual partial daisy chains with 

respect to the distance travelled by the assembly as the mechanical test was carried out in 21mm, 

19mm, 17mm and 15mm diameter holes. In order to illustrate the contribution clearly from 

individual daisy chains, the plots have been offset. As it can be seen in Figure 4.13, the step like 

behaviour observed in the total daisy chain voltage in the 19mm diameter hole could be explained 

by the addition of the decrease observed in each partial daisy chain i.e. x3 and y (closest to the 

window) showed an earlier sign of decrease in the measured voltage at around 14mm 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 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 

15mm. As seen in Figure 4.22, 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. 
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The major information to be gathered from these graphs is the fact that, as the diameter of the 

insertion decreased (due to the increased applied force to counterbalance the wall friction and 

mechanical contact) the measured voltage from the joints 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 edge. For example, going through the graphs in 

descending order, i.e. from 21mm diameter hole to 15mm diameter hole, it can be noticed that the 

first reduction in the measured voltage always occurred at the partial daisy chains x3 and y that are 

close to the window. It was also clear that as the diameter was reduced, the depth at which the 

 

 

Figure 4.22. Plot showing variation of voltage in individual daisy chain as a function of distance travelled in 

21mm, 19mm, 17mm, and 15mm diameter holes. 
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voltage reduction occurred also reduced. It should be noted that as the diameter decreased, the 

reduction of the measured voltages in these daisy chains did not return to their normal value until 

an open circuit was obtained at the 15mm 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 

overcoming friction and 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 

this should be taken into consideration for future interconnection design for capsule integration. 

 

Figure 4.23 shows the micrograph of the assembly after the open circuit occurred.  It shows the 

micrographs of two cracked dies after the mechanical test. In Figure 4.23(a), the crack seems to have 

traversed the length of the chip with some cracks running laterally across the chip. 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 they started simultaneously at the centre and at the corner of the chip and that the 

stress was high in these regions. Figure 4.23(b) shows an image of another cracked die. It can be 

seen that the silicon die at the centre of the chip seemed to lift and there is a slight depression close 

to the edge of the window. It can also be noticed that the cracks seem to widen at the point where 

the silicon die appeared to lift off. The depression and the wide crack close to the window imply that 

the stress was high in this region. An analysis of the failed ACA contacts after the mechanical test 

was carried out by cross-sectional analysis. Figure 4.24 shows the cross-sectional micrograph of one 

of the flip chip ACA contacts. Figure 4.25 shows the position where the cross-sectional micrograph 

was taken. 
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Figure 4.23.  Micrograph showing the cracked dies after mechanical test. 

 

It can be noticed in Figure 4.24(a), that the crack was widest close to the bump and gradually 

decreased towards the top of the silicon chip. From Figure 4.25 and Figure 4.24(b), it could be 

perceived that 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 elevated closer to the edge of the window and 

that the stress was built up in the epoxy before being released by the die cracking and the pad lifting 

off. It could also be observed that the ACA adhesion to the substrate was still strong with acceptable 

contact to 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. 

 

 

Figure 4.24. Crack propagation in the ACA assembly: (a) cross sectional micrograph of the assembly and (b) 

schematic of the cross section showing force and direction of propagation. 
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Figure 4.25. Schematic showing the position of the cross-section micrograph. 

 

  4.3. Conclusion 

 

This study has described the testing performed on the mechanical reliability of the ACA joint during 

the insertion of the assembly into different sized diameter holes representing different capsule 

diameters. The insertion test detailed in this chapter could be assumed to be that of an inward bend 

defined by the die positioned on the positive side of the z axis. During insertion into the holes, the 

force curve was characterized by a linear part and a constant part identified by the constant low 

friction of the assembly. The linear region of the flex assembly acts as a spring and opposes the 

assembly being pushed through the diameter hole and was approximated using Hooke’s law. The 

spring constant during the 23mm diameter hole insertion was calculated to be -0.2729N/mm. The 

spring constant decreased linearly as the diameter was increased signifying that for the same 

distance, less force would be required in a larger diameter hole than in the small diameter holes. 

After the initial linear part, further pushing through the hole was characterized by a conical form of 

the assembly. The conical shape occurred at an earlier stage as the diameter of the hole shrank. This 

also led to catching of the extended flex side arms occurring at an earlier stage. The electrical 

measurement in the total daisy chain made during insertion closely matched the insertion force, i.e. 



Chapter 4: Mechanical Characterization of the ACA joint for a DAS  

 

102 
 

every increase in the insertion force was matched by a corresponding decrease in the measured 

voltage.   

 

During insertion, the stress in the assembly was greater towards the centre of the chip and the 

window than at the edge of the chip and the ACA fillet. This was characterized by it exhibiting lower 

voltage values measured in the partial daisy chains that were nearest to the window rather than the 

ones that were situated further away from the window.  In these daisy chains, as the diameter was 

reduced, the depth at which the voltage reduction occurred also decreased, and they did not return 

to their original value until an open circuit was obtained in the 15mm diameter insertion. It also 

showed that 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 showed that the assembly inserted into a 23mm diameter hole experienced the 

least amount of insertion force. In addition the electrical measurements showed more stable values 

throughout the insertion test suggesting that the 23mm diameter hole would be the smallest 

suitable hole for insertion of this assembly. This implies that a minimum capsule diameter of 23mm 

was the smallest capsule diameter that could be used in the DAS integration process for a specific 

substrate and chip design. 

 

Failure analysis showed that cracks were noticed close to the centre of the chip while smaller cracks 

were visible near the edges of the chip suggesting high stress around the centre of the chip. The 

cross-sectional analysis showed that the failure occurred within silicon/silicon chip pad and that the 

ACA contacts form a strong joint and was able to withstand the -6N required to secure the ACA 

sensor in place before encapsulation. 



Chapter 4: Mechanical Characterization of the ACA joint for a DAS  

 

103 
 

In this chapter the mechanical stability of the ACA joint in a DAS while being inserted was studied. 

This study showed that the joints were stable during insertion and that the force required to secure 

did not affect the joints. Since the ACA sensor has to be immersed in a fluid environment for it to 

work, the next chapter will look into the short term electrical response of the ACA joints in the 

presence of a fluid.  
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Chapter 5 Electrical characterization of ACA in a DAS 

 

5.1. Introduction 
 

As discussed in Chapter 3, the development of the DAS involved FCOH technology in which ACA was 

used as the adhesive interconnection. This adhesive interconnect was a contact joint where the 

electrical function of the FCOH assembly relied on the contact pressure on the conductive particle 

during the total duration of the operation of the assembly. In the case of the DAS, the adhesive 

provided electrical contact via the joint and also assured the sealing of the area between the chip 

and the substrate. As shown during electrochemistry test, the sensor as well as the ACA comes into 

direct contact with the fluid environment in which the sensor assembly is placed. The adhesive is 

more prone to moisture uptake than the chip or metals used in track and pads. A preliminary test 

was performed to assess the time required to saturate the thin ACA used in a DAS. As mentioned in 

Chapter 3, the electrochemical results presented for the Au WE showed that the observed current at 

the WE during the cyclic voltammetry has to be balanced by the current passed through the CE. The 

currents in the WE and the CE are passed via ACA interconnect to the bond pads on the flex 

substrate. Once more it is crucial to point out that during these measurements the ACA comes into 

direct contact with the liquid environment. However, the cyclic voltammetry does not provide any 

information about the effect of moisture on leakage current between adjacent bond pads.  

 

The electrical characterization of ACF in terms of leakage current in the x-y plane was studied by 

Basavanhally [123]. This study revealed that in a dry environment, 50V was enough to break down 

ACF’s electrical isolation in the x-y plane by inspection of leakage current across the film. It was 

shown that 50V was required to exceed the leakage current of 1nA. In another study Kumbhat et al 

[124] looked into the reliability of 30μm pitch copper interconnects using nano-ACF/NCF. They also 

studied the leakage current between adjacent bond pads. In their work, one of the interconnection 
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processes used was a nano-ACF with 20nm Ag particles. The leakage current measured between the 

adjacent bond pads in a dry environment in this material, for a voltage sweep of 0.1V to 2V, was in 

the range of pA. These leakage current measurements were carried out in a dry environment but in 

this chapter, the objective was to study the leakage current of the ACA in a liquid environment. A 

study by Lai et al [116] was restricted to temperature cycling reliability of the ACA flip chip joint with 

FR4 rigid and polyimide flexible substrates. Studies by Frisk et al [125] and Kokko et al [126] were 

limited to a study of the effect of moisture reliability on the ACA FC joints in a constant humid 

environment, whereas Chang et al [127] studied the leakage current in the ACA between adjacent 

bond pads in a humid and bias test. Their study showed that the insulation resistance degradation 

was more than three to sixteen orders of magnitude in the ACA. They also proposed that the 

enhanced electric field around the particles and cavities in the polymer matrix was the driving force 

for corrosion, migration and dissolution of metallic elements from metal conductive particles.  

 

This chapter describes the work carried out to measure the leakage current in the x-y plane of the 

ACA between the CE and the WE to observe the effect of the moisture and more particularly to 

discover the effect of artificial GI fluids on the electrical isolation in the x-y plane.  The following 

section describes the leakage testing; initially the preliminary gravimetric analysis of the thin ACA is 

considered and subsequently the ACA leakage study with its result and discussion are presented. 

 

5.2. Leakage testing 
 

5.2.1. Preliminary gross gravimetric analysis 

 
The materials such as the test chip and flex substrate, used for this test were described in Chapter 3. 

A gross gravimetric analysis was carried out to estimate the saturation time of the thin layer (21µm) 

of ACA used in the DAS. Five samples of the test substrate, test chip and the fabricated device were 
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baked in a Heraeus vacuum oven at 100°C for three days. Each day the samples were taken one by 

one out of the oven and their weight was measured with a Toledo XS105 dual range analytical 

balance with an accuracy of 0.1mg. After day one none of the samples showed any variation in 

weight. Samples were kept an additional two days in the oven was to ensure all the moisture was 

removed from them. Since no weight change was observed on day two or three, the samples were 

moved from the oven to a Heraeus Vötsch HC7033 humidity chamber at 50˚C / 95%RH. The samples 

were taken out individually every 24 hours and weighed. The weight of the substrate and the chip 

were subtracted from the weight of the device so that the weight gain of the ACA could be obtained. 

The percentage weight gain of the ACA in all the samples was calculated from equation (5-1): 
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(5-1) 

 

where Wt is the weight of the wet specimen at time t, and W0 is the weight of the dry specimen. 

 

Figure 5.1. Variation of ACA weight gain versus the duration of the soak. 

 

Figure 5.1 shows the variation of the weight gain of the ACA over a 72hr period. The gross 

gravimetric test showed that the epoxy of 21µm thick was saturated with water at 30% mass within 
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the first 24hr and remained saturated until the end of the test. The saturation of the epoxy could be 

explained by the moisture penetration from both sides that occurred at the window and at the edge 

of the chip / ACA fillet as shown in Figure 5.2. 

 

Figure 5.2. Schematic showing moisture penetration in the chosen setup. 

 

Even though the gross ACA saturation measurement does not provide any information on the 

diffusion behaviour, a Fickian diffusion behaviour in the chosen epoxy could still be assumed [128]. 

 

5.2.1.1. Fick’s law 

 

The moisture diffusion in an epoxy system could be described using Fick’s second law. Different 

materials absorb moisture and expand at different rates [129] causing hygroscopic stress to occur 

between the materials. If the stress increases enough, it may cause failure in the system (for 

example a crack, delamination or an open circuit). When the epoxy comes into contact with a humid 

or liquid environment, the diffusion of the moisture/solvent is in the direction of the concentration 

gradient. In the case of a thin flat ACA structure it can be described by the one dimensional equation 

(5-2) [130-134]:  



Chapter 5: Electrical Characterization of ACA in a DAS                     

 

108 
 

                                      
2

2

x

C
D

t

C

∂
∂

=
∂
∂

, 

  (5-2) 

where C is the moisture concentration, t is time, and D is the diffusivity defined as the amount of 

water passing per second through a unit area under the influence of the concentration gradient and 

can be expressed as: 
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where D0 is a pre-exponential factor, ED is activation energy, T is temperature in Kelvin, and R1 the 

universal gas constant.  

For samples soaked in a humidity chamber, the saturated moisture concentration of water Cs for 

one-dimensional diffusion is given by: 

                               svs PHRHC ∗∗=
, 

 (5-4) 

where RH is relative humidity, Psv is saturated vapour pressure, and H is Henry’s law coefficient 

which can be written as:      
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(5-5) 

where H0 is the pre-exponential factor and EH is the activation energy.  

For samples soaked in water, the moisture concentration Cs can be calculated from: 

                           ew

we
s

Mρ

Mρ
C =

, 

  (5-6) 

where Mw and Me are the masses of water and the dry epoxy, respectively; ρw and ρe are the 

densities of water and dry epoxy, respectively.  



Chapter 5: Electrical Characterization of ACA in a DAS                     

 

109 
 

Assuming that the epoxy initially contained no moisture/water/solvent, the diffusion into the epoxy 

continues until the concentration reaches Cs over the entire epoxy system. Using the initial and final 

boundary conditions:  

                                    ;00, =)C(x 0CC(x,t) = ; sC)C(x, =∞ , 
(5-7) 

the solution to the partial differential equation (5-2) for one-dimensional moisture/water/solvent 

diffusion problem can be obtained as: 
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 where h2 is the thickness of the sample and the l is the length of the sample. 

Another analytical solution to the one-dimensional equation (5-2) is given by: 

                             ( ))Dt - erf(x/ CC(t) 410= , 
(5-9) 

where x is the distance and t is the time. 

In equation (5.8), ignoring all terms in the series except for the first one, the solution to the diffusion 

equation for a flat plastic package can be approximated by the following simple expression: 
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and θ the saturation timeis given by:                             

                                 Dπ

l
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(5-11) 

where l is the length of the flat system. 
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Figure 5.3. Plot (a) analytically calculated moisture concentration for thin ACA and (b) relationship 

between thickness and time.  

 

In the above section, the gross gravimetric analysis of the ACA used in the DAS showed that the thin 

ACA saturated within the first 24hr of soak. For a thin 21µm and 77µm ACA, an analytical solution 

was calculated using equation (5-8). Table 5.1 shows the parameters that were used in the analytical 

calculation. For a given temperature, the activation energy governs the diffusion into a sample. 

Therefore a sample immersed in water and in 100%RH at 37°C will have a similar diffusion curve and 

moisture concentration. Figure 5.3(a) shows the variation of the analytically calculated percentage 

weight gain over the period of soak. It can be seen that both 21µm and 77µm thick ACA fully 
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saturated with moisture within 50min and 100min of soak respectively. The 21µm thick ACA 

saturates twice as fast as a 77 µmthick ACA. Figure 5.3(b) shows the relationship between the 

thickness and the soak time. It can be that there is a linear relationship between the thickness and 

the soak time.  

 

 

Table 5.1. Table of parameters, collected from [88,130,135-137].  

The preliminary test in section 5.2.1 showed that the thin ACA saturated within 24hr of soak. The 

analytically calculated percentage weight gain over the period of soak showed that the ACA fully 

saturated with moisture within 100min of soak. Both the analytical solution and the weight gain test 

do not provide any information about what contributes to the leakage current between adjacent 

bond pads in a soaked environment. The next section deals with the electrical characterization of the 

ACA between adjacent bond pads in a liquid environment. 

 

5.2.2. ACA leakage current in a DAS 

 

5.2.2.1. Materials and methods 

 

As shown in Figure 5.4, the test substrate contained bond pad connections for four working 

electrodes (WE) called s1, s2, s3, s4 and a counter electrode (CE). All bond pad measurements were 

taken with respect to the centre of the CE. It can be noted that the centre of s1 is positioned at 
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5.48mm in the y direction and at 0.3mm in the x direction; centre of s2 at 0.2mm in the y direction 

and 0.3mm in the x direction; centre of s3 at 4.65mm in the x direction; and centre of s4 at 5.48mm 

in the y direction and at 4.65mm in the x direction from CE respectively.  

 

                                      

Figure 5.4. Micrograph of test substrate. 

 

As shown in Figure 5.5 and in Chapter 3, the area inbetween the chip and the substrate is covered by 

ACA. In order to determine the device that will be used for leakage testing, the resistance was 

measured separately on the chip CE and on the substrate between the CE and the WEs. As s2 was 

the closest bond pad to the CE, it was chosen to study the leakage current. The resistance between 

the CE and the s2 WE on the chip electrode was around 2MΩ while the resistance on the substrate 

between CE and the s2 WE was several GΩ. The insulation resistance of the ACA was given by the 

manufacturer to be 2*1013 Ωcm [88]. The leakage current is known to take the least resistent path 

and from these values, all or most of the current will tend to flow between the WE and the CE on the 

chip. As the objective of this chapter is to study the leakage current of the ACA in a liquid 

environment, any contribution from the chip has to be eliminated. Therefore the chip was not used 

in any of the leakage current tests that are described below. Stencil printing was used to dispense 

ACA onto the board to cover the area in-between the bond pads. As shown in Figure 5.6, the stencil 

was made up of a 70µm thick polypropylene sheet in which two square bracket-shaped tracks 
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1.5mm wide were produced. These square brackets were held by a small section which covered the 

window of the substrate while the ACA was dispensed. The stencil was set directly in contact with 

the substrate, aligning the substrate window to the thin rectangular section of the polypropylene 

sheet and exposing the bond pads on the substrate. ACA was dispensed on top of the stencil and a 

squeegee was used to apply the ACA on to the board. After application the stencil was removed and 

the two square bracket sections were connected manually by brush coating. The assembly was then 

cured in a Finetech Flip-Chip bonder with a ramp rate of 2°C/sec with a hold at 200°C for 50sec and a 

cool down rate of 3°C/sec. Figure 5.7 shows the ACA bondline over the bond pads and the average 

bond line thickness of the adhesive taken from six samples was found to be approximately 77µm 

with a standard deviation of 15µm. 

 

                               

Figure 5.5. ACA bonded DAS on flex substrate. 
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Figure 5.6. Micrograph of stencil. 

As shown in Figure 3.2, the copper track was covered by a passivation layer with passivation opening 

for the bond pads. Before soak testing, the devices (substrate and the ACA) leakage current was 

measured between the CE and the WE. In parallel, the leakage current was measured on a separate 

substrate without ACA. The former leakage current measurement was subtracted from the latter to 

get the leakage current of ACA in a dry environment.  

 

 

Figure 5.7. Micrograph showing ACA bondline around the substrate bond pad. 

Figure 5.8 shows the experimental setup used for measuring the leakage current of the ACA in the x-

y plane inbetween the chip and the substrate during the soak testing. In order to measure the 

leakage current flowing in the test devices, just the circular part of the device (substrate and ACA) 
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and the bare substrate were placed in a small test tube containing different pH solutions; the circular 

edge of the test tube was sealed with silicone plugs and placed in a temperature controlled 

recirculating water bath at 37°C. A Keithley 2400 was used as a voltage source, which was connected 

to the connector pad of the CE and supplied a voltage from –5V to +5V with a step of 0.25V. A digital 

multimeter (Agilent 3458A) was used to read the leakage current from the connector pad of 

different WEs while connected to the ground of the Keithley, thus providing the path for the current 

to flow through the ACA of the WE. As shown in Figure 5.8, the four connections connecting the four 

WEs were tested from right to left in the following numbering order: s1, s2, s3 and s4. The leakage 

current was measured on the device and on the substrate every hour. The bond pads on the bare 

substrate were directly exposed to the solution and thus had a different response to the devices. 

Therefore for the soak test, only the leakage current of the device were considered. s2 was the 

closest bond pad to the CE; therefore it was chosen to study the leakage current. All the 

measurements were automated via LabView and the results recorded into Microsoft Excel. 

 

 

Figure 5.8. The experimental set up for leakage current measurement. 
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5.2.2.2. Testing solutions 

 

Artificial gastrointestinal solution 

Artificial gut fluids were made to test the leakage current in the x-y plane of the ACA in a GI 

environment. Accordingly, a fluid representing gastric juice of pH1.2 was made from 2g sodium 

chloride (NaCl), 3.2g pepsin (800 – 2500iu mg-1) and 7ml 37wt% hydrochloric acid (HCl) was made up 

to 1000ml in DI water. Likewise, a fluid representing intestinal juice of pH6.8 was made up from 6.8g 

potassium phosphate – monobasic (KH2PO4) dissolved in 250ml DI water, 77ml of 0.2M sodium 

hydroxide (NaOH) and 10g pancreatin made up to 1000ml with RO water, and adjusted to pH6.8 

with 0.2M HCl [28].  

 

Buffer solution 

A buffer solution of pH7.4 was made up from 10 ml of phosphate buffer saline – PBS (1M sodium 

phosphate, 17wt% NaCl of pH6.8) by diluting it 10 fold by adding DI water to 100ml of PBS mixed 

with 900ml of DI water. This made 1000ml of PBS solution of pH7.4. The ACA x-y plane leakage 

current measured with PBS solution was used as a control test to compare the results obtained with 

the artificial gut solution.  

 

5.2.2.3. Results and discussion 

 

5.2.2.3.1 Measured leakage current. 

 

The epoxy used in this research was a Bisphenol-A epichlorhydrin resin with a molecular weight of 

around 700 and had an amine based hardener – Triglycidyl-p-aminophenol. During the curing 

process of the epoxy based ACA, cross linking of the molecular segments takes place where the end 
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group of the epoxy and the hardener react. In this reaction a covalent bond between the nitrogen of 

the hardener and the carbon of the epoxy is formed while hydrogen and oxygen form a polar 

hydroxyl group [138]. This cross linking process forms a 3-D structure in which each molecule moves 

towards its equilibrium position with a volume around it that is excluded for other molecules which 

is termed an occupied volume [139]. The free volume, defined as the difference between the 

measured volume of the polymer and the occupied volume is caused by packing irregularities. As the 

polymer is cooled through the glass transition temperature Tg, the free volume continues to 

decrease until a critical free volume fraction of about 1/40 (2.5 +/- 0.3%) of the total volume 

occupied by the polymer is obtained [139]. These free volumes create nano pores whose diameter 

range from 5-10Ǻ and form a network all the way throughout the polymer. The water molecules that 

diffuse and occupy the free volume or the nano pores are deemed to be in an unbound state, as 

shown in Figure 5.9(a). On the contrary, the bound state refers to the water molecules that interact 

with the amine or the hydroxyl group, disrupting the hydrogen bonding and causing swelling of the 

epoxy. This is shown in Figure 5.9(b) [138-141].  

        

(a)                                                                                (b) 

Figure 5.9. Polymer matrix with nano pore network showing: (a) water in unbound state and (b) in bound 

state diffusion [140].   
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For all the samples that were subjected to the leakage test, the leakage current was measured 

before the soak and every hour during the soak in buffer, pH6.8 and pH1.2. s2 was the closest bond 

pad to the CE, therefore it was chosen to study the leakage current.  

 

Figure 5.10 shows the initial I-V characteristics of the leakage current measured on dry samples. Due 

to the variability in the measured data, the measurements for the substrate and the devices were 

averaged and the response of the ACA was obtained by subtracting the averaged device response 

from the averaged substrate response. It shows the voltage applied and the average current 

measured in the ACA inbetween the CE and s2 WE contact pad. It can be observed that the leakage 

current measured is in the range of around -1.3*10-10 A to around 1.2*10-10 A. In dielectric films, at 

low voltage the I-V curve is linear (ohmic region) [142]. As the voltage applied was low, a linear fit 

was considered and it showed that the average conductance given by the slope was around 

2.4604*10-11 Ω-1. The trendline showed that there is a strong linear relationship (R2 = 0.9961) 

between the measured leakage current and the applied voltage. The fact that a different substrate 

was used to measure the substrate effect and the use of coax cables in the experiment could have 

caused noise to be part of the data and thus reduced the measured leakage current which is 

reflected in the insulation resistance.      
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Figure 5.10. Initial I-V characteristics of the leakage current measured on a dry sample. 

 

The same WE ACA bond pad connection s2 was considered to show the effects of different fluid 

environments on the leakage current. Figure 5.11 presents the measured average device leakage 

current versus the applied voltage after 1hr soak in different fluid environments such as buffer, 

pH6.8 and pH1.2. During the soak test, the device measurements were not subtracted from the bare 

substrate due to the fact that the bond pads in the bare substrate came in direct contact with the 

fluid environment as opposed to the device. Once more due to the variability of the data, the 

average device results are presented.  
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Figure 5.11. I-V characteristics of the leakage current measured after 1hr soak. 

It can be seen, the average device response shows a linear trend with high R2 values in all the fluid 

environments. Figure 5.11 also shows that after 1hr soak in different fluids, the leakage current 

increases on average from 100pA to 100nA. The high leakage current measured in the buffer 

solution could be attributed to the absence of the pepsin and the pancreatin present in other pH 

solutions. 

 

(a) 
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(b) 

 

 

(c) 

Figure 5.12. I-V characteristics of the leakage current measured after (a) 2hr, (b) 3hr and (c) 4hr soak. 
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Figures 5.12(a), (b) and (c) show the variation of the measured leakage current with applied voltage 

in buffer, pH6.8 and pH1.2 after 2hr, 3hr and 4hr soak test respectively. As can be seen the 

measured leakage current was in the range of 100nA in each of the tested solutions during the 2hr, 

3hr and 4hr soak period. It can be noted that during the 4hr soak, the average device response 

showed a linear trend with high R2 values in all the fluid environments. This indicates a good 

correlation between the measured leakage current and the applied voltage in all the fluid 

environments but does not provide any information about the ionic contribution to the leakage 

current. The following paragraph will provide a more detailed explanation of the ions and the 

leakage current. 

 

5.2.2.3.2. Discussion of the measured leakage current result 

 

As discussed in the artificial gastrointestinal solution, each solution is formed by dissolving certain 

amount of solutes into water. Equations 5-12 – 5-18, shows the dissociation of the solutes in water 

used in different solutions. 

                                   
−+ +→ ClNaNaCl  

(5-12) 

                                   
−+ +→ ClHHCl  (5-13) 

                                   
−+ +→ OHNaNaOH  

(5-14) 

                                 
−+ +→ 4242 POHKPOKH  

(5-15) 

                                  
+−− +↔ HHPPOH 2

442 0  
(5-16) 
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3
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2

4  
(5-17) 

                                
−+ +→ 4242 POHNaPONaH  

(5-18) 
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As can be seen most of the salts and the acids totally dissociate into ionic compounds when 

dissolved into the water and thus form a strong electrolyte. Potassium phosphate salt dissociates 

into potassium and dihydrogen phosphate ions which undergoes partial dissociation into hydrogen 

and hydrogen phosphate. The hydrogen phosphate further partially dissociates into phosphate ions 

and hydrogen ions. Therefore, dihydrogen phosphate and hydrogen phosphate will form a weak 

electrolyte in the pH6.8 solution. In buffer solution, sodium phosphate dissociates in a similar 

manner to potassium phosphate in pH6.8 solution. Thus, dihydrogen phosphate and hydrogen 

phosphate will also form a weak electrolyte in the buffer solution. 

 

A study conducted by Lyons et al [143,144], showed that phosphate and the other ions are 

transported through epoxy at the same rate as the water. As shown in Figure 5.9, the polymer 

matrix forms a porous network. The polymer network is left to permeate with the gut solution and 

voltage is applied for the leakage testing. In the soaked epoxy, the applied voltage will cause the 

diffusivity of the charged species i and will be related to its partial conductivity 
i

κ [145,146]. This 

relationship is known as the Nernst-Einstein equation: 

 

                                  TR

(t)CDzF
(t)κ iii

i
1

22

=
, 

(5-19) 

where F is Faraday‘s constant, T is the temperature in Kelvin, R1 the universal gas constant, zi is the 

charge number on the species, Di is the diffusion coefficient, Ci is the concentration of each species 

and κi is the ionic conductivity. 

 

By substituting equation (5-9) into equation (5-19), the relationship between conductance and the 

soak time is given by: 
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(5-20) 

In Chapter 3, the bond pads were shown to be formed from 15μm of Cu, 5μm of Ni and 0.05μm of 

Au and therefore had a thickness of 20.05μm. The solder mask clearance around the bond pad is 

around 50μm, thus leaving the sizes of the bond pad exposed. The current will pass through the flat 

parallel surface of the bond pad and therefore will contribute to the leakage current. Approximating 

the bond pads to parallel plate electrodes with an area A and separated by the length l, the 

relationship between conductivity and the resistance is given by: 

 

                                          AR

l
κ

i

i =
, 

(5-21) 

where substituting Ohm’s law, the correlation between conductivity and the current is given by: 

                                        VA

li
κ

i

i =
, 

      (5-22) 

thus from equation (5-19) and equation (5-22), the leakage current of the ions can be expressed as 

equation (5-23): 
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     (5-23) 

which can be rewritten as follows: 
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     (5-24) 

where the conductance is: 
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Each of the ions will carry a certain amount of current when a dc voltage is applied. The analytical 

solution for ion concentration was calculated for each ion in the different solutions using equation 

(5-9). Table 5.2 shows the diffusion coefficient of the cations and anions used in the analytical ion 

concentration calculation. 

 

Ion Di (10-6mm2/s)

Inorganic  cation

Hydrogen (H+)

Potassium (K+)

Sodium (Na+)

Inorganic anion

Hydroxide (OH-)

Chloride (Cl-)

H2PO4
-

HPO4
2-

PO4
3-

9.311

1.957

1.334

5.273

2.032

1.3

0.759

0.843
 

Table 5.2. Table of diffusion coefficients of ions, collected from [147,148].  

 

Figures 5.13(a), (b) and (c) show the variation of the of the analytically calculated ion concentration 

in pH1.2, pH6.8 and buffer soaking solution respectively over the period of soak. In all three graphs, 

it can be noticed that the penetration rate vary during the course of the experiment with high 

penetration rate observed at the start of the soak.  
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(a) 

 

 

(b) 
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(c) 

Figure 5.13. Plot of analytically calculated ion concentration in thin ACA in (a) pH1.2, (b) pH6.8 and (c) 

buffer solution. 

 

Only 7.9% and 1.52*10-7% of partial dissociation occurs at dihydrogen phosphate and hydrogen 

phosphate respectively. Extrapolating these theoretical calculations show that the ions in the acid 

environment will totally saturate the epoxy at around 55hr of soak; in pH6.8 and in buffer solution, 

the hydroxide ions, the sodium ions, potassium ions and dihydrogen phosphate ions will take 

between 60 – 70hr to saturate; the other ions due to their low concentration will take longer to 

totally saturate the epoxy. 
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Table 5.3. Summary of ions and their corresponding calculated concentrations that is present in each 

solution after 4hr soak.  

 

Figures 5.14(a) and (b) shows a representation of the assumed conduction path though ACA 

between adjacent bond pads. Figure 5.14(a) shows the plane and side view of the bond pads with 

the conduction path through the ACA. As it can be seen the conduction path through ACA between 

two adjacent bond pads was 360.6µm long. For each of the ions present in pH1.2, pH6.8 and buffer 

solution, the leakage current was calculated between these adjacent bond pads using Equation (5-

23) and the parameters shown in Tables 5.4 and 5.5.  
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(a) 

 

(b) 

Figure 5.14. Bond pads with conduction path through ACA (a) plan view of bond pads, (b) side view of 

bond pads. 

 

 

Table 5.4. Table of parameters, collected from [149,150].    



Chapter 5: Electrical Characterization of ACA in a DAS                     

 

130 
 

 

Table 5.5. Calculated hourly ion concentrations. 

 

 

Figure 5.15. Plots of analytically calculated leakage current for 1hr soak in pH1.2. 

 

Figure 5.15 show the variation of theoretically calculated leakage current with the applied voltage of 

water and other ions in an acid environment after 1hr soak. Figure 5.3 (a) shows that the water 

saturates the epoxy rapidly but its contribution to the leakage current is relatively low and is in the 

range of 0.02nA. As all the solutes completely dissociate in water, they all contribute equally to the 
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leakage current. It can be seen that the ionic contribution to the leakage current is as follows: iH ions 

> iCl ions> iNa ions. Table 5.6 summarises the calculated leakage current of each ions corresponding 

to the above mentioned concentration increase.  

 

 

Table 5.6. Summary of the calculated leakage current of each ions in pH1.2. 

 

The high leakage current contribution from the hydrogen ions could be explained by its high 

concentration and its high diffusion coefficient. An acid environment could explain the high 

concentration of hydrogen ions present in the solution. The high diffusivity and high concentration 

of the chloride could explain its leakage current contribution. The main contribution to the leakage 

current from the ions was from the hydrogen ions due to the acidity of the solution. It is also evident 

from Figure 5.13(a) and Figure 5.15 that the chloride ions and sodium ions actively participate in the 

leakage current during the soak.  
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Figure 5.16. Plots of analytically calculated leakage current for 1hr soak in pH6.8. 

 

Figure 5.16 show the variation of theoretically calculated leakage current with the applied voltage of 

water and different ions in a pH6.8 environment after 1hr soak. Once again the water contribution 

to the leakage current is relatively low and is in the range of 0.02nA. As most of the solutes 

completely dissociate in water, they should all contribute equally to the leakage current. The 

partially dissociated ions will have a lower impact on the leakage current. It can be seen that the 

ionic contribution to the leakage current is as follows: iK ions  > iH2PO4 ions > iOH ions > iNa ions > iH 

ions > iHPO4 ions > iPO4 ions. Table 5.7 summarises the calculated leakage current of each ions 

corresponding to the above mentioned concentration increase in pH6.8. 

 

Table 5.7. Summary of the calculated leakage current of each ions in pH6.8. 
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 The relative difference in the ionic contribution to the leakage current between OH, Na and K, H2PO4 

ions could be attributed to the initial concentration of the potassium phosphate dissolved in the 

solution. This point is clear when comparing the potassium ions and sodium ions. Although 

potassium ions and sodium ions have similar diffusion rate, the ion concentration has a major 

influence on the leakage current. Similarly, the partially dissociated ions have a very low 

concentration and accordingly have very low contribution to the leakage current. This is particularly 

true when the partially dissociated hydrogen ions, hydrogen phosphate or the phosphate ions are 

compared to other ions present in the solution. In a base solution the main contributors to the 

leakage current are potassium ions, dihydrogen phosphate ions, hydroxide ions and sodium ions 

respectively. 

 

 

Figure 5.17. Plots of analytically calculated leakage current after 1hr soak in buffer. 

 

Figure 5.17 show the variation of theoretically calculated leakage current with the applied voltage of 

water and different ions in buffer environment after 1hr soak. The water contribution to the leakage 

current is relatively low and is in the range of 0.02nA. As all the solutes completely dissociate in 

water, they all contribute equally to the leakage current. It can be seen that the ionic contribution to 
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the leakage current is as follows:  iOH ions > iNa ions > iH2PO4 ions > iH ions > iHPO4 ions > iPO4 ions. 

Table 5.8 summarises the calculated leakage current of each of the ions corresponding to the above 

mentioned concentration increase in buffer solution. Once again it is clear that the concentration 

alone has a great influence on the leakage current. 

 

 

Table 5.8. Summary of the calculated leakage current of each ions in buffer. 

 

 

Figure 5.18. Plots of analytically calculated total leakage current (contribution of all ions) in all solution 

during 1hr soak. 
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Figure 5.18 shows the variation of the theoretically calculated leakage current corresponding to the 

total contribution of the ions and the water with applied voltage in buffer, pH6.8 and pH1.2 after 1hr 

of soak test. As can be seen, the calculated leakage current was in the range of 100nA in all the 

solutions during the 1hr soak and is in accordance to the range reported in Figure 5.12. Similar to 

Figure 5.11 and Figure 5.12, the calculated leakage current shows a linear trend in all the fluid 

environments indicating a good correlation between the calculated leakage current and the applied 

voltage.  

 

5.2.2.3.3. Rate of change of conductance over time  

 

Figure 5.19 shows the summary plot of the rate of change of conductance measured over the 4hr 

soak of the devices in each of the test solutions. It can be seen that the average rate of change of 

conductance in the buffer solution is around 1.19 and 1.3 times that of the ones measured in pH1.2 

and pH6.8 respectively. Table 5.9 summarises the measured rate of change of conductance shown in 

Figure 5.19. In Figure 5.3(a), it was observed that water molecules with a diameter of 2.6Ǻ [140] 

were able to saturate the epoxy nano pores within 100min which meant that the rate of change of 

conductance would have been constant after 1hr soak. Figure 5.19 shows that the rate of change of 

conductance measured was not constant during soak and therefore the ions take part in the leakage 

current and as shown in the previous paragraph their concentration in the epoxy increased over 

time. 
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Figure 5.19. Measured rate of change of conductance of the device over time. 

 

 

Table 5.9. Table showing the measured rate of change of conductance. 

 

Figure 5.20 shows the theoretically calculated rate of change of conductance over the 4hr soak in 

each of the test solutions. The parameters shown in Tables 5.4 and 5.10 are plugged into Equation 

(5-25) to calculate the theoretical rate of change of conductance corresponding to the overall ions 

present in pH1.2, pH6.8 and buffer solution respectively. Table 5.10 shows the overall diffusion 

coefficients that were taken into account during the theoretical calculation of the rate of change of 

conductance in each solution. The rate of change of conductance in PH1.2 and buffer solution 

showed a similar rate of increase over the duration of the soak. The rate of change of conductance in 

pH6.8 is 1.2 times lower than the other solutions. This could be explained by the low concentration 
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levels of the ions in the pH6.8 solution. It should be also noted that the rate of change of 

conductance of the buffer solution is 1.1 times that of the ones calculated for pH1.2 after 1hr soak. 

This is in accordance with the experimental data reported in Figure 5.19 where a higher rate of 

change of conductance is observed for buffer solution than in pH1.2 and pH6.8. 

 

Table 5.10. Table of overall diffusion coefficients and concentrations of ions in each solution. 

 

 

Figure 5.20. Calculated rate of change of conductance of the device over time. 

 

Figures 5.21 (a), (b) and (c) compares the theoretical calculated data vs the measured data of the 

rate of change of conductance in pH1.2, pH 6.8 and buffer respectively. Although few experimental 



Chapter 5: Electrical Characterization of ACA in a DAS                     

 

138 
 

data was available, the theoretical calculated values matched the shape of the experimental values 

in all the tested solutions. This showed that all the ions present in the solution contribute to the 

leakage current. 

 

(a) 

 

(b) 
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(c) 

Figure 5.21. Comparing calculated vs measured rate of change of conductance of the device over time in 

different solution. 

 

In summary, it can be concluded that the ions in the solution penetrate epoxy and contribute to the 

measured leakage current. It should also be noted that the leakage current measured in the device 

in solution was higher than the leakage current measured from a dry sample. The leakage current 

after soak was around 100nA – including the noise, and was much lower than the current measured 

during the electrochemistry. Thus it was concluded that leakage through the ACA would not have 

any effect on the electrochemical measurements. 

 

5.3. Conclusion 
 

The ACA in the DAS will come in direct contact with the gut fluids when used in a gut environment. 

With respect to the final application, a preliminary study was carried out on the electrical 

characteristics of the ACA in a liquid environment. This part of the study dealt with the leakage 
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current with respect to different artificial gut liquid environments. The study showed that the 

average response of the ACA leakage current measured in a dried sample were in the range of 

100pA with an average conductance of around 2.4604*10-11 Ω-1. 

 

In comparison the average leakage current measured in the device (substrate and the ACA) after 1hr 

soak was in the range of 100nA in all the solutions. The artificial gastrointestinal solution in which 

the ACA was immersed contained different ions. Theoretical analysis of the ion concentration 

showed that the ions in the solution penetrate epoxy and contribute to the measured leakage 

current. It also showed that the ion concentration in the epoxy vary over time. 

 

The rate of change of conductance during the 4hr soak was not constant and therefore confirmed 

the ionic contribution to the measured leakage current in different solutions. There is a good fit 

between the theoretical calculated values to the experimental values in all the tested solutions 

suggesting that the ions do take part in the leakage current. The rate of change of conductance in 

PH1.2 and buffer solution showed a similar rate of increase over the duration of the soak and was 

1.2 times the rate of change of conductance in pH6.8. This difference could be explained by the low 

concentration levels of the ions in the pH6.8 solution. 

 

This study showed that the measured leakage current after soak was around 100nA – including the 

noise, and was much lower than the current measured during the electrochemistry. Thus it was 

concluded that leakage through the ACA would not have any effect on the electrochemical 

measurements 
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This chapter described the electrical characterization of the ACA joint of a DAS in a fluid environment 

and found that the leakage current between connections was low and that it would not interfere 

with the electrochemical measurements. However, the soak test was only carried out for a short 

period of time. The next chapter looks into the long term reliability of the ACA interconnect in 

moisture and in the artificial gut environment. 
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Chapter 6 Long term reliability of the ACA interconnect in a 

DAS 

 

6.1. Introduction 
 

It is important to highlight that the ACA interconnect used in the DAS was destined to be used in the 

gut environment. This chapter covers the reliability of the ACA in terms of contact resistance with 

accelerated life time (ALT) testing. ALT was used to accelerate the degradation mechanism of the 

ACA joint and to identify the dominant failure mechanism. Two distinct phases of testing were 

undertaken: firstly a constant humidity aging of the ACA joint was carried out and this was followed 

by in-vitro testing.  

 

6.2. Constant humidity testing 

 

It was shown in the previous chapter that the epoxy matrix of the ACA was prone to moisture 

uptake. As the adhesive comes in contact with fluid, one of the most severe tests that could be 

considered was the moisture sensitive test. As previously mentioned in Chapter 3, there are no 

standardized test procedures that could be found for biomedical humidity aging, therefore the 

constant humidity aging was carried out at 50˚C/95%RH to study the reliability of the ACA for a 

direct access sensor. This part of the work focused on the endurance of the ACA attachment for a 

direct access sensor.  
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6.2.1. Materials and methods 

 

The materials such as test chip, flex substrate, the bonding process and the encapsulation process 

were described in Chapter 3.  

 

6.2.1.1. Further encapsulation process 

 

Wires were soldered on to each flex board connector bond pad. A two part polypropylene mould 

95mm long, 13.25mm wide and 0.3mm thick was fabricated, where the first part had a base while 

the second part side was hollow. As shown in the cross-sectional Figure 6.1(a), the sensor 

encapsulated sample was sandwiched between the base and the hollow mould and the edges sealed 

with glue. Silicone was poured and cured for 24hr. The cured sample was taken out by pulling the 

moulds apart and the encapsulated sample is shown in Figure 6.1(b). 

 

 

Figure 6.1. Second encapsulation process: (a) cross-sectional schematic of the mould and (b) picture of 

encapsulated sample for reliability testing. 

 

6.2.1.2. Electrical measurement 

 

As seen in Figure 3.1 each electrode had its corresponding bond pad on the chip periphery. These 

bond pads made connection via the ACA joint to the matching bond pad on the substrate thus 
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making an individual joint connection for each electrode. As explained in Chapter 3, the DAS 

structure developed in this research was destined to be tested via electrochemistry and therefore a 

typical online four point measurement of the contact resistance was not possible. As a result the 

contact resistance of the ACA interconnect was measured using a HP 3441A multimeter acting as a 

two probe ohmmeter. The resolution of the resistance measurement was 1mΩ. The measurement 

was made by placing the probe tip on the electrode surface and at the tip of the wire. The resistance 

was separately measured for the chip, and the substrate. The same measurements were conducted 

on the device (chip) mounted on the substrate via ACA and encapsulated in silicone. The 

measurements carried out on the substrates and the chips were subtracted from the contact 

resistance measurement on the device, consequently measuring the contact resistance of the ACA 

joint. 

 

6.2.2. Results 

 

A batch of nine samples was made. Each sample had five sensor connections. Figure 6.2 shows the 

variation of the adhesive joint contact resistance on the five different connections on the same 

sample versus the duration of hygrothermal aging at 50˚C/95%RH. It can be seen that the initial 

contact resistance of the five adhesive connections range from 100mΩ to 600mΩ. This discrepancy 

in the contact resistance could be explained by the number of conductive particles trapped in 

parallel configuration. 
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Figure 6.2.  Plot of ACA contact resistance vs. the time in humidity aging of all the electrodes in one 

sample. 

 

Figure 6.3 shows the variation of ACA contact resistance corresponding to the same electrode 

connection in all nine samples. Only two out of nine ACA connections showed a slow increase in 

contact resistance until an open joint was formed. It also showed that most of the samples showed 

no resistance drift during the whole reliability test. It can be seen in Figure 6.2 and Figure 6.3 that as 

the test went on, the contact resistance measurements showed some ripples that occurred at 

around 100hr of constant humidity aging.  

 

As shown in Figure 3.1 in Chapter 3 and as numbered, only three electrodes noted 1, 2 and 3 were 

used in the electrochemistry. Only two out of nine samples showed failure after hygrothermal aging 

for the contact joints representing the three electrodes. A different percentage increase in 

resistance change could be used to set the failure criteria for any system. In order to preserve the 

integrity of the data during the cyclic voltammetry, a low limit of 100% increase was chosen for this 

system.  With this failure criterion, it was observed that the samples s3 and s4 failed at around 50hr. 
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The daisy chains x2 and x1 failed at around 100 and 250hr respectively. In future an even tighter 

control could be exerted on the reliability of the system by choosing a lower limit such as 20% or 

50% increase as the failure criterion. 

 

 

Figure 6.3. Plot of ACA contact resistance vs. the time in humidity aging corresponding to the same 

electrode in all nine samples. 

 

6.2.3. Discussion 

 

Epoxy expands due to moisture ingress while the silicon die and the other metal pads experience no 

expansion as they absorb no moisture [151]. These loading conditions create a coefficient of thermal 

expansion (CTE) and coefficient of moisture expansion (CME) mismatch between the chip, substrate 

and the adhesive. Typical material parameters are shown in Table 6.1. 
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Silicon 

chip

Polyimide 

substrate

Gold 

bump

ACA

Coefficient of thermal expansion (CTE) 

(ppm/°C)

2.7 20 12.9 47

Coefficient of moisture expansion (CME) 

(mm3/g) (*102)

0 1 0 4

Diffusion Coefficient (mm2/s) (*10-6) 1e-24 5.0 1e-24 9.7 

Specific Heat, c (J/KgK) 700 1090 800 1000

 

Table 6.1.  Material parameters, collected from [121,129,135,152]. 

 

Both CTE and CME mismatch between materials lead to thermal stress and hygroscopic stress at the 

interface between epoxy/chip and epoxy/flex substrate system. The diffusion coefficient is greater 

for the adhesive. This will force the adhesive to absorb more water than other materials in the 

humidity chamber. Moreover, the CME of the adhesive is higher than the other materials. In the 

package configuration studied, the epoxy swelling due to moisture absorption produced a 

perpendicular as well as a parallel expansion of the epoxy with respect to the die and the substrate 

and induced tensile and shear stress at the ACF interface. However, former studies have shown that 

when the epoxy is saturated with moisture, this swelling is uniform and that the induced shear stress 

is insignificant when compared to the normal stress [129,151]. 

 

As shown in Chapter 5, it takes about 60min to saturate the thin adhesive with water. For moisture 

ingress analysis under 50°C/100%RH condition, H0 and EH in equation (5-5) were taken from Tsai et al 

[130] and were 20.68*10-6mg/mm3MPa and -3.019*104J/mol respectively for an ACF material. Using 

equation (5-5), H was calculated to be 1.57mg/mm3MPa. For 50°C, the vapour pressure was taken 

from Fan et al [153] and was 0.01MPa. With H as 1.57mg/mm3MPa, 100%RH, and a vapour pressure 

of 0.01MPa, the saturation concentration was calculated to be 1.5*10-5g/mm3. In this structure, 



Chapter 6: Long term Reliability of the ACA interconnect in a DAS   

 

 

148 
 

there was 0.8mm ACA from the edge of the window to the edge of the chip.  From the 1 dimensional 

analysis, the diffusion was assumed to be from the window towards the edge of the chip. Using 

equation (5-9), the thickness of 0.8mm and the diffusion coefficient taken from Yin et al [135] as 

9.7*10-6mm2/s, the moisture saturation time was calculated as 26740sec (7hr). 

 

T(°C) RH(%) [H2O] (g/m3)

-10 80 2

10 95 9

20 50 9

65 95 139

85 20 57

85 60 170

85 85 240

 

Table 6.2. Temperature, Relative Humidity, and water concentration in the air [155]. 

 

For contact resistance measurement the samples were out of the chamber for around 5 - 10min and 

the electrical measurements were carried out manually at 20°C/50%RH using a HP 3441A 

multimeter. Assuming that H0 and EH have not changed, the vapour pressure as 0.02MPa [153], the 

“desorption” saturation concentration was calculated as 4.98*10-3g/mm3. The desorption diffusivity 

was taken from the work of Teverovsky [131] and was 3*10-7mm2/sec, and using equation (5-9), 

desorption time was calculated as 864607sec (240hr). This diffusion was also reported by Vries et al 

[154,155]. Their study also suggested that the momentary transfer of the sample in and out of the 

humidity chamber caused a temporary concentration gradient which led to either absorption or 

desorption of water from the adhesive. Taking the sample in and out of the chamber for 

measurements would cause an epoxy to undergo thermal strain. The coefficient of linear expansion 

of epoxy was taken as 117*10-6(1/°C) [156] and the variation in length due to the temperature was 
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computed as 0.02457μm. The thermal strain of the sample taken in and out of the chamber for the 

measurement was calculated as 0.004. Table 6.2 shows the temperature, RH and the water 

concentration in the air as reported by Vries et al [155]. 

 

In order to get an appreciation of the moisture induced strain, it can be noted that the water 

concentration between 65°C/95%RH (close to 65°C/100%Rh) and 20°C/50%RH had a gradient of 

130g/m3. As calculated in the previous section the typical saturation concentration for epoxy is 15-

25mg/cm3 [155]. Using these values, estimation of the moisture induced strain was calculated to be 

0.0052. Once again the calculated thermal strain and the hygroscopic strain were similar to ones 

reported by Vries et al [155]. The thermal strain and the hygroscopic strain would cause the 

materials to expand and shrink. This constant movement of the sample in and out of the chamber 

for testing, with both hygroscopic strain and thermal strain could cause microscopic sliding. This 

slow fatigue like process coupled with slow relaxation of the contact pressure could lead to a slow 

but steady increase in contact resistance until an open joint was observed [157]. This could explain 

the slow and steady degradation of the contact resistance until an open joint was observed for 

samples s3 and s4. The ripples that are observed could be attributed to the error in pressure contact 

when placing the probes on the sample during the measurement.  

 

6.2.4. Failure analysis 

 

Polymer expansion due to moisture ingress and the mismatch of moisture expansion coefficients of 

materials may cause the formation of defects like cracks or small voids and delaminations [66,158]. 

It is more likely that there are some initial microscopical delaminations present at the ACA interface 

caused by the defects present on the chip, at the substrate surface or introduced by the process 

[151]. During moisture uptake, the moisture diffusion in the ACA along its interface was an order of 
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magnitude greater than the diffusion in the bulk material. This is due to the residual stresses and the 

presence of the nano- or micro-pores and voids at the interface [159]. Moisture has an adverse 

effect on the interfacial adhesion of ACA and this may accelerate the delamination process by 

weakening the polymer interface. This weakening of the interface occurs by a hydrolytic attach on 

the ester linkage (‘R-(C=O)-OR’) which breaks the polymer chain creating two new end groups, a 

hydroxyl and a carbonyl group, thus degrading the adhesion strength of the polymer 

[102,106,107,160,161]. 

 

 

Figure 6.4.  SAM images: (a) before and (b) after hygrothermal testing of one the samples that survived. 

 

 

Figure 6.5.  SAM images: (a) before and (b) after hygrothermal testing of one the samples that failed. 
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 Figures 6.4(a) and (b) and Figures 6.5(a) and (b) show Scanning Acoustic Micrographs (SAM) that 

were used to assess the sealing efficacy of the direct access sensor before and after humidity testing. 

Figures 6.4(a) and (b) show the SAM images of one the samples that survived the hygrothermal 

testing. No delamination was observed in the sample before or after humidity aging. On the contrary 

Figures 6.5(a) and (b) show the SAM images taken on one of the failed samples after hygrothermal 

aging. It can be seen that there are delaminations present, shown by yellow rectangles, after the 

humidity aging. In Chapter 3, it was shown that the moisture aging has a deleterious effect on the 

adhesion strength and the weakening of the adhesion and that this is reflected by white patches in 

the SAM image. The SAM analysis does not show where the failure occurred and in order to get a 

precise picture of the failure a cross-sectional analysis was performed. 

 

 Olympus BH2-UMA Optical microscope images of the aged samples cross-sectioned are presented 

in Figures 6.6(a) and (b). It can be seen in Figure 6.6(a) that failure occurred by an interfacial 

delamination at the epoxy/silicon and epoxy/bump interfaces. Previous studies have shown that the 

ACA adherence to another polymeric material is higher than that for silicon [162,163]. In addition, 

the bump/pad interface was found to be open, resulting in the loss of conductivity and a 

considerable increase in resistance. The delamination seems to proceed along the chip passivation 

layer with a higher gap on the left side of the bump/pad towards the edge of the chip than on the 

right side of the bump/pad. This could imply that the delamination was initiated at the edge of the 

die. As explained in Chapter 5, the disruption of the hydrogen bonds by water molecules causes 

plasticization in the short term by spreading the polymer molecules apart and causing expansion of 

the adhesive joint [106,107]. In addition, temperature gives rise to different materials expansion 

rates due to the CTE mismatch between the adhesive and the other metals and this contributes to 

the degradation of the ACA interface. Thus the interface was under tensile and shear stress with a 

dominant shear stress at the bump and die/epoxy interface, which was due to the CTE mismatch 

between the materials. Looking at Figure 6.6(a), there is a gap on the left hand side of the bump, and 
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not on the right, this implies that the bump and chip on the top have moved to the right, or the pad 

and substrate on the bottom have moved to the left, probably (as shown in Table 6.1) due to the fact 

that the CTE of the substrate is nearly 10 times that of the silicon, and the CTE of the ACA is nearly 

20 times that of the silicon. In the same way the diffusivity of moisture in ACA is twice that of the 

substrate. Both CTE and the hygrostrain will force the epoxy to expand in all directions pushing the 

die upwards (z direction) to release the residual stress. The flex substrate used in this system will 

tend to relax the stress developed in the system much faster than a rigid substrate because it has 

high potential to compensate the expansion of the adhesive matrix. But due to the silicone 

encapsulation, the flexible substrate relaxation possibilities would be limited. Furthermore the 

expansion of the epoxy in the z direction is limited by the chip and by the weight of the silicone of 

the back side of the chip. Thus it could be suggested that the epoxy expands more in the x-y 

direction than in the z direction and the dominant stress during the swelling process was the shear 

stress. 

 

Figure 6.6(b) shows the cross-section of a sample that had survived the hygrothermal aging. It can be 

seen that moisture aging has not deteriorated the contact joint between the bump and the pad. 

However, the DAS sensor was destined to be used in the body to measure the gut fluids. The next 

part of the work was carried out in-vitro to see the effect of the gut fluids on the ACA 

interconnection. 
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Figure 6.6. Cross-section of samples after humidity testing (a) failure by crack propagation and (b) non 

failed sample. 

 

6.3. In-vitro testing 
 

In medical applications, in-vitro testing is routinely conducted to assess the reliability and the 

biocompatibility of a device. The hygrothermal aging described previously would not provide 

complete information about the ACA performance in the gut environment and therefore it is vital to 

perform reliability testing for intended medical devices under the conditions which simulate the real 

body environment [164,165]. In-vitro tests are performed outside a living organism before being 
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accepted in clinical trials [165]. The in-vitro test for the DAS would be tested in the artificial 

gastrointestinal solution and the buffer solution that was used in Chapter 5.   

 

In this work, reliability testing was carried out at 80°C and at 37°C using artificial gastrointestinal 

solution and buffer solution to test the reliability of the ACA in the DAS. The in-vitro reliability test at 

80°C was carried out to accelerate the time scale of the degradation mechanism of the ACA used in a 

DAS. However, failure mechanisms occurring during the accelerated testing could mask the usual 

failure modes that would occur during the usual operating conditions [100,101]. This was the reason 

the in-vitro test was also carried out at 37°C thus simulating the gut environment. 

 

6.3.1. Materials and methods 

 

The materials such as test chip, flex substrate and the bonding process were described in Chapter 4. 

  

6.3.1.1. Encapsulation process 

 

After the bonding process, wires were soldered on to the substrate for electrical measurements and 

the encapsulation procedure was followed as explained in Chapter 3. The sole difference with the 

procedure explained in Chapter 3 was that the gelatine capsule which was used to insert the 

assembly was 23mm in diameter. This diameter was chosen because it was shown in Chapter 4 that 

the integration of the assembly into the 23mm capsule for packaging did not significantly affect the 

daisy chain resistance.  
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6.3.1.2. Electrical measurement 

 

A plastic vial 40mm wide and 115mm in height was used to place the encapsulated sample in a hot 

circulating water bath to carry out the reliability test. A hole of 23mm diameter was made in the 

screw top cap of the plastic vials. The encapsulated samples were inserted into the screw top cap 

and the edges sealed with silicone; the plastic vials were filled, leaving a 15mm gap from the rim 

with the appropriate solutions; the screw cap was placed back on top of the vial and screwed in 

place. Circles of 40mm were cut out on a polytetrafluoroethylene (PTFE) sheet; the vials were 

inserted into the cut out circles and placed on top of a temperature controlled re-circulating water 

bath at 37°C and at 80°C respectively as shown in Figure 6.7. Four vials with solutions were placed in 

each water bath. Table 6.3 gives the contents of each vial and the time duration of the test.  

 

 

Figure 6.7. Experimental test setup. 
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Table 6.3. Test Matrix. 

 

As explained in Chapter 4, the four point electrical measurement was carried out during the in- vitro 

reliability testing. The power supply, set to deliver 5V, was connected to a solderless breadboard. 

The solderless bread board contained sixteen columns of connected clips. As shown in Figure 6.7, 

the connected clips were grouped into eight columns where each column was used to supply the 

same current to each of the eight samples that were tested simultaneously. For each set of columns, 

an inverting operational amplifier OP177 was used to achieve an output current of 100µA that was 

supplied to each test sample. These separate parallel circuits were chosen in order to ensure that 

any failed sample would not draw all the current and thus compromise the results of the other 

samples as shown in Figure 6.8. In each sample the daisy chain measurements were collected from 

the total daisy chain (z), the partial daisy chain in the x direction and the partial daisy chain in the y 

direction. All the measurements were automated via LabView and the data was collected with an 

Agilent 349901A 20 channel multiplexer and recorded into Microsoft Excel. 
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Figure 6.8. Circuit diagram for parallel circuits used testing. 

 

6.3.2. Results and discussion 

 

After assembly, before the in-vitro testing, SAM analysis was carried out on all the samples to assess 

the integrity of the sealing of the ACA between the chip and the substrate. Figure 6.9 shows one of 

the SAM images of the samples before in-vitro testing. As can be seen, there are no delaminations or 

voids that are present in the assembly before testing. This same observation was noticed on all the 

other samples that were prepared for in-vitro testing.  
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Figure 6.9. SAM image of the assembly before in-vitro testing.  

 

The total resistance of all the samples was around 28Ω (corresponding to total voltage of 2.8mV) at 

the start of the in-vitro test. Figures 6.10(a) and (b) show the voltage measured in the total daisy 

chain of the samples subjected to different gut and control solutions for over 450hr testing at 80°C 

and at 37°C respectively. All the graphs are plotted side by side to show the effect of the testing 

fluids on the total daisy chain of the samples tested. A 100% increase in voltage was used as the 

failure criterion. Figure 6.10(a) shows that all the samples at 80°C failed during the first 150hr of 

testing. Three similar regions could be discerned from all the graphs. Region 1 characterized the 

stable resistance region where the resistance remained more or less constant during the in-vitro 

test. This region was very short for the sample immersed in HCl acid of pH1.2 while it extended to 

50hr and 100hr in samples immersed in pH6.8 and buffer respectively. This was followed by region 2 

which was defined by the slow increase in resistance. This increase in resistance could be attributed 

to the slow degradation of the contact joint. Once again region 2 was very short for the sample 

immersed in HCl acid at pH1.2 compared to samples soaked in pH6.8 and in control solution. The 

third region showed a sharp increase in resistance signifying a much more pronounced degradation 

of the interconnection. In samples immersed in pH1.2 and in the control buffer solution the 

pronounced degradation created a faulty contact which could explain the oscillation of the 

resistance before an open joint was observed. In the case of the sample immersed in pH6.8, the 

degraded joint had a faulty connection which remained functional until the end of the test. The 
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faulty contact could be explained by the fact that the hygroscopic swelling of the epoxy was limited 

by the bulk weight of the silicone on the back of the chip. In other words, the bulk weight of the 

silicone on the back of the chip did not allow the assembly to expand totally and maintained the chip 

at a certain distance where it could still provide contact. Most of the silicone on the back side of the 

chip was at room temperature; therefore any shift in temperature could have led to shrinking and 

expansion of the material which could have been reflected in the electrical measurement of the ACA 

joint.  
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Figure 6.10. Plot showing the measured voltage variation vs. the duration of the test for total daisy chain 

of one of the samples immersed at: (a) 80°C and (b) 37°C. 
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The accelerated test was at 80°C/100% RH where the higher temperature may have accelerated the 

moisture absorption, as expressed in equation (5-3), leading to the swelling of the epoxy by the 

disruption of the hydrogen bonds; the exponential correlation of diffusivity with 1/T shows that 

diffusion is very strongly dependent on temperature and it could be assumed that for high 

temperature, high diffusivity of water and ions could be expected. In addition to the hygroscopic 

swelling of ACA due to humidity as well as their thermal expansion in the transverse direction, the 

acidity characterized by the concentration of hydrogen ions, other ionic concentrations, ion diffusion 

rate and the enzymes in the gut solution might have also helped in accelerating the chemical 

hydrolysis of the epoxy matrix. This chemical hydrolysis will be shown later in the SEM study of the 

surfaces during the duration of the test. A study conducted by Lyons et al [143,144], showed that 

phosphate and the other ions are transported through epoxy at the same rate as the water. Tables 

5.2 and 5.3 provide a summary of the diffusion coefficient and the concentration of the ions present 

in each solution. It can be seen the combination of high ionic concentration with high diffusion can 

be categorised as: pH1.2 > pH6.8 > buffer. This could be the reason why the samples placed in pH1.2 

and in pH6.8 failed at an earlier stage than the control buffer solution. It should also be noted that 

the stronger the acidity of the solution the more accelerated the chemical hydrolysis of the epoxy. 

This could be the reason for regions 1 and 2 to be shortened for the sample immersed in pH1.2. In 

Chapter 5, it was shown that at 37°C, the ions in the acid environment will totally saturate the epoxy 

at around 55hr of soak; in pH6.8 and in buffer solution, the hydroxide ions, the sodium ions, 

potassium ions and dihydrogen phosphate ions will take between 60 – 70hr to saturate; the other 

ions due to their low concentration will take longer time to totally saturate the epoxy. As discussed 

in this paragraph, the ionic saturation would have been shortened by the high temperature used in 

the test. Therefore the combination of high temperature, acidity and ionic concentration accelerated 

the aging and the disruption of the epoxy bods. 
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From Figure 6.10(b), it can be noted that the sample immersed in pH1.2 failed while the samples 

immersed in pH6.8 and control buffer survived the in-vitro test. The failed sample had the same 

three distinctive regions. Unlike the sample immersed in pH1.2 at 80°C, the region 1 – region of 

stable resistance – in this failed sample lasted for around 80hr. The sample immersed in pH6.8 

showed a more or less stable resistance till around 100hr after which it showed a slow but more 

linear increase in the measured voltage, indicating the slow degradation of the contact resistance. In 

Chapter 5, it was shown that the thin layer of epoxy rapidly saturated with moisture and other ions 

present in the solution but the degradation of the epoxy with slow relaxation of the contact pressure 

seemed to occur at around 100hr of soak. In buffer solution the stable resistance lasted till 60hr, 

further aging showed degradation of the epoxy and the contact joint. This could be due to the action 

of the water molecules disrupting the hydrogen bond making way for the other ions to penetrate 

deeper into the epoxy, thus causing the relaxation of the contact pressure at an earlier stage of the 

soak test.  

In summary, the combination of the acidity, ionic concentration and the 116% larger thermal 

expansion in the systems soaked at 80°C could have accelerated the degradation of the contact 

joint. 

Figures 6.11(a) and (b) show the variation of the voltage versus the duration of soak of different 

partial daisy chains immersed in pH6.8 at 80°C and at 37°C respectively. The measured voltage at 

each individual partial daisy chain was around 0.7mV. The partial daisy chain response shown in 

Figures 6.11(a) and (b) corresponds to the overall response recorded and represented in Figures 

6.10(a) and (b). As discussed in Chapter 4, the partial daisy chains in the x direction are called: x1 

which is furthest from the window, x2 the middle daisy chain and x3 closest to the window, while 

the partial daisy chain in the y direction was called y.  
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In Figure 6.11(a), the partial daisy chains x3 and y failed at an early stage during the in-vitro test. 

Once again three similar regions were observed for daisy chains x3 and y. Regions 1 and 2 

corresponding to steady state and slow degradation respectively were extremely short for the daisy 

chains x3 and y. This was followed by region 3: pronounced joint degradation, but which still 

provided intermittent contact until the end of the test. A 100% increase in voltage was used as the 

failure criterion. With this failure criterion, it was observed that the daisy chains closest to the 

window x3 and y failed at around 70 and 50hr respectively. The daisy chains x2 and x1 failed at 

around 100 and 250hr respectively. Daisy chains x1 and x2 showed a more linear increase in voltage. 

This linear increase could be attributed to the combination of two factors, the slow oxidation of the 

exposed aluminium pad which is present under the gold stud bump [103,166] and the swelling of the 

epoxy.  It was shown in Chapter 5 that a thin epoxy saturates with moisture in the first hour of soak 

and thus hydrates the exposed aluminium bond pads under the gold stud bump. Although other ions 

are present, the hydration will result in the formation of aluminium hydroxide. The aluminium 

hydroxide will turn into aluminium oxide by the contribution of the electrons from aluminium to 

oxygen atoms which will result in the increase in voltage and thus increase the electrical resistance 

[103]. It can also be noted that during the linear rise in the measured voltage, there were frequent 

and repeated dips in the voltage. This phenomena was not just limited to the daisy chains x1 and x2 

but were also observed in x3 and y daisy chains. This occurrence started at around 65hr into the soak 

test. This could be attributed to the degradation of the epoxy which could be providing a channel for 

liquid medium containing ions and thus create a leakage current path between bond pads of 

adjacent daisy chains, as shown in Figure 6.12.  
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Figure 6.11. Plot showing the measured voltage variation vs. the duration of the test of the partial daisy chains 

of one of the sample immersed in: (a) 80°C and (b) 37°C. 

 

Figure 6.11(b) showed that the measured voltage increase was more pronounced for the partial 

daisy chains x3 and y when compared to partial daisy chains x1 and x2. At the end of the test there 

was around a 400% increase in voltage of x3, around 500% increase in y, 100% in x2 and 17% in x1 

daisy chain. With a 100% increase as the failure criterion, it was noted that x3 and y failed at around 

160hr and at 290hr of soak respectively. The failure of x2 occurred at around 430hr of soak while the  
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Figure 6.12. SAM image of sample aged at 80°C, after testing. 

 

x1 did not fail during the whole duration of the test. This showed that the bond pads positioned at 

1mm from the window survived the in-vitro test at 37°C which is over the 72hr period that is 

required for a diagnostic pill to pass through the GI tract. Positioning of the bond pad at around 

1mm from the window in a DAS that will be used in the body means that the integrity of the joint 

will be preserved during the 72hr test. This result with the combination of the results that were 

obtained in Chapter 4 suggests that positioning the bond pad at 1mm or over from the window will 

ensure that the joint quality is preserved during integration and the subsequent in-vitro test. For the 

same pH and moisture level, the sample aged at 37°C does not show any leakage between bond 

pads of adjacent daisy chains, thus indicating that high temperature indeed accelerated the chemical 

reaction in the epoxy matrix [167]. 

 

Figure 6.13 shows the variation of the time of failure for individual partial daisy chains in different 

artificial gut and control solutions at 80°C and at 37°C respectively. As described in the previous 

section, a 100% increase in the measured voltage was used as the failure criterion. First, it could be 

noted that all the samples aged at 80°C failed earlier than the samples aged at 37°C. As stated in the 

previous section, this shows that high temperature has a detrimental effect on the polymer matrix. 
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Second, the failure time of the samples seems to be reduced as the acidity of the solutions were 

raised. Third, the daisy chains x3 and y closest to the window failed at an earlier stage in all the 

solutions at 80°C and at 37°C. Fourth, despite the different pH solutions, the daisy chains x1 and x2 

which are furthest from the window failed when immersed at 80°C. At 37°C soak, for the samples 

soaked in pH6.8, the daisy chain x1 survived the whole in-vitro test. In the control buffer solution x1 

and x2 did not fail during the whole test. At 37°C, the daisy chain x1 in all three samples soaked in 

pH6.8 and in all three samples soaked in buffer solution survived the in-vitro testing.  

.  

Figure 6.13. Plot showing the time of failure for individual partial daisy chains in different artificial 

gut and control solution at 80°C and at 37°C respectively. 

 

Figure 6.14 shows the variation of time to failure of partial daisy chains y and x3 in different pH 

solutions. It shows the comparison between samples soaked in 37°C and in 80°C. For the same pH, 

the time of failure of the partial daisy chain y is approximately 83% higher at 80°C than at 37°C. An 

exponential trendline was used to fit the time of failure for daisy chain y at both 80°C and at 37°C. 

The high R2 showed that there was a good correlation between the data and the trendline used to fit 

the data. This same observation was observed for daisy chain x3 which is also positioned at 0.2mm 

from the window. The exponential increase in the time of failure could be used to predict the failure 



Chapter 6: Long term Reliability of the ACA interconnect in a DAS   

 

 

166 
 

of daisy chain x3 and y in specific pH solution at different ageing temperature. For example, it can be 

predicted that the daisy chains x3 and y of a sample immersed in pH4.5 will fail at around 50hr of 

soak at 80°C while it will fail at around 180hr at 37°C.  This once again shows that the acidity and the 

temperature have deleterious effects on the contact joints. It also shows that the daisy chain 

orientation does not affect the time of failure in different pH solutions. In addition the oxidation of 

the aluminium bond pads could also contribute to the degradation of the contact joint.  
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Figure 6.14. Comparison of time of failure of individual partial daisy chain y in different artificial gut at 

80°C and at 37°C respectively. 

 

For all the samples, the daisy chains x3 and y that are closest to the window failed first, followed by 

the middle daisy chain x2 and the furthermost daisy chain x1. The daisy chains x3 and y were 

positioned 0.2mm from the window and the epoxy fillet at the window came in direct contact with 

the solutions when immersed. The fact that these two daisy chains failed first indicated that the 

degradation of the polymer seemed to have originated at the exposed epoxy surface at the edge of 

the window and slowly moved further away from the window as shown by the black arrows in Figure 

6.15. 
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Figure 6.15. Picture showing the movement of the epoxy degradation in a DAS. 

 

6.3.3. Failure analysis 

 

Figure 6.16 and Figure 6.17 show the study of the epoxy fillet at the window using Scanning Electron 

Microscopy (SEM) before and after exposure to gut fluids during in-vitro test. SEM was carried out to 

confirm the failure mechanisms suggested by the results in the previous section. 

 

Figure 6.16 shows the evolution of the surface in an acid and base condition aged at 80°C. At 0hr 

soak, it can be noted that the surface of the sample was smooth with few bumps representing the 

underlying conductive particles. After 24hr of aging, enzyme adhesion was found on the surface of 

the epoxy immersed in pH6.8. The epoxy resin aged in acid showed little enzyme adhesion with few 

micro cracks at its surface. The presence of the micro crack suggests that the degradation of the 

surface of the epoxy started within 24hr of soak in an acid environment.  
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Figure 6.16. SEM surface study of samples before and after exposure to gut fluids during in-vitro test at 

80°C. 

After 250hr of immersion the surface of the sample immersed in pH1.2 was covered by numerous 

micro cracks and voids. In comparison, the sample immersed in pH6.8 showed less cracks and voids. 

It can be noted that these cracks and voids were at the edge of the islands formed on top of the 

epoxy surface. Large voids are due to the hydrolysis of the polymer which was a combination of 
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water absorption, temperature and the acidity content in which it was submerged. Further aging of 

the sample in pH6.8 induced surface erosion with massive cavities interlinking each other. These 

same phenomena were observed in the samples immersed in pH1.2 with the surface cavities being 

wider and deeper. This indicated that surface erosion exposed the underlying surface for further 

degradation to occur. Previous studies of moisture degradation on epoxy suggested the hydrolytic 

degradation of the ester linkage as such hydrolytic attack results in the polymer chain being broken 

into two new end groups, such as hydroxyl and a carbonyl [160,168].  

 

Figure 6.17 shows the evolution of the surface aged in an acid and base solution at 37°C. Once again 

it can be noted that after 24hr in-vitro, the sample immersed in pH6.8 had a network of enzyme 

adhesion to its surface while the enzyme adhesion was sporadic and relatively limited for a sample 

immersed in pH1.2. Furthermore the sample aged in pH1.2 at 37°C exhibited no surface cracks. After 

250hr of aging, the sample immersed in pH6.8 exhibited random micro voids on the surface of the 

sample, while larger voids and cracks were present in the sample immersed in pH1.2. Additional 

aging of the sample to around 500hr resulted in more degradation to the sample surface reflected 

by more cavities and crazing in the sample immersed in pH1.2 and pH6.8. These surface eroded 

cavities are not as significant as the ones that were observed in samples aged at 80°C. This suggested 

that the temperature had a significant impact on the degradation of the polymer. It should also be 

noted that the samples aged in an acid environment had a higher level of surface degradation when 

compared to the samples aged in pH6.8. This was true for the samples aged at 37°C and at 80°C. 

Therefore, it can also be concluded that the acidity of the environment also played a crucial part in 

degrading the epoxy surface. 
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Figure 6.17. SEM surface study of samples before and after exposure to gut fluids during in-vitro test at 

37°C. 
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Figure 6.18.  Cross-sectional analysis of the samples after in-vitro test.  

 

Figure 6.18 shows the cross-sectional analysis carried out on samples after in-vitro test. The cross-

sectional images of the y and x1 daisy chains are not shown in this figure because the failures that 

occurred are similar to the x3 and x2 daisy chains respectively. After 500hr of aging in pH1.2 at 80°C, 

it can be seen that the epoxy was delaminated from the chip and the substrate, and that the 

opening due to delamination was more pronounced towards the centre than towards the edge of 

the chip; the same observation was made on the substrate side as well. This implied that the 

opening was initiated close to the centre of the window and propagated toward the edge of the chip 

and the substrate. It can also be noted that there are numerous voids present close to the centre of 

the window. This was in agreement with the polymer surface degradation observed on the epoxy 

surfaces at the window. The delamination of the epoxy at the x2 daisy chain site was much smaller 

than at the x3 daisy chain site. As seen for x3, the epoxy delamination had pulled the bump clear 

from the chip, thus leading to the failure of the interconnection. This suggests that the swelling of 

the epoxy caused the bump to shear from the chip surface. Although bare aluminium exposed to the 
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acid solution might corrode from the cl ions, the cross section showed no corroded bond pads.  In a 

500hr aging in pH6.8 at 80°C, once again the bump and the epoxy delamination was observed. The 

micrograph also revealed voids close to the bump delamination site which could be have been once 

more caused by the deep cavities observed on the surface of the SEM samples. On the x2 daisy chain 

only small voids were present, however the integrity of the interconnection was maintained. 

 

For the sample aged in pH1.2 at 37°C for 500hr, the micrograph showed voids being present close to 

the interconnection area, while delamination was observed at the chip epoxy interface. This 

delamination continued into the bump area as the bump was lifted off from the chip. On the 

contrary, the integrity of the joint was maintained for x2. Samples aged in pH6.8 at 37°C showed no 

failure of the joints during the whole in-vitro test.  

 

Summary 

In general, cross-sectional analysis confirmed that the combination of high temperature and high 

acidity level had a deleterious effect on the samples.  The main failure mode detected was interfacial 

delamination and open bump. Although bare aluminium exposed to the acid solution might corrode 

due to the presence of cl ions, the cross section showed no corroded bond pads. However, the cross-

section revealed that positioning the bond pad further away from the window will provide a good 

integrity of the joint during the capsule transition. 

 

6.4. Conclusion 
 

This chapter has dealt with the study of the reliability of the ACA in a DAS. The first part of the study 

was to investigate the constant humidity aging of an ACA joint. Since no proper standard test 
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procedures exist, the constant humidity aging was carried out at 50˚C/95%RH to study the reliability 

of the ACA for a direct access sensor. At the end of the reliability test, out of the nine samples 

tested, for the same electrode in all nine samples, only two of the ACA connections showed a slow 

increase in resistance until an open joint was observed. The slow resistance increase of the failed 

joint was attributed to the fatigue like process, induced by the removal and replacement of the 

samples in the humidity chamber. Failure analysis of the failed joint after reliability testing showed 

that the constant movement of the sample in and out of the chamber for room temperature testing 

caused a thermal strain of 0.004 and a hygroscopic strain of 0.0052 resulting in swelling and 

shrinking of the adhesive and thus causing a crack to initiate and propagate along the die-epoxy 

interface. 

 

The second part was involved in the study of the in-vitro reliability test of the ACA joint in gut fluids 

and in the control buffer solution. The resistance of all the samples at the start of the test was 

around 28Ω. The samples aged at 80°C showed three regions which consisted of region 1 – stable 

contact resistance, region 2 – slow degradation of the contact joint and finally region 3 which was 

the pronounced degradation of the contact joint. All the samples in the in-vitro test failed no matter 

the solution in which they were immersed, while only the samples aged in pH1.2 at 37°C showed a 

degradation of the contact joint. It also showed that the combination of the acidity and the 

temperature had accelerated the degradation of the contact joint. Furthermore for 37°C application, 

the DAS bond pad positioned at a minimum of 1mm from the window survived the whole in-vitro 

reliability test. This suggested that positioning the bond pad around or over 1mm from the window 

will ensure the joint integrity during integration and testing. The fact that the daisy chains x3 and y, 

closest to the window, failed first indicated that the degradation of the polymer originated at the 

exposed epoxy surface at the edge of the window and slowly moved further into the ACA. 
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Delamination of the epoxy from the chip interface and the bump delamination seemed to be the 

main failure modes of the contact joint in the in-vitro test. 

 

This chapter described the humidity and the in-vitro aging of the ACA. The in-vitro test showed that 

placing the bond pad at 1mm from the window will survive the 72hr journey in the gut environment. 

Now that the ACA long term reliability in gut environment has been characterized, the next section 

will discuss the system integration of the DAS and the final prototype into a capsule format. 
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Chapter 7 Capsule integration 

 

7.1. Introduction 
 

In Chapter 3, different capsule integration methods were considered and the schematic of the final 

prototype (modular test board) and the sensor placement option was selected. The DAS attachment 

process was perfected using test substrates to get a repeatable and reliable contact and to provide a 

good coverage at the edge of the windows. This chapter will describe the last phase of the current 

work which involves transferring the repeatable ACA interconnect process to the modular test board 

and the integration of the modular test board with the DAS into a capsule format.  

 

7.2. DAS in the modular flexible prototype 
 

7.2.1. Modular flexible prototype board  

 

The electronic system defined for the swallowable electronic capsule is complex [17], consisting of 

many elements. The sensor is interfaced to analogue circuitry for signal conditioning. A power supply 

is placed centrally for the integration of a single lithium ion cell. A processing unit, or 

microcontroller, controls the measurement and communication process. An ultralow power wireless 

communication system is added, which provides the transfer of the measured data to an external 

receiver module. This receiver has been developed to acquire the data and interface it to a PC host 

station.  
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Figure 7.1. Modular flexible board. 

 

Figure 7.1 shows the latest system prototype which implements the instrumentation in a modular 

fashion on circular PCB discs interconnected by flexible polyimide core. In this way the discs can be 

folded for encapsulation and the flexible core provides a reliable interconnect between them. Figure 

7.2(a) shows the schematic of the folding that could be achieved during integration. It is crucial to 

note that the copper track was placed on the inside of the bend radius to achieve maximum 

reliability during integration. It was decided that a compressive force on copper might be better than 

a tensile force as this might tear the copper if repetitive bending was performed during integration. 

Figure 7.2(b) gives a representation of the thirteen layer structure used in the circular modular discs 

that were used in the development of the modular flex board [17] and where the copper track will 

be on alternate sides of the interconnecting strips. As can be seen, an extra layer of rigid FR4 is used 

to achieve structural integrity in the regions where the circuits are located. 

 

Figure 7.2. Schematic showing: (a) the folding in the modular flex board; and (b) the thirteen layer 

structure used in fabrication of the modular flexible board. 
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The power module did not comprise a battery holder; instead it was split into two modular circular 

PCB disks linked via a flex strip. These two modular circular PCB disks had an inner circular pad of 

3mm surrounded by a concentric circular pad positioned at 1.06mm from the edge of the circular 

pad, as shown in Figure 7.3. The purpose of the outer concentric circular pads was to limit the 

spread of the conductive epoxy during integration. The left and the right modular disks with their 

circular bare pads correspond to the negative and positive battery inputs respectively. In order to 

stop the battery drain during its integration, a protruded section was designed on the edge of the 

positive modular disc. The right part of the protruded section was connected to an enable of a 

switched capacitor voltage converter, while the left part was connected to the Vin and the positive 

section of the circular pad. 

 

 

Figure 7.3. Protel design of the battery section showing the protruded section with enable and Vin. 

 

7.2.2. Sensor attachment modular flexible board 

 

Firstly, all the active devices and the passive devices required for the proper functioning of the flex 

board were assembled on it. This was followed by the sensor attachment. The sensor area for the 

board and the chip were cleaned and then the ACA was dispensed on to the board using the 

CAM/ALOT 1414 liquid dispense system. The dispense pattern described in Chapter 3 was used to 



Chapter 7: Capsule Integration          

 

178 
 

dispense ACA on to the board. Chip-board alignment was carried out using a Finetech Flip-Chip 

bonder and the bonding was carried out with the bonding parameters stated in Chapter 3. 

 

7.2.3. Electrochemistry – modular flex board DAS testing 

 

The protruding part on the microcontroller side was used to program the microcontroller and its 

functionality was checked. This was followed by sectioning the protruding part and the edges sealed 

with silicone and cured for 24hr. Wires were soldered on to the negative and the positive bond pads 

of the power supply circular discs and the sensor part was placed in a vial containing a solution of 

0.5M of H2SO4. The soldered wires were connected to an Agilent E3649A - dual output DC power 

supply as shown in Figure 7.4, and a constant 3V was supplied during the duration of the test. A 

bench top antenna receiver TH71102 [17] was used to collect the data transmitted by the modular 

flex substrate and the results were stored in Microsoft Excel. The whole test was automated using 

LabView. 

 

 

Figure 7.4.  Benchtop electrochemistry setup for testing. 
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The electrical connection and the robustness of the packaging, as well as the functionality of the 

sensor, was tested using three electrode cell, cyclic voltammetry. The three electrode cell comprised 

of WE, CE and the pseudo Pt RE on the designed sensing chip. A scan rate of 0.2V/sec was applied to 

the electrode system and the chemical reaction that occurred at the Au WE in the solution was 

plotted in Figure 7.5.  The plot shows the cyclic current-voltage curve of the Au WE taken 1-2 days 

after sensor attachment and also 6 months after sensor attachment before the capsule 

encapsulation was carried out. The measurement taken 1-2 days after sensor attachment showed 

that the oxidation peak occurred at around 0.9V during the positive voltage sweep from 0 to 1.5V, 

while the reduction peak was around 0.4V during the negative voltage sweep. This shift in voltage 

could be attributed to the pseudo reference electrode which is not as stable as the Ag/AgCl 

reference electrode.  It was also observed that the current measured was twice that of the current 

measured for cyclic current-voltage curve of Au WE represented in Figure 3.18 in Chapter 3. The 

difference in current could be explained by the amount of Au WE exposed to the solution as a result 

of poor adhesion of the Au and the edge of the passivation layer. The measurement taken after 6 

months for the same electrode from the same sample seems to show no oxidation peaks for the 

positive sweep while it shows a reduction in magnitude of the reduction peak occurring at around 

0.4V for the negative sweep. Earlier studies showed that the decrease in the peak after a couple of 

cycles could be due to the reduction of the surface electrode [64]. Despite the electrochemical test 

showing that the sensor was damaged, it showed that the interconnect functioned perfectly. The 

sensor was left on a shelf for 6 months during which time sporadic resistance measurements were 

performed. During this period, the average temperature was approximately 10°C with an average RH 

of about 73%. The sporadic resistance measurements performed showed that the average resistance 

during the 6 months was 104.46mΩ +/- 2mΩ. 
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During 6 months, the samples were stored on a shelf at room temperature. According to the 

temperature data collected from [169], in the 6 month storage the maximum temperature and the 

minimum temperature recorded was 22°C and -3°C respectively. The relative humidity data gathered 

from [169] showed that it was around 83% with 3% deviation. The deteriorated samples after 6 

months were visually inspected via Olympus BH2-UMA and Olympus SZX12 optical microscopes. A 

micrograph taken of one of the samples is shown in Figure 7.6. Peeling, blisters and passivation layer 

cracks were observed on the surface of the Au WE of the samples that were stored for 6 months.  

Likewise peeling was also observed on Pt CE and Pt WE. 
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Figure 7.5.  Electrochemical test results of a sample before and after storage. 

 

Table 7.1 [170], shows the properties of the metal and the passivation layer used in the 

microelectronic sensor chip. At 22°C, the thermal expansion of Au, Cr, Pt and Si3N4 was computed to 

be 308ppm, 132ppm, 198ppm and 35.2ppm respectively. The thermal mismatch between Au/ Si3N4 

and Pt/ Si3N4 at 22°C was 272.8ppm and 162.8ppm respectively. At -3°C, the thermal mismatch of 

Au, Cr, Pt and Si3N4 was computed to be -42ppm, -18ppm, -27ppm and -4.8ppm respectively. The 

thermal mismatch between Au/Si3N4 and Pt/Si3N4 at -3°C was -37.2ppm and -22.2ppm respectively. 

There was an 833% increase in materials expansion between Au/Si3N4 and Pt/Si3N4 due to CTE 
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mismatch. But there is not enough evidence to suggest that the CTE mismatch and the RH alone 

were responsible for the delamination between the passivation layer and the Au WE, as shown in 

Figure 7.7.   

 

 

Table 7.1. CTE of the metal and the passivation layer used in the microelectronic sensor chip [170]. 

 

 

Figure 7.6. Micrographs showing the peeling, blisters and passivation layer crack on the surface of the Au WE 

and the Pt CE. 

 

Further Scanning Electron Microscopy (SEM) and Energy Dispersion X-ray analysis (EDX) were 

performed on the failed samples to investigate the failures that had occurred on the surfaces of the 

electrodes. Figure 7.7 shows the SEM image of one of the Au WE. It is evident that there was 
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delamination between the passivation layer and the Au WE and that a crack had originated in its 

proximity.  

                               

Figure 7.7.  SEM image of the delamination between the passivation layer and the Au WE.  

 

Figure 7.8. EDX picture of Pt CE. 
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Figure 7.8 shows EDX performed on one of the samples where the Pt CE was peeled off its surface. 

The EDX spectrum was taken from the peeled part – spectrum 2, and the unpeeled part – spectrum 

3. Spectrum 2 showed that it only contained bare silicon in the area where the metal should be 

present. This indicated that the Cr and the Pt were completely stripped off the electrode surface.  

 

 

Figure 7.9. EDX analysis of the Au WE. 

 

Figure 7.9 shows the EDX analysis performed on one of the samples where Au WE peeling was 

observed. EDX was performed on three regions noted 1, 2 and 3. The spectra from 1 and 3 were the 
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same and clearly indicated the presence of Au and Cr in the unpeeled region. Spectrum 2 showed 

just bare silicon indicating that the metal had been stripped from these parts. The crack present 

between the electrode and the passivation could have been the source for sulphuric acid diffusion 

during the voltammetry tests. Sulphuric acid getting under the electrode area could have resulted in 

the erosion of the underlying chromium and thus led to further flaking and peeling of the Au and Pt 

electrodes [171]. 

 

 This part of the failure analysis showed that Cr was not a suitable metal to be used in developing the 

chip that was to be used for electrochemistry in an acid environment. Instead more reliable titanium 

could be used as an adhesion layer in developing such a chip [172]. 

 

7.3. Battery integration 
 

An off the shelf Lithium/Manganese Dioxide (Li/MnO2) battery – VARTA CR 1/3 N [173] – a cylinder 

shaped battery with a diameter of 11.60mm and a height of 10.80mm was used as a power supply 

for the capsule. It was a single unit battery with a maximum output voltage of 3V and a typical 

current capacity of 170mAh.  

 

Before the battery integration, sensor protection was carried out by dispensing silicone on the 

perimeter of the window using CAM/ALOT and cured at room temperature for 24hr. The cured 

silicone acted as a dam around the window. Then the protection of the sensor was carried out via AZ 

photoresist – Diazonnaphthoquinones (AZ Electronic Materials GmbH) with the method described in 

section 3.6.2 in Chapter 3, as shown in Figure 7.10. 
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Figure 7.10.  Sensor protection. 

 

This was followed by the battery integration which consisted of the following steps as shown in 

Figure 7.11. First a wire was soldered onto the negative circular pad and then connected to the wire 

soldered on to the enabler. A third wire was soldered onto the Vin with connection to the positive 

end pad of the battery and was left open, see Figure 7.3. This was carried out to lower the battery 

consumption by going to a shutdown mode where only 0.01μA current would be drawn from the 

battery during the capsule integration process. The circular pads for the battery were then covered 

with temporary adhesive and the surrounding areas were spray coated with water and oil repellent 

thin film surface coating – RS 251-3700 [174]. This step was carried out to insulate the vias that were 

present around the circular pads. These vias provide a metal contact with active components that 

might drain the battery during the integration process. The insulating thin film was left to cure for 

approximately 2hr and the thickness of the cured film was around 1µm. Silver loaded epoxy was 

dispensed onto the centre of the circular pads via a pendant method – the height and the diameter 

of one drop was approximately 159µm and 210µm respectively. The negative terminal of the battery 

was placed on the corresponding negative circular pad, the right circular pad folded on top of the 

positive side of the battery and clamped using a vice grip welding clamp. Silicone was dispensed with 

a hand held dispense system with a 23 gauge needle where the inner diameter of the needle was 

0.33mm. A pressure of 20psi was used to dispense silicone at the edge of the battery so that it 

simultaneously covered about 4mm +/- 1mm on the battery side and around 1mm +/- 0.5mm on the 
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PCB side. After the silicone was dispensed, the system was left to cure for 24hr and the securely 

integrated battery is shown in Figure 7.11. 

 

 

Figure 7.11. Battery integration process.  

 

7.4. Capsule integration 

 

Six circular discs (spacers) of 11.60mm diameter were cut from a 0.0254mm thick medical grade 

silicone sheet: MED94-5010-10 [175]. The following steps were followed to achieve the serpentine 

form: 
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1. A hand held dispense system with a pressure setting of 30psi and a 25 gauge needle - 

0.25mm inner diameter – was used to dispense a small volume of 0.06mm3 silicone at 

the centre of the inner side of the circular disc representing  the antenna.   

2. A spacer was placed on top of the silicone dot followed by another silicone dot 

dispensed at its centre. 

3. The RF circular disc was folded on top of the spacer and the silicone dot, thus forming 

the first fold of the serpentine form. 

 

The above mentioned steps were repeated between the RF circular disc and the battery disc to 

obtain the 2nd fold of the serpentine form; between battery and microcontroller part to achieve the 

3rd fold of the serpentine form; between microcontroller and potentiostat to obtain the 4th fold of 

the serpentine form; between  the two potentiostat to achieve the 5th fold of the serpentine form 

and between the potentiostat and the back of the sensor die to obtain the 6th and final fold of the 

serpentine form.  

 

A medical grade silicone was chosen to be used in the assembly. It was selected due to its ease of 

processing, its good thermal and electrical resistance and above all, it is not as expensive as 

insulating polyimide film.   

 

Figure 7.12 shows the 3D picture of the Teflon mould which was used to set the serpentine form. 

The Teflon mould was made from a 50mm x 50mm block. A 41.84mm x 50mm cut was made on the 

block. The depth of the cut was 6.50mm. Two mirror imaged moving parts of 6.50mm thick were 

made so that they would slide into the cut section. The moving parts had grooves of 1mm x 1.29mm 

and were cut. Eight grooves were placed at 8.75mm, 11.57mm, 15.01mm, 18.45mm, 21.89mm, 
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33.67mm, 37.11mm and at 40.55mm respectively from the left edge of the block as shown in the 

CAD diagram, Figure 7.12. The groove at the farthest right, placed at 40.5mm was used to insert the 

antenna disc of the formed serpentine. RF was inserted into the groove at 37.11mm; battery at 

33.67mm and 21.89mm; micro at 18.45mm; potentiostat at 15.01mm and at 11.57mm and the DAS 

at 8.75mm. The serpentine form inserted into the mould was cured for 24hr to obtain the free 

standing serpentine form.  

 

 

Figure 7.12. Solid Works technical drawing of the Teflon Mould. 

 

The free standing serpentine form showed that the bend in the flex polyimide core increased the 

final diameter of the serpentine form to about 19mm. This means that the original glycerine capsule 

of 13mm diameter was not suitable for the final serpentine form. Therefore, a 22mm diameter and 

45mm long two part glycerine capsule as shown in Figure 7.13(a) was used for capsule integration. 
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The first part measured 25mm long while the second part measured 40mm long as shown in Figure 

7.13(b). Two holes were drilled out on part II of the glycerine capsule. A 1mm diameter drill was 

used to drill the first hole which was placed at around 28mm from its opening while the second hole 

was placed at the centre of the semi circular dome, as shown in Figures 7.13(b) and (c). The hole in 

part II will be used to bring out the wires used in the battery integration while the hole in the semi 

circular dome will be used to dispense silicone after capsule integration.  

 

 

Figure 7.13. Photographs showing: (a) the entire glycerine capsule, (b) bottom part of the glycerine 

capsule with the hole at approximately 28mm for the battery wires and (c) 1mm diameter drill hole placed 

at the centre of the dome. 

 

The DAS of the serpentine form was secured onto part I and fixed onto a glass substrate. Care was 

taken to position the serpentine form in the middle of the capsule. The wires from the battery were 

passed through the first hole on the second part of the capsule as shown in Figure 7.14. The hole 

used for the battery wires was sealed with silicone and cured for around 12hr. Once again a hand 

held dispense system with a pressure setting of 30psi and a 21 gauge needle - 0.51mm inner 

diameter - was used to dispense silicone into the capsule and left to cure for 48hr. The cured 

assembly was immersed in warm water (50°C) for 10-15min to dissolve the glycerine capsule. The 

sensor was exposed by dissolving the AZ photoresist in acetone for 10min but unfortunately, due to 

the damaged sensor, the entire capsule with the sensor and the battery could not be tested. The 

next section deals with the battery testing after encapsulation was carried out. 
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Figure 7.14. Capsule integration process. 

 

7.4.1. Battery test - dry environment 

 

As previously mentioned, the battery must survive the whole encapsulation procedure described in 

the above and still be able to provide the maximum current required by the capsule for the full 72hr. 

A simple circuit was developed to test the encapsulated capsule battery. The connection between 

the enable and the ground was severed and the enable was connected to the Vin to make the power 

supply operational. As shown in Figure 7.15, a 15kΩ resistor was connected between the ground 
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wire and the wire that connected enable and Vin, consequently forcing the current to pass through 

the resistor. A 15kΩ resistor was chosen because it would consume only 200μA which is 10 times 

lower than the current consumption by the capsule in sleep mode and therefore will not impede 

with the battery consumption test. A Hewlett Packard 34401A multimeter was connected in parallel 

to the 15kΩ resistor and the measured voltage was transmitted to the computer via GPIB, as shown 

in Figure 7.15.   

 

 

Figure 7.15. Schematic of the circuitry used in the battery test. 

 

Even though electrochemistry was not possible due to the sensor damage discussed previously, once 

the battery was connected, three modes of operation of the capsule could be observed. Figure 7.16 

shows the three modes with equivalent power consumption in each mode during a single capsule 

cycle. 

The cycle started with a sleep mode and lasted around 40sec. It had a current consumption of 

approximately 25μA. This was followed by the sensor mode which was characterized by the voltage 

drop – capsule function - of approximately 2.65V and by the large current usage of about 20mA. The 

sensor mode lasted about 20sec and was followed by the RF mode during which the voltage 

increased to about 2.8V for the duration of 20sec. This mode was distinguished by a current 
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consumption of about 6mA. The cycle came full circle by returning to the sleep mode where the 

voltage regained its primary value [17]. 

 

Figure 7.16.  Battery voltage variation over one cycle. 

 

The capacity of the battery was 170mAh. Therefore the energy of the battery was 510mWh. As 

mentioned in the previous section, during a cycle, the sensor mode is characterized by a voltage 

drop of 2.65V and current usage of about 20mA for 20sec; the RF mode is characterized by a voltage 

drop of 2.8V with current consumption of 6mA for another 20sec. With these values, the energy per 

cycle was calculates as 0.38mWh (one cycle takes 120sec to complete and consumes 0.38mWh 

energy). With the battery total storage energy of 510mWh, the time required for continuous running 

of the battery is 161052sec which is 45hr. In order for the battery to survive the 72hr gut journey, a 

15min cycle was considered with a longer sleep mode of 14min in between the sensor mode. This 

15min cycle (a 14min sleep mode in between the sensor mode), corresponding to 4 voltammetry 

tests per hour was chosen to assess the capability of the battery to deliver the power required for 

the proper functioning of the capsule during the GI transit, after the encapsulation process. The test 

failure limit was set at 2V, i.e. if the battery voltage dropped below 2V; the test was terminated and 

was noted as having failed. 
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Figure 7.17 shows the variation of the battery voltage versus the number of cycles the test was 

repeated. The inset shows a single cycle of the test where the voltage drop was about 0.15V during 

the sensor mode. This voltage drop quickly recuperated to its operation level at the completion of 

the cycle. Approximately 320 cycles were performed and it was observed that the voltage level 

remained constant during the entire test duration. This showed that the battery was able to survive 

the encapsulation procedure and still be able to provide sufficient energy for proper functioning of 

the capsule during the GI transit. Once more it is important to emphasise that the final application 

would take place in the gut environment, i.e. fluid environment. Accordingly the next section deals 

with the characterization of the encapsulated assembly with the battery in a fluid environment.  

 

 

Figure 7.17.  Battery performance over 72hr – 320 cycles. 

 

 

7.4.2. Encapsulated assembly with battery - fluid environment test 

 

After encapsulation of the assembly and the battery, it is crucial that the electronics and the battery 

function properly during the 72hr required for the GI transit. Even though biomedical silicone was 

used in the encapsulation, it is a known fact that it lets water vapour pass through it [176]. In 
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addition, the leads that were used to protect the battery discharge during encapsulation might 

prove to be a weak point for moisture and contaminant penetration. A test was devised to study the 

encapsulated assembly with the battery in a liquid environment. As there were not enough sensors, 

two substrates without sensors were used for this test. As mentioned in the previous section, as 

soon as the battery was connected, the electronics started to perform the capsule function. In order 

to decouple the capsule function, the first encapsulated assembly consisted of a bare substrate that 

had only the battery integrated to it. Once again the battery drainage was minimised by grounding 

the enable until the test was carried out. The second substrate had all the electronics, while a 

dummy silicone was used instead of the battery to fill the battery compartment. Wires were 

soldered to the negative and the positive circular pad so that the power could be supplied to the 

electronics during the soak test as shown in Figure 7.18. Both of these assemblies were encapsulated 

in silicone according to the encapsulation method described in the previous section. 

 

Figure 7.18. Schematic of the second substrate with silicone in the battery compartment. 

Figure 7.19 shows the test setup that was used to assess the encapsulated assembly with the 

battery. The encapsulated samples were placed in plastic vials filled with buffer solution of pH7.4. 

The wires from the assembly were taken out via holes made on the screw top plastic cap.  In order 

to avoid any evaporation of the liquid, the holes on the cap were sealed with temporary adhesives. 

As shown in Figure 7.19, capsule number 1 contained the battery while capsule number 2 relied on 
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the outside power supply. Both vials with their corresponding assemblies were placed in a 

temperature controlled recirculating water bath. The temperature of the bath was maintained at 

37°C for the duration of the test. A Digimess HY3003 power supply was used to supply a constant 

voltage of 3V to capsule number 2. The sole purpose of capsule 2 was to observe whether corrosion 

would occur on the electronics in the modular board.  

 

 

Figure 7.19. Test setup to test the battery in a liquid environment. 

 

 In capsule number 1, the enable was paired with Vin and connected to a 15kΩ resistor. As explained 

previuosly, the ground was also connected to the resistor so that the current could flow through it. 

Parallel wires were connected to a multiplexer and the voltage was recorded in a computer. For 

comparison, a battery, placed at room temperature, was also connected to a 15kΩ resistor and its 

voltage drain was also recorded in the computer via a multiplexer. A LabView program was used to 

automate the measurements to be taken every 5min for 72hr.  
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Figure 7.20 shows the variation of the battery voltage as a function of the duration of the test. The 

average measured voltage in both the control – non encapsulated battery at room temperature - 

and the encapsulated battery in buffer were approximately 2.90V. The voltage seemed to be 

constant for the duration of the test. At the start of the results, a delay of 15sec was observed 

between the two measured voltages. This 15sec lag was due to the delay in starting the voltage 

measurements. 

 

Figure 7.20. Plot showing the variation of the battery voltage as a function of time. 

Capsules 1 and 2 were taken apart so that an inspection could be carried out to see if there was any 

sign of corrosion that had occurred in the assembly. Micrographs were taken with an Olympus SZX12 

microscope. Figure 7.21(a) shows the micrograph of the electronics that were in capsule 2 after the 

soak test. Figure 7.21(b) shows an enlarged image of the solder joint of a resistor. The micrograph 

shows that the solder joint was still bright and no sign of corrosion could be observed. Figure 7.21(c) 

shows the micrograph of the battery from capsule 1 after the soak test. Once again no sign of 
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corrosion was observed on the battery. This test showed that the electronics and the battery were 

well protected by silicone encapsulation. 

 

 

Figure 7.21. Micrographs of: (a) the soaked encapsulated electronic assembly from capsule 2, (b) one of 

the electronic components enlarged and (c) the battery from capsule 1 after the soak test. 

 

 

7.5. Conclusion 
 

In this chapter, the final capsule integration was presented. The final capsule integration was made 

possible by the modular flexible prototype which contained the sensor part and the analogue 

circuitry for signal conditioning. The repeatable ACA interconnect process shown in Chapter 3 was 

successfully transferred to the modular test board in order to obtain a reliable sensor attachment. 

This was shown by the electrical signal provided by the sensor even after a six month storage period.  
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However, electrochemistry measurements performed after six months storage showed that the 

sensor was damaged, as blisters, metal peeling and passivation cracks were observed. Investigations 

carried out using SEM and EDX showed that the delamination between the passivation layer and the 

Au WE was the point of entry for the sulphuric acid solution which slowly eroded the underlying 

chromium, leading to further flaking and peeling of the gold electrode. This same phenomenon was 

observed on Pt WE and Pt CE. 

 

Battery integration was successfully achieved using silver epoxy as the conductive medium between 

the battery and its corresponding connection pads. Battery drainage was prevented by connecting 

the enable to the ground of the battery while the Vin was left open.  

 

The capsule integration was accomplished by placing silicone spacers and 0.06mm3 of silicone in 

between the modular discs, folded into a serpentine form and cured in a Teflon mould. The cured 

block was transferred into a glycerine capsule and secured in place. As the flex polyimide core 

increased the final width of the serpentine form, a 22mm diameter glycerine capsule was used to 

achieve the capsule integration. A 1mm diameter drill was used to place a hole at around 28mm 

from its opening to draw the battery wire outside of the capsule. Silicone was used as an 

encapsulant to encapsulate the whole assembly. The fully integrated capsule measured 22mm x 

45mm. The encapsulated assembly battery test showed that it could survive the encapsulation 

procedure and could still provide sufficient power for the proper functioning of the capsule during 

the GI transit. The encapsulated assembly subjected to soak tests showed that the electronics and 

the battery were well protected by silicone encapsulation as none of them showed any sign of 

corrosion during the 72hr test.   
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Chapter 8 Conclusion and Future Work 

 

8.1. Conclusion 
 

The human gut is a complex ecosystem which is sometimes prone to disorder. In medicine, 

Inflammatory Bowel Disease (IBD) is a group of inflammatory conditions that affect the Gastro-

Intestinal (GI) tract. Although IBD can be divided into several categories, the two major forms of IBD 

are Crohn’s disease (CD) and ulcerative colitis (UC). There has been a rapid growth of IBD in Europe 

and North America during the second half of the twentieth century and it is becoming more 

prevalent in the rest of the world as they adopt the western life style. CD and UC are chronic 

diseases which can lead to long-term and sometime irreversible impairment of the GI tract. 

 

One of the conventional methods to investigate any suspected pathology is to use an endoscope 

which is inserted through patient’s mouth, nose or rectum. These procedures provide some 

information: gastroscopy provides information about the oesophagus and the stomach while the 

colonoscopy helps investigate the large intestine. These procedures are not only unpleasant for the 

patients but are also unable to provide information from the small intestine.  

 

The swallowable electronic capsule technology is a relevant example of the development in 

microelectronics technology and the wireless technology being applied to the biomedical area to 

overcome the limitations of existing technology. The swallowable electronic 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 involves a non-invasive technique which can provide information about the whole GI tract. 
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Swallowable capsules can be classified into families of imaging (PillCam, Olympus Optical), drug 

delivery systems and sensing capsules. Unlike the imaging and the drug delivery capsules where 

none of the parts are exposed, the chemical sensing capsules have one or more sensors that 

measure biochemical variables related to the gut ecosystem through exposed sensors. However, in 

none of the diagnostic sensing capsules, is the sensor attachment, the first level packaging of the 

sensor in a swallowable capsule, achieved by Flip Chip Over Hole (FCOH) method using anisotropic 

conductive adhesive. This PhD work was undertaken to develop this novel sensor attachment 

method on foldable circuitry to be used in a capsule environment. 

 

In this work, specific challenges relating to the development of the sensor assembly - DAS, sensor 

integration, battery integration and capsule integration using modular test boards - have been 

discussed. In order to expose the sensor to the external environment, the existing FCOH technique 

was combined with ACA technology in a capsule environment to achieve the DAS. In a DAS, ACA not 

only provides the electrical interconnection but simultaneously seals the interconnect area and the 

underlying electronics from the sensor area in a capsule application. This work characterized the 

ACA joint used in the DAS in terms of development qualification, mechanical reliability during 

integration, electrical characterization, hygrothermal reliability and artificial gut fluids reliability. It 

also characterized the final capsule integration and its reliability. The main conclusions from the 

current work can be summarised in the following five categories:  

 

1. The development of the direct access sensor based on ACA FC assembly yielded distinctive 

results in terms of the process required to get reliable ACA interconnect while sealing off the 

area between chip and substrate. From investigation carried out in Chapter 3, it was 

concluded that a small footprint of ACA could be dispensed for good alignment of chip to 
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substrate before bonding to achieve reliable interconnection of the DAS. It showed that the 

dispense pattern provided a good seal between chip and substrate area. The work showed 

that the large contact area and the amount of adhesive have an impact on the longevity of 

the sensor attachment. A preliminary capsule packaging carried out showed that the 

packaging of the die in the capsule did not affect either the sensor or interconnect 

functionality. 

 

2. Chapter 4 looked into the mechanical reliability of the ACA joint in a DAS during insertion 

into the capsule. For a particular chip and substrate design, the study showed that the 

23mm diameter capsule would be the smallest suitable capsule for insertion without any 

deleterious consequences on the joint. The cross-sectional analysis suggested 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 also showed that there was 

sufficient adhesion between the ACA and the substrate and that the ACA contacts formed a 

strong joint that was able to withstand the -6N required to secure the final sensor assembly 

in place before encapsulation.   

 

3. Chapter 5 studied the electrical characterization of the ACA joint of a DAS in a fluid 

environment and found the leakage current in both dry and soaked environment. The study 

showed that the average response of the ACA leakage current measured in a dried sample 

was in the range of 100pA with an average conductance of around 2.4604*10-11 Ω-1. In 

comparison the average leakage current measured in the device (substrate and the ACA) 

after 1hr soak was in the range of 100nA in all the solution. The rate of change of 

conductance during the 4hr soak was not constant and therefore confirmed the ionic 

contribution to the measured leakage current in different solutions. This study showed that 
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the measured leakage current after soak was around 100nA – including the noise and was 

much lower than the current measured during the electrochemistry. Thus it was concluded 

that leakage through the ACA would not have any effect on the electrochemical 

measurements.  

4. Reliability of the ACA joint in a DAS was studied under constant humidity aging and in-vitro 

aging in gut fluids in Chapter 6. A constant humidity study showed that the slow increase in 

resistance in the failed joint was attributed to the fatigue like process induced by the 

removal and replacement of the sample in the humidity chamber. Failure analysis showed 

that the constant movement of the sample in and out of the chamber for room temperature 

testing caused a thermal strain of 0.004 and a hygroscopic strain of 0.0052 resulting in 

swelling and shrinking of the adhesive and thus causing a crack to initiate and propagate 

along the die-epoxy interface. The in-vitro study showed that the combination of the acidity 

and the temperature had accelerated the degradation of the contact joint. The daisy chain 

in-vitro study at 37°C study showed that a contact joint positioned at around 1mm would 

survive the GI fluids and would be able to provide a reliable contact during the entire 72hr of 

the GI transit time. Failure analysis showed that delamination of the epoxy from the chip 

interface and the bump delamination were the main failure modes of the contact joint in the 

in-vitro test. 

 

5. The final capsule integration described in Chapter 7 was made possible by the modular 

flexible prototype which contained the sensor part and the analogue circuitry for signal 

conditioning and communications. The ACA interconnect process was successfully 

transferred to the modular test board and a reliable sensor interconnection was obtained. 

Battery integration was successfully achieved using silver epoxy as the conductive medium 

between the battery and the corresponding connection pads. The battery drainage was 
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prevented by connecting the enable to the ground of the battery while the Vin was left open. 

The capsule integration was accomplished by placing a cured serpentine form into a 

glycerine capsule and encapsulating with silicone. Unfortunately, a larger 22mm diameter 

capsule had to be used due to a width increase produced by the flex polyimide core during 

the serpentine fold. The final fully integrated capsule measured 22mm x 45mm. The 

encapsulated assembly battery test showed that it could survive the encapsulation 

procedure and could still provide sufficient power for the proper functioning of the capsule 

during the GI transit. The encapsulated assembly subjected to soak test showed that the 

electronics and the battery were well protected by silicone encapsulation as none of them 

showed any sign of corrosion during the 72hr test. 

One of the major issues with an industrial driven project is that there are too many areas to focus on 

and lack of sufficient manpower can cause problems in yield and the final success. 

 

8.2. Future work 
 

Based on the current work, further work can be carried out in the following areas: 

1. First further miniaturization of the capsule could be considered. This could be achieved by: 

a. Omitting the coverlay on the flexible polyimide core might make the flexible 

polyimide core even more flexible so that it will be able to bend more and thus not 

add to the overall diameter of the capsule.  

 

b. In addition to omitting the coverlay, moving the flexible polyimide to the inner 

perimeter of the circular PCB discs as shown in Figure 8.1 will further reduce the 

width of the capsule. 
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c. Replace the existing battery with a smaller size battery so that overall length could 

be reduced. 

 

Figure 8.1.  Schematic of improved modular test board. 

 

2. After miniaturization of the first step, the second step would be to mould the electronics 

and the sensor in a biocompatible material such as Polyether Ether Ketone (PEEK). PEEK is a 

hard shell material and is highly chemical resistant. This would be the route to go if the 

capsule was to be commercialized. Figure 8.2, shows a schematic of the two part assembly 

that could be used if a pre-moulded PEEK capsule was used. The first part of the assembly 

could contain the sensor part which could be integrated into the one of the PEEK moulds 

where there could be a window provided for sensor access. The second part of the assembly 

could contain the battery and the RF part and could be integrated into the other PEEK 

mould. It could be noticed that a battery holder could be integrated into the design so that 

the battery could be slotted in at the last minute before setting the test. These two parts of 

the assemblies could be connected via board mount flat flexible cables. Once again this 

connection could be established once the battery was placed into the assembly. The two 

parts could be simply screwed together with a silicone O-ring to provide hermiticity to the 

capsule.  
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Figure 8.2. Schematic of capsule for commercialization route. 

 

3.  Further biocompatibility study of the ACA has to be carried out to qualify the material for a 

biomedical environment.  

If the ACA used in this thesis was deemed not biocompatible, then Parylene could be considered as a 

coating option on top of the ACA material to render the final product biocompatible.   
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Appendix A1: Initial capsule packaging solution - design 

selection 

 

This appendix describes the initial proposed packaging solutions for a DAS capsule integration. Three 

different board layout and capsule integration methods were considered.  

 

Figure A1.1 depicts one of the packaging solutions that was considered. In this design, wirebond was 

considered as the first level interconnection of the sensor to the PCB. The sensor PCB interface 

would be connected to the battery, positioned at the far end of the capsule assembly, via stacked 

PCBs. The communication between the stacked PCBs could be achieved via the edge connectors 

placed at the sensor interface and at the battery interface.   

 

 

Figure A1.1. Schematic of solution 1 – Stacked PCB model. 

 

Figures A1.2(a) and (b) show the schematic of an another design that was considered. In this design 

the circular PCB modules would be interconnected via single pin connectors. Wire bond - Figure 

A1.2(a) or Flip chip - Figure A1.2(b) methods were considered for the first level packaging of the 
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sensor to the circular PCB. The battery positioning was envisioned to be at the far end of the capsule 

assembly.  

 

 Figure A1.2. Schematic of packaging solution II: (a) wire bonded and (b) Flip chip version. 

 

Figures A1.3(a) and (b) show the schematics of the last design that was considered. In this design the 

circular flex modules would be interconnected via flexible polyimide core. Wire bond and Flip chip 

methods  were again considered as options for the first level packaging of the sensor to the circular 

flex. Again the battery positioning was envisioned to be at the far end of the capsule assembly. 
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Figure A1.3. Schematic of packaging solution III (a) wire bonded  and (b) Flip chip version. 

 

As described in Chapter 2, FC technology was chosen to carry out the DAS interconnection. 

Therefore, all the wire bonded versions were discarded during the final selection of the design 

process. In addition 0.1mm clearance [177] required for each pin could ultimately result in an 

increased PCB size. Accordingly the final system will be developed on a flex system and FC 

technology will be used to achieve the DAS.  
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Appendix A2: Window selection 

 

The FCTC test chip is a 5mm x 5mm die with a thickness of 525mm which is smaller than the 6mm x 

6mm chip described in Chapter 3. Therefore the selection of the window should be carried out 

accordingly. A 6mm x 6mm chip has a window of 4.4mm x 4.4mm; accordingly a chip of 5mm x 5mm 

should have a window of 3.66mm x 3.66mm as shown in Figure A2.1.  

 

                                              

Figure A2.1. Protel design window for 5mm x 5mm chip. 

 

As shown in Figure A2.1, a 3.6mm x 3.6mm window, shown in red, would nearly fill the whole area 

of the chip and might not be able to provide any information about the different horizontal and 

vertical daisy chains. As a consequence, the 3.66mm window was not chosen for the FCTC substrate.  

If a smaller window was to be chosen and which is half the size of 3.66mm x 3.6mm, then the 

window for a 5mm x 5mm will be 1.83mm x 1.83mm as shown in Figure A2.2.   



AppendixA2: Window Selection   
 

210 
 

                                            

Figure A2.2. 1.83mm window for 5mm x 5mm chip. 

 

The potential issue in choosing such a small window will be routing the electrical connection to the 

inner most daisy chains. Consequently the 1.83mm window was discarded. And as shown in Figure 

A2.2, in pink, the 2.4mm was chosen as this will help provide information about the position of the 

horizontal daisy chains as well as the vertical daisy chain during testing.  
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