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Reliable die and gold wire bonding are essential for achieving consistent performance
and high manufacturing yield in SpO, sensor sub-assemblies. However, limited prior
understanding of bond formation mechanisms and parameter interactions in the
existing production process created uncertainty around which factors most strongly
influence bond integrity. In addition, prototype builds exhibited inconsistent wire
bond quality, prompting a structured two-stage design of experiments (DOE) to
identify the key parameters affecting wire bond strength and process capability.
The results indicate that ultrasonic gain is the dominant factor influencing shear
strength, with bonding force contributing to a lesser but still measurable extent.
Bonding time affects bond quality only up to approximately 15 ms, after which
its influence diminishes. Pull strength remained stable across parameter varia-
tions due to consistent neck-break failure modes. Several parameter combinations
demonstrated low variation and high process capability, indicating feasible process
windows for production use. Additional exploratory tests investigated free-air-ball
formation, heat affected zone characteristics, and the influence of substrate tem-
perature. Die bonding challenges were assessed in parallel, focusing on substrate
pad height uniformity, epoxy coverage, and mechanical downholder configuration.
Overall, the work provides a clearer understanding of the bonding mechanisms and
the critical process parameters that influence the mechanical integrity of gold wire
bonds, offering a solid basis for future validation and process optimization.
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Luotettavat die- ja lankabondausprosessit ovat keskeisessé asemassa SpOs-sensorin
optisten alikokoonpanojen valmistuksessa. Prosessin toimintamekanismien seké
kriittisten prosessiparametrien ymmaérrys oli kuitenkin puutteellista, minka liséksi
protosarjat toivat esiin ongelmia molemmissa prosesseissa, mutta paépainopisteeksi
valittiin lankabondaus, jota tutkittiin kirjallisuuskatsauksen seka kaksiosaisen
koesuunnittelun (DOE) avulla. Mekaanista suorituskykya arvioitiin leikkaus- ja
vetolujuuskokeilla.

Leikkauslujuuteen vaikuttivat eniten ultraddnienergia ja bondausvoima, kun taas
vetolujuus pysyi ldhes muuttumattomana. Tama selittyy todennékoisesti vetolujuus-
testin toistuvalla vikamoodilla, jossa lanka katkeaa systemaattisesti bondauspallon
juuresta. Koesuunnittelun toinen osa osoitti parametriryhmien tuottavan matalat
variaatiokertoimet sekéd korkeat prosessin suorituskykyindeksit, mutta bondauk-
sen aika nousi bondausvoimaa merkittavimmaéksi arvoksi. Voidaan olettaa, etta
15 ms kohdalla saavutetaan lahes taysi bondaus. Liséksi tehtiin eksploratiivista
tutkimusta vapaan pallon (FAB) muodostumisesta, lampovaikutusalueesta (HAZ)
sekd substraatin lampétilan vaikutuksesta. Die-bondauksen haasteita tarkasteltiin
erikseen keskittyen substraatin pad-korkeuden vaihteluihin, epoksin levittymiseen
ja mekaanisen downholder-komponentin konfiguraatioon.

Kokonaisuutena tyo selkeyttda AuAl-sidoksen muodostumismekanismeja seka tun-
nistaa kriittiset prosessiparametrit, jotka vaikuttavat kultalankabondausten mekaa-
niseen eheyteen. Tulokset tarjoavat vakaan perustan jatkovalidoinnille ja prosessin
optimoinnille.

Avainsanat: koesuunnittelu (DOE), die bondaus, lankabondaus, SpO,
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1 Introduction

Every day, millions of patients rely on pulse oximeters to monitor their blood oxygen
levels—one of the key physiological indicators of health [1]. These sensors are utilized
in patient monitoring throughout various clinical settings ranging from pre-hospital
care to operating rooms (OR), intensive care units (ICU), and general wards [2].

The optical sub-assembly of a typical SpO, sensor consists of several key components:
LEDs, a photodiode, the necessary interconnects, and a substrate. Although the
device appears mechanically simple, its performance and reliability depend heavily
on the quality of specific manufacturing process steps. Among these, die bonding
(attaching semiconductor dies to the substrate) and wire bonding (forming electrical
interconnections using fine wire) play a critical role in mechanical robustness, thermal
stability, and electrical reliability.

For these reasons, this thesis focuses on understanding the die bonding and wire
bonding processes that serve as the foundation of reliable SpOs sensor manufacturing.
The primary goal is to identify the process parameters that influence bond integrity
and yield in automatic gold wire bonding. The work consists of a literature review
to establish the theoretical foundation and a design of experiments (DOE) study
to quantify parameter effects and interactions. Die bonding challenges observed
during prototype builds are also addressed to ensure sufficient die attach quality for
downstream wire bonding.

The remainder of this thesis is organized as follows. Chapter 2 introduces the
operating principle and components of the SpOs sensor, followed by the theory of
die attach and wire bonding processes, and the approach to performance assessment
of the manufacturing process. Chapter 3 details the research methods, including
the bonding process setups, DOE methodology and setup, testing techniques, and
statistical evaluation. Chapter 4 presents the experimental results, while Chapter 5
discusses the findings and introduces possible future improvements. Finally, Chapter 6
concludes the thesis by summarizing the main findings, drawing conclusions, and
outlining potential directions for future work and process improvements.



2 Background

This chapter provides the theoretical and technical background necessary to under-
stand the operation and manufacturing of the SpO, sensor studied in this work. The
chapter first outlines the basic principle and clinical relevance of SpOy measurement,
followed by an overview of the manufacturing processes used with a focus on the
emitter and detector subassemblies, as these include the die and wire bonding steps
examined in this thesis. Finally, the methods of assessing manufacturing performance
and product reliability are discussed, laying the groundwork for the experimental
work presented in the following chapter.

2.1 SpO; Sensor

This model of SpO, sensor uses red and infrared light to detect the oxygen bound
to hemoglobin. The oxyhemoglobin (HbOs) absorbs more infrared and less visible
red, meanwhile the deoxyhemoglobin (Hb) absorbs more visible red and less infrared.
These differences are then used to detect the amount oh HbO4 in the bloodstream
[3]. The Beer-Lambert law is used as the foundation for how the light is attenuated
when passing through a medium which contains matter capable of interacting with
the light [3].

Given the basic operating principle of an SpO, sensor of this type, the list of
components within the sensor are logical. The device has different LEDs for emitting
the required light at different wavelengths, and a photodiode to measure and detect
the differences in the amount of light absorbed in the medium.

The oxygen saturation is one of the most rudimentary, but also essential measurements
to monitor and assess a patient’s status. The clinical significance is relatively high,
because oxygen plays such an important role in the human body and it is naturally
tightly regulated. Any meaningful deviations from the normal are typically indicative
of something that requires the attention of the medical professionals. Additionally, the
SpO, value can be used to control the ventilator if the patient has been ventilated, for
example in the ICU or the operating room [4]. Visible symptoms or signs of hypoxemia
are often delayed or may be present only at severely low levels of oxygenation, thus
promoting the importance of SpO, monitoring as a non-invasive, readily available
way to give an early warning [5].

2.2 Manufacturing Process

The manufacturing process consists of several key steps, including die boding, wire
bonding, and encapsulation. Quality control inspections are typically carried out
during and between the process steps to ensure bond integrity and overall quality.
Depending on the production setup and supply chain, the encapsulated leadframes
may either be singulated on-site or shipped as full units to downstream manufacturers
for final sensor assembly.



2.3 Die Bonding

Common die attach methods include eutectic, solder, and adhesive bonding [6]. The
latter can be performed using dispensed epoxies or pre-formed die attach films (DAF).
In this work, the focus is on the epoxy-based adhesive bonding process utilized in
this specific SpOy sensor manufacturing.

Bondline thickness (BLT) and fillet height are known to strongly influence die attach
reliability [6]. Figure 1 illustrates the die attach configuration using an epoxy adhesive.
The bondline thickness (BLT) and fillet height are both visible in the image. The
bondline thickness represents the layer of epoxy separating the bottom of the die
from the substrate surface. The fillet height, in contrast, refers to the extent of epoxy
rising along the vertical sides of the die.

BLT is primarily affected by the amount of epoxy, bonding force, and the die cross
section. Fillet height, on the other hand, is primarily affected by the amount of epoxy
and capillary action, but the bondline thickness also plays a role. When the epoxy is
displaced from beneath the die, it will be pushed to the sides, directly increasing the
volume that forms the fillet.

Die

Figure 1: Illustration of epoxy die bonding.

The primary effects on quality are not straightforward. Increasing the fillet height
generally enhances mechanical support and die adhesion, allowing the die to withstand
higher lateral forces before failure of the adhesion. A greater fillet also improves
resistance to vertical pull forces, which is particularly relevant during wire bonding.
However, in LED applications, an excessively high fillet formed from conductive epoxy
may interfere with the intended current flow within the die, introducing a potential
negative impact on the device’s performance. In GaAs-based LEDs, the conductive
epoxy may bridge the p- and n-layers along the die edge, effectively diverting current
away from the active region and thereby reducing luminous efficiency and overall
electrical performance [6].

Bondline thickness (BLT), on the other hand, plays a more critical role in determining
the epoxy coverage across the die cross-section. An excessive BLT may predispose
the die to tilting or misalignment, while the combination of bondline thickness and
coverage directly influences the thermal conductivity of the interface, which has a



particular importance in LED applications due to higher thermal load [6].

2.4 Wire Bonding

Bonding equipment can be categorized by the degree of automation as manual,
semi-automatic, or fully automatic. In manual systems, the operator performs
all positioning and bonding steps using mechanical controls and visual alignment,
which limits throughput and repeatability. Semi-automatic systems automate certain
motions, such as bonding or wire feeding, while still requiring manual alignment.
Fully automatic bonders, however, use computer-controlled vision systems and
programmable motion to achieve high repeatability and throughput, making them
the standard in large-scale manufacturing.

However, in wire bonding, the bonding method is typically tied to the degree of
automation: ball bonders are rarely, if ever, fully manual [7].

Among the available wire bonding methods, thermosonic ball bonding is the most
widely used in microelectronics and sensor manufacturing of today. The method,
first introduced by Alexander Coucoulas in 1970 [8], combines ultrasonic energy,
mechanical force and pressure, and elevated temperature to form a metallurgical
connection between the bonding wire and the bonding pad. Typically the wire
material chosen is a ductile metal such as gold or copper, chosen for its bondability
and electrical conductivity. First, a free-air-ball (FAB) is created at the end of
the bonding wire by using an electronic-flame-off (EFO) system on the bonder and
bonded to the pad under tightly controlled parameters of force, ultrasonic power,
and temperature. The second bond, known as the stitch bond, is formed on the
other connection point to complete the interconnection and break off the wire and
ready it for the next wire bond. This method enables a cost efficient process with
excellent repeatability, making it highly suitable for automated production with high
throughput [7]. Figure 2 represents an illustration that goes through the different
steps of the thermosonic ball bonding.
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Step 1 and 2 show the creation of the free-air-ball with the spark from the EFO wand.
In step 4 the gold ball is pressed against the bond pad of the die, where mechanical
force and ultrasonic energy, together with heat, form the first metallurgical connection.
In step 5, the capillary moves away from the second bond location to pull out excess
wire to form the wanted wire loop tightness. In step 6 the capillary scrubs against the
leadframe making the stitch bond and breaking off the wire. Step 7 just illustrates
that the end of the gold wire is ready to receive another spark from the EFO to
begin a new cycle.

2.4.1 Theory of Wire Bonding

While the previous section introduced the process flow of thermosonic ball bonding,
this section examines the physical principles and material interactions that determine
bond formation and reliability.

Thermosonic bonding combines the principles of ultrasonic and thermocompression
(TC) bonding [7]. In thermocompression bonding, heat and pressure are used to
form a solid-state bond between metals through diffusion and plastic deformation
[9]. Ultrasonic bonding introduces high-frequency acoustic energy that reduces the
required mechanical force to create plastic deformation necessary for wire bonding
[10]. Because the ultrasonic energy reduces the need for high temperature and high
mechanical force, the effects in combination enable strong and reliable bonds with
reduced thermal and mechanical stress on the components.

While the bonding stress in TC bonding can be reduced by increasing the bond-
ing duration, thermosonic bonding achieves comparable deformation much faster,
enabling high-throughput manufacturing.

Based on the inherent nature of the thermosonic bonding process, the most relevant
parameters for the practical experimentation were identified as ultrasonic gain,
bonding force, bonding time, and temperature [11], [7].

The materials used for the bonding wire and the bonding pads, as well as the
substrates beneath, affect the methodology and required parameters weights. In this
study, the focus is explicitly on pure gold (Au) wire and aluminum (Al) bonding pad
for the ball bond, and silver (Ag) coated copper (Cu) leadframe for the stitch bond.

Wire bonding with Au and Al can result in five different intermetallic compounds
(IMCs): AuAly, AuAl, AuyAl, AuyAl, and AusAly, however, it has been debated
that the AusAly, would actually be AuszAlg [12], [13]. These intermetallic compounds
(IMCs) start forming during the thermosonic bonding process due to the heat and
ultrasonic energy, may continue to grow during later packaging or use if subjected to

heat [7].

Among these, AuAly (purple plague) is highly brittle and forms locally in overheated
regions [14], while AuzAlg (white plague) grows rapidly and may introduce Kirkendall
voids due to unequal diffusion rates between Au and Al, resulting in porosity and



reduced bond reliability [7].

One key part of thermosonic ball bonding is the formation of the free air ball (FAB).
As described earlier in Chapter 2.4, the EFO is used to recrystallize the gold at tip of
the wire. The grain structure is very coarse in the ball section, and this heat bleeds
into the wire above the ball itself creating the heat affected zone (HAZ). Here the
grain structure of the wire is larger than in the rest of the wire due to the effect of
heat from EFO application. The larger grain structure reduces the amount of grain
boundaries, which reduces the mechanical strength of the wire [15]. The negative
effects can possibly be mitigated by reducing the EFO current and time [15], [7].

2.5 Performance Assessment of Sensor Manufacturing

The performance of a sensor manufacturing process is typically evaluated through a
combination of yield, consistency, product reliability, and throughput.

Yield represents the proportion of assemblies that meet the defined acceptance criteria
and is often used as an indicator of the process stability. Throughput, in turn, reflects
the production rate and efficiency of the process. It depends not only on the level of
automation and process optimization, but also on the proper upkeep and maintenance
of the equipment, since downtime directly lowers the production output capability.

Bond quality is commonly assessed using mechanical and visual inspection methods,
such as destructive pull and shear tests, optical microscopy, or X-ray imaging, to
detect defects like bond lift-off, cratering, or wire deformation. Statistical process
control (SPC) methods are also applied to monitor and characterize the key process
parameters to ensure repeatability and consistent quality across production lots.

Mechanical bond strength is typically verified through destructive testing methods
such as pull and shear tests. JEDEC (Joint Electron Device Engineering Council)
provides the standards for these testing methods and serves as the primary industry
reference for microelectronic interconnect reliability assessment. These standards
specify the testing configurations, loading rates, and failure mode classifications to
ensure comparability between different processes and equipment.



3 Research material and methods

This chapter presents the experimental design approach to evaluation and character-
izing the wire bonding parameters, and an overview of the machine setups for these
specific die and wire bonding processes in SpO, sensor manufacturing. The focus
is to understand the effect of critical process parameters on the bond integrity and
overall yield. The chapter begins by outlining the aim of the design of experiments
and the rationale behind using this approach. Following that, detailed descriptions
of the manufacturing processes, selected parameters, and experimental procedures
are provided. Finally, a brief overview of the data-analysis and utilized methodology
is given.

3.1 Design of Experiments

The wire bonding process involves multiple interdependent parameters, such as
bonding force, ultrasonic power, time, and temperature, all of which can influence
bond quality and yield. Because these parameters often interact in complex, non-linear
ways, varying one factor at a time would not provide a comprehensive understanding
of their combined effects.

To systematically investigate and optimize these parameters, a design of experiments
approach (DOE) was adopted. DOE enables efficient experimentation by evaluating
the main effects and interactions of process parameters on bond integrity and yield.

Compared to a trial-and-error approach, DOE provides a data-driven and statistically
sound method for process analysis [16]. When properly executed, it allows identifi-
cation of the most influential parameters and interactions in an efficient, objective,
and reproducible manner.

3.2 Die Bonding

Die bonding was the first process step, carried out using the BESI ESEC 2100Hs!
automatic die bonder. It is an automatic bonder that uses advanced machine vision
systems for dynamic adjustment of the leadframes, to find the dies on the wafer,
and for accurate and reliable pick-and-place operations. Automatic pressure control
systems enable precise application of die attach epoxy to control the fillet height and
bondline thickness.

After machine initialization, the recipe for the specific die and leadframe type was
loaded. The machine setup is mechanically adjusted to match the chosen recipe, with
installing the corresponding die ejector and bond head parts. The epoxy dispenser
configuration remained consistent across all sensor sub-assembly variants.

Once the correct tools were installed, the machine preparation continues by loading
the materials, the leadframes and the wafer containing the dies. Several machine
areas required adjustments before manufacturing could begin. These include epoxy
dispensing capillary XY-offset correction, Z-height measurement of the capillary tip,



and measurement of the leadframe die pad heights. During the second stage, the
pick-and-place operation, additional adjustments are made for wafer rotation, die
alignment, pick height, and bond height.

The die bonder was supplied with two interchangeable sets of process equipment,
allowing the configuration to be adapted according to the die dimensions. The LEDs
used in the assembly came in two sizes, 250 x 250 pm and 400 x 400 pm, both of which
could be bonded using the same tooling. On the other hand, the photodiodes are
considerably larger, measuring approximately 2 x 2mm and 3 x 3mm, and therefore
required different tooling.

The main difference lay in the die ejector design, which penetrates the wafer foil to
release the die. The four-needle ejector used for larger dies has its needles located
close to the corners of the die. This configuration provides stability during ejection
and prevents die tilting. In comparison, the smaller LED dies are handled using
a single-needle ejector, which pushes the die from the center. Because the needle
radius is relatively large compared to the footprint of these LED dies, the risk of
tilting remained minimal even with a single needle.

Additionally, the suction cup on the bond head differed between the two equipment
sets. The ideal suction cup size is slightly smaller than the die surface area to ensure
reliable pickup without excessive adhesion. For the smaller LED dies, the originally
installed rubber suction cup proved too tacky, occasionally causing the dies to stick
to the tool after placement. A plastic suction cup was later introduced to mitigate
this issue. However, due to project schedule constraints and equipment availability,
the process parameters for the new cup could not be fully optimized within the time
frame of this thesis.

Instead of focusing on suction tool optimization, the effort was directed toward
improving the epoxy dispensing process and leadframe flatness control. The first
prototype build resulted in a low yield of approximately 27 %, primarily due to poor
epoxy dot quality or completely missing adhesive. Variations in pad height were
found to have a significant impact on bonding yield. In particular, adjustments to
the mechanical downholder system to maintain pad flatness were identified as the
key improvement to enhance LED bonding yield.

After focusing on the adjustments of the mechanical downholder, the LED attach
yield increased substantially during the subsequent prototype build—from 27 % to
nearly 100 % in the context of dies placed in correct locations. Some variation in the
die rotation still occurred, possibly due to the excessive blow-off pressure to separate
the die from the bond head. Optimizing this part related to the bond head suction
cup and related bond parameters remains outside the scope of the thesis.

In contrast to the LED bonding process, the photodiode attach still presented some
challenges. The leadframe design includes four parallel rows of photodiode pads, and
the existing downholder configuration did not make sufficient contact across all rows.
This occasional variation in pad height height resulted in epoxy trace variations
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and incomplete die adhesion. A new in-house downholder solution was designed to
improve contact uniformity, but its implementation and verification remained outside
the time frame of this thesis. The concept will be validated in future prototype
builds.

After the downholder optimization for the LED assemblies and the resulting improve-
ment in yield, the die bonding process achieved stable and repeatable performance.
The produced assemblies met the quality and positional requirements needed for
subsequent wire bonding experiments. The photodiode bonding performance was
also acceptable for prototyping and experimental study purposes at this stage.
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3.3 Wire Bonding Process in Detail

The wire bonding process constitutes the main focus of this thesis. The objective
was to evaluate and improve the reliability and yield of gold wire bonds within the
SpO, sensor sub-assemblies. The aim of the experimental work was to identify key
process parameters that influence bond strength and consistency, and to establish a
repeatable process window ensuring adequate mechanical integrity for production.

The investigation was guided by the provided minimum specifications for bond pull
and shear strength, which were used as acceptance criteria. Due to sufficient initial
performance, limited project time, and limited material availability, a full design of
experiments was not conducted for the emitter assemblies with the LEDs. Instead,
the focus was placed on understanding the bonding behavior and process stability of
the photodiode interconnections (Figure 3), which exhibited greater variability in
early trials.

wm\w&,‘g&gﬁ-ﬂ-’ﬁwwaw N gl g

Figure 3: Image of the photodiode after die and wire bonding processes
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All wire bonds were conducted using a Kulicke & Soffa RAPID automatic wire
bonder. This machine uses advanced machine vision to locate the die and enables
fast, reliable, and repeatable process with precise control over the process parameters.
The bonder is a thermosonic ball bonder, and the bonding wire used across all sensor
sub-assemblies is 1.25mil (31.75 pm) pure gold (Au).

The machine includes several capabilities that were particularly relevant to this study.
The heated material handling system, consisting of pre-bond, bond, and post-bond
zones, allows controlled heating of the leadframe assembly. This promotes gold
wire malleability and diffusion at the bond interface, which facilitates the plastic
deformation of the wire and the formation of a stable metallurgical bond [7].

Different clamps and heat blocks are available for various leadframe designs, but all
experiments for this thesis were conducted using a single leadframe configuration.
This approach minimized material and bond program variation, ensuring consistent
baseline conditions across all test builds. The materials chosen for this study were
detectors with the photodiodes because of the inconsistent yield across two prototype
builds. These dies are relatively large with aluminum (Al) bond pads.

The daily setup procedure consisted of selecting the correct bonding recipe, configuring
the material handling system (MHS) with the corresponding heat block and clamp,
and enabling the MHS heating. After the temperature has stabilized, the bonding
wire is threaded, a bond-off is performed, and a new free-air ball (FAB) is formed. A
few test samples are then bonded to verify proper wire feeding and bond placement.
It is also advisable to perform destructive testing, particularly if the wire spool or
capillary has been changed since the machine was last used.

Table 1 presents the capillary specifications. The selected capillaries are suitable for
fine-pitch bonding conducted on a 32 pm wire.

Table 1: Capillary specifications used in wire bonding.

Parameter Specification

Capillary model K&S H15 CD25 T55 OR5 FO8
Hole diameter (H15) 1.5 mils (/~ 38 pm)

Chamfer diameter (CD25) 2.5 mils (~ 64 pm)

Tip diameter (T55) 5.5 mils (~ 140 pm)

Outer radius (OR5) 0.5 mils (=~ 13 pm)

Face angle (F08) 8°

3.4 Experimental Study on Wire Bonding Parameters

The experimental study focused on the first (ball) bond formed between the gold wire
and the aluminum pad, mainly due to the limited availability of testing equipment
suitable for characterizing and evaluating the stitch bond. The test procedures for
data acquisition for the DOE consisted of destructive pull and shear tests, as these
directly reflect the mechanical strength of the wire bonds and are relatively easy and
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fast to perform. The shear test explicitly targets the bonding interface, while the
pull test stresses the whole system, indicating the weakest parts. Consequently, the
process characterization and DOE results represent the behavior and strength of the
first bond, which is also generally more critical to overall bond integrity.

A Design of Experiments (DOE) approach was used to systematically investigate
the effect of selected bonding parameters on process performance and bond strength.
Among various available experimental design strategies, the full factorial design was
chosen for this study. In a full factorial design, all possible combinations of the
selected factors and their levels are tested, enabling the simultaneous evaluation of
both main effects and interaction effects [17]. This makes it a comprehensive method
for understanding how process variables influence the outcome.

The full factorial design was particularly suitable for processes where multiple pa-
rameters may interact, as is the case in thermosonic wire bonding. Bonding force,
ultrasonic power, and bonding time are interdependent, and changes in one may
influence the optimal settings of the others [18]. By testing all combinations of
parameter levels, it is possible to identify significant interactions and establish a
process window that ensures stable and repeatable bonding performance.

The main limitation of the full factorial approach is the exponential increase in the
number of required experiments as the number of factors and levels grows. For k
factors and ¢ levels, a total of ¢* experimental runs are required. However, given the
limited number of parameters investigated in this study, the full factorial method
was considered feasible and the most informative option.

The results of the factorial experiments were analyzed using analysis of variance
(ANOVA) and effects with p < 0.05 were considered statistically significant. ANOVA
is a statistical method commonly applied to identify significant main effects and
interactions in multi-factor experiments [19]. ANOVA quantifies how much each
process parameter and their interactions contribute to the overall variation in the
measured response. This makes it an effective tool for interpreting full factorial
designs and verifying which parameters have statistically meaningful effects on bond
integrity. The implementation details of the analysis are presented in Chapter 3.4.1.
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3.4.1 Parameters and Setup

The baseline parameters were established based on previous experimentation and
commissioning of the equipment.

Baseline parameters:
 Ultrasonic Gain (USG): 110 mA
« Bonding Force: 70 gf
e Bonding Time: 15ms
o Temperature: 180°C

Because the parameters and materials vary between applications, and most of the
literature does not list the specific parameters used, the theoretical background for
this process was relatively limited. Therefore, the aim of the full factorial study was
to apply a wide range for each parameter to capture broad variations and identify
general process trends. This approach allowed the main effects and interactions to
be more easily distinguished and provided a foundation for further optimization if
required.

A full factorial design with four factors at three levels would have required 81 samples.
To conserve the limited available materials and reduce testing costs, temperature
was excluded from the factorial study and kept constant at 200 °C. The resulting
design included three factors (ultrasonic gain, bonding force, and bonding time) at
three levels, requiring 27 samples in total. The chosen levels for each factor are listed
in Table 2. The effect of temperature was evaluated separately in a later stage of the
study.

Table 2: DOE factors and levels

Factor -1 0 +1
USG (mA) 80 110 140
Bonding Force (gf) 30 60 90
Bonding Time (ms) 5 15 25

The sample and corresponding parameter level is visualized in the Table 3. The order
is not randomized, and this decision was made deliberately. All of the samples will
be made on the same leadframe, with same batch of wire, same capillary, and within
a small timeframe. Therefore, the added complexity and difficulty of modifying the
parameters in a completely randomized order was not deemed necessary, as the risk
of environmental or production-related variation was considered minimal.



Table 3: DOE Matrix

Sample | USG | Time | Force
1 -1 -1 -1
2 -1 -1 0
3 -1 -1 1
4 -1 0 -1
) -1 0 0
6 -1 0 1
7 -1 1 -1
8 -1 1 0
9 -1 1 1
10 0 -1 -1
11 0 -1 0
12 0 -1 1
13 0 0 -1
14 0 0 0
15 0 0 1
16 0 1 -1
17 0 1 0
18 0 1 1
19 1 -1 -1
20 1 -1 0
21 1 -1 1
22 1 0 -1
23 1 0 0
24 1 0 1
25 1 1 -1
26 1 1 0
27 1 1 1

The statistical analysis was conducted in MATLAB using a three-factor ANOVA to
evaluate the effects of ultrasonic gain (USG), bonding time, and bonding force on the
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measured shear strength. The model included both main and two-way interaction
effects, and Type III sum of squares was applied due to its independence from factor
order, tolerance for unbalanced data, and ability to accommodate interactions. The
analysis was performed using the anovan function in MATLAB. The corresponding

syntax is provided in Appendix 7.1.

The results of this initial 3% factorial study served as the basis for refining the
process parameters in a second-stage investigation. This follow-up study, described
in Chapter 3.5.1, focused on a narrower parameter window to verify and quantify
the most influential factors identified in the first DOE.
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3.5 Second Stage Experiments and Supporting Studies

Following the initial full factorial DOE, additional studies were conducted to refine
the bonding process and to extend the studies to include and analyze the pull strength
as well. The aim of these studies was not only to include the pull test, but to also
increase the statistical confidence by increasing the sample sizes and to assess the
process stability through detailed statistical analysis, including process capability
indices. Additionally, a further study was conducted to examine supporting factors
that could influence bond integrity, such as bonding temperature and free-air-ball
(FAB) formation behavior. This chapter presents the second-stage comparative DOE
study in Chapter 3.5.1 and the supporting temperature and EFO investigations in
Chapter 3.5.2. Furthermore, the destructive testing and process analysis methods
are introduced in Chapters 3.6 and 3.7 respectively.

3.5.1 Comparative Study of Selected Parameter Levels

The second-stage DOE was designed to narrow the parameter ranges identified as
most promising in the initial 3% factorial study and to improve statistical confidence
through repetition. Additional testing was conducted using the parameter values
listed in Table 4.

Table 4: DOE factors and levels.

Factor low high
USG (mA) 110 140
Bonding Force (gf) 60 90
Bonding Time (ms) 10 15

Table 5: Parameter groups
Group USG (mA) Force (gf) Time (ms)

1 110 60 10
2 110 60 15
3 110 90 10
4 110 90 15
5 140 60 10
6 140 60 15
7 140 90 10
8 140 90 15

Full factorial DOE for ANOVA was conducted with 3 factors at 2 levels each for
a total of 8 different sets of parameters. For redundancy and increased confidence,
every set of parameters was used for 4 individual samples, so total sample size at this



17

stage was 32. However, the results and discussions refer to the 8 unique parameter
sets presented in Table 5.

The aim of this part of the study was to add repetitions and gather data from smaller
variations targeting especially the USG and bonding force values that provided the
highest mechanical strength during the initial DOE stage.

These measurements were evaluated more in-depth. Using MATLAB, the coefficient
of variation (CV), lower process capability index C;, mean values, and standard
deviation were calculated and the results are provided in Chapter 4.2.3. MATLAB
syntax is provided in Appendix 7.2.

3.5.2 Temperature and EFO Behavior Study

A small set of exploratory tests was conducted to examine whether bonding tempera-
ture, free-air-ball (FAB) formation, or electronic flame-off (EFO) behavior contributed
to the neck-break failure mode (Figure 4) observed in pull testing. The study inves-
tigated:

« Bonding temperature between 200 °C and 250 °C
o FAB size (approximately 2.08x and 1.6x the wire diameter)
o EFO spark timing before and after the bonding cycle

These tests were performed outside the factorial DOE and were intended as supporting
observations rather than part of the statistical analysis. Detailed mechanical testing
showed no significant changes in pull or shear strength within the tested ranges.
Because the effects were small and sample availability was limited, further examination
was discontinued. The broader implications of these exploratory findings are discussed
in Chapter 5.

Neck-break

/

.

Figure 4: Illustration of the neck-break failure mode.
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3.6 Testing Methodology

The destructive tests were conducted on a calibrated Xyztec Sigma tester. Pull test
was conducted on top-of-the loop so the values here are directly comparable with
pre-existing and subsequent process validation procedures.

The shear test values are represented in Table 6.

Table 6: Shear Test Parameters

Parameter Value Unit
Test distance 250 nm
Test speed 500 nm/s
Touchdown force 5 gf

Touchdown distance 500 pm
Touchdown speed 100 nm/s
Shear height 3 pm
Shear speed 200 pm/s

The touchdown force was kept at a relatively low value, because the clamp of the
tester does not make contact on the die pad directly. Therefore, it is possible it is
raised slightly, pushed down during touchdown, and springs back up and reduces the
shear height below the value set.

The Table 7 lists the pull test parameters.

Table 7: Pull Test Parameters
Parameter Value Unit

Test distance 500 nm
Test speed 250 pm/s

The Figure 5 portrays the test setup for the pull tests. The aim of the pull test was
to replicate the Ball Pull Test as described by JEDEC in Standard No. B120.01 [20].
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Figure 5: Image of the test hook placement used during pull tests. Hook is placed
under the top-of-the loop for conducting the pull test.
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3.7 Statistical Evaluation and Process Capability Analysis

The data collected from shear and pull testing were analyzed using statistical methods
to quantify the influence of process parameters and assess process stability. Analysis
of variance (ANOVA) was applied separately to the pull and shear strength data
to identify statistically significant main and interaction effects among the tested
parameters.

In addition, process capability indices were calculated to evaluate repeatability and
compliance with the lower specification limit for bond strength during the second-
stage DOE. The lower limit process capability index Cp; = CE_;;SL and coefficient
of variation (CV) were selected as primary indicators of process robustness and
reliability [21]. The values were calculated for both the shear and pull strength
measurements acquired during the second-stage study presented in the Chapter 3.5.1
using the provided lower specification limits (LSL) of 10 gf for the pull and 25 gf for

the shear.

These analyses provide a quantitative framework for comparing the performance of
different bonding parameter combinations. The corresponding results are presented
in Chapter 4.2.3 and discussed further in Chapter 5.
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4 Results

This chapter presents the results of the experimental studies described in Chapter 3.
The results are organized according to the two stages of experimentation: the initial
shear strength based DOE and the subsequent extended DOE that included both
shear and pull tests.

4.1 Initial DOE

The results of the ANOVA are summarized in Table 8, and the corresponding main
and interaction effect plots are shown in Figures 6 and 7. The shear strength is
displayed in grams of force on the Y-axis in both figures.

Table 8: Analysis of Variance (ANOVA) Summary

Source Sum Sq. d.f. Mean Sq. F Prob > F
USG 3397.19 2 1698.59 58.91 1.63x10~°
Time 151.05 2 75.52  2.62 0.1333
Force 658.54 2 329.27 11.42 0.0045
USG:Time 25.02 4 6.25 0.22 0.9217
USG:Force 929.31 4 232.33  8.06 0.0066
Time:Force 320.30 4 80.07  2.78 0.1022
Error 230.66 8 28.83

Total 5712.05 26

Main Effect: USG Main Effect: Time Main Effect: Force
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4.2 Results of the Second Stage DOE

This chapter goes through the results and findings related to the second DOE
represented in Chapter 3.5.1.

Table 9: Four shear and pull strength measurements per group
Group Shear (gf) Pull (gf)

49.19 13.00
1 52.71 13.56
55.14 13.54
24.79 13.08
54.19 14.11
9 64.47 11.85
96.95 13.95
D7.52 13.29
22.76 13.51
3 46.11 13.07
48.95 13.48
46.02 13.12
20.90 13.27
4 61.63 13.42
62.30 13.76
54.95 13.53
63.76 13.44
5 68.79 13.49
65.75 13.36
67.81 13.38
67.41 13.55
6 71.11 13.63
73.15 13.57
70.63 13.12
70.17 13.47
- 70.29 13.82
70.33 13.82
71.34 13.50
67.62 13.63
3 69.12 13.32
67.93 13.28

67.33 13.28
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4.2.1 Second-Stage DOE ANOVA

This section goes through the ANOVA results, which are listed in Table 10 for pull,
and Table 11 for shear.

Table 10: Analysis of Variance for pull (Type IIT Sums of Squares)

Source Sum Sq. d.f. Mean Sq. F Prob > F
USG 0.14 1 0.14 0.82 0.37
Time 0.00 1 0.00 0.00 0.97
Force 0.06 1 0.06 0.34 0.57
USG:Time 0.09 1 0.09 0.54 0.47
USG:Force 0.00 1 0.00 0.01 0.93
Time:Force 0.01 1 0.01 0.05 0.83
USG:Time:Force 0.14 1 0.14 0.79 0.38
Error 4.11 24 0.17

Total 4.54 31

Table 11: Analysis of Variance for shear (Type III Sums of Squares)
Source Sum Sq. d.f. Mean Sq. F Prob > F

USG 1710.54 1 1710.54 174.83 1.64e-12
Time 125.22 1 125.22 12.80 0.0015
Force 7.62 1 7.62 0.78 0.3861
USG:Time 81.86 1 81.86 8.37 0.0080
USG:Force 22.88 1 22.88 2.34 0.1393
Time:Force 4.26 1 4.26 0.44 0.5155
USG:Time:Force 52.43 1 52.43 5.36 0.0295
Error 234.82 24 9.78

Total 2239.63 31

4.2.2 Main and Interaction Effects

The pull test data did not show any statistically significant main or interaction effects
according to the ANOVA results in Table 10; therefore, only the shear test results
are visualized in Figures 8 and 9 respectively. The shear strength is displayed in
grams of force on the Y-axis in both figures.
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4.2.3 Process Capability Calculations

This section presents the results of the process capability evaluation, including mean
and standard deviation, coefficient of variation (CV), and lower process capability
index C; for both shear and pull strength measurements.

Table 12: Mean and standard deviation of shear and pull values for each parameter

group.
Group Shear Mean (gf) Shear SD (gf) Pull Mean (gf) Pull SD (gf)
1 52.96 2.73 13.30 0.30
2 58.28 4.37 13.30 1.03
3 48.46 3.17 13.30 0.23
4 57.45 5.48 13.50 0.21
) 66.53 2.24 13.42 0.06
6 70.58 2.38 13.47 0.23
7 70.53 0.54 13.65 0.19
8 68.00 0.79 13.38 0.17
75 Shear mean = SD (Groups 1—§) 80 —. Shgar mean §D (bgr, Grgups 1—8) ‘
70 -
. 65
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®
55
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45
Group Group
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Figure 10: Mean and standard deviation visualized
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Table 13: Coefficient of variation (CV) of shear and pull strengths for each parameter

group.

Group Shear CV (%) Pull CV (%)

1

0 3 O U i~ W N

5.2
7.5
6.5
9.5
3.4
3.4
0.8
1.2

2.2
7.7
1.7
1.5
0.4
1.7
1.4
1.3

Table 14: Lower-sided process capability index (Cy;) for shear and pull strengths.

Group C, (Shear) Cp (Pull)
1 3.41 3.71
2 2.54 1.07
3 2.46 4.73
4 1.97 5.65
5 6.18 19.28
6 6.39 4.94
7 27.97 6.28
8 18.24 6.65
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5 Discussion

This chapter discusses the results presented in Chapter 4 in greater depth. The focus is
on interpreting the findings from the two stages of DOE, assessing the influence of key
parameters on mechanical strength, and evaluating process robustness and reliability
through statistical and data-driven analysis. The outcomes are further examined in
the context of practical manufacturing implications, experimental limitations, and
potential directions for future work.

The primary purpose of this thesis was to understand and characterize the critical
process parameters in the gold wire bonding process related to the SpO, sensor
sub-assembly manufacturing. Prototype builds exhibited inconsistent bonding per-
formance, particularly in the photodiode assemblies, indicating that the existing
bonding parameters were not fully optimized and that the interaction between pro-
cess parameters, materials, and bond strength was not well understood. Wire bond
reliability is critical for the overall performance and safety of the sensor, and therefore
identifying a stable and repeatable process window for the wire bonding was essential
for supporting future scale-up and validation of the manufacturing line. Although the
primary focus of the thesis was on wire bonding, the upstream die bonding process
was briefly discussed because it forms an essential part of the overall assembly flow
and presented its own manufacturability challenges during the prototype builds.

For these reasons, a structured, statistical approach was required to achieve a
systematic and data-driven understanding of the wire bonding parameters and their
effects. The two-stage DOE in this thesis was designed to identify the key parameters
influencing bond strength, quantify their interactions, and evaluate the process
capability within practical manufacturing constraints. The discussion below connects
these experimental findings to the underlying bonding mechanisms and to the broader
manufacturing context, while also identifying areas where additional work is needed
to fully qualify and validate the process.

Mashed ball geometry and bonded area were not characterized, so shear strengths
are reported as absolute forces rather than area-normalized stresses. This means
the values reflect relative comparative differences between parameter settings rather
than absolute interface strength.

Starting with the first DOE, both the ANOVA and data plots presented in Chapter 4.1
support the idea of USG having the highest impact on shear strength. Additionally,
bonding force contributes significantly to shear strength, though the data indicates a
negative impact at the highest setting. The underlying reason was not experimentally
verified, but it could possibly be explained by high bonding force restricting the
ultrasonic motion through frictional damping and premature ball flattening, effectively
reducing the lateral motion and negatively affecting the oxide disruption [7]. Bonding
time had a measurable impact going from 5 ms to 15 ms but extending bonding time
beyond that made practically no difference. The most probable explanation is that
by ~ 15 ms the AuAl intermetallic layer has already formed across the full effective
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contact area between the gold ball and the aluminum pad. Beyond this point, the
interfacial metallization has essentially saturated, so extending the bonding time
does not contribute additional bonding. The point of the first stage DOE was to
observe general trends, and the limited sample size reduces statistical confidence, so
the absolute values should be regarded as indicative rather than definitive.

The second-stage DOE further supports the findings of the first DOE regarding
the shear test values. Especially USG, bonding time, and the combination of the
two played a significant role in increasing the shear strength. The results suggest
that a duration of approximately 15 ms represents the optimal saturation point for
intermetallic formation, balancing bond strength with process efficiency. On the
other hand, the tested parameters showed virtually no impact on pull strength as seen
in Chapter 4.2. This outcome is consistent with the observed failure mode, which
was predominantly a neck-break (visualized in Figure 4) rather than bond lift-off.
Since the studied parameters mainly influence the bonding interface, their effects
are not reflected in pull tests where failure occurs in a different region of the wire.
Although ultrasonic gain (USG) can in principle influence neck area strength through
localized thinning [7], the data from this study shows no measurable correlation with
the pull values.

The process capability calculations presented in Chapter 4.2.3 focused on the coeffi-
cient of variation (CV) and the lower process capability index C);. The combination
of relatively low CV values and consistently high C,; values indicate that all eight
parameter groups investigated in the second-stage DOE are statistically capable
process settings with respect to the mechanical strength requirements. To assess
the process capability, the mean values and standard deviations were calculated in
Table 12 with the data visualized in Fig 10.

However, mechanical strength alone is insufficient to fully validate bond quality or long-
term reliability. A comprehensive assessment must also consider mashed ball geometry,
intermetallic compound (IMC) coverage and thickness, and die integrity—particularly
the absence of cratering. As a result, the parameter set exhibiting the highest mean
value and lowest standard deviation in mechanical tests does not necessarily represent
the most reliable or robust process overall.

In contrast, the pull strength displayed consistent performance across all parameter
groups, with the exception of one noticeably low value in the second group, which
reduced the C,; for that specific case. Given the small sample size, this deviation
is likely attributable to a single outlier rather than a systematic process effect, and
would be expected to average out with a larger dataset.

Because the bonding parameters in the DOE had no measurable influence on pull
strength, additional exploratory tests were performed to determine whether FAB
formation and the associated heat affected zone (HAZ) could explain or improve the
observed neck-break behavior. Variations in FAB size (reduced incrementally from
2.08x to 1.6x wire diameter by lowering the EFO current), EFO spark timing, and
material handling system (MHS) temperature (200-250 °C) produced no measurable
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changes in pull strength within the limited sample size. A slight reduction in shear
strength was observed with the smaller FAB, likely due to the reduced contact area,
but this trend was not consistent enough to warrant further investigation. The EFO
spark timing is typically utilized to prevent the FAB from cooling down between
its formation and the bonding, and this method is often used in copper (Cu) wire
bonding to improve the material bondability [7]. However, as the adjustments showed
negligible influence on bondability, and gold is inherently softer material to bond, the
experiments were discontinued to conserve materials and focus on the DOE studies.

Another factor influencing bond interface quality that was not evaluated in this
study is the condition of the aluminum bond pads prior to wire bonding. Aluminum
naturally forms a native oxide layer, and variations in oxide thickness can significantly
affect bondability by increasing the energy required for oxide disruption during
ultrasonic scrubbing. Techniques such as X-ray photoelectron spectroscopy (XPS)
could be used in future work to characterize the thickness of the oxide layer on
the pads before bonding. In addition, surface cleaning methods such as UV-ozone
or plasma cleaning may help reduce oxide thickness and organic contamination,
potentially lowering the USG and force requirements for reliable bonding [7]. This
could in turn reduce the risk of cratering and further improve process robustness,
especially for pads with variable surface conditions.

This study was also limited by the small sample size and the absence of a formal
measurement system analysis on the Xyztec Sigma tester. Additionally, this study
relies on the assumption that the wire bonder applies force, ultrasonic power, time,
and temperature accurately as requested by the user. Independent verification of
these parameters was not possible within the scope of the thesis. While these factors
introduce uncertainty regarding measurement variation, the clear separation between
parameter groups, the statistically significant effects observed in the ANOVA, and
the low CV values across the DOE strongly indicate that the machine delivered
consistent relative parameter levels. Substantial drift or inaccuracy would have
resulted in overlapping distributions, reduced effect clarity, and degraded process
capability, none of which were observed. For added certainty, future DOE studies
could benefit from randomizing the production order to minimize any potential bias
introduced by time-related or environmental factors.

Wire loop geometry was also not examined in this study. Parameters such as loop
height, length, and overall shape can affect strain distribution and may influence
long-term reliability, even if they are primarily constrained by packaging requirements.

While the primary focus of this thesis was the wire bonding process, the die bonding
also plays a critical role in the manufacturing process of SpOs sensor sub-assemblies.
The LED attach yield improved substantially after optimizing the mechanical down-
holder configuration, confirming that variations in the pad height are a critical
factor in consistent epoxy application and subsequent die placement. However,
some challenges remained with the larger photodiode dies: the redesigned, custom
downholder intended to clamp all four rows of the leadframe was not completed in



32

time for evaluation. This solution could have mitigated pad height variations in a
manner similar to the improvements observed for the LED assemblies. Although
these limitations did not prevent execution of the wire bonding DOE, they highlight
areas where further setup improvements could enhance die bonding consistency and,
consequently, strengthen the robustness of the downstream wire bonding process.

Overall, the results of this work demonstrate that USG and bonding force are the
dominant parameters affecting bond strength, and that a stable process window
with high process capability can be achieved within the tested range. While the
DOE-based optimization improved understanding of the key interactions, further
metallurgical and surface-level analyses are needed to confirm long-term reliability.
The findings provide a solid foundation for continued refinement of the bonding
process and support the development of a more robust manufacturing flow for the
SpO; sensor sub-assemblies.
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6 Conclusions

This thesis characterized the key process parameters influencing the reliability and
mechanical performance of gold wire bonding in the SpOs sensor sub-assembly
manufacturing and established a statistically supported foundation for a stable
bonding process. A two-stage DOE was used to quantify the effects of ultrasonic gain
(USG), bonding force, and bonding time on bond strength and process capability.

The results identified USG and bonding force as the primary drivers of shear strength.
However, the second-stage experiments demonstrated that bonding time also had a
statistically significant impact on bond quality within the refined process window,
particularly through its interaction with ultrasonic gain. Pull strength was largely
unaffected by the bonding parameters due to the consistent neck-break failure mode,
indicating that the weakest point was the heat affected zone (HAZ). The second-stage
DOE confirmed these trends and demonstrated that all tested parameter combinations
achieved high capability and low variability relative to the given mechanical strength
requirements.

Although the DOE established a robust initial process window, mechanical strength
alone cannot fully validate bond reliability. Future work should include assessment
of mashed ball geometry, IMC coverage and thickness, and surface condition of the
aluminum pads. Exploratory tests on FAB formation, EFO timing, and bonding
temperature showed negligible impact, suggesting that further improvements may
require metallurgical or surface-level analysis rather than additional parameter tuning.

While die bonding was not the primary focus, its influence as an upstream process was
evident, and improved downholder contact had a direct impact on epoxy application
and it could enhance overall assembly consistency.

In summary, this work provides a clear understanding of the dominant bonding
parameters, a validated process window, and a framework for further optimization,
supporting the development of a more reliable and scalable manufacturing process
for the optical sub-assembly of the SpO, sensor.
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7 Appendix

This section contains appendices.

7.1 Appendix 1

The following MATLAB script was used for statistical analysis and generation of the
ANOVA table, main effects, and interaction plots presented in the results section.

Input was modified either by modifying the "data.xlsx" file, or supplying the "X"
table more data manually.

The version uploaded here does ANOVA for pull test data, and plots for shear.
These can be modified by changing between the value "Pull" and "Shear" in the
corresponding function input.

clear; clc; close all;

data = readtable('data.xlsx'); %Filename here
%I had 5 colums in the file with following params:

USG = data.USG_mA;
Force = data.Force_gf;
Time = data.Time_ms;
Shear = data.Shear_gf;
Pull = data.Pull_gf;

X = table(USG, Time, Force, Shear, Pull);’Complex way of
renaming the data to X, at least gives you control
over column names and order. Easy to input more data

[p,tbl,stats] = anovan(Pull, {USG, Time, Forcel}, 'model',
'full', 'sstype' , 3, 'varnames',{'USG','Time', 'Force
'}); %Default N-way analysis of variance, works
identical to minitab, for example

disp(p);

levels = [-1 0 1];
ME = struct();
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for f = ["USG","Time","Force"]

vals = zeros(size(levels));
for i = 1:numel(levels)
idx = X.(f) == levels(i);
vals (i) = mean(X.Shear (idx));
end
ME.(f) = table(levels', vals', 'VariableNames', {char
(f), 'MeanShear'});
end
figure('Name', 'Main Effects','Color','w');

tiledlayout (1,3, 'Padding', 'compact','TileSpacing',"’
compact');
%Plotting the main effects
for k = 1:3
nexttile;
f = ["USG","Time" ,"Force"];

T = ME.(f(k));

plot(T.(char(f(k))), T.MeanShear, '-o', 'LineWidth'
,1.5, '"MarkerSize',6, 'Color','b');

grid on;

xlabel (sprintf('%s', £(k)), 'Color','k');

ylabel ('Mean Shear', 'Color','k');

title (sprintf ('Main Effect: %s', f(k)), 'Color','k');

xlim([-1.1 1.1]);
xticks ([-1 11);

ax = gca;
ax.XColor = 'k';
ax.YColor = 'k';

end

LM 1lin = fitlm(X, 'Shear ~ USGx*Time + USG*Force + Timex*
Force'); % no quadratics

disp('--- Linear model with 2-way interactions ---');

disp(anova(LM_1lin, 'summary')); 7% ANOVA table, anovan
already prints separate window, this goes to Command
Window instead

disp(LM_lin);

% Interaction plots
figure('Name','Interaction Plots','Color','w');



38

interactionplot ( X.Shear, {categorical(X.USG),
categorical (X.Time), categorical (X.Force)l}, 'varnames'
, {'USG','Time', 'Force'});
ax = findall(gcf, 'Type', 'axes');
for i = 1:numel (ax)
ax (i) .XColor = 'k';
ax (i) .YColor = 'k';
ax(i) .Title.Color = 'k';
ax (i) .XLabel.Color = 'k';
ax(i) .YLabel.Color = 'k';
end

7.2 Appendix 2

The following MATLAB script was used to calculate the means, standard deviations,
coefficients of variation (CV) and lower-limit process capability index (Cy;) presented
in Chapter 4.2.

It uses same foundation as Appendix 1, but expands on it with adding calculations an
uploading those to the table. Additionally, the 8 unique parameter sets are divided
here so the further calculations can be done based on the 4 individual samples that
share the same parameter

clear; clc; close all;

data = readtable('data.xlsx'); %Filename here
%I had 5 colums in the file with following params:

USG = data.USG_mA;
Time = data.Time_ms;
Force data.Force_gf;
Shear data.Shear_gf;
Pull = data.Pull_gf;

X = table(USG, Force, Time, Shear, Pull);

params = unique(X(:,1:3), 'rows', 'stable');

statsTbl = groupsummary (X, {'USG','Force','Time'}, {'mean
",'std'}, {'Shear', 'Pull'});

disp(statsTbl)



statsTbl.Shear CV = (statsTbl.std_Shear ./ statsTbl.
mean_Shear) * 100;

statsTbl.Pull CV = (statsTbl.std Pull ./ statsTbl.
mean Pull) * 100;

statsTbl.Shear CV
statsTbl.Pull CV

round (statsTbl.Shear CV, 1);
round (statsTbl.Pull CV, 1);

disp(statsTbl(:, {'USG','Force', 'Time', 'mean_ Shear','
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std_Shear','Shear CV', 'mean Pull','std Pull','Pull CV'

)
LSL_shear = 25; h gt
LSL_pull = 10; h gt

statsTbl.Cpl_shear = (statsTbl.mean_Shear - LSL_shear)
(3 * statsTbl.std_Shear);

statsTbl.Cpl_pull = (statsTbl.mean_Pull - LSL_pull)
(3 * statsTbl.std_Pull);

statsTbl.mean_Shear round (statsTbl.mean_Shear, 3);

statsTbl.std_Shear = round(statsTbl.std_Shear, 3);
statsTbl.Shear CV = round(statsTbl.Shear CV, 1)
statsTbl.Cpl_shear = round(statsTbl.Cpl_shear, 2);
statsTbl.mean Pull = round (statsTbl.mean Pull, 3);
statsTbl.std Pull = round(statsTbl.std Pull, 3);
statsTbl.Pull CV = round(statsTbl.Pull CV, 1)
statsTbl.Cpl_pull = round(statsTbl.Cpl_pull, 2);

disp(statsTbl(:, { 'USG','Force','Time', 'mean Shear','
std_Shear', 'Shear CV','Cpl_shear', 'mean_Pull','
std_Pull','Pull CV','Cpl_pull'}))

v

v
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