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ABSTRACT

Manufacturing assembly is combining previously made components or
subassemblies into a final finished product. The assembly process can be manual, hybrid,
or fully automated. Human operators who are involved in assembly use their judgment to
perform the process. They collaborate with the other work agents such as assembly
machines, robots, smart technologies, and computer interfaces. The recent Industrial
revolution, Industry 5.0, exploits human expertise in collaboration with efficient and
accurate machines. Manufacturing facilities that feature Industry 5.0 work settings
require higher expectations, higher accuracy, sustainability solutions, mass customization
of products, more human involvement, and digital technologies in smart workstations.
Given these features, the cognitive load exerted on human workers in this environment is
continuously increasing, leading to the use of cognitive heuristics. Cognitive biases are
getting more attention in the cognitive ergonomics field, to help understand the
operational behavior of workers. Manufacturing facilities can integrate cognitive
assistance systems to work in parallel with physical and sensorial assistance systems.
Cognitive assistance systems help toward better work conditions for workers and better
overall system performance. This research explores the impact of human thinking style
and using a cognitive assistance system on workers' cognitive load, bias-related human
performance, and user satisfaction. This research presents the design and experimental
implementation of a research framework based on a well-established three-layer model
for implementing Industry 5.0 in manufacturing. The research framework was designed



to apply the dual-system theory and cognitive assistance in Assembly 5.0. Two
experiments are presented to show the effectiveness of the proposed research framework.
A cognitive assistance system was designed and compared to a benchmark system from
LEGO ® Company. Subjective and objective measures were used to assess the thinking
style, cognitive load, bias-related human performance, and user satisfaction in Assembly
5.0. As Industry 5.0 requires higher expectations, higher accuracy, smart workstations,
and higher complexity, cognitive assistance systems can reduce the cognitive load and
maintain the work efficiency and user satisfaction. Therefore, this work is important to
industry to expand the use of cognitive ergonomic tools and employ them for A5.0

workers' benefits.
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CHAPTER 1

DISSERTATION RESEARCH FRAMEWORK

The basis of this study uses existing Human Factors methods for supporting
workers in 15.0. One of the main contributions of this work is the integration of these
methods to evaluate and effectively design a comprehensive cognitive assistance system
(CAS) for a human in an Assembly 5.0 (A5.0) operational setting. Research work of
Mark et al. introduced a three-step model that illustrates the approach to implementing
14.0 concepts in small and medium-sized enterprises (SMESs) [1]. Figure 1-1 shows how
this research work fits into the model of Industry 5.0. The first layer (top layer) of the
model is where the problem is identified, functional requirements of 15.0 are defined, and
design solutions are proposed. At this level, enabling smart technologies such as eye-
tracking are applied. The second layer of the model is where pilot projects are used to
enter the implementation level. In the implementation level, pilot projects help in keeping
iterations running to define the functional requirements and elements of applying 15.0 in
the work environment. At this level, start-up needs are identified such as potential areas,
plans, and feedback. The third layer (the bottom) is where the results of the pilot projects
are used for implementation of the 15.0 at an operational level and the work transfers

from project status to process status.
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Figure 1-1: Three-layer model for implementing Industry 5.0. (Based on the work
"Industrial Assistance Systems to Enhance Human—Machine Interaction and Operator's
Capabilities in Assembly") [1].

1.1  Step 1: Understand the Process through a Pilot Study (Experiment 1)
The research framework (Figure 1-2) for this study was designed based on the

three-layer model. Experiment 1 (the pilot study) represents the first step of the research
framework. This experiment is designed as an exploratory method to understand
manufacturing assembly from a cognitive ergonomics point of view. The general nature
of the study is flexible and basic so that the outcome can focus on answering questions
about the process and investigate the possibility of applying cognitive ergonomics
concepts, tools, and technologies in a dynamic process. During the study, Subjects

worked with a toy car assembly to illustrate general assembly tasks and processes.



1.1.1 Learn the Assembly Process through Eye-tracking and Experiments

The assembly is to put together pre-manufactured components permanently to
form subassemblies and/or final products. The first goal of Experiment 1 is to test the
capabilities of using eye-tracking technology in dynamic and complex assembly tasks.

1.1.2 Specify the Process Variables

The second goal of Experiment 1 was to determine the key relations between the
manufacturing assembly work variables. The purpose of the study in this context was to
gather data on the variables from the experiment and literature that influence workers
conducting assembly tasks. These variables are CL, human performance, and cognitive
biases.

1.1.3 Choose 15.0 Work Conditions

During the first experiment, information about 15.0 work standards, requirements,
and concepts was collected through an extensive literature review. The third goal was to
choose the work environment elements from 15.0 concepts to apply in the subsequent
study.

1.14 Introduce the Cognitive Assistance System (CAS) with Technical Features

The fourth goal of Experiment 1 was to collect sufficient information about the
cognitive assistance that workers need. This information includes the assistance system's

technical features, physical needs, software requirements, and interface elements.

1.2  Step 2: Development of the CAS
The second step of the research framework was the development of the A5.0
CAS. In this step, the system was developed according to the outcomes of the first

experiment. The interface of the system that the workers will use in their A5.0 work was



designed and completed according to the outcomes revealed from the first experiment.
The modality of information delivery was chosen and applied. At the end of this step,

CAS was introduced.

1.3 Step 3: Evaluation and validation of the 15.0 CAS (Experiment 2)
In the third and final step, the CAS was used directly in a lab work environment

to be evaluated in terms of CL, human performance, and cognitive biases.

Understand the process through a pilot study (Experiment 1) \

» Learn the assembly process via eye-tracking through
laboratory experimentation.
* Specify the process variables:
* Cognitive Load.
* Human performance.

* Heuristics and cognitive biases (identify possible biases
existence).
* Collect information about required work conditions for
Assembly 5.0.
* Introduce the Cognitive Assistance System with technical

K features description. J
Development of the Cognitive Assistance System

* Create an ergonomic laboratory work environment featuring major
elements from Industry 5.0.

® Use and modify a well-established traditional assistance system for
experimental comparison purposes.

* Design a Cognitive Assistance System according to Experiment 1
findings.

Evaluation and validation 5.0 Cognitive Assistance System (Experiment 2)

¢ Evaluate the system in terms of:
s Cogunitive Load.

¢ Human performance related to cognitive biases.
» Impact of thinking style using the Dual-System Theory.
» Validate the system: check the compliance of the CAS elements with its
purpose and functions.

Figure 1-2: Dissertation three-step framework.



CHAPTER 2

BACKGROUND

This section provides information from previous knowledge on the topics of the
Industrial Revolutions, Cognitive ergonomics, Cognitive Assistance Systems in
Manufacturing, and the physiological measures of Cognitive Load. Each topic provides

useful information to support the research contributions outlined in Chapter 10.

2.1  The Industrial Revolutions

Research findings defined the major concepts of Industry 4.0 and generalized
them; one of these concepts is that people need to be considered the center of focus in
Assembly 4.0 [2]. Out of this concept, the term operator 4.0 has been introduced. Mass
customization of products create challenges for assembly operations to confront the
exchange between automated systems that are highly productive and manual systems that
are more flexible [1]. Industry 4.0 offers the possibility of achieving high productivity
and high customization simultaneously [2]. Mass customization adds more complexity to
industrial operations that needs to be studied at different levels. Currently, the Industry
4.0 concept is used to define the connection between the elements of the current
manufacturing features and the new digital technologies [3]. As categorized in M.
RiBmann et al. [4]. These Key Enabling Technologies (KETs) are simulation, automated
robots, horizontal and vertical systems integration, Internet of Things (10T),
cybersecurity, additive manufacturing, the Cloud, big data and analytics, and augmented

5



reality. Research interests in Industry 4.0 focus on opportunities that can benefit industry
by adopting new digital technologies. Industry benefits from the new frameworks that are
developed to test the effects of applying such technologies [5]. Also, research shows the
increasing interest of applying theoretical frameworks of Industry 4.0 to existing
industrial environments and the positive impact of bringing the new digital technologies
that Industry 4.0 calls for in its concepts [6]. Survey-based tutorials were used to
investigate the differences between Industry 4.0 and Industry 5.0 [7]. Also, research
discusses applications and supporting technologies that can be used in various
applications such as smart healthcare, supply chain and production, smart education,
cloud manufacturing and disaster management [7].

Table 2-1 shows a comparison of Industry 4.0 and Industry 5.0 in terms of
improvements and concepts. Mass customization adds more complexity to industrial

operations that needs to be studied at different levels.



Table 2-1: Major improvements and differences of Industry 5.0 from Industry 4.0.
(Industry 5.0: A survey on enabling technologies and potential applications [7]).

satisfaction

Comparison Industry 4.0 Industry 5.0

Production type Mass production Mass personalization
(humans will guide robots).

Customer Normal customer satisfaction | Enhanced customer

satisfaction and meets more
detailed customer needs.

Improving mass

Using smart connections

Utilizing the unique human

productivity between devices and required | judgement and cognitive
approach applications through machine | abilities in collaboration with
learning technique. accurate and smart machines.
Traditional quality tools. Enhanced quality tools such
Quality of as assigning repetitive tasks
production of machines administered by

clever intervention from
humans at the same time.

Usage of skilled
jobs

Moderate

Enhanced

Sustainability

Somewhat considered

Continuously considered

Usage of
collaborative
robots (Cobots)

Introduces the concept

Connect collaborative robots
(Cobots) with human
workers to have the best of
both worlds.

Decision making

Analytics and operating
intelligence

Create models to make more
accurate decisions and
support predictive analytics
and operating intelligence

2.2  Cognitive Ergonomics

Cognitive Ergonomics is defined as the ergonomics of mental processes to

improve operator performance. One of the Cognitive Ergonomics concepts is to find a
balance between the human's cognitive abilities and limitations, as well as the machine,
task, and environment [8]. Cognitive ergonomics subject concentrates on the quality of
work outcomes versus traditional or physical ergonomics looking at the quality of

working positions [9]. Traditional ergonomics aims to reduce operator fatigue and



discomfort resulting from work conditions. However, the nature of human work has
changed significantly from working only with the body to apply given instructions and
standards to working more with the mind. The increased demand for technology, along
with the use of complex procedures, has imposed more pressure on operators [10].

221 The Dual-System Theory

The Dual-system theory is a well-established theory of human thinking style from
cognitive psychology. It is supported by many empirical studies [11]. Daniel Kahneman,
in his book Thinking, Fast and Slow [12], introduced the dual-system theory to people
outside cognitive psychology.

222 Heuristics and Cognitive Biases in manufacturing

Cognitive biases are how individuals take shortcuts to divert from good judgment.
Kahneman and Tversky defined several cognitive biases that affect human behavior [13].
In manufacturing, cognitive biases possess a unique definition that differentiates it from
its psychological character. For example, in the operational management field, heuristics
and cognitive biases are defined as behavioral operations (the explanation of human
behavior in manufacturing operations). Behavioral operations and cognitive biases in this
context are directly related to the stage of the work in manufacturing. Cognitive biases in
behavioral operations can be assessed in four work stages: acquisition of information,
processing of information, outcome stage, and feedback information stage [14]. Studies
explored cognitive biases in lean manufacturing as an effort to benefit from biases instead
of considering them as a source of work inaccuracies. Such studies investigated the
possibility of projecting lean manufacturing concepts on several types of cognitive biases

to improve work outcomes [15]. The mitigation of cognitive biases benefits steel



production processes to improve manufacturing lead time and resolve the lead time
syndrome in the production planning and control (PPC) stage of the work [16]. To
acquire practical research results, a study collected a large amount of data from various
manufacturing firms to analyze the effect of cognitive biases on workers, employees, and
R&D personnel. In particular, the effect of cognitive biases shows significant
improvement in the product creativity. The study shows the effect of shared heuristics on
coworkers using empirical and theoretical methods [17]. CRT scores are investigated for
their relationship with the cognitive biases of conservatism, overconfidence, and other
biases. Therefore, the CRT can measure the difference between the reasoning and
thinking style [18].

2.2.3 Cognitive Load in Assembly

In assembly, cognitive performance is the degree to which individual workers can
understand and process relevant signals from the assembly situation; and finally, make
decisions that lead to actions that perform correct component assembly [3]. However,
cognitive workload concerns taking in sensory signals, interpreting them, and decide
based on that process, while mental workload seems to include a broader range of
performance-affecting factors apart from cognition [19]. Manual assembly can be
assisted by mechanized or automated systems for feeding, handling, fitting, and checking
operations [20]. Understanding CL in manufacturing can lead us to design better
workplaces for the personnel on the shop floor. Factors that cause high CL can be split
into three levels: internal factors, external factors, and the activity space [21]. Material
presentation, information presentation, and situations with and without component

variations are considered factors that affect human performance in assembly [22].



10

Cognitive load assessment tool is developed for such a purpose [23]. Other factors that
affect worker's CL are studied in a wider application using a real assembly line work
environment [19]. All the studies concerning assembly cognitive aspect aims to reduce
CL, understand the process from a cognitive point of view and offer solutions that suit
new assembly line styles. In the efforts to measure CL in Industry 4.0, a study shows that
using a behavioral video coding scheme can identify assembly behaviors affecting CL in

assembly 4.0 [24].

2.3  Cognitive Assistance Systems in Manufacturing

One of the major benefits of cognitive assistance systems is the information and
support that they can provide in real time during any task. They help the user with
providing information processing solutions and with the implementation part of the work.
Examples of cognitive assistance systems include smartphones, virtual reality, augmented
reality, tablets, smartwatches, and wearables. Cognitive support assistance systems
provide information and guidelines for actions, steps, and processes to generate rated
feedback. In addition, cognitive assistance systems can contribute to data collection
process for users such work progress data, working speed, and time consumed [1].
Physical assistance systems help to reduce physical strain and ensure that the task can be
performed. Examples are lifting aids or exoskeletons. Informational assistance systems,
which are, in this context, listed only as cognitive assistance systems, provide workers
with the information they need to complete tasks [4] A precise definition of the term
"assistance system™ is problematic because of its different associations and perspectives.

In a broader sense, "assistance"” means the addition of external capabilities to solve a task

[4].
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2.4  Physiological Measures of Cognitive Load
Physiological measures are used to assess CL. These measures include cardiovascular
and eye activity measures [25], Electrophysiological measures such as heart rate [26],
Muscle activity and cardiovascular response during computer-mouse work with and
without memory demands [27], heart rate to measure CL in program running versus
problem-solving tasks [28], heart rate measures used to predict perceived CL [29]
Monitoring cognitive processes through pupil and cardiac response [30], eye measures
such as blink frequency and duration in simulated flight task [31].

241 Evye-tracking Areas of Application

Eye tracking technology is one of the physiological measures that is progressively
being used in measuring operator CL, especially in safety-critical applications [32]. It is
used to understand and assist human performance in various fields such as psychology
[33], air traffic control (ATC) and aviation [25], [34], [35], human-computer interaction
(HCI) [36], food industry [37], automation [38], driving safety [39], [40], However, eye
tracking application in engineering and manufacturing is still narrow. Engineering field is
considered an exact science, and it mostly relies on physical and functional constraints
[41], so, usage of eye-tracking technology in engineering is still growing. Eye tracking
applications are categorized into four major groups, including neuroscience and
psychology, marketing/advertising, computer science, and industrial engineering and
human factors [42].

24.2 Eye-tracking in Engineering and Manufacturing

The need to improve workplaces in the presence of technological advances

creates new challenges and needs for new technologies to be applied [43]. Earlier,
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companies and industrial facilities mainly focused on keeping up with digitalization by
improving productivity, profitability, and efficiency. They achieved these improvements
by integrating and testing new technologies on machines and platforms. Later, it was
realized that improving labor conditions and working methods on the shop floor is a must
[44], [45]. Despite of the widespread of eye tracking in the domains mentioned in (2.4.1),
it gained more attention in engineering and manufacturing fields. In construction, eye
tracking popularity is increasing, especially in situations concern construction safety and
situational awareness [46] Eye-tracking has potential benefits in the design stage of
construction to increase end-user satisfaction [47]. Remote eye-trackers can measure the
effects of safety knowledge on construction worker's attentional allocation during
hazardous situations and scenarios that can cause injuries [48]. Eye-tracking shows
promising results to understand visual behavior of engineering designers and engineering
drawings [49], [50]. Eye-tracking assists the automation, safety training and feedback
collection for construction individuals to enhance worker's safety [51]. Eye-tracking
helps to identify and classify construction equipment and operator's mental fatigue levels
[52].

Eye-tracking shows useful results in the automotive industry, where it improves
the quality control process by applying the technology in a real factory environment and
analyzes eye signals output [41]. In manufacturing, Eye-tracking data can measure the
impact of information provision to compare between laboratory and real life work
conditions. Also, it helps in understanding the effect of these work conditions on
productivity and value-adding activities By collecting eye-tracking data, the impact of

information provision and the comparison between laboratory and real life work
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conditions on productivity and value-adding activities can be measured [53]. In lean
manual assembly, eye tracking video analysis is implemented as one of the ergonomic
enhancement techniques for the work environment. It is used to apply lean manufacturing
concepts like reducing time and non-value-adding practices and enhancing the ergonomic
design of the workplace. Results show that eye-tracking can be used as a biometric
system to making assembly not only more ergonomic but also less error-prone and more
productive [54].

Eye-tracking can be combined with cognitive biases in manufacturing. It can
provide useful information to assist apprentice and skilled workers' performance. Ease of
Recall and Confirmation Trap biases are tested in a manufacturing simulated
environment. The study reveals that eye-tracking is an efficient tool to understand
relationships between skill acquisition and attainment of the next learning level for work
efficiency [55].

2.4.3 Eve-tracking in Additive Manufacturing

Additive manufacturing process is primarily driven by intuition, logical
judgments, and application of engineering principles. Eye-tacking method can be used as
a behavioral measure to redesign the workflow of the additive manufacturing process
[56]. Eye-tracking is integrated with other techniques, such as Hidden Marcov Modeling
and mining design heuristics, to understand the designing stage for additive
manufacturing. This techniques collaboration work together to draw artifacts about
manufactural and quality of the final 3D-printed product [57]. Eye-tracking and
questionnaires help in understanding the perception of end-user of 3D-printed products

[58]. Additive manufacturing is considered a crucial element in Industry 4.0. Aspects of
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smart materials, process development and new technologies trends in additive
manufacturing are investigated to be integrated in Industry 4.0. Smart additive
manufacturing is one of the additional features of Industry 5.0 that differentiates it from
Industry 4.0. While additive manufacturing in Industry 4.0 focused on customer
satisfaction, it is integrated with other Industry 5.0 concepts to maximize its capabilities

for energy saving and sustainability purposes [7], [59].



CHAPTER 3

POINT OF DEPARTURE

This work addresses the gap found in Industry 5.0 research that is related
specifically to assembly 5.0 workers' performance and CL. To further understand
assembly worker's performance, research revealed that there are two assembly mindsets
[19]:

1. A product-centered mindset: This approach depends on assembler's
qualifications such as work experience, personal skills, and assembly instructions
perception.

2. A worker-focused mindset: This approach uses iterative methods and
collaborative developments to improve the assembly process to make it smoother for
worker, along with keeping the goals of reducing errors, costs, delays, and rework.

Research findings encourage the focus on this mindset.

15



CHAPTER 4

EXPERIMENT 1 METHODS

In Experiment 1, Pupil Core eye-tracking glasses were used to acquire the eye
movement data of the participants as a measure of CL. Eye-tracking data and video
recordings were used to understand assembler's behavior during manual assembly tasks,

to identify potential cognitive biases and to study human performance

4.1  Participants

The study comprised 13 participants, 4 females and 9 males. All participants were
within the age range of 18-25 (Mean 21.5 years, SD 3.5 years). The participants were
undergraduate students from the college community. Two subjects had previous manual
assembly experience. The primary task in the experiment was to build a toy car using
hand tools. The subjects were volunteers and were not paid for participating. Prior to
taking part in the study, informed written consent was obtained from each subject. This
study was conducted in compliance with the Louisiana Tech University Internal Review

Board (IRB).

4.2  Apparatus and Stimuli
A Pupil Core wearable eye tracker from Pupil Labs [60] was used to record the
visual measure while performing the experiment (Figure 4-1). The eye tracker features an

accuracy of 0.6°. It comprises a world camera and two eye cameras. The world camera is

16
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a 180° adjustable camera with a 60 Hz sampling frequency and a 1280 x 720 pixels
resolution. The eye cameras are adjustable in the front/back direction and can record the
user's gaze point, pupil behavior and blink with a 200 Hz sampling frequency and a
192x192 pixel resolution. The Pupil Core eye tracker is chosen because of its features
suitable for assembly tasks. The eye tracker is made from lightweight (22.75g) PA12
Nylon and can be worn over safety glasses which can reduce the interference with the
assembly dynamic tasks. The eye tracker was connected to a PC with Windows 10
operating system via USB. Pupil Capture v3.4.0 desktop app was used for real-time data

capturing and recording.

Figure 4-1: (Left) Experimental apparatus. (Right) (a) Pupil Capture desktop app
real-time display of the experiment captured by the eye tracker cameras (b) Pupil Core
eye tracker.

The experiment was held in a controlled-light laboratory room. This experiment
was designed with a single bench workstation configuration and a seated worker's
posture. The workstation was located beside the computer, with the worker away from

the screen to prevent distractions. These sets were kept for all participants.
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The workstation was equipped with an organized toolbox that was previously
prepared for each participant with all the tools and subassemblies. The worktable had the
measurements and inspection sheet, eye-tracking calibration target, eye-tracking glasses,

and the assembly instructions sheet.

4.3  Procedure and Task Design
The final assembly product was a toy car. The experimental procedure is

summarized in Figure 4-2.

Pre-experiment.

Inspection phase

Assembly phase

Figure 4-2: Experiment 1 procedure overview (pre-experiment, assembly phase, and
inspection phase).

4.4  Pre-experiment
Before the experiment began, each participant was briefed on the task

requirements, calibration procedure, and how much time was allowed. However, no
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previous training was provided to the participants. All participants were required to
complete the task within a one-hour time limit. This time limit included filling out the
consent forms, answering the questionnaire (Figure A-1), calibrating the eye-tracker, and
finishing the task. Before executing the assembly task, the eye-tracker was adjusted based
on each participant's face and head features. The glasses were calibrated using a 5-point

on-screen calibration method for each participant.

Figure 4-3: (Left) Single workstation configuration with seated worker. (Right) The
workbench layout with (a) toolbox (b) measurements and inspection sheet (c)
calibration target (d) eye-tracking glasses (e) assembly instructions sheet.

45  Assembly Phase
Assembly instructions (Figure B-2) were provided using assembly and
instructions sheet with a step-by-step manner. The first page of the instructions sheet
shows a final product picture participants could refer to at any point. In addition, the
assembly instructions sheet described provided parts, tools, and subassemblies.
The participants were not aware of the time during the process. The process

ended either by the participant informing the lab attendant or by the lab attendant
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announcing that the one-hour time block is up. However, no participants exceeded the

time limit.

4.6  Inspection Phase
The inspection phase of the experiment is performed directly after finishing the
assembly. Participants are required to inspect the finished product for four critical
subassembly components as shown in Table 4-1. Inspection requirements are provided on
the Measurements and inspection sheet. Participants are asked to inspect four critical
parts of their assembled product and provide their judgement on the inspection sheet. The
critical parts are chosen based on the importance in relation to the final product required

function.

Table 4-1: Assembled product inspection criteria.

Inspected Part Inspection Criteria

Seating area Sturdiness and alignment

Loader head Sturdiness and rotation angle flexibility
Ceiling Sturdiness and direction

Wheels Sturdiness and motion




CHAPTER 5

EXPERIMENT 1 RESULTS AND DISCUSSIONS

5.1 Data Extraction

During the experiment, the assembly process videos, and eye movements of the
participants recorded by the eye tracker. Gaze movements and eye activities can explain
the cognitive process and provide information about thoughts [70]. Different eye activity
measures have been confirmed as useful predictors to CL such as fixations, saccades, and
blinks. Research revealed that pupillometry is a promising predictor for real-time
assessment of CL. In particular, the increase in fixation duration, pupil dilation and blink
latency showed the increase in CL [71]. Definitions of common eye-tracking measures as

defined by [72] are summarized in Table 5-1.

Table 5-1: Common eye-tracking measures to predict human behavior [72].

Measure Definition Duration (ms)

Gaze The pauses of eye gaze in -
specific locations

Fixation Eye movements with a series |200-300
of brief stops in specific
locations

Saccade Eye movements from one 30-80
location to another

Glissade A gliding unintentional eye  |10-40
movement in replacing the
point of fixation

21
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Data was analyzed using iMotions v9.2 software. Data was obtained by
converting real-time recordings of the task from the Pupil Capture- v3.4.0 software to an

iMotions-compatible recording.

5.2  Annotating Areas of Interest
Each recording was analyzed and annotated individually. Dynamic AOIs were
established for the two phases of the manual assembly task (the assembly phase and the
inspection phase). Figure 5-1 shows an example of annotated dynamic AOIs in iMotions.
Each geometrical shape represents the part of the work that we are interested in collecting
eye data for. Each AOI dimension was adjusted continuously according to the assembly

object's shape to achieve higher eye-tracking data accuracy.
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RISPONOENT ANNOTATICNS

K Acsembiy phane

| emagecton pese H

Figure 5-1: An example of dynamic AQIs in the iMotions recording with assembler
gaze in the middle of the AOI.

This experiment had two dynamic AOIs that were used across both phases, four
dynamic AOIs for the assembly phase, and seven dynamic AOIs for the inspection phase
(Table 5-2). The two common AOlIs are the assembly sheet and the final product picture.
The remaining AOIs represent the parts of the product that the assembler is required to
attach or inspect. The assembly phase represents the phase where the subject is attaching
parts and subassemblies to each other to produce the required product. The inspection
phase represents the part of the work where assemblers inspect parts or subassemblies as

required, and record the results in the designated sheet.



Table 5-2: Experiment 1 phases and the corresponding areas of interest (AOIs).

Phase

AOI annotation

Description

Assembly phase and

AS

The assembly sheet

Inspection phase

PP

The product picture

Measure BS L&W

Measure backseat length and
width

Assembly phase Attach BS Attach the backseat
Attach LH Attach the loader head
Measure CE Measure the ceiling highlighted
distance
Attach CE Attach the ceiling
Measure DIA Measure the wheel diameter
Attach WH Attach wheels
Inspect BS Inspect the backseat
Inspection phase Inspect LH Inspect the loader head
Inspect CE Inspect the ceiling
Inspect WH Inspect the wheels

The experimental variables are categorized in two major categories, CL, and

5.3 Variable Selection

24

human performance. CL is measured by fixation duration and normalized fixation count.

Human performance is measured by the transition count and number of errors. The

experimental variables, their measures, and their definitions are shown in Table 5 3.



Table 5-3: Experiment 1 variables, measures and the corresponding definitions.

Variable

Measure

Definition

Cognitive Load

Fixation duration
(ms)

The total time each participant
fixated at each AOI.

Normalized fixation
count (fixation/ms)

The number of normalized
fixations divided by fixation
duration within each AOI.

Human Performance

Transition count

The number of transitions
between one AOI and another.

Number of errors

Number of defective parts in the
final assembled product.

54  Assembly Phase
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This section shows the results of CL and human performance for assembly phase

tasks.

541 Cognitive Load

The assembly phase of the work was analyzed for CL and human performance.

Cognitive biases existence is assessed in this phase of the work. Experiment 1 results

were used to predict CL using the eye-tracking measures (fixation duration and fixation

count). AOIs of the assembly phase are classified into two categories:
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1. Attaching parts AOIs: areas of interest that focus on assembly processes where
the assemblers attach/detach parts and subassemblies.

2. Measurements AOIs: areas of interest that focus on assembly processes where
the assemblers take, and record required parts measurements. Figure 5 2 shows fixation
durations for attaching parts in assembly phase.

Fixation duration data for the assembly phase was used to measure the CL during
attaching parts and subassemblies until they become a finished product. Higher fixation
duration shows an increase in CL during the corresponding assembly job. As seen in
Figure 5-2, the highest CL was when assembling the ceiling subassembly of the product.
However, the lowest CL was observed on the assembly sheet.

Results showed that the highest CL was exerted by participants on measuring
wheel diameter for wheels subassemblies (Figure 5-3). These findings play an important

role in reducing the error count that occurs when taking measurements.
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Figure 5-2: Comparison between Actual and Predicted Comprehensive Rating for
selected pipe ID’s.

The within-subject variation percent in fixation duration is calculated using the
following equation.

Measurement fixation duration-Attaching part fixation duration

- - x 100 (%
Measurement fixation duration (%)

Results showed that 69% of the subjects had an increase in fixation duration while
performing measurement requirements versus attaching assembly parts (Figure 5-4). The
highest increase was 56% in the favor of measurement tasks. These results were used as a
predictor to CL related to assembly tasks that require assembly skills versus tasks that

require measurement skills.
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Figure 5-3: The variation percent between fixation durations of attaching assembly
parts and measurements of assembly parts.

For reliable comparisons, the fixation count data was normalized. 30% of the total
fixations was observed in the assembly sheet AOI. It can be stated that 30% of CL is
dedicated by assemblers to read instructions (Figure 5-5). Among attaching parts, fixation
count on the ceiling subassembly consumes 20% of the total CL.

Among attaching parts tasks (Backseat, Loader head, Ceiling, and Wheels), the
least CL was consumed when attaching the wheels subassembly with 10% of the total
fixation count (Figure 5-5). The geometry being easy to comprehend and the subjects
being familiar with the use of wheels in practical applications explain these outcomes.
The complexity of ceiling subassembly geometrical features increased the exerted CL on

that AOL.
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Figure 5-4: Normalized fixation count (attaching parts AOISs).

More than 50% of taking measurements CL, was documented for the back seat

subassembly (Figure 5-6). This increase in CL can be explained by the irregular and

complex geometry of the back seat.

Normalized fixation count (fixation/ms)
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Measure Back seat

Measure Ceiling Measure Wheel Diameter

Area ofinterest

Figure 5-5: Normalized fixation count (measurements AQIs).



30

Heat maps are visualizations used to show the general distribution of gaze points.
They are typically displayed as a color gradient overlay on the presented stimulus. The
red, yellow, and green colors represent in descending order the amount of gaze points that
were directed towards parts of the AOI. Heat maps in the assembly process were used to
understand the assemblers' visual focus variations. Figure 5-7 shows a comparison
between two assembler's visual behaviors for the same task and same mapped duration

using heat maps.

Figure 5-6: Heat maps for the assembly process for two different subjects performing
the same task for the same duration. More gaze points on the assembly parts (left).
More gaze points on the instructions (right).

54.2 Human Performance

In Experiment 1, Human performance was assessed by the transition count and
the number of assembly errors. The transition count data was calculated for all
participants from the eye-tracking transition matrices extracted from iMotions. However,
assembly error count is retrieved from individual subject's recording.

A transition is defined as two subsequent fixations falling into different AOls.
Ideally, participants are expected to follow a standard path to execute the assembly
process. Figure 5-8 shows the predicted standard path for the tasks. Eye-tracking

transition matrices from iMotions are analyzed to assess human performance in
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Experiment 1 (Figure D-4). The results show multiple deviations from the predicted path
in the actual task transitions. Figure 5-9 shows the actual path that was followed by
assemblers. The rectangles represent the assembly AOIs in the order required by
assembly instructions. The arrows represent the direction from/to one AOI to another.
The numbers on the arrows represent the total number (sum of transitions) of actual
transitions followed by all participants for that path. For example, participants
transitioned for 27 times from the "Assembly Sheet” AOI to "Measure the Ceiling" AOI.
More frequent transitions are expected to show human performance in the assembly task.
It also shows the random behavior of assemblers rather than the expected standard
behavior assumed in ideal case scenarios. Such observations help in designing work
environments and improve information delivery methods to accommodate worker
requirements and task complexity. Finally, the number of transitions from/to an AOI can

show the AOI importance in the work.
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Figure 5-8: Actual transitions between AOI's provided by gaze data.
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The second measure of Human Performance is the number of assembly errors.

The primary goal is to detect process errors by analyzing eye-tracking provided data and

observing process recordings carefully. As concluded by [73], analyzing human error in

assembly (when and why they occur) can provide reliability analysis for the assembly

process and measure human performance. According to [73], categorizing human error

can predict the highest error occurrence probability. For example, the highest error

probability is associated with assembly parts sensitive to geometry. Error categories for

Experiment 1 are summarized in Table 5-4.

Table 5-4: Assembly phase process errors, time of occurrence in the task, and the

corresponding description.

Label

Description

DURING-ASSEMBLY ERRORS (Leading to finished product errors).

1. Interpreting requirements

Assembler misinterpreting of assembly
requirements in assembly steps.

2. Steps order

Doing assembly steps in reverse when order is
required and/or starting with inspection instead of
assembly.

3.Direction/Alignment

Errors related to the wrong direction of a part or
alignment of parts together that result in errors in the
finished product.

4. Not using tools sufficiently

Not using tools when assembler must use them to
perform assembly step correctly.

5. Spatial (limited access)

Errors related to points in assembly work where it's
hard to access with hand and tools.

6. Shape-related error

Errors

FINISHED PRODUCT ERRORS

1. Shape-related error

Wrong assembly of parts because of size or
similarity of parts or subassemblies.

2.Direction/Alignment

Parts assembled in the wrong direction or aligned
improperly with other parts/subassemblies.

3. Loose attachment/s

Final product having loose connections between
parts or subassemblies.
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Errors of the assembly phase were observed by analyzing individual recordings
for participants (Figure 5-10). Afterwards, errors are classified into two categories based
on the time they occur in the task as during-assembly errors and finished product errors.
During-assembly errors represent the errors happened during assembly work, and it led to
final product error. Any During-assembly error that didn't cause a final assembly error
was excluded from the analysis. In contrast, final product errors represent the errors

observed after the product was finished.
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Figure 5-9: Assembly phase error count for both error types (final product errors and
during-assembly errors).

The number of assembly phase errors is higher during assembly than after the
assembly is finished. Loose attachments in the final assembled errors represented 24% of
the overall total errors (during assembly + finished assembly errors). Loose attachments
represented 85% of final product errors, where the final product had loose parts that

negatively affected its expected functionality.
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55  Inspection Phase
Assessment of CL and human performance in the inspection phase of Experiment
1 are discussed in this section.

55.1 Cognitive Load

The inspection phase is where the participants were required to make sure that the
product looks like the final product picture, functions properly, and meets requirements
described in the quality control and measurement sheet (Figure C-3). CL in inspection
phase is measured by fixation duration and normalized fixation count.

Results showed that inspecting the back seat consumed the highest fixation
duration (284 ms), while the ceiling consumed the least fixation duration (207 ms). The
remaining fixation durations were 280 ms for the loader head, and 220 ms for the wheels.
(Figure 5-11). Normalized fixation count agreed with these results (Figure 5-12). This
increase in CL for inspection is because of the single point type of attachment that
connects these subassemblies to the entire product structure. This type of attachment
results in a higher chance of less sturdy subassembly connections, which requires more

CL to inspect.
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Figure 5-10: Fixation duration for inspection phase (inspected AOIs).
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Figure 5-11: Normalized fixation count for inspection phase (inspected AOIs).

55.2 Human Performance

Transition count and number of errors are used to measure human performance in
the inspection phase. In actual inspection procedure, subjects did not follow the standard

hypothesized inspection path illustrated in (Figure 5-13). Instead, the actual inspection
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path is more random (Figure 5-14). The number on each arrow represents the number of
transitions to/from an AOI for all subjects inspecting the corresponding AOI in the
rectangles.

The highest number of transitions was observed along the standard path the
standard path, which means most of the time an assembler would inspect the product as
they are expected to. However, there were few transitions in the opposite directions going
back to a previous AOI. That can show the importance of AOIs and the possibility of
human error occurrence in that AOI. For example, there were 2 transitions after finishing
the inspection process for the first inspected part (the back seat). Understanding
transitions can provide feedback about the inspection behavior of an assembler and how

it can be improved to superior efficiency and less CL.

Inspect Inspect Inspect Inspect wheels

Backseat Loaderhead Ceiling

Figure 5-12: Standard inspection path hypothesized for the assembly inspection task in
Experiment 1.
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Figure 5-13: Actual inspection path the participants followed during the inspection of
the toy car assembly.

Inspection error is defined as an approval of a part when it should not be
approved. Table 5-5 shows the inspection error types, descriptions, and definitions.

Sources of inspection errors are illustrated in Figure 5-15. The results show that
56% of total inspection errors are due to approving loose attachments, 22% are due to
using wrong inspection technique, and 9% are due to approve without inspecting and
approving with wrong inspection, respectively. Finally, 4% of inspection errors were

because of incomplete inspection.



Table 5-5: Inspection error types.

incomplete inspection

Label Description Definition
Error 1 Approve a loose When the subassembly had loose
attachment screw/nut attachment and the
assembler recorded a check in
the inspection sheet.
Error 2 wrong inspection When the assembly was
technique assembled in a wrong direction
and the assembler approves it the
inspection sheet.
Error 3 Approve a missing When the assembly lacks a part,
part and the assembler approves it on
the inspection sheet.
Error 4 Approve without When the assembler recorded the
inspection inspection sheet and confirmed
without inspecting.
Error 5 Approve with When the assembler inspected

the subassembly partially and
recorded check in the inspection
sheet.
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Figure 5-14: Experiment 1 inspection errors contribution percent categorized by
inspection error source (inspection phase).

The relationship between clustering of inspection errors and the actual duration
referred to the assembly sheet is shown in Figure 5-16. More inspection errors were
observed when assemblers spent less time referring to the inspection sheet. As the
inspection sheet comprised a detailed description of required inspection, longer durations
helped in reducing inspection errors. Table 5-6 shows a summary of descriptive statistics

for Experiment 1 parameters.
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Figure 5-15: Duration of referring to assembly sheet versus number of inspection

errors.

Table 5-6: Descriptive statistics summary for Experiment 1 parameters.

Parameters

Assembly

Inspection
Phase Phase

N M SD N M SD

Number of
Subjects

13 13

Fixation
Duration (ms)

566.9 175.1 990.7 294.2

Normalized
Fixation Count
(fixations/ms)

6.9 0.8 0.8 0.1

Transition
Count
(transitions)

78.0 73.9 28.5 8.7

Error count
(errors)

2.2 1.0 1.8 1.2

Fixation
Duration
Variation
between
Assembly and
Measurements
(%)

13.0 29.2 - -
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55.3 Cognitive Biases Existence in Assembly

One of Experiment 1 goals is to investigate the existence of possible cognitive
biases in assembly processes for the inspection phase of production. Preliminary results
established the relationship between the occurrence of inspection errors and the inherent
cognitive bias that causes them. Assembly processes are behavioral operations. As stated
by [14], cognitive biases in behavioral operations can happen at different stages of any
operation. Table 5-7 shows the observed cognitive biases in Experiment 1 for the

inspection phase and their stage in the work.

Table 5-7: Cognitive biases in Experiment 1, the stage of work where they occur
and the resulting inspection errors.

Possible Bias Stage in work Error type of
inspection that is
related to this bias.
Over confidence Info processing - Approves attachments
for inspected
subassembly.

- Approves wrong
alignment.

- Approves part
without inspecting it.

Avoidance of information Info acquisition - Not referring to
inspection instructions.
- Not referring to final
product picture.

- Incomplete
inspection.

-Approves assembly
although it has a
missing part.

Availability Info acquisition - Incomplete inspection
Memory bias (recall) Info processing - Incomplete inspection




CHAPTER 6

EXPERIMENT 2 METHODS

Experiment 2 was designed according to Experiment 1 results. Experiment 2
represents the implementation stage of the 3-layer model (Figure 1-1). Research methods
of this experiment include choosing workplace elements, creating the traditional
assistance system, creating the cognitive assistance system, participants, apparatus and

stimuli, and experimental procedure.

6.1  Choosing Workplace Elements

Manufacturing workplace is the place where manufacturing goods are
manufactured, usually in factories with assembly lines environments. Prior to Experiment
2, workplace elements are chosen based on three considerations. First, the importance of
the element for Industry 5.0 requirements. Second, the applicability in a laboratory
setting for academia. Finally, the outcomes from Experiment 1 that proposes the most
critical variables in the assembly process in 15.0 research.

Figure 6-1 shows the workplace-related elements that are applied in Experiment
2. These elements are prepared for all participants prior to the experiment. Other 15.0
features include monitoring human performance and considering the operator is the
center of attention. In addition, 15.0 added features include the inclusion of 3D printing
substitution parts that can be used instead of the plastic original parts. The hybrid
assembly concept was achieved by using a robot to help assemblers. Higher work

43
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complexity is a natural result in Industry 5.0 workplaces. Extra parts and tools are added
to the worktable to achieve higher work complexity and using eye-tracking to represent

the utilization of new technologies.

: Human performance
Ergonomic laboratory features P

monitoring
Additive manufacturing 5.0 Hybrid assembly using robot
for sustainability helper

Usage of eye-tracking

Increased work complexity technology

Figure 6-1: Industry 5.0 elements applied in Experiment 2 work environment.

As the quantity and productivity decreases, manual assembly exists. However, it
provides high variant diversity and high flexibility. The more quantity and productivity
are required, the more automation is suitable, on the expense of product diversity and
production flexibility. Hybrid assembly concept combines between the manual assembly
and fully automated assembly. Industry 5.0 aims to balance between productivity,
quantity, variant diversity, and flexibility, so, it considers the human cognitive

judgement, continuous improvement of products and information delivery, smart
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solutions, and sustainability. Figure 6-2 shows the location of this research work among

the different common assembly ways.

-—--

Our work in Industry 5.0 {'o:}

assembly g

e oo &

Fully
PV automated
Y Y assembly

Hybrid
assembly

Manual assembly

Figure 6-2: Manual assembly, hybrid assembly, fully automated assembly, and our
research elements in the Industry 5.0 work environment (based on "Changeable and
Reconfigurable Assembly Systems by B. Lotter and H.-P. Wiendahl (2009)") [61].

6.2  The Traditional Assistance System (TAS)

Experiment 2 is a human-centric experiment that aims to investigate human
performance in Industry 5.0 work settings. Assisting human in such environment must
have a benchmark to compare to. The traditional assistance system (TAS) (Appendix H)
was taken from LEGO® and modified to fit the needs of the experiment. It was designed

using Microsoft PowerPoint 365® to be familiar to all participants. Mindstorms Robot
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Inventor Kit ® is used in the experiment to illustrate assembly tasks. TAS was designed
based on LEGO ® building instructions provided by the company in its Lego
Mindstorms ® V10.4.0 software. Mindstorms ® is designed specifically by the company
for the Mindstorms Robot Inventor Kit 51515 ®. The application provides several
features that serves the experimental goal, including:

1. Step-by-step building instructions in the application.

2. 3D models with steps.

3. Helpful tips within coding canvas.

4. Visual coding canvas that can be user-friendly with drag-and-drop feature.

5. The ability to code using Python coding language.

6. Coding elements grouped into categories.

7. More than fifty practice activities.

8. Advance machine learning and a remote-control feature.

During the design process of the TAS, step-by-step directions were added to
accommodate the experimental time limits and to stay consistent with the competing
CAS. Both assembly directions and coding steps were adopted and redesigned. The
system was designed in the modality of consecutive slides provided for participants on a
touch screen tablet. No task time display was provided on the system's interface;
however, a separate time monitoring screen was provided on the worktable to balance
time pressure within the experiment. Figure 6-3 shows the coding interface of
Mindstorms© software and an example of traditional system steps as they appear for the

user.
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Figure 6-3: Traditional coding interface in Mindstorms® software (left). Traditional
system step example (right).

6.3  The Cognitive Assistance System (CAS)

In Experiment 2, a CAS (Appendix 1) was tested versus the TAS. The CAS
represents an instructional method to guide participants through the experiment in a step-
by-step manner. The system was designed on a touch tablet interface using Microsoft
PowerPoint 365® to be familiar to all participants (Figure 6-4). The CAS featured task
time display (Appendix J), video instructions, cognitive biases resolving tips, text
instructions, graphical instructions, direction clue arrows, safety warnings, end-of-task

reminders, and priority instructions.
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Figure 6-4: The cognitive assistance system interface elements.

Table 6-1 shows a comparison between the TAS and the CAS features. This table

describes the comparison criteria between the two systems in terms of technical features

on bhoth interfaces.
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Table 6-1: Comparison between the traditional assistance system and the
cognitive assistance

Comparison criteria | TAS CAS
Has WIP no yes
Video Instructions no yes
Video of Code And before the actual after the actual task
Automation Inspection task
Text Instructions yes yes
Graphics no yes
3D Models yes yes
Color Clues no yes
Direction Clues no yes
Indicate Priorities no yes
Time Display no yes
Pictures yes yes
Information Alerts no yes
Safety Warnings yes yes
Highlight Important no yes
Clues
Coding Clues yes (originally from yes
Mindstorms app)
Text Tips Sticky Notes | yes (originally from no
Mindstorms app)

6.4  Experiment Design and Variables

Participants were assigned the assistance system type, alternating, to achieve
equal group sizes. The dependent variables include measures of CL and bias and include
fixation duration, normalized fixation count, NASA-TLX, and error count. In addition,
the CRT test (Appendix G) was administered to determine additionally whether this
impacted cognitive biases.

Table 6-2 shows Experiment 2 variables, their types, and their measurements. The
independent variables are the thinking style and the user satisfaction. Thinking style was

measured using the expanded 7-question CRT. In addition, user satisfaction was
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measured using the PSSUQ. The experimental dependent variables are the CL and
cognitive bias human performance. CL was measured using subjective and objective
methods. The subjective scoring method was the NASA-TLX, whilst the objective
method was the eye-tracking data. Fixation duration and fixation count measures were
used as objective measures for CL. Finally, the cognitive bias human performance was

assessed and measured using the bias-related error count.

Table 6-2: Experiment 2 variables and their corresponding measures.

Type Variable Measure
Independent System Type TAS or CAS

Thinking Style Cognitive Reflection Test (CRT)
Dependent Cognitive Load Fixation duration (ms) (objective)

Normalized fixation count
(fixations/ms) (objective)
NASA-TLX (subjective)

Cognitive Bias Human | Bias-related error count
Performance
User Satisfaction Post Study System Usability
Questionnaire (PSSUQ)

6.5  Participants and Task Design
Power analysis were conducted to estimate the number of subjects (Figure F-7 to
Figure F-16). The study comprised 26 participants, 5 females and 21 males. The
participants were recruited from the college community. Twenty-five subjects have had
previous experience with SOLIDWORKS®O software. Twenty-two subjects have had
previous experience with the 3D-printing process. The experiment comprised four tasks
and four inspections (Figure 6-5). The subjects were volunteers and were not paid for

participating. Prior to participating in the study, informed written consent was obtained
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from each subject and brief training was provided for each subject. This study conformed

to the Louisiana Tech University Internal Review Board (IRB).

Task 1 inspection:
The claw

inspections.

Task 1: Manual
assembly task (the
robot’s grabbing
claw).

Task 2: The Robot
—» automation task
(coding).

Task 3: The hybrid
assembly task.

Task 2 inspection:
Code accuracy

testing.

Task 3 inspection:
Task 4: The 3D Inspection of the
printing task. hybrid assembly
products.

Task 4 inspection:
Inspection of the

3D printed part.

Figure 6-5: Experiment 2 tasks and tasks inspections sequence.

6.6  Apparatus and Stimuli

Pupil Core wearable eye tracker from Pupil Labs [60], was used to record the
visual behavior of assemblers. The eye-tracking glasses were connected to a PC with
Windows 10 operating system via USB. It was running with Pupil Capture v3.4.0 desktop
software that enabled real-time data capturing and recording. The ergonomic design of
the laboratory workplace includes adjusted light, adjustable chair, and ergonomic mouse.
The distance between the assembler and the PC workstation was 40 inches to help
assembler in reaching the PC workstation and turning back to other workstations and the
assistance system. The workplace comprised four main workstations, the assembly
workstation, the PC workstation, the 3D printing workstation, and the robot workstation
(Figure 6-6). The assembly workstation comprised pre-organized work bins labeled
sequentially. In addition, assembly workstation featured a work in process (WIP) and
scrap station. The designated assistance system (TAS or CAS) was pre-downloaded on

the touch tablet and placed on the worktable for the participants as of their choice of
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convenience. The tablet comprised two main screens that the assemblers switch from and
to. The first screen was the coding software, and the second screen was the assistance
system.

The PC workstation had all the required software that the assembler would use
during the tasks. The 3D printing workstation was prepared and placed on the right side
of the assembler within reach distance. The robot workstation was placed in the middle of
the worktable so the robot can have sufficient space to move and help in the assembly

process.

&

‘ Computer
al station
‘@_

Toolbox.

—

Figure 6-6: Experiment 2 workstations: the assembly workstation, the PC workstation,
the 3D printing workstation, and the robot workstation.

6.7  Pre-experiment
Prior to Experiment 2, each participant was given a briefing on the tasks nature,
eye-tracking technology, calibration process, Industry 5.0, and time limit. A short training
(Appendix N) was provided to the participants to familiarize them with the technical

requirements of the used devices. However, no information was given during the training
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about the task's steps and specifications. This time limit included filling out a consent
form, answering a pre-experiment questionnaire (Figure E-5), answering the tests and
surveys, calibrating the eye-tracker, and finishing the tasks. During the calibration
process, the eye-tracker was adjusted based on each participant's face and head features.
The world camera was adjusted in a rotational movement for the best capture of the
assembly work angel in front. It was calibrated for focus for the best recording clarity.
Eyes cameras were adjusted for each participant in a back-and-forth movement for the
best pupil capturing during the assembly process. The glasses were calibrated using a 5-

point calibration on-screen method for each participant using a 3D eye model.

6.8 The CRT Test
The cognitive reflection test (CRT) [62] is a test that measures the ability to
perceive an incorrect response alternative and applies further reflection to find the correct
response. In this experiment, the expanded version of the CRT test [63] was used to
measure the thinking style of participants to evaluate whether they possess a deliberate

thinking style or intuitive thinking style.

6.9 Assistant Systems and Assembly Tasks
All the tasks were explained and labeled clearly in both systems. The laboratory
was dedicated to each participant for the experiment. Participants needed to complete the
four tasks within the one-hour time limit and with no breaks. Participants could not ask
questions. Tasks were organized on the assistant system in a consecutive order.
Participants could switch from one slide to another to follow the steps. Participants could
switch back and forth between the coding software and the assistant system. However,

once the time limit was over, the system stopped automatically.
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The experiment had two systems, the TAS and the CAS. During the training,
participants were given enough information to use the system, so they don't face any
technical issues during the task time. However, all participants were blind that there are
two competing systems to accomplish the tasks. All tasks' requirements were the same in
both systems.

6.9.1 Task 1: Manual Assembly Task

Task 1 was a basic manual assembly task without automation or tools. In Task 1,
participants were required to assemble the robot's claw that was fixed on the robot's arm
and inspect it. They followed a step-by-step instructions according to which system they
are using (TAS or CAS). Participants were required to reach and extract parts from the
numbered bins to complete the task. They needed to check parts names to be consistent
with the company's original parts list provided within both systems. The experimental
steps included requirements that could apply extra CL on assemblers, such as alignment,
color, direction, shape, priority, and force. Motors represented an important part of Task
1. Assemblers needed to relate the motor alphabetical reference label in the coding
software to its physical location in the assembly. They were required to monitor motors

accuracy simultaneously in the software.
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Real-time direction

information in the coding
software.

Figure 6-7: Manual assembly of the robot's claw. (a) Assembler directing the motor in
the specified degrees. (b) Enlarged view of the arm's motor in the zero direction. (c)
Real-time positioning data which the assembler monitors simultaneously in
Mindstorms® software.

6.9.2 Task 2: The Robot Automation Task

In this task, each participant changed a prepared code under a project that was
titled specifically for the assembler's group. Coding requirements included adding,
removing, and editing code lines. The steps in this task included clues for coding, such as
code group color (Appendix O). Moreover, the assembler was required to check project's
name and download the code on a specified memory slot within the robot. At the end of
this task, the robot was automated and ready to be used for Task 3 (the hybrid assembly).

6.9.3 Task 1 Inspection

In this task, the assembler was required to inspect the robot's claw that was
assembled in Task 1. The inspection of this task required the assembler to check whether
the assembled claw was securely fixed on the robot's arm and to record their inspection
results in the provided inspections sheet.

6.94 Task 2 Inspection

In this task, the assembler had to execute the code and test its accuracy. As a

result, the robot moved from the instructed position to the subassemblies location, grab
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subassemblies, and place them in the WIP bin. The assembler role was to place the robot
accurately in the instructed position, execute the code and observe the activity results. If
the robot failed to place subassemblies in the WIP bin, the assembler had to scrap them in
the designated scrap bin. In either case, the assembler should record the inspection
activity results in the inspection sheet. Automation outcomes and success criteria are

summarized in Figure 6-8.

Task 2 automation outcome
|
v v
If successful automation If failed automation
A 4 A 4
Attach the subassembly fed by the If the robot failed to place the subassembly in WIP
robot to the far left of the existing bin 01, pick the part from the table and place it in
assembly. the scrap bin 03.

Figure 6-8: Task 2 automation outcomes.

6.9.5 Task 3: The Hybrid Assembly Task

In this task, the assembler was required to build several designs of building
blocks. They had to find correct bins, and produce the correct design specifications.
Design specifications instructed by the system included parts size, count, direction, and

shape features.
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6.9.6 Task 3 Inspection: The Hybrid Assembly Products Inspection

Following Task 3, the assembler had inspect the end-products for several criteria
such as thickness, colors, shapes and directions to record the resulting judgement in the
inspections sheet. The Assembler needed to make sure that the parts comply with the size
specifications using measurements tools. Finally, the assembler had to record the required
measurements in the measurement sheet (Appendix K).

6.9.7 Task 4: The 3D Printing Task

In this task, the assembly followed the system's steps to change a pre-designed
LEGO® Mindstorms double-angled building block design. SOLIDWORKS® and
Creality® software were used to perform the 3D printing. The part was a replica of the
original part and could be used in the robot to substitute the original part as a green

solution. Figure 6-9 shows the original part versus the 3D printed part.
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SN 8

- 3 Original LEGO® Mindstorms beam.

Figure 6-9: LEGO double-angled beam (black). The experiment substitution 3D-
printed double-angled beam (red).

6.9.8 Task 4 Inspection: Inspection of the 3D-printed Part

In the last step, the assembler followed the system's steps to inspect the 3D-
printed part and make sure that it was within size specifications using measurement tools.
Finally, the assembler recorded the measurements in the measurements sheet and exited

the system.

6.10 NASA-TLX TEST
Hart and Staveland's National Aeronautics and Space Administration Task Load
Index (NASA-TLX) method measured the CL resulting in experimental A5.0 tasks. The

CL is represented on six 7-point scales with increments of high, medium and low.
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NASA-TLX is considered a subjective CL assessment tool. It has been originally used in
civil and military aviation [64]. Using NASA-TLX has been expanded to other fields as a
subjective measure of CL and task complexity. It was combined with eye-tracking
technology to support other measures, as in food industry study [37], manual assembly
study [65], and construction [52]. In manufacturing, it has been used as a supportive
measure to study the effect of cognitive aspect in manual assembly [22], in safety
assessment, and design of automated systems [66]. The NASA-TLX uses a multi-
dimensional scale to measure operator task performance, which comprises six subscales:

1. Mental Demand: How mentally demanding was the task?

2. Physical Demand: How physically demanding was the task?

3. Temporal Demand: How hurried or rushed was the pace of the task?

4. Performance: How successful were you in accomplishing what you were asked

to do?

5. Effort: How hard did you have to work to accomplish your level of
performance?

6. Frustration: How insecure, discouraged, irritated, stressed, and annoyed were
you?

Directly after finishing the tasks, assemblers answer the NASA-TLX items using
the paper version of the test. The interval scale (Appendix L) rates the six categories on a
scale from 0 to 100, where 0 symbolizes the lowest task load and 100 is the highest task

load.
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6.11 The IBM Post Study System Usability Questionnaire (PSSUQ)

Research reviewed the importance of using questionnaire methods for usability
assessment [67]. Tens of standardized usability questionnaires were prepared to measure
user satisfaction with software interfaces [68]. PSSUQ (Appendix M) is free to use, can
be generalized, flexible, and has a high overall reliability of 0.96 [69]. The questionnaire
comprises 19 items featuring Likert Scale (LS) type. The items are split into four
subcategories:

1. System usability (SYSUSE): covered by items 1 through 8 and assesses the
usability of the system for the devoted purpose.

2. Information quality (INFOQUAL): covered by the items 9 through 15 and
assesses the quality of information provided by the system.

3. Interface quality (INTERQUAL): covered by the items 16 through 18 and
assesses the quality of the interface of the system.

4. Overall quality (OVERALL): item 19 of the questionnaire that assesses the
overall quality of the system elements.

In this experiment, PSSUQ was used to collect feedback about systems interfaces

to improve the CAS design and apply the continuous improvement concept.



CHAPTER 7

EXPERIMENT 2 RESULTS

This section states the findings of Experiment 2 based on the information

gathered through the applied methods, Hypotheses and Systems comparison

Hypotheses were established for Experiment 2 to test the significance of

experimental parameters on the results. The research questions and their corresponding

hypotheses are summarized in Table 7-1.

Table 7-1: Experiment 2 research questions and their corresponding hypotheses

(CL: 95%, a: 0.05).

No. Research question Hypotheses

1 Will the system type  |Ho: System type will have a
impact CL? significant impact on the CL?

H1: System type will not have a
significant impact on the CL.

2 Will using the Ho: The CAS will have a
cognitive assistance significant effect on the user
system improve the satisfaction compared to TAS.
user satisfaction? Hi1: The CAS will not have a

significant effect on the user
satisfaction compared to TAS.

3 Will using the Ho: The CAS will have a
cognitive assistance significant effect on assembly
system reduce error count compared to TAS.
cognitive bias-related | Hi: The CAS will not have a
assembly errors? significant effect on assembly

error count compared to TAS.
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7.1 Data Extraction
During the experiment, the eye real-time eye movements of participants were
recorded. Data was analyzed using iMotions-v9.3.13 software. Data was obtained by
converting participant's real-time recording from the Pupil Capture v3.4.0 software to

iMotions-compatible recording.

7.2 Thinking Style
Thinking style was assessed using the expanded 7-question CRT. The results of

the CRT test for the TAS and the CAS are shown in Figure 7-1 and Figure 7-2,

1 2 3 4 5 6 7 8 9 10 11 12 13

Subject

respectively.

CRT score
(] =R [N R - | o~

Figure 7-1: CRT scores for subjects with the TAS.
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Figure 7-2: CRT scores for subjects with the CAS.

7.3 Cognitive Load

Figure 7-3 shows fixation duration for CAS compared to TAS.
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Figure 7-3: Fixation duration for the TAS versus CAS for each AOI.

The fixation duration on the CAS and TAS interfaces are shown in Figure 7-4.
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Figure 7-4: Fixation duration on the CAS and TAS interfaces.

Figure 7-5 shows the normalized fixation count for the CAS and TAS users on

each AOI.
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Figure 7-5: Normalized fixation count for the CAS and the TAS.

Figure 7-6 shows the normalized fixation count for the CAS and TAS users on

each AOI.
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Figure 7-6: Normalized fixation duration on the system interface for the CAS and the

TAS.

Figure 7-7 and Figure 7-8 show the NASA-TLX scores for the TAS users versus

the CAS users for an in-between subject experiments.
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Figure 7-7: NASA-TLX scores reported by TAS users.
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Figure 7-8: NASA-TLX scores reported by CAS users.

Figures Figure 7-9 and Figure 7-10 show the subcategories scores for NASA-

TLX scores for the TAS and the CAS.
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Figure 7-9: NASA-TLX score subcategories scored for the TAS.
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Figure 7-10: NASA-TLX score subcategories scored for the CAS.

7.4 Cognitive Bias (Human Performance)

Two types of cognitive biases were investigated, avoidance of information and
overconfidence. Biases occurrences classified based on the stage of assembly work. The
avoidance of information is observed during information acquisition, while
overconfidence is observed during information processing. Experiment 2 cognitive
biases, their stage in work and the related error types in assembly tasks are summarized in
Table 7-2. Avoidance of information related errors includes not using the safety tools,
ignoring to scrap parts if automation fails, unnecessary repetitions, wrong coding,
defective product, wrong 3D modeling, and ignoring a step. Overconfidence related

errors include not inspecting a part correctly and recording pass for a failure.



Table 7-2: Experiment 2 cognitive biases, stage in work of which they occur, and
the bias-related assembly tasks.

Cognitive bias Stage in work Bias-related assembly error
Avoidance of Information not using the safety tools
information acquisition
Not scrapping parts if
automation fails
unnecessary repetitions
wrong coding
defective product
wrong 3D modeling
ignoring a step
Overconfidence Information Wrong parts inspection
processing technique

The results for bias-related error count are shown in Figures 7-11 to 7-14.
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Figure 7-11: Avoidance of information bias-related errors in assembly tasks for the

CAS and the TAS.
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Figure 7-12: Avoidance of information bias error contribution percent for the CAS and
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Figure 7-14: Overconfidence bias-related error contribution percent for the CAS and
the TAS.

7.5 User Satisfaction
User satisfaction for the TAS and CAS users was assessed using the PSSUQ.
Figure 7-15 to Figure 7-18 show the scores for TAS users and CAS users in terms of
overall satisfaction (OVERALL), system usability (SYSUSE), information quality,

(INFOQUAL), and interface quality (INTERQUAL).
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Figure 7-15: User satisfaction measured by PSSUQ scores for the Subcategory
OVERALL. (a) TAS (b) CAS.
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Figure 7-16: Figure 4 30. User satisfaction measured by PSSUQ scores. For the
SYSUSE subcategory. (a) TAS (b) CAS.
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Figure 7-17: User satisfaction measured by PSSUQ scores. For the Subcategory
INFOQUAL. (a) TAS (b) CAS.
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Figure 7-18: User satisfaction measured by PSSUQ scores. For the Subcategory
INTERQUAL. (a) TAS (b) CAS.

In summary (Table 7-3), descriptive statistics, showed that the mean CRT score
for the TAS users group was (M=3.46) while the mean CRT score for the CAS users was
(M=3.92). For the fixation duration variable, the maximum fixation duration in the TAS
group was 492.87 (ms) while the maximum fixation duration in CAS group was 402.91.
The normalized fixation count for TAS users was almost equal to the CAS group users
with 1.12 (fixation/ms) and 1.14 (fixation/ms), respectively. Users of TAS submitted an

average NASA-TLX score of 29.61 while the users of CAS submitted an average NASA-
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TLX score of 16.79 (43% less). The maximum NASA-TLX score for TAS users was
60.83 while the maximum score for CAS users was 28.33. The maximum bias-related
error count for the TAS users was 28 errors. However, the maximum bias-related error
count for the CAS users was 7 errors. Finally, the average user satisfaction score for TAS
users was 1.92 while it was 1.44 (less score means better performance on the PSSUQ

scale).

Table 7-3: Summary descriptive statistics of the traditional assistance system (TAS) and
the cognitive assistance system (CAS).

Parameters TAS CAS

N M SD Max Min N M SD Max Min
Number of 13 13
Subjects
CRT 3.46 1.89 6.00 1.00 3.92 2.10 7.00 0.00
Fixation 243.49 | 82.98 | 492.87 | 156.82 250.39 | 81.97 | 402.91 | 140.29
duration (ms)
Normalized 1.12 0.33 1.62 0.39 1.14 | 0.59 2.07 0.30

fixation count
(fixations/ms)

NASA-TLX 2961 | 17.92 | 6083 | 5.3 16.79 | 7.65 | 2833 | 583
Bias-related 9.76 | 8.00 | 28.00 | 2.00 161 | 1.80 | 7.00 | 0.0
error count

OVERALL- 192 | 113| 494| 1.00 144 | 035| 210 | 1.00
PSSUQ

The correlations between the thinking style (Deliberate/Intuitive) measured by the

CRT and the CL measures are shown in Table 7-4.
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Table 7-4: Correlations between thinking style and CL measures.

Correlated parameters p*

Thinking style — Fixation duration -0.033
Thinking style — Fixation count 0.272
Thinking style — NASA-TLX -0.123

A two sample t-test was performed to the impact of system type on CL, system
usability, and bias-related error count. The CL was assessed using three measures,
fixation duration, fixation count and NASA-TLX score. There was not a significant
difference in fixation duration between TAS (M = 243.5, SD = 82.9) and CAS (M =
250.4, SD = 81.9); t (df) = 2.18, p = 0.8).

There was not a significant difference in fixation count between TAS (M =1.12,
SD =0.33) and CAS (M =1.14, SD = 0.59); t (df) = 2.18, p = 0.92). However, there was
a significant difference in NASA-TLX score between TAS (M =29.61, SD =17.92) and
CAS (M =16.79, SD = 7.65); t (df) = 2.18, p = 0.032).

The t-test revealed that there was not a significant difference in PSSUQ score
between TAS (M = 1.93, SD = 1.13) and CAS (M = 1.44, SD = 0.35); t (df) = 2.18, p =
0.19).

For the bias-related error count, the t-test showed that there was a significant
difference in bias-related error count between TAS (M = 9.8, SD = 8) and CAS (M =
1.61, SD = 1.8); t (df) = 2.18, p = 0.0012). The results of hypothesis testing for

experimental parameters are summarized in Table 7-5.



Table 7-5: Correlations and t-test results. Paired parameters and the corresponding
Pearson’s correlation coefficient (p), P-value, and hypothesis test results for the mean .

Fhkk

error count

Parameters p P-value Hypothesis test
result for p**
System type — 0.277 0.81 Fail to reject the null
Fixation duration hypothesis (ul =
u2).
System type — -0.144 0.92 Fail to reject the null
Fixation count hypothesis (ul =
u3).
System type — -0.144 0.03 Reject the null
NASATLX hypothesis (n1 #
p4).
System type — -0.235 0.19 Fail to reject the null
PSSUQ hypothesis (ul =
u5).
System type — bias 0.610 0.00 Reject the null

hypothesis (u1 #
U6).




CHAPTER 8

EXPERIMENT 2 DISCUSSION

The results showed that 42% of the subjects possessed an intuitive thinking style,
while 58% possessed a deliberate thinking style. Subjects who used the TAS, scored an
average of 3.46 in the CRT. Subjects who used the CAS scored an average of 3.92 (11%
higher). This score showed that thinking style was approximately equally distributed
(intuitive/deliberate) among both groups.

CL was measured by eye-tracking data. Each experimental task is represented by
the areas of interest. The annotation of areas of interest depends on the type of task the
assembler performed. Subjects with the CAS had a 3% higher fixation duration and 2%
higher fixation count when compared to the traditional assistance system. Although the
CAS caused higher CL the differences are minimal. This slight difference in CL can be
explained by the features and clues added to the cognitive assistance system to help
reduce defective products and reworks. In addition, the slightly higher fixation rates may
be attributed to the CAS reducing the CL for the participants to focus on what currently
requires their attention rather than their attention being diverted to less important
information.

Even with added features to the CAS interface, the assemblers could process the
instructed tasks on the system interface with a similar average fixation duration as the

TAS group. This result showed the effectiveness of the CAS interface in allowing the
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participants to take in additional information more efficiently. Fixation count measure
was normalized to analyze CL for assemblers (Figure 7-5). The analysis showed that the
CAS subjects had a 17% higher fixation duration than the TAS. For the system interface,
average fixation count was increased by 15% for users of the CAS (Figure 7-6). The
increase in fixation duration and fixation count can be explained by the dynamic features
within the system that could lead to higher fixation duration and fixation count without it
being attributed to CL (e.g. video instructions).

Hart and Staveland's NASA Task Load Index (TLX) (Appendix L) test was used
in this experiment to measure the CL resulting from the four tasks. While Experiment 1
was a stand-alone experiment with no comparisons conducted, Experiment 2 compared
the CAS to the TAS, which called for another measure for CL. NASA-TLX test was
chosen to support the other CL objective measures and to align the results from the eye-
tracking with the subjects’ NASA-TLX self-reported feedback.

Using the CAS reduced the CL measured by NASA-TLX by 43% when compared
to the TAS (Figure 7-7). This decrease indicated a reduction in task complexity effect on
users. Results showed that users of the CAS and TAS reported an average NASA-TLX
score of 16.8 and 29.9, respectively. The highest task complexity reported for TAS users
for the Effort subcategory for an average score of 43. However, the highest task
complexity reported for the CAS users for the Performance and Effort subcategories for
an average of 19 on NASA-TLX 100 point scale. This shows that using TAS resulted in a
much higher perceived effort of use, while CAS increased overall perceived performance.

Errors were defined as a measure of the impact of cognitive bias, with the CAS

system group showing a marked improvement in this area. The total cognitive bias-
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related error count is 85% less for subjects used CAS compared to subjects used TAS.
The bias-related error count for the avoidance of information alone increased by 88%
when using TAS compared to CAS. On the other hand, using TAS increased the
overconfidence bias-related error by 55%.

Error contribution percent is observed solely for each type of bias-related error for
both cognitive biases (Figure 7-12 and Figure 7-14). The CAS had on screen clues to
resolve the avoidance of information bias-related errors. These clues include video, bold
text, and arrows. TAS had the instructions and a picture. As a result, using TAS
contributed to a 100% of the errors in that task, with either wrong 3D model design or not
using the safety tool to pick up the printed part.

This is the whole point of using an assistance system, to have more clues that
helps to not avoid the instructed information such as 3D model modification required.

Using the traditional assistance system contributed to over 90% of assemblers
ignoring a step or producing a defective final product. In the automated hybrid assembly
mass production, using TAS contributed to over 80% of wrong coding to automate the
robot and unnecessary repetition when the robot failed to feed parts in the designated
area. In the same task, using TAS contributed to over 70% of ignoring to scrap parts
when the task required to. Finally, the CAS had a video while TAS had only picture
instructions, therefore, using the TAS contributed to 100% of recording pass for a failure
when inspecting parts error occurrence and over 55% wrong parts inspection techniques.

Figures from (Figure 7-15 to Figure 7-18) show the summary of PSSUQ scores.
Usability of both systems interfaces was assessed using the PSSUQ scores. The scores

are ranked inversely, with 1 being the best performance and 7 being the worst. The
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PSSUQ results show that the overall user satisfaction measured by the OVERALL user
satisfaction is improved by 25% when using the cognitive assistance system's interface
compared to the traditional system interface. For the other subcategories, system usability
(SYSUSE) is improved by 21% when using CAS versus TAS. The information quality
(INFOQUAL) score is improved by 30%, and the interface quality (INTERQUAL) score
is improved by 16%. The PSSUQ results reveal that users of CAS are more satisfied with
the system's performance and interface when compared to TAS.

Subjects’ answers in the comments section of the PSSUQ questionnaire were
collected summarized in Table 8-1. The users' feedback is used for continuous
improvement and to resolve issues reported by users of both systems. This feedback can
produce an improved future version of the system, resolve issues within the system and

help to modify the system to help in other A5.0 tasks.
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Table 8-1: Subjects' in TAS and CAS groups comments in the PSSUQ comment
sections.

TAS Group

CAS Group

The system worked great to
accomplish tasks.

Interface was easy to read/
understand.

All information was obvious and
provided.

The system did not play a large
role in how easy/quick it was to
recover.

Straightforward tasks.
Pictures pose is confusing.
No error feedback.

Unique type of mouse.

Intuitive.

Videos helped when stuck.
Was clear shown on screen.

I was very comfortable after
spending one minute with the
system.

The colors were mixed which
confused me only in the
slightest.

Easy to understand quickly.

A second monitor would be
helpful.

Screen swapping slowed pace.
Hard to understand where to
place the robot.

Instructions should be split
screen with the coding instead of
flipping back and forth.

No error message received.
Very simple.

Correlation analysis showed that thinking style measured by CRT was not highly
related to CL measures (fixation duration, fixation count, and NASA-TLX). The fixation
duration slightly decreases when the human has a deliberate thinking style (p = -0.033).
Fixation count increases with the increase of CRT score (p = 0.272), however, this
increase isn't major. This behavior can be explained by the tendency to focus on the task
rather than spending longer periods of fixations with a lower fixation count (hence the

deliberate thinking style). The opposite is true for the intuitive-thinking assemblers.



Subjects with higher CRT reported less task complexity in NASA-TLX test,
which can be explained by the deliberate thinking style that helps in simplifying task
requirements. Although the CAS caused assemblers to spend more fixation time and
count on required tasks, the difference for that parameter is insignificant, so the CL

increase was not affecting assemblers negatively.
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CHAPTER 9

CONCLUSIONS

Manufacturing assembly is combining previously made components or
subassemblies into a final finished product. Human judgement importance is
continuously increasing in Industry 5.0. Interests in Industry 4.0 focus on opportunities
that can benefit industry by including new digital technologies [3] and by new
frameworks that are developed to test the effects of applying such technologies [5]. The
fifth industrial revolution includes improved concepts compared to 4.0 such as mass
personalization, enhanced customer satisfaction, utilization of the unique human
judgement, enhanced quality tools, enhanced usage of skilled jobs, sustainability, Cobots
connected with human workers, and more accurate decision support models. In assembly,
cognitive performance is the degree to which individual workers can understand and
process relevant signals from the assembly situation; and finally, make decisions that lead
to actions that perform correct component assembly.

The adoption of the 15.0 settings introduces the concept of worker 5.0 and
imposes the following challenges on operators in assembly lines:

1. The demand for technology and the use of complex procedures enforce more

pressure on operators.
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2. Mass customization of products creates challenges for workers to confront the
exchange between automated systems that are highly productive and manual systems that
are more flexible.

3. The higher expectations of human to have more work accuracy and
collaboration with all work elements.

These challenges were the motivation for the work in this study. The primary
objective of this study is to focus on cognitive aspects and to design better workplaces for
the people in assembly 5.0.

Mark et al. established a three-layer model to implement Industry 4.0/5.0
concepts in small- and medium-sized enterprises (SMEs) [1]. These three layers are the
design level, the implementation level, and the operational level. The research framework
of this dissertation designed according to the aforementioned three-layer model to
emphasize the steps and goals of the dissertation.

The first step of the framework included understanding the manufacturing
assembly process by conducting Experiment 1 to investigate the applicability of eye-
tracking technology in assembly. During step 1, we specified the process variables that
we need to assess in Assembly 5.0. Also, we collected information about work conditions
we need to set up for Assembly 5.0 in the lab. Finally, we introduced the cognitive
assistance system's technical features.

In the second step of the framework, we prepared the work environment for the
Assembly 5.0 experiment. We chose the TAS from LEGO ® and modified it to suit the

goals of the work. Finally, we designed the CAS based on results and outcomes revealed
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from Experiment 1 in the first step. The system features were applied, and the system was
ready to be used by participants.

In the third and final step, we conducted Experiment 2 to evaluate the CAS
compared to TAS in 15.0 settings. We investigated the effect of using CAS on workers'
CL and cognitive bias-related human performance. We investigated the effect of human
thinking style on CL using the dual-system theory.

To achieve the research objective of this study, we followed an experimental
method that comprised two experiments, Experiment 1 and Experiment 2. Experiment 1
included a step-by-step instructed manual assembly task. Eye-tracking technology was as
an objective measure for assemblers' CL. Choosing eye-tracking areas of interest plays an
important role in specifying CL for each task accurately. The empirical results of the first
experiment revealed that CL can successfully be measured using eye-tracking variables
in assembly tasks. Higher fixation duration and fixation count showed an increase in CL
during the corresponding assembly job. The increase in transitions between areas of
interest for given tasks and the error count show a decrease in human performance. Based
on the evaluation of cognitive bias existence during Experiment 1 assembly tasks, four
cognitive biases were found to affect the human performance in assembly:
overconfidence, avoidance of information, availability bias, and the memory bias. It was
found that availability and avoidance of information biases occur in the information
acquisition stage of assembly work. Overconfidence and memory biases occur in the
information processing stage. Overconfidence and avoidance of information were chosen
for further investigation in Experiment 2. The results from Experiment 1 were used as

guidelines for designing Experiment 2.
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It is useful to summarize the experimental methods that were used in Experiment
2. The experiment focused on assessing CL in A5.0 work environment. The first step was
choosing the workplace elements to comprise 15.0 fundamental concepts. Such elements
include the ergonomic laboratory features, human performance monitoring, additive
manufacturing, hybrid assembly, increased work complexity, and the usage of eye-
tracking. The TAS and CAS systems were used in Experiment 2 as information delivery
methods. The TAS was modified from LEGO® to serve as a comparison rival. CAS
reduced CL, improve human performance, and mitigate cognitive biases in A5.0 work
features. Experiment 2 included four designed assembly tasks, accompanied by four
inspection tasks.

Based on Experiment 2 results, the fixation duration decreases when the human
has a deliberate thinking style while the fixation count increases. This behavior can be
explained by the tendency to focus on the task rather than spending longer periods of
fixations with less fixation count (hence the deliberate thinking style). The opposite is
true for the intuitive-thinking assemblers. This result applies to assemblers regardless of
the assistance system they used.

Although using the CAS caused higher CL, the differences are minimal. This
slight difference in CL can be explained by the features and clues added to the CAS to
help reduce defective products and reworks.

In manufacturing assembly, cognitive biases are the chief contribution to
assembly errors and mitigating them can help in improving human performance in A5.0.
In this study, using CAS could successfully mitigate bias-related errors and improve

work efficiency.
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The users' feedback is used for continuous improvement and to resolve issues
reported by users. This feedback can produce an improved future version of the system,

resolve issues within the system, and modify the system to be used for other experiment.



CHAPTER 10

RESEARCH GAP AND CONTIRBUTION

Because of the higher complexity and work demand in the 15.0 work
environment, CAS was introduced to workers in the 15.0 to improve performance, reduce
the impact of CL, and reduce the effect of cognitive biases. A research gap was found in
integrating 15.0 topics into assembly operations. To fill this gap, this study addresses
integration of the following 15.0 elements into the assembly environment to improve
work and efficiency:

1) Industry 5.0 work standards, concepts, and requirements, 2) Ergonomic work
standards, 3) Additive manufacturing, 4) Eye-tracking and eye movement analysis, 5)
Dual systems theory (intuitive/deliberate) and cognitive heuristics and biases, 6)
Cognitive assistance and related practical solutions (introduction of the CAS to support
15.0 assembly workers), and 7) User satisfaction and continuous improvement.

This study expands the use of cognitive ergonomic tools in the mass
customization assembly environment, especially eye-tracking, to employ it for workers in
assembly 5.0 benefits. This goal was reached by the minimal increase in CL measured by
eye-tracking, reduction of CL reported by assemblers through NASA-TLX, and

mitigating cognitive biases to reduce bias-related errors in A5.0.
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The users' feedback is used for continuous improvement and to resolve issues
reported by users. This feedback can produce an improved future version of the system,

resolve issues within the system, and modify the system to be used for other experiment



APPENDIX A

PRE-EXPERIMENT QUESTIONNAIRE (EXPERIMENT 1)

Pre-assembly Experiment Questionnaire

Tam inviting you to participate in this research by completing the following questionnaire. The aim of this
research is to investigate cognitive load and activity of an assembly worker while performing manual
assembly.

The data collected will be used solely for academic purposes. Additionally, we will keep your responses
anonymous and confidential
Your support towards my following research will greatly help to conduct the study perfectly.

*Required

1. What is your age? *

Mark only one
oval.

Less than 18,

2. Please specify gender. *
Mark only one
oval.
Female

Male
Other

3. Do you have a history of seizures that could impact your ability to interact with computer screens?

o Yey
o No

4. Did you work in assembly before? *
Mark only one oval.
Yes

No

5. Have you ever needed to make a critical decision while doing 2 manual job?
If yes, how did you deal with that critical decision? *

6. Think about an occasion when you needed to choose between two or three seemingly
equally viable paths to accomplish a goal. How did you make your decision about which
path to follow?

Figure A-1:
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Pre-experiment questionnaire (Experiment 1).




APPENDIX B

EXPRIMENT 1 ASSEMBLY INSTRUCTIONS

‘Assembling a construction vehicle metallic model sing simple tools. Final product picture is  Ausmby gt asd msructons
below for reference when needed.

List o avslbie subessecblies
Pr— e
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meassements st (3
o
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i ‘.
|
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ot

1. Assembly will include 4 major areas: Excavator body frame, seating area, wheels and
excavation head.

Insert the first wheel with rod m the (back) wheels holes.
2. Assembly task will include some required measurements to be taken by a ruler.

5. Aach tesecond wheel o the rod.
3. After assembly, quality assurance will be held. Further details will be provided in the QC &
measurements sheet.

9. Insert te (from) wheel with rod m thex holes.

10. Atiach the second wheel t the front wheel and rod.

Figure B-2: Experiment 1 assembly instructions.
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APPENDIX C

QUALITY CONTROL AND MEASUREMENT SHEET
(EXPERIMENT 1)

Participant Number:

+

Part name Recorded measurement at assembly
(inch)

Back Seat Length

Back seat width

Ceiling highlighted distance

Wheel diameter

° uality assurance and control:

Check ¥ the box beside the quality assurance step that you have done correctly. If there is a

quality issue, X the box and comment beside it what is wrong.

1. Back seat is sturdy and does not wiggle. E

2. The excavation head loader moves around freely in 180° and the screw is not loose. O
3. The ceiling bent edge is facing the front of the excavator above the steering wheel. O
4. Wheels are fixed in place and not going out of the rod. O

Figure C-3: Quality control and measurement sheet (Experiment 1).
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APPENDIX D

TRANSITION MATRICES

Measure
Assembly Finished Fix Fix Loader Fix Fix the Measure Ceiling Measure
From To Sheet Product Backseat Head Wheels Ceiling Backseat L Highlighted Wheel
Picture & W . Diameter
Distance
Assembly Sheet  NA 18 17 29 24 12 19 27
Finished Product
Picture 4 NA 4 4 14 27 0 0
Fix Backseat 19 2 NA 0 0 0 0 0
Fix Loader Head 1 3 0 NA 0 0 0 1
Fix Wheels 20 15 0 1NA 0 0 0
Fix the Ceiling 19 14 0 0 0 NA 0 0
Measure Backseat
L& W 15 0 0 0 0 0 NA 0
Measure Ceiling
Highlighted
Distance 25 0 0 1 0 0 0 NA
Measure Wheel
Diameter 6 0 0 0 1 0 0 0 NA

= O O O O

Figure D-4: Experiment 1 transition matrix for the assembly phase (generated by
iMotions).

transitions summary
All respondents during inspection

Assembly Attach Attach Attach Attach Inspect Inspect Inspect Measure Product Inspect Measure BS
From To Sheet Backseat Loader Ceiling  wheels Backseat ceiling loader  wheel picture  wheels
head head diameter
Inspect BS 0 1 0 0 0 0 1 9 1 1 1
Inspect LH 0 0 0 0 0 1 11 0 0 0 0
Inspect ceiling 0 0 0 0 0 0 0 0 0 1 11
Inspect wheels 0 0 0 0 0 2 1 1 0 0 0

Figure D-5: Experiment 1 transition matrix for the inspection phase (generated by
iMotions).
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APPENDIX E

PRE-EXPERIMENT QUESTIONNAIRE (EXPERIMENT 2)

Presssenty Eermer Qusstomare
4. Did you work in assembly before? *

Mark only one oval.

Pre-assembly Experiment Questionnaire

T am inviting you to participate in this research by completing the following questionnaire. The aim of this
research is to mvestigate cognitive load and activity of an assembly worker while performing manual
assembly.

The data collected will be used solely for academic purposes. Additionally, we will keep your responses
anonymous and confidential

Your support towards my following research will greatly help to conduct the study perfectly.
“Required
1. What is your age? *
6. Think about an occasion when you needed fo choose between two or three seemungly

Mark only one
oval.

equally
path to follow?
Less than 18.
18-25

2530

30-35

35+

7. Do you have basic knowledge or experience with Solidworks software?

Mark only one oval.

2. Please specify gender. *
Yer

Mark only one Yo
oval.
8 Doy Knowledge or expe the
Female
Mark only one oval.
Male
Yor
Other

No

Figure E-6: Experiment 1 transition matrix for the inspection phase (generated by
iMotions).
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APPENDIX F

POWER ANALYSIS (EXPERIMENT 2)

Central and noncentral distnibutions Protocol of power analyses

critical t = 2.17881

0.3
0.2
0.1
[}
Test famity Statistical test
tlests v Means: Difference between two Independent means (IWo Qroups)

Type of power analysis
A priont: Compute required sample size - given o, power, and effect size

Input Parameters Output Parameters

Tails) Two > Noncentrality parameter b
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Power (1-8 err proby 0.75 Sample size group 1 7

Allocation ratio N2/N1 1 Sample size group 2 7
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Actual power 0.776%418

X-Y plot for a range of values

Figure F-7: Power analysis =0.75 based on hardest task duration (left) and fixation

duration (right).
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P G*Powee 3.1.9.7
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o err prob 0.05 Dt 14
Power (1-8 err prob) | 08 Sample size group | &
Allocation ratio N2/N1 | 1 Sample size group 2 8
Total sample size 16
Actual power 0.8201133

X=Y plot for a range of values @ [

Figure F-8: Power analysis p=0.8 based on hardest task duration (left) and fixation

duration (right).
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Central and noncentral distributions Protocol of power analyses
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X=Y plot for 4 range of values

Figure F-9: Power analysis =0.9 based on hardest task duration (left) and fixation

duration (right).
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Figure F-10: Normality test for the CRT.
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Figure F-11: Normality test for the fixation Duration.
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Figure F-12: Normality test for the fixation Count.
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Figure F-13: Normality test for the fixation Count.
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Figure F-14: Normality test for the PSSUQ.
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Figure F-15: Normality test for the NASA-TLX.
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Figure F-16: Normality test for the bias-related error count.
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APPENDIX G

THE CRT TEST (EXPERIMENT 2)

e The expanded CRT questionnaire to measure reflective thinking scores.
Answer the questions below.

Copy of the CRT expanded test 7-questions version.

(1) A bat and a ball cost $1.10 in total. The bat costs a dollar more than the ball. How much does
the ball cost? cents.

(2) If it takes 5 machines 5 minutes to make 5 widgets, how long would it take 100 machines to
make 100 widgets? minutes.

(3) In a lake, there is a patch of lily pads. Every day, the patch doubles in size. If it takes 48 days
for the patch to cover the entire lake, how long would it take for the patch to cover half of the
lake? days.

(4) If John can drink one barrel of water in 6 days, and Mary can drink one barrel of water in 12
days, how long would it take them to drink one barrel of water together? days.
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(5) Jerry received both the 15th highest and the 15th lowest mark in the class. How many students
are in the class? students.

(6) A man buys a pig for $60, sells it for $70, buys it back for $80, and sells it finally for $90.
How much has he made? dollars.

(7) Simon decided to invest $8,000 in the stock market one day early in

2008. Six months after he invested, on July 17, the stocks he had purchased were down 50%.
Fortunately for Simon, from July 17 to October 17, the stocks he had purchased went up 75%. At
this point, Simon has:

a. broken even in the stock market, b. is ahead of where he began, c. has lost money



APPENDIX H

THE TRADITIONAL ASSISTANCE SYSTEM (TAS)

Pre-assembly Information
»The BBa means video available
Use the Work in Process (WIP) bin number 01 to temporarily place your parts during assembly.
~Section 1: Manual assembly task: the robot’s grabbing claw.
#Section 2: The robot automation task and code inspection activity.

~Saction 3: Hybrid assembly task, mass customization, increased complexity and inspection: the Mega

Blocks product

~Section 4: Additive manufacturing task: 30 printing and inspection.

Section 1: Manual assembly task: the robot’s grabbing claw.

The right arm
that the claw !
will be
assembled on.

The grabbing
claw
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{ Step1/1

¥ Pick the claw subassembly from bin

( step21

¥ Zero the motor: tumn the head so
thatthe two circles align.

( step3r )

v Alignthe claw
subassembly to
the front side of
the arm.

Step 4/1

¥ Attach the claw to the arm's
mator using the existing red
connector peg by pushingit
dawn,

¥ Close the claw.
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( steps1 |

¥/ Pick two red connector
pegs from bin 09.

v Attach them to the right
side of the claw/arm
assembly by pushing them
in.

The Claw is
ready!

Section 2: The Robot automation task and code testing

w. activity.

Step 1/2

¥ Open the coding
interface window in
Mindstorms® app.

' Check that the project
name is “Traditional
Assembly”,

( sep22 )

0 LEGO MINDSTORNS - 1040

¥ Inthe “Ught” coding
line number 1: change
the center button light
from red to yellow.




GO MINDSTORMS - 1040

Help

Traditional assembl...

¥ In the “Uight” coding

line number 2: change
orientation from

upright to left

Step 3/2

e @

PR e

¥ Inthe “motors” codin so s @
]
line number 4: use the
o i @
Keyboard and change @ S

the speed of motor C ® oc O @
from 50% to 25%. PR p—

7 \
Step 4/2

@ - i @
@ 1t e @ i
In the combined D S
“control” and “sensors” @ o @
coding line change the

“wait until color” from
red to white

v

Step 5/2

Code accuracy testing

v Place the robot on the two red circles on the work table facing left just like the
picture.

¥ Legs must be on the red circles.

7 \
( stepe/2
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¥ Check that the program is
saved in memory slot
number 8

¥ Run the program by pressing
the play button ' in the
bottom right comer of the
interface and wait until the
rabat Is done.

Step 7/2

Successful task will yield the
subassembly in WIP bin 01,

@ 1 tre cobot dia NoT piace
the subassembly in WIP bin 01,
then put the subassembly (on
the work table).

7 \
( swep7/2

Sections 1 and 2 inspection

Record the result of
the required
inspections for
sections 1 & 2in the
inspection and
measurement sheet.

Step 8/2

\

Section 3: The Mega Blocks task
roduct 1]

1. Pick a green block with 4 holes.
from bin 02.

|"2- Using the caliper from tools bin 04,
measure the highlighted distance (in
mm).

3. Record the measurement in the
inspection and measurement sheet.
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4. Pick a yellow block with 2 holes from bin 02. &

5. Attach the yellow block to the green block on
the right side.

6. Pick the subassembly fed by the robot from
WIP bin 01,

If successful automation If failed automation

.

7.3 Attach the subassembly fed 7.b If the robot failed to place the
by the robotto the far left of the subassembly in WIP bin 01, pick
existing assembly. the part from the table and place
itin the scrap bin 03,

{Product 2]

1. Pick a pink block with 4 holes from
bin 02.

2. Pick a yellow block with 1 hole from
bin 02 and attach it to the far right.

3. Pick a green blockwith 2 holes and
attachit to the yellow block only hole
with the edge pointingto the left,

Section 4: The 3D-printing task

1.0n the PC screen, go the upper left
corner of Creality Slicer software.

2. Under Material, select the Creality PLA.

3. Under Profile: select High Quality.




Safety
precaution!
The printing bed
is hot. Do not

your hands!

4, Use the tong from tools bin 04
to pick the existing 30-printed
double-angularred beam from
the 3D printer printing bed.

5. Using the caliper, measure the
3D-printed beamn's thickness and
record itin the inspection and
measurement sheet.

Well done!
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APPENDIX |

THE COGNITIVE ASSISTANCE SYSTEM (CAS)

CAS15.0

Pre-assembly Information
#The il means video available.
i~ Use the Work in Process (WIP) bin number 01 to temporarily place your parts during assembly.
>Saction 1: Manual assembly task: the robot’s grabbing claw.
»Section 2: The robot automation task and code inspection activity.

~Section 3: Hybrid assembly task, mass customization, increased complexity and inspection: the Mega

Blocks product.

Saction 4: Additive manufacturing task: 30 printing and inspection.

Task 1 Manual assembly task: the robot’s grabbing claw.

The right arm
that the claw !
will be
assembledon.

The grabbing
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00:58:48

00:58:48

+ Pick one black and green claw
subassembly from bin 08 and place
in WIP bin 01.

Step 1/1

00:58:48

¥ Zero the motor: turn the motor’s
head so thatthe two circles align.

Step 2/1

00:58:48

¥ Align the claw subassembly to the
front side of the arm.
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00:58:48

¥ Attach the claw to the arm motor
using the existing red connector
peg.

¥ Close the claw.

Step 4/1

00:58:48

¥ Attach the claw to the arm motor
using the existing red connector
peg.

¥ Close the claw.

Step 4/1

00:58:48

v Pick two red connector
pegs from bin 09.

v Attach them to the right
side of the claw/arm
assembly by pushing them
in one by one.

The Claw is
ready!

( stepsi

Use Mindstorms® code
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00:58:48

¥ Open the coding
interface window in
Mindstorms® app

¥ Check thatthe project
name is “CAS 15.0
project”.

Step 1/2

00:58:48

from red to yellow.

Step 2/2

00:58:48

¥ In the “Light” coding
line number 2: change
arientation from

Step 3/2

00:58:48

¥ In the “motors” coding
line number 4: use the
keyboard and change
the speed of motor C
from 50% 10 2

Step 4/2
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00:58:48

¥ Inthe combined
“control” and “sensors”
coding line change the
“wait until color” from

red to white

7 \
{ steps/2
NS

00:58:48

¥ Place the robot on the
two red circles on the
worktable facing left.

¥ Legs must be on the
red circles,

Code accuracy testing

( steps/2
; S

Right position

00:58:48

+ Check that the program is
saved In memory siot
number S

« Run the program by pressing
the play button [[§] in the
bottom right comer of the
interface and wait until the

rabat s done.

Step 7/2

00:58:48

¥ The video shows the
successful automation.

If the robot did NOT place
the subassembly in WIP bin 01,
then put the subassembly (on
the worktable).

7
{ step7/2 )
\ /
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00:58:48 Step 7/2

Sections 1 and 2 inspection

Record the result of
the required
inspections for
sections 1 & 2 the
inspection and
measurement sheet.

00:58:48
Task 3: The Mega Blocks task.

Product 1]

1. Pick a green block with 4 holes
from bin 02.

2. Using the caliper from tools bin 04, I
measure the highlighted distance (in 7 omg
mm). j

*

3. Record the measurement in the
inspection and measurement sheet.

00:58:48

4. Pick a [T block with 2 holes from bin 02.

5. Attach the JJHIB block to the green block on
the right side.

6. Pick the subassembly fed by the robot from
WIP bin01.

00:58:48

If successful automation If failed automation

7.a Attach the subassembly fed 7.b If the robot failed to place the

by the robot to the far left of the subassembly in WIP bin 01, pick

existing assembly. the part from the table and place
it in the scrap bin 03.




00:58:48
[Product 2]

1. Pick a pink block with 4 holes from
bin 02.

2. Pick a [T block with 1 hole from
bin 02 and attach it to the far right.

3. Pick a green block with 2 holesand
attachit to the yellow block only hole
with the edge pointing to the left,

Mega Blocks product 2 ready!

00:58:48
Task 4: The 3D-printing task

1.0n the PC screen, go the upper left
corner of Creality Slicer software.

2. Under Material, select the Creality PLA, [

3. Under Profile: select High Quality.

00:58:48

Safety

Precedtoal 4. Use the tong from bin 04 to

The printing bed pick the existing 3D-printed
ihot Do viot double-angular red beam.
touch it with

your hands!
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00:58:48

| 5. Using the caliper, measure the
| 3D-printed beam’s thickness and
record itin the inspectionand
measurement sheet.

Well done!

117



APPENDIXJ

CAS INTERFACE TIMER CODE

Sub countdown()
Dim time As Date

time = Now()

Dim count As Integer
count = ActivePresentation.Slides(4).Shapes(*"timelimit™). TextFrame.TextRange

time = DateAdd("s", count, time)

Do Until time < Now()

DoEvents

Fori=4To 26
ActivePresentation.Slides(i).Shapes(""countdown™). TextFrame.TextRange =
Format((time - Now()), "hh:mm:ss")

Next i

If time < Now() Then

Fori=4To 26
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ActivePresentation.Slides(4).Shapes("countdown™). TextFrame. TextRange =
"Time up!"

Next i

ActivePresentation.SlideShowWindow.View.GotoSlide (27)

End If

Loop

End Sub



APPENDIX K

EXPERIMENT 2 INSPECTION AND MEASUREMENT SHEET

Inspection and measurements sheet

Section number Inspection criteria Inspection result (pass/fail)

1&2 The claw is securely fixed on
the arm subassembly.

1&2 The robot grabbed the Mega
Blocks subassembly from the
activity table.

1&2 The robot placed the
subassembly in bin 01.

Section number Step and part Measurement (mm)
3 Step 2: green block
highlighted distance.
4 Step 5: 3D-printed beam
thickness.

Figure K-17: Experiment 2 inspection and measurement sheet.
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APPENDIX L

NASA-TLX TEST

NASA Task Load Index

Hart and Staveland's NASA Task Load Index (TLX) method assesses
work load on five 7-point scales. Increments of high. medium and low
estimates for each point result in 21 gradations on the scales.

Name Task Date
Mental Demand How mentally demanding was the task?
RN
Very Low Very High
Physical Demand How physically demanding was the task?
Y Y | N Y I
Very Low Very High
Temporal Demand How hurried or rushed was the pace of the task?
EREEEEEEEE A
Very Low Very High
Performance How successful were you in accomplishing what
you were asked to do?
] Y Y IO | o o A
Perfect Failure
Effort How hard did you have to work to accomplish
your level of performance?
Y I IO | O O A
Very Low Very High
Frustration How insecure, discouraged, iritated, stressed,
and annoyed wereyou?
) O | I A A
Very Low Very High

Figure L-18: NASA-TLX test (paper version).
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APPENDIX M

POST STUDY SYSTEM USABILITY QUESTIONNAIRE

The IBM Post Study System Usability Questionnaire (PSSUQ)

This questionnaire. which starts on the following page, gives you an opporfunity to tell us your reactions
to the MAS.0 Cognitive Assistance System you used. Your responses will help us understand what
aspects of the system you are particularly concerned about and the aspects that satisfy you.

To as great a degree as possible. think about all the tasks that you have done with the system while you
answer these questions.

Please read each statement and indicate how strongly you agree or disagree with the statement by circling
a number on the scale. If a statement does not apply to you, circle N/A. Please write comments to

elaborate on YOur answers.

After you have completed this questionnaire, I'll go over your answers with you to make sure I understand
all of your responses.

Thank you!
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System Use (SYSUSE) Section: items 1 through 8

1. Overall, T am satisfied with how easy it 1s to use this system.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
COMNDMIENTS:

2. It wassimple fo use this system.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
COMMENTS:

3. Icould effectively complete the tasks and scenarios using this system.

STRONGLY STRONGLY
AGREE 1 7 DISAGREE

b
I
-
Lh
(=

COMMENTS:



4. I was able to complete the tasks and scenarios quickly using this system.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 DISAGREE
COMDMENTS:

5. I was able to efficiently complete the tasks and scenarios using this system.
STRONGLY STRONGLY
AGREE 1 2 3 + 5 DISAGREE
COMNMIENTS:

6. I felt comfortable using this system.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 DISAGREE
COMMENTS:

7. It was easy to learn to use this system.

STRONGLY STRONGLY
AGREE 1 2 3 + 5 DISAGREE

COMDMIENTS:
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8 I believe T could become productive quickly using this system.
STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
COMMENTS:

Information Qualitv INFOQUA) Section items 9 through 15

9. The system gave error messages that clearly told me how to fix problems.
STRONGLY STRONGLY
AGRLE 1 2 3 4 S 6 7 DISAGREE
COMMENTS:

10. Whenever I made a mistake using the system. I could recover easily and quickly.
STRONGLY STRONGLY
AGEREE 1 2 3 4 3 1] 7 DISAGREE
COMNIMENTS:

11. The information (such as on-line help, on-screen messages and other documnentation)

provided with tlus system was clear.

STRONGLY STRONGLY
AGREE 1 7 DISAGREE

[
-
-
.
=)

COMMENTS:
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12 It was easy to find the mformation I neadad.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
COMMIENTS:

13. The information provided for the system was easy to understand.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
COMMENTS:

14. The information was effective in helping me complete the tasks and scenanios.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
COMMENTS:

15. The organization of information on the system screens was clear.
STRONGLY STRONGLY
AGREE 1 2 3 4 5 [ 7 DISAGREE

COMMENTS:
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Interface Qualitv INTERQUAL) Section Items 16 through 18

Note: The interface includes those items that you use to interact with the
system. For example, some componenis of the interface are the
keyboard, the mouse, the screens (including their use of graphics and

lemguage).
16. The interface of this system was pleasant.
STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
CONIDMENTS:

17. I liked using the interface of this system.

STRONGLY STRONGLY
AGREE 1 2 3 4 5 6 7 DISAGREE
COMNNMIENTS:

18. This system has all the functions and capabilities I expect 1t to have.

STRONGLY STRONGLY
AGREE 1 7 DISAGREE

=]
[
.
Ln
&

COMNMIENTS:



OVERALL Section

19. Overall, T am satisfied with this system.

STRONGLY

AGREE

CONMMIENTS:

STRONGLY
7 DISAGREE

Note: Overall score will include all items 1 through 19.

Score:

Section Name

Average the Responses to

Resulting Score

SYSUSE Items 1 through 8
INFOQUAL Items 9 through 15
INTERQUAL 16 through 18

OVERALL

Items 1 through 19
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APPENDIX N

EXPERMENT 2 TRAINING

15.0 Assembly experiment training 6
Provided in person by experiment supervisor: Dana

Hamarsheh

TIME LIMIT AND TESTS

* One-hour task excluding tests.

= CRT test.

» Pre-experiment questionnaire.

« NASA-TLX post experiment questionnaire.
= The IBM PSSUQ.
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EYE TRACKING

= Calibration.

+ Range of motion (wired device).

15.0 WORK ENVIRONMENT COMPONENTS

* The bins (numbered) and parts.

+ Parts catalogue (1:1) atio.

RSSISTANCE SYSTEM TABLET

= Switching between screens.

» Playing video instructions.

NOTES

=No with the lab
nest ires or

is allowed during the experiment, during
iment questi ire

periment qu

= If you face any technical problems you can

notify the lab attendant.
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APPENDIX O

THE ROBOT AUTOMATION CODE

X CAS I5.0 project

Control

Operators
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X CAS I5.0 project

e |6 e [V e @) e
i | @ oe m e @ s
o |g=rr@=

Events

wn ) v for QUL degrees +

T -'-0 —=

X CAS I5.0 project

Motors
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Light ® Dv rwn (Ve fﬂ'@ degrees v

@ @ set movement spesd ta @) %
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i @ move T w for ® Aw nlnmpmbn degress v v
@ B 5 |
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