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ABSTRACT 

Components manufactured with Additive Manufacturing (AM) can feature high levels of 

geometric, material, and functional complexity. Designers can use AM technologies to 

create components with more complexity than was possible with traditional 

manufacturing methods. However, highly complex components can be difficult to inspect 

using existing Non-Destructive Evaluation (NDE) methods. Professional organizations 

like the Additive Manufacturing Standardization Collaboration (AMSC) have suggested 

that designers should keep quality in mind during the early stages of design. The Design 

for Inspectability (DFI) Framework is proposed in this work to help designers consider 

quality early in design. Based on recommendations from AMSC, ultrasonic testing was 

selected as the first modality of NDE for which DfI considerations were developed. 

Through open and axial coding of literature, a set of DfI heuristics was developed for 

ultrasonic testing. These heuristics were organized into a design tool, the DfI worksheet, 

to facilitate design studies. First a controlled study with 12 designers from The 

Pennsylvania State University suggested that introducing DfI considerations may indeed 

help designers to increase the inspectability of designs. A second study with 20 designers 

was performed to determine what effect DfI considerations have on design outcomes. 

Quantitative methods, including static structural analysis of generated designs and 

simulation of ultrasonic wave propagation, were used to compare the design outcomes of 

designers introduced to DfI considerations to those in the control group. Results of this 

test suggest that design outcomes, including inspectability, may not be significantly 

impacted. Tools including the NASA Task Load Index (NASA-TLX), Linguistic Inquiry 
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and Word Count (LIWC), and Hidden Markov Modelling were used to determine what 

effect introduction of DfI considerations would have on designers and the design process. 

Cognitive and design processes are impacted by the introduction of DfI considerations, 

with a decrease in cognitive processes likely contributing to changes in designer 

strategies. Continued development of the DfI framework is recommended to ensure 

designers can create components inspectable using existing NDE technologies.  
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Chapter 1 

Introduction and Motivation 

Additive manufacturing (AM), sometimes referred to as 3D printing, is growing rapidly, 

with a compound annual growth rate of 14.4 percent in 2018 [1]. Originating in the early 

1980s with Stereolithography (SLA), 3D printing was originally used for visualizing 3D 

models [2]. This technology has expanded to include seven types of 3D printing: SLA, 

Material Extrusion (ME), Powder Bed Fusion (PBF), Material Jetting (MJ), Binder 

Jetting (BJ), Directed Energy Deposition (DED), and Sheet Lamination (SL) [3]. Many 

of these methods are now being used in the production of end-use products [4]. The 

aerospace, automotive, and medical industries, in particular, have seen early adoption and 

a high growth rate of AM in end-use product production [1]. Many of these end-use 

products are safety-critical components, such as load-bearing components and fuel 

injectors in the aerospace industry [5–7], brake assemblies in the automotive industry 

[8,9], and implantable medical devices in the medical industry [10,11]. For such 

components, it is important they function correctly and reliably, as a single failure could 

pose a serious risk to human life.  

The American Society of Mechanical Engineers [12], the American National 

Standards Institute (ANSI), and America Makes [13], all cite a lack of standards 

regarding quality control or certification of AM parts as a significant barrier to continued 

industry adoption of AM. To help fill the need for adequate standards, a collaboration 

between ANSI and America Makes known as the Additive Manufacturing 
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Standardization Collaboration (AMSC) identified 95 gaps in current practice that 

required one or more standards to improve quality control [13]. These gaps fall into eight 

categories, including design, precursor materials, process control, post-processing, 

finished material properties, qualification and certification, non-destructive evaluation, 

and maintenance and repair [13]. One of the listed gaps, gap D26: Design for 

Measurement of AM Features, suggests that designers must consider available methods 

of testing and determine if appropriate methods of QA/QC are available.  

The unique capabilities of AM pose new challenges for ensuring quality using 

existing technology and techniques [14]. The qualification and certification of AM parts 

is critical to ensure the safety of users, but quality assurance methods and certification 

techniques have not kept pace with the rapid advances of AM technology [15–17]. The 

complex geometry seen in many AM designs limits access of measurement tools such as 

micrometers, touch probes, and laser scanning systems [18], and features such as 

microstructure or internal geometry requires specialized equipment for accurate 

characterization [19–21]. As AM continues to influence the field of design, it is 

imperative that designers consider the true cost of complexity afforded by AM 

technologies, specifically with regards to final part inspection and qualification. 

If appropriate technology is unavailable to inspect a complex component, the part 

must either be re-designed or new methods of inspection must be developed, either of 

which can greatly increase development costs and time-to-market of AM components. It 

is unreasonable to expect designers to be familiar or knowledgeable of the numerous 

NDT technologies available and the corresponding design constraints of each. If provided 
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with a tool that complimented design knowledge with NDT knowledge, designers could 

make early design choices that help ensure components can be efficiently and effectively 

inspected, such that all defects can be identified and characterized.   

Purpose of the Study 

Additive Manufacturing sits at the crux of a paradigm shift, and designers need a novel 

framework to help them navigate emergent constraints. Thus, this work proposes a novel 

Design for X (DfX) framework to help designers consider inspectability constraints 

during early-stage design processes. For such a framework to be useful, it must be usable 

by designers and must include simple and actionable heuristics. It is important to 

understand how such a design framework will affect the design process, including the 

impact on design outcomes and the impact on designers themselves. Thus, the Research 

Questions are:  

1) What effects do Design for Inspectability considerations have on design 

outcomes, including inspectability? 

2) What effects do Design for Inspectability considerations have on designers and 

the design process? 

 If inspectability constraints fail to help designers increase the inspectability, then 

it will not provide benefit to designers, and will require further development before being 

used in industry. If inspectability constraints do help designers make designs which are 

more easily inspected, but significantly worsens design outcomes or makes it difficult for 

designers to meet other design objectives, then further study will be required to determine 

if and how inspectability constraints will be applied during the design process. Finally, if 
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introducing inspectability constraints does significantly alter designer strategies and 

decision making, careful consideration of how such constraints are applied is required, so 

they do not prevent designers from effectively utilizing other design practices used in 

industry.  

The heuristics and tools proposed in this work represent the first fundamental step 

in addressing the need for designers to consider inspectability. By studying the use of 

these tools in controlled studies with real designers, metrics are recommended with which 

future design for inspectability tools can be measured. Looking at the outcomes of these 

controlled studies, next steps are identified in developing tools, practices, and standards 

for inspectability. Continuing research and fostering collaboration to complete these next 

steps, the Design for Inspectability framework will evolve alongside continued 

development of AM and NDT technologies. 

  

Outline of Dissertation 

This dissertation is organized into seven chapters that describe the creation and 

evaluation of a DfI framework. In the second chapter, literature is reviewed about current 

non-destructive testing (NDT) methods and current Design for X (DfX) frameworks. 

Next, a preliminary study is discussed in which design heuristics and a DfI worksheet 

were developed, as well as the results of an initial in-depth design study by a group of 12 

designers. Following this, in chapter 4, the effect of DfI on design outcomes are 

reviewed, leveraging data from a controlled virtual study. In chapter 5, the impact of DfI 

on designers’ strategies and decision making is evaluated using qualitative and 
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quantitative methods. The implications of results for the field and industry more broadly 

are discussed in chapter 6, with attention to current and future research endeavors.
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Chapter 2 

Theoretical Linkages and Basis for DfI Framework 

2.1 Quality Assurance and Quality Control of AM Components 

QA/QC can add significant cost to component manufacturing [22,23].  The cost required 

to inspect products can be considerable, and has been studied by researchers interested in 

understanding the cost of quality [22,24–26]. This cost can include any expenses 

associated with ensuring good quality, as well as any losses that occur due to poor quality 

[24,25]. Currently, companies try to increase efficiency by minimizing Type I errors, 

categorizing in-tolerance parts as non-conforming by mistake, and Type II errors, 

categorizing out-of-tolerance or defect parts as fit for consumer use [27]. Prior work has 

demonstrated that when designers consider the inspection of parts early in the design 

process, they can reduce cost of quality by preventing redesign, relaxing tolerances on 

non-critical features, and avoiding the need for custom fixturing required for accurate 

metrology [28,29]. Through implementation of frameworks such as Quality by Design, 

designers can help reduce costs associated with ensuring quality [30]. 

AM methods pose unique challenges in terms of QA/QC. The Air Force Research 

Laboratory (AFRL) created a system for rating parts based on their complexity [31]. Parts 

could be categorized as simple tools and components, optimized standard parts, 

embedded features, designed for AM, and lattice structures. According to the AFRL, 

parts with embedded features have no clear line of sight; this added complexity reduces 
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the number of applicable NDE technologies. Additionally, parts designed for AM “have 

greatly reduced inspectability because surface areas have increased and 

the vast majority of the structure is very detailed and embedded.” Finally, of lattice 

structures, the AFRL document postulates that “new or creative application of existing 

NDE technologies would be required for inspection” [31].   

Most current research in QA/QC for AM components focuses on in-situ monitoring 

[32–35] and Computed Tomography (CT) [21,36,37]. In-situ monitoring involves the 

capture of machine parameters and part conditions throughout a print using methods such 

as thermography [38,39], ultrasonic testing [40], and acoustic emission [14], among 

others. By capturing data regarding thermal history or material deposition rate, it may be 

possible to predict quality metrics such as porosity or thermal stress build-up [32–34,41]. 

These methods, while important in providing feedback control to improve part quality, 

may not accurately predict all properties of a final printed component due to high levels 

of uncertainty [42]. Using process parameters to predict structure, properties and 

performance of AM components is a complex problem that involves many confounding 

factors [43]. The Additive Manufacturing Center of Excellence(AMCoE) has called for 

standards of in-situ monitoring [44], acknowledging there is no well-established process 

to extract information from in-situ monitoring techniques for quality evaluation. In-situ 

monitoring is also not an appropriate inspection technique for processes with significant 

post-print processing, such as Binder Jet technologies, where post-print sintering can 

result in significant geometric changes [45]. Finally, much of the in-situ methods 

currently being investigated are incredibly nascent, and further testing is needed before 

they can be widely implemented in industry [32,34,46,47]. 



8 

 

Statistical methods such as acceptance sampling have traditionally been used to create 

inspection plans, and can play a significant role in the cost of quality [23,26,27]. 

However, such methods may not be appropriate for AM. When using AM to produce 

parts in large batch sizes, rare defects can arise that greatly diminish mechanical 

properties such as strength and ductility [48]. In such cases, sampling techniques may be 

inadequate, failing to detect defective parts, putting end users at risk. For this reason, 

safety-critical components produced with AM may need to be inspected with non-

destructive testing to ensure all components meet performance standards and 

requirements. 

There are thirteen methods of non-destructive testing (NDT) recognized by the 

American Society of Non-Destructive Testing (ASNT) [49]. Among these methods, six 

are listed as the most commonly used: Magnetic Testing (MT), Liquid Penetrant Testing 

(PT), Radiographic Testing (RT), Ultrasonic Testing (UT), Electromagnetic Testing 

(ET), and Visual Testing (VT). Among these methods, MT, PT, and VT are listed as 

methods for characterizing features along the surface of a part, and ET is used for the 

testing of tubular and bar like products [49]. This means that RT and UT are most apt for 

inspecting complex AM components particularly for internal flaws or defects. 

Methods included in RT, such as Computed Tomography (CT), make use of ionizing 

radiation for measuring internal and external parts of a component [50]. Since ionizing 

radiation experiences low levels of attenuation as it passes through physical material, it 

can be used to measure the interior portion of components within a range of thicknesses 

[19,47]. However, considerable infrastructure is required to prevent exposure of 

personnel to radiation. This raises the bar for entry beyond what most small to medium 
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enterprises (SME) can attain [20].  In addition, the time and expense associated with 

image reconstruction [20,51] means CT may not be an appropriate solution for all 

components, particularly those produced in large batch sizes. 

Methods included in UT make use of ultrasonic waves that propagate through 

material and can reflect or refract off of material interfaces [52]. Numerous UT methods 

exist, including Pulse-Echo Ultrasonic Testing (PEU), Through Transmission, Immersion 

Testing, and Laser Ultrasonic testing [40,53]. All ultrasonic testing methods share some 

basic principles which enable the characterization of surface, near-surface, or deep 

features. Ultrasonic waves are categorized by their motion, with longitudinal waves (P-

waves) oscillating parallel to the direction of wave propagation, transverse waves (S-

waves) oscillating perpendicular to the direction of wave propagation, and surface waves 

oscillating at or near the part surface. Ultrasonic waves are created when electrical energy 

is converted to mechanical energy through a device known as a transducer. Ultrasonic 

waves radiate out from where they were created. The strength of the wave is greatest 

along a line perpendicular to the direction the wave is propagating, known as the acoustic 

axis. Ultrasonic waves experience a level of resistance to propagation through any given 

medium. This level of resistance, known as ultrasonic impedance value, is unique to each 

medium determined by the mechanical properties of that material. Whenever an 

ultrasonic wave encounters a location of two materials with different ultrasonic 

impedance values, a location also known as a material interface, there is a chance that a 

wave will reflect or refract. The level to which the wave reflects or refracts is determined 

by the angle at which the wave meets the material interface, also known as the angle of 

incidence, and the difference in impedance value of the two materials at the interface. By 
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measuring the ultrasonic waves at points along the surface of a part with one or more 

transducers, it is possible to construct an image of sites where reflection and refraction 

occur. With enough data, it is possible to accurately characterize features at the surface, 

near the surface, or deep inside a part. 

While each method varies in how ultrasonic waves are induced or measured in a part, 

they share many of the same advantages and limitations. Methods in UT can be used to 

detect flaws deep inside a part. They can be used to determine the size, shape, and 

location of features inside the volume of a part, and can provide results almost 

instantaneously [52–54]. Ultrasonic waves produce no ionizing radiation, reducing risk to 

operators as compared to RT. However, components that have a rough texture, an 

irregular surface, or are made of multiple materials may be difficult to inspect using UT 

[52].     

Researchers within post-processing inspection are actively seeking improved inspection 

methodologies developed specifically for AM [55–57], which will facilitate quality 

assurance of end use components with intricate geometries and features. However, these 

techniques are far from suitable maturity and robustness and have high costs associated 

with implementation in production lines. Therefore, there is still a latent need for part 

qualification using conventional NDT methods. Incorporating NDT considerations early 

into the design process could increase the likelihood that final parts are inspectable, 

reducing the cost of QA/QC and post processing.  

2.2 Design for X Frameworks 

A Design for X (DfX) framework is an established set of tools and knowledge that allows 

designers to improve a design along a set of chosen metrics [58]. Many DfX frameworks 
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exist, including Design for Manufacturing and Assembly (DfMA), Design for Quality 

(DfQ), Design for Reliability (DfR), and Design for Additive Manufacturing (DfAM) 

[58]. In each of these frameworks, suggestions made early in the design process are used 

to affect many downstream design outcomes, helping improve design outcomes with 

respect to a stated objective (i.e. reduction of manufacturing time, cost, or resource use). 

The earliest example of a DfX framework was the Design for Assembly (DfA) 

introduced by Boothroyd and Dewhurst [59]. The crux of DfA is the proposition that 

designers can help companies reduce time-to-market and make production more efficient 

by focusing on ease of manufacturing and efficiency of assembly earlier in the design 

process. Based on tacit knowledge gained through years of experience in product design 

and manufacturing and evidence-based literature, the DfA framework provides simple, 

specific, actionable information for designers who may be inexperienced with traditional 

manufacturing approaches [60]. Boothroyd and Dewhurst provide numerous examples of 

designs which function as needed by users but that are difficult for workers to handle and 

assemble [60]. Rules like “Design parts to be self-aligning and self-locating” and “Ensure 

adequate access and unrestricted vision”, when applied early in the process can vastly 

improve the efficiency of manufacturing and assembly [60]. These simple rules are 

examples of design heuristics [61], mental shortcuts that enable experts to make rapid 

decisions that lead to acceptable design solutions. Unlike optimization processes, using 

heuristics is not meant to help a designer reach a perfect or optimal solution, instead to 

reach a sufficient or workable solution quickly. Heuristics are typically derived from 

expert knowledge and can be applied early in the design process [62]. In addition to 

explicitly stated heuristics, a number of tools were presented in Product Design for 
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Assembly [60] to aid designers, including a manual handling chart, manual insertion 

chart, and a design for manual assembly worksheet. These tools decrease time to market, 

as designers can apply necessary changes to their design before sending it “over the wall” 

to the manufacturing team, reducing the number of times designs must change hands 

[63]. Since adoption of DfA and DfM, countless areas have emerged, including Design 

for Lifecycle [64] or Design for Reliability [65], each sitting under the umbrella of 

Design for X. Often new areas or “Xs” emerge as novel technologies fundamentally shift 

or change the product development process, requiring designers and companies to adapt 

in order to remain competitive in a global market.  

 With the rise in popularity of AM, research has focused on the development of 

DfAM. Frameworks, tools, and methods in DfAM may be classified as restrictive or 

opportunistic. For designers unfamiliar with the advantages over traditional 

manufacturing approaches, opportunistic DfAM shows the opportunities for “free” and 

“unlimited” complexity, increases design freedom, and encourages creativity [66,67]. For 

designers unfamiliar with the limitations of AM machines and materials, restrictive 

DfAM presents designers with rules of best practice to create design that can be printed 

consistently and without error [68,69]. Restrictive DfAM has been proven to decrease the 

rate of print failure [70] and the amount of waste produced via failed prints [71]. 

Opportunistic DfAM encourages designers to utilize the unique strengths of AM that 

were not possible via traditional manufacturing methods [72]. Opportunistic heuristics 

have been shown to increase the number of unique or novel ideas produced during 

ideation [73]. Studies suggest that novice designers need to be exposed to both 

opportunistic and restrictive DfAM to create designs that are both novel and feasible [74] 
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Design for Inspectability is not an entirely new concept. Reviewing prior work, we 

see the concept of inspectability emerge within aerospace engineering as early as the 1960s. 

Wannlund [75] developed recommendations for part geometry to reduce the need for x-ray 

inspection of welds for space shuttle components. At the time, uncertainty in the 

interpretation of x-ray images was great enough that experts were unable to tell if welds 

would fail during shuttle launch. Parts were redesigned to minimize this risk by reducing 

the effort required to effectively inspect components using visual inspection techniques. 

More recently, Stolt et al. [76] developed an inspectability index to describe how 

inspectable aerospace parts were, in the context of Fluorescent Penetrant Inspection (FPI) 

techniques, the most sensitive method for detecting cracks in the surface of welds [77]. 

Stolt et al. created an automated tool which assigns an inspectability index score to a 

component based on the geometry of the part and the proposed manufacturing technique. 

This inspectability index allowed engineers to directly compare designs based on the ease 

of inspection using FPI. Much of this prior work, however, has investigated the 

inspectability of components within a subtractive or traditional manufacturing paradigm 

[76], and we argue that a novel Design for Inspectability (DfI) framework is necessary to 

meet the needs of rapidly evolving AM technologies.  

2.3 Synthesis of Literature and Scope of Dissertation Work 

The complexity of components that can be produced with AM poses unique challenges 

for QA/QC. Based on the level of complexity, some NDE methods may be difficult or 

prohibitively expensive. For complex AM components with internal features, the most 

apt forms of NDE include RT and UT. Considering the risks, costs, and time required for 
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image reconstruction, inspectability criteria made for UT are most likely to be widely 

applicable in industry.  

Applying criteria early in a design process to affect late-stage design outcomes is 

a practice found commonly in DfX frameworks. Frameworks like DfA have been shown 

to reduce cost and time to manufacture. If designers are exposed to inspectability 

considerations early in the design process, they may produce designs which are more 

easily inspected using mature NDE like UT. However, to be confident in recommending 

the use of DfI considerations in industry, those considerations need to be shown to be 

effective.  

Synthesizing the concomitant literature, we highlight the opportunity for a novel 

DfX framework to increase inspectability of AM components, reducing the cost of 

redesign and quality assurance. Thus, the aim of the current work is to derive a DfI tool, 

evaluate its efficacy via controlled studies with designers, and explore the effect DfI 

considerations may have on designs and designers.   
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Chapter 3 

Creation of DfI Framework 

In line with prior DfX frameworks, information in a DfI framework should be simple, 

specific actionable, and must reliably improve related design outcomes. Measurable 

design outcomes are thus necessary to assess the effectiveness of a DfX framework. In 

Design for Assembly (DfA), design outcomes include total handling time and total 

operating cost [60]. In Design for Additive Manufacturing (DfAM), design outcomes 

include percentage of failed prints and total mass of waste produced [62,70]. For DfI, the 

standard by which efficacy of NDT is measured is called the Probability of Detection 

(PoD) [78]. Experts and researchers use PoD to describe how likely it is to find a defect 

given a certain NDT method [79]. The most commonly held threshold for PoD is the 

a90/95, a measure of the smallest defect size which can be detected in ninety percent of 

searches with a ninety-five percent confidence interval. The size of the a90/95 is dependent 

on a number of different factors dictated by the design of a component, including 

material and geometry [78]. The a90/95 serves as a useful metric to evaluate the 

effectiveness of a DfI framework; theoretically, the smaller the a90/95 value the more 

“inspectable” the component [79].  

3.1 DfI Tool Development 

Determination of a90/95 is highly dependent on the type of NDT being used. To narrow the 

scope of work, based on Gap D26 in the AMSC standardization Roadmap, ultrasonic 

testing (UT) was selected [13]. DfI heuristics were developed based on literature 

discussing the basic operating principles, limitations, and current research in ultrasonic 
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testing. A total of 84 pieces of literature were collected through internet and library 

searches using the key words “ultrasound probability of detection”, “ultrasound defect 

detection”, “ultrasound non-destructive testing”, “ultrasonic wave propagation”, and 

“ultrasound additive manufacturing”. Literature from the years 1980-2021 was included 

in the search. The literature consisted of three reference texts and eighty-one articles. 

Eight articles were found specifically describing ultrasonic testing of AM components. 

The remaining literature described ultra-sonic testing in metallic components, composite 

materials, and thin-plate structures. The literature was coded using an open and axial 

coding approach [80]. Open Coding began with immersion in literature. Identification of 

emergent themes occurred iteratively with a constant comparative approach [81]. Factors 

affecting wave propagation, signal, strength, reflection, refraction, and Probability of 

Detection were recorded. Once all literature had been considered in open coding, axial 

coding was used to eliminate redundant factors and organize factors into groups [81]. 

Factors which dealt with the same phenomenon of ultrasonic wave induction, 

propagation, reflection, refraction, or measurement were combined. Combination stopped 

when all factors were independent, such that changing one factor could change the 

Probability of Detection without changing any of the other factors. After this, factors 

were separated into thematic groups. The first theme, machine, are factors that are set in 

place when the UT equipment is manufactured. The second theme, environment, includes 

factors determined during equipment installation and maintenance. The third theme, 

material, includes factors determined when designers or engineers decide out of which 

material or materials a component will be made but affected by manufacturing process 

parameters. The fourth theme, geometry, includes factors set when designers create a 
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detail design. The fifth theme, operator, includes any factors that can be changed by a UT 

technician during inspection using UT. 

A modified Ishikawa Diagram shown in Figure 3-1 shows these factors 

categorized in terms of material, geometry, measurement, machine, and environment. An 

Ishikawa diagram is useful in root cause analysis for problems with multiple causes [82]. 

With the five major factors (branches) assigned as 1) material, 2) geometry, 3) 

measurement, 4) machine, and 5) environment, the Ishikawa diagram features eighteen 

minor factors (twigs) such as acoustic impedance, surface geometry, and decision 

threshold.  

 

 

Looking at the Ishikawa diagram, factors like measurement, machine, and environment are 

likely to be controlled by QA/QC professionals, while factors in the material and geometry 

categories are more likely to be impacted by early design choices. Based on the minor 

factors included under material and geometry, a list of simple rules was created to increase 

Figure 3-1. Ishikawa diagram with major and minor factors of Probability of 
Detection  
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the probability of detecting an internal defect in a component or print-in-place assembly, 

as shown in Table 3-1. 

Table 3-1: Evidence-Based Design Heuristics for DfI for Ultrasonic Testing 

Heuristic Reasoning References 

Increase the 
radius of 
curvature for a 
rounded or 
sharp surface 
surrounding an 
important 
feature 

Maximizing the contact area between the 
transducer and the part ensures maximum 
energy transmission into the part for 
inspection.  

[40,52,83–85] 

Reduce the 
number of thin, 
plate-like 
features 

At least one point of transduction is 
required on each plate-like feature. Large 
numbers of plate-like features may be 
difficult or inefficient to characterize. 

[52,86–88] 

Important 
features should 
be placed near 
the part surface 
or at a point in 
line with the 
transducer  

Surface waves can be used to detect 
features at or near the part surface. P or S 
waves can be used to detect features deep 
to the surface if in line with the transducer.  

[52,54,84,85,89

–94] 

Remove a 
material 
interface that is 
between the part 
surface and an 
important 
feature 

Reflection and refraction occur at all 
material interfaces reducing the transmitted 
energy used for defect detection and 
localization.  

[52,53,85,89,93,

95] 

Remove a 
mechanical 
(mating) 
interface 

Reflection and refraction decrease the 
power of a signal and can prevent detection 
of deeper features. Reflection and 
refraction occur at all material interfaces, 
including mechanical interfaces. 

[52,53,85,93,95] 

Add a port to an 
internal cavity 
through which 
liquid can be 
introduced 

Air-solid interfaces inhibit the propagation 
of ultrasonic waves due to high impedance 
mismatches. Adding a liquid couplant 
decreases the impedance difference and 
facilitates ultrasonic wave propagation. 

[52,54,96] 
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3.2 Development of the Design for Inspectability Worksheet 

A worksheet was developed to incorporate these heuristics, as seen in Figure 2. 

The worksheet was developed as a tool for understanding the impact of Design for 

Inspectability on designers and design outcomes, while adding minimal additional burden 

to designers during front end design processes. The first version of the worksheet (Figure 

3-2) consisted of seven separate criteria, describing surface geometries, internal 

geometries, material interfaces, and functional joints. 

 

 

Before the worksheet could be used in a controlled study, it was important to ensure all 

elements of the worksheet were easy to understand and use by designers. Pilot studies 

Figure 3-2. Design for Inspectability Worksheet V1 

 



20 

 

were conducted with five designers to evaluate the usability of the worksheet. 

Participants were instructed to think-aloud as they assessed the inspectability of parts, 

including the turbine blade shown in Figure 5A, the bracket shown in Figure 5B, and the 

GE Engine Bracket shown in Figure 6. Participants were then asked a series of open-

ended questions via semi-structured interviews regarding the usability of the worksheet. 

Questions such as “what is the first thing you do when using the sheet ” and “what does 

this picture tell you” Helped the researcher identify usability issues and improve the 

worksheet in future iterations.  

Based on participant feedback, it was determined that the worksheet needed to be 

simplified to increase usability. The scope of the worksheet was narrowed to Pulse-Echo 

Ultrasonic (PEU) testing, a method where the same transducer is used to initiate and 

measure the ultrasonic waves. Since only one transducer is used for transmitting and 

receiving signals, designers do not need to consider placement of multiple transducers. 

After the scope was narrowed, the worksheet underwent three major revisions, 

where (1) the seven criteria were condensed into three larger categories, (2) the redesign 

instructions were replaced with a scoring system, similar to the one used in the DfAM 

Worksheet [62], and (3) images were revised for simplicity and for clarity. As part of the 

third revision, key terms on the worksheet were paired with geometric features, and 

graphics were edited for consistency. For example, the same blue rectangle was used in 

every image to represent a feature of interest, the same grey rectangle for every 

transducer, and the same grey circle was used to represent the point where ultrasonic 

waves are transmitted into the part. The term feature of interest (FoI) refers to flaws, 

defects, internal geometries, or non-visible faces that may be of importance.  
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Once updates were made to the worksheet a second pilot study was 

conducted. First, participants were asked to score parts using the DfI worksheet in Figure 

3-3. Participants then sorted example parts into four categories: 1) Accurate inspection 

possible with PEU, 2) Inspection with PEU may be inaccurate for some Feature of 

Figure 3-3. Final version of the Design for Inspectability Worksheet 

 



22 

 

Interest, 3) Inspection with PEU may not be accurate, 4) Inspection with PEU is not 

possible. Participants’ ability to correctly sort CAD models provided a quantitative 

indicator of the usability of the worksheet. Once participants in the pilot study 

consistently rated the parts the same as members in the research team (interrater 

reliability > .75), the DfI worksheet moved on to more formal testing to understand the 

effects of DfI on downstream design outcomes. The creation of this worksheet is in line 

with past work and procedures to create similar design tools [62,97], and a more detailed 

review of the process is outlined in [98]. 

The flow of the final version of the worksheet is shown in Figure 3-4. Starting in 

the top-left corner and continuing clockwise, the sheet includes instructions for use, a 

scoring guide, 3 columns of criteria based on limitations of PEU, and a list of terms to 

properly read the worksheet. The instructions start with transducer (T) placement; 

designers decide whether they can place transducers on the surface of the part to measure 

every feature of interest. Two terms important for using the worksheet –Inspectable 

Region (IR) and non-inspectable region (nIR) – were created to signify where the feature 

of interest can be in relation to transducers. Through the pilot study, it was found that 

these terms were intuitive and readily understood. 
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After deciding where transducers can be placed, designers evaluate their designs 

based on three categories: Transducer Fixation (TF), Cone of Inspection (CoI), and 

Internal Channel Inspection (ICI). Each of these categories is represented by their own 

column. At the top of each column is an optimal or best-case scenario, an example 

geometry that would be highly inspectable. At the bottom of each column is a worst-

case scenario, an example geometry that would be challenging (or impossible) to 

inspect. Designers are instructed to consider all features in their design. Starting with the 

left-hand column, designers mark the lowest box for which they can identify one or 

more features in their design. After marking a box in each of the three columns, 

designers can use the numerical value associated with those boxes to calculate their 

design scores. 

Figure 3-4. Flow of the Final version of the Design for Inspectability 
Worksheet 
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 In order to calculate their design score, designers must multiply the value shown 

next to the box selected in each category. The score is determined through equation 1: 

(1)          𝐼𝑛𝑠𝑝𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦	𝑆𝑐𝑜𝑟𝑒 = 𝑇𝐹 × 𝐶𝑜𝐼 × 𝐼𝐶𝐼 

If the score from any one category is equal to zero, the inspectability score will 

drop to zero. If designers fail to keep any of the considerations in mind, it could greatly 

diminish the inspectability of components. Maximizing the scores in two columns but 

scoring a zero in any column may still render a part un-inspectable. Once the worksheet 

was established, it was necessary to study how consideration of inspectability constraints 

early in the design process affects downstream design outcomes. This was accomplished 

via an in-depth design case study.   

3.3 Pilot Test of DfI 

With a tool such as the DfI worksheet, introduction to designers may lead to significant 

changes in design outcome. When the DfAM worksheet was introduced to a lab 

featuring Makerbot printer, it was found that print failures reduced by 83% [62]. With 

the complexity of information covered in the DfI worksheet, it was necessary to run an 

initial test to see what effect the introduction of DfI considerations had on deign 

outcomes. If results were significant or had a large effect size, it would warrant further 

study with a larger sample.  

3.3.1 Pilot Test Methods  

To test the effect of DfI on downstream design outcomes, engineers and designers were 

recruited from The Pennsylvania State University. Participants for this study were recruited 

through purposeful [99] and snowball [100] sampling methods leveraging various 
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engineering groups with activities related to AM. Recruitment for this in-person design 

study continued until social distancing protocols were put in place due to the COVID-19 

pandemic and the investigators halted experimentation for safety of participants and 

facilitators. In total, 12 engineering graduate and undergraduate students were selected 

based on their familiarity and expertise with AM and their proficiency using Autodesk 

Fusion 360. Students’ ages ranged from 20 to 27, with an average age of 23.6; 10 students 

identified as male and 2 identified as female. On average, participants had 4.8 years of 

experience with AM and 6.9 years of experience with CAD. 

Participants were randomly sorted into control and experimental groups. 

Participants in the control group were not exposed to DfI methods, while participants in 

the experimental group were instructed to use the DfI worksheet. Participants in both 

groups followed the same timeline, with five minutes for introduction, ten minutes to 

complete a pre-survey, fifteen minutes for an inspection task, forty-five minutes for the 

design challenge, and ten minutes for a post-task survey. In accordance with the 

Institutional Review Board, all participants were introduced to the purpose of the study 

and provided an overview of the experiment at the start of the study. Participants were 

informed that their participation was voluntary, and all data would be kept confidential; 

written consent to participate in the research was collected. Following this, participants 

filled out a pre-survey assessing familiarity with AM and CAD. The pre-survey included 

questions about demographic data as well as experience in DfAM, CAD, and QA/QC. 

Demographic data included self-identified gender, ethnicity, and professional title. Data 

on DfAM experience included years of experience with AM and AM technologies with 

which they are proficient. Data on CAD experience included years of experience with 
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AM and CAD packages with which they are proficient. Data on QA/QC included all 

NDT methods with which they have experience. 

Following the pre-survey all participants were provided with the design prompt. 

Participants were told “the mass of the bracket must be reduced by at least 50% and 

fulfill all requirements on the provided ‘Specifications and Loading Conditions’.” This 

prompt was adapted from GE Jet Engine Bracket Challenge [101], more commonly 

known as the GE Bracket challenge. The GE Bracket challenge was an open competition 

sponsored by GE to reduce the weight of an engine bracket while maintaining strength, 

resulting in a design repository of 635 designs. The GE Bracket challenge was chosen by 

the research team as it is a well-scoped design challenge and would enable the research 

team to compare designs collected in the experiment to a large design repository in future 

work.  

Before in-person testing was halted, 4 participants in the control group and 8 

participants in the experimental group had completed all design tasks. We acknowledge 

the small sample size as a limitation of the work, however we highlight the aim of this 

preliminary study was to understand what if any effects DfI constraints may have on 

downstream design outcomes. Additionally, we highlight that for each participant over 80 

minutes of audio and video recording was captured, providing rich data regarding design 

decisions and actions. Participants in the experimental group were given a 15-minute 

inspection task and were tasked with assessing the model, shown in Figure 3-5 (TOP), for 

inspectability using the Design for Inspectability using Pulse-Echo Ultrasonic Testing 

Worksheet. The purpose of this training task was to ensure participants were familiar 

with the worksheet and were able to successfully use the CAD program. Participants in 
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the control group were tasked with a similar 15-minute inspection task to minimize 

incubation effects [102]. Their task was to verify that a CAD model matched a provided 

engineering drawing, shown in Figure 3-5 (BOTTOM).  

 

 

 

 

Figure 3-5. Models used in the inspection by participants in (TOP) experimental and 
(BOTTOM) control groups  
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3.4 Assessing Design Outcomes of Design Study 

In order to understand the effect of DfI considerations on downstream design 

outcomes, mass reduction, strength, and inspectability were used to evaluate final parts 

produced in the experiment. Two models from the experimental group included non-

manifold geometry which prevented convergence of static structural models and would 

prevent proper build using AM  [103,104]. These models were removed from this portion 

of analysis. One model from the control group was not altered from the original design. 

Instead, this designer spent all allotted time simulating load conditions. While the bracket 

was analyzed using static structural analysis, results from the designer were removed as 

an outlier. 

3.4.1 Mass Reduction  

The average reduction of mass in the experimental group was 33 percent, while 

the average reduction of mass in the control group was 52 percent.  A Cohen’s d with a 

Hedges g correction [105] to account for small samples was calculated to be >.99 

indicating a large effect size. In other words, our results suggest that the difference 

between groups was trending towards significance and given larger sample sizes a 

significant difference in average mass reduction would be observed between the groups. 

This result suggests that restrictive DfI heuristics may limit designer ability to utilize 

specific advantages of AM, in this case the ability to produce low-weight components. 

3.4.2 Part Strength 

Strength was assessed by determining the maximum stress in each model under 

the load conditions shown in Figure 3-6. A static structural simulation was conducted in 

ANSYS 2019 R3 assuming Ti-6Al-4V properties for the brackets, as specified in the GE 
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Jet Engine Bracket challenge [78,106]. For each of the designs analyzed, all four load 

conditions were simulated, the load condition with the highest von Mises stress was 

identified, and the maximum stress in that load condition was recorded as 𝜎!"#. Factor of 

Safety (FoS) was calculated using equation 1, where 𝜎$ represents the yield strength, 903 

MPa as specified by the GE Jet Engine Bracket challenge [101], and 𝜎!"# represents the 

maximum von Mises stress. 

𝐹𝑜𝑆 = 	 %!
%"#$

   eq.1 

  

 

 The average maximum stress in experimental group models was 751 MPa and the 

average stress in control group models was 1380 MPa. A Cohen’s d with a Hedges g 

correction [105] to account for small and unequal sample sizes was calculated to be <.99, 

indicating a large effect size. All four models created by the experimental group had a 

Figure 3-6. Loading conditions provided to participants and used in FEA analysis 
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Factor of Safety (FoS) greater than one. One of the three models created by the control 

group had a FoS greater than one. While results are not statistically significant due to the 

limited sample size, the Cohen’s d reveal a large effect of DfI on strength. Designers in 

the experimental group had a higher factor of safety, suggesting that they were more 

conservative in their removal of material. This result is backed up by the lower reduction 

of mass, and suggests that the addition of the new constraint, inspectability of the 

component, may hinder a designer’s use of opportunities unique to DfAM, such as 

creation of lightweight high-strength structures. However, we note that participants in the 

control group created geometries that would have failed in use. The restrictive nature of 

DfI constraints, thus, may be beneficial in some design cases. This phenomenon warrants 

further study.  

3.4.3 Inspectability 

Inspectability of each component was determined through a simulated Probability 

of Detection (PoD) assessment. First, a defect was added to a point in each design likely 

to lead to failure. Next, ultrasonic waves traveling through the part were simulated to 

mimic Pulse-Echo Ultrasonic (PEU) testing. Finally, a validated PoD software was used 

to determine the PoD for each design. Directly comparing the PoD of each design 

allowed for a quantitative comparison of inspectability. 

Static structural simulations in ANSYS 2019 R3 were used to select defect 

locations. Candidate locations were internal points at least 1.27 mm from the surface of 

the part where stress was at least seventy-five percent of the maximum stress. Points were 

selected by visual inspection, as shown in Figure 3-7. Five of the designs were inspected 
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by two researchers to ensure agreement and consistency, and all remaining designs were 

inspected by the author.  

  

 

Figure 3-7. Process of visual inspection for identification of location of critical defect. 
Included is (A) identification of point of maximum stress, (B) identification of critical 
defect location using cross-sectional cut plane, and (C) visualization of defect and 
surrounding part geometry for dynamic explicit simulation  
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Calculation of a90/95 was performed using simulation of ultrasonic wave 

propagation. Ultrasound simulations were performed using dynamic explicit simulation in 

the finite element analysis software Abaqus 2018. The geometry simulated for each design 

was taken directly from identification of critical defect locations, shown in Figure 7C. For 

detection simulations, only a 2D cross-sectional area was taken for each design. The 

dimension in and out of the cross-sectional area plane is large so the plane-strain and 2D 

assumption are appropriate. Because 3-dimensional simulations are computationally 

intensive, the added accuracy of the third dimensions does not justify the added 

computational expense for this application. Each geometrical configuration was created 

and given the Ti-6Al-4V material properties. For each geometrical simulation, a simulation 

was run that included no defect, followed by simulations with defect sizes from 0.1 - 

0.7mm, with an interval of 0.1mm, resulting in eight simulations per design. The 

simulations were run for 2 microseconds with a time step of 2 nanoseconds. The time step 

is sufficiently small, following the metric such that no disturbance travels over a mesh 

element in under one time-step.    

A longitudinal wave was generated by placing concentrated forces perpendicular 

to the cross-section’s edge with 10 MHz 2-cycle tone burst displacements along a 6.35 

mm segment, analogous to a pulse-echo setup.  Each simulation was meshed using free 

CPE3 elements with a size of 50 microns. This element size is in accordance with the 

literature, recommending that element size be at least 10 nodes per wavelength [107]. 

Simulations were performed on the Pennsylvania State University’s Institute for 

Computational and Data Sciences’ Roar supercomputer. The high-amplitude excitation 

wave shown in Figure 3-8A represents the ultrasonic transducer putting energy into the 
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component to send a pulse into the component. Displacement histories were collected along 

the excitation segment and summed to generate one received signal, as shown in Figure 3-

8B. The reflection off the defect, shown in Figure 3-8B occurs after the ultrasonic wave 

encountered the defect, reflected off and returned to the transducer, where it can be 

measured. The amplitude of the wave is associated with the size of the defect while the 

time it takes for the wave to return relates to the distance of the defect from the transducer. 

The final pulse in the signal corresponds with the reflection from the surface opposite the 

transducer.    

 

 

In order to simulate a realistic pulse-echo ultrasonic inspection, Gaussian noise 

was added with a signal to noise (SNR) ratio of 10 [78][108] using MATLAB R2018b. 

Ten iterations of noise addition were conducted per simulation to calculate PoD. The 

peak amplitude in the reflection off the defect was recorded for each simulation to 

calculate a90/95 using software mh1823-POD [78,79,109]. More information on the 

Figure 3-8. Results of ultrasonic wave propagation test for one participant, (A) with no 
defect introduced and (B) with a 0.7 mm spherical defect introduced 
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equations used to calculate a90/95 can be found in [109]. The typical output for a design 

can be seen in Figure 3-9, with the size of flaw shown in millimeters on the horizontal 

axis and the Probability of Detection (PoD) shown on the vertical axis. The solid black 

line in the center of the graph represents the PoD curve as calculated by mh1823-POD. 

The dotted curves to the left and the right of the PoD curve are the 5% and 95% 

confidence intervals, respectively. The flaw size with 90% PoD on the 95% confidence 

interval is the a90/95. While the confidence interval and PoD threshold can be raised to 

meet quality goals, the a90/95 is ubiquitous in determining efficacy of NDT [78].  

 

 

 The average a90/95 for the control group was 3.94 millimeters and the average for 

the experimental group was 2.73 millimeters. A Cohen’s d with a Hedges g correction 

[105] to account for small sample sizes was calculated to be .631, indicating a large effect 

size. While results are not statistically significant due to the limited sample size, they 

Figure 3-9. Results of a90/95 calculation using mh-1823-POD software. 
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suggest that designers may produce more inspectable designs when using the DfI 

worksheet. This initial test suggests that either the problem framing, telling designers that 

parts must be inspectable using PEU, or the tool provided, the DfI worksheet, may help 

designers to produce designs which are more easily inspected with PEU.  

3.5 Chapter Summary 

Based on calls from professional societies like AMSC, the DfI framework was created as 

a way to help designers consider QA/QC early in the design process. Open and axial 

coding of literature was used to collect major and minor factors affecting PoD using UT. 

Heuristics were developed to help designers increase the inspectability of components. 

The DfI worksheet was created to test what effect introducing DfI considerations would 

have on designers and design outcomes. After three rounds of major revisions, the DfI 

worksheet was incorporated into a pilot test. Designers and engineers from The 

Pennsylvania State University participated in a controlled design study, which consisted 

of an inspection task and a redesign task. In the inspection task, participants in the 

experimental group were provided the DfI worksheet and asked to evaluate the 

inspectability of a part, while participants in the control group were given a neutral task. 

In the redesign task, all participants redesigned a component to reduce its mass by 50% 

while meeting all specifications and preventing yield under mechanical loading. The 

experimental group had one additional constraint, that the component must be inspectable 

using PEU. While differences in mass were not significant, designs created by 

participants exposed to DfI considerations were heavier with a large effect size observed. 

This suggests that introducing DfI considerations may have led participants to be more 

conservative with their material removal. The large effect size suggests this result 
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warrants testing with a larger sample size. Further, the peak stress was lower in 

components designed by participants exposed to DfI considerations. While not 

significant, the large effect size suggests this result warrants testing with a larger sample 

size. Finally, the a90/95 was lower in components created by participants exposed to DfI 

considerations, meaning those components were more inspectable. The large effect size 

observed indicates that with larger samples significant differences between groups may 

be observed. As such, additional testing was conducted to understand more clearly the 

effect of DfI on end designs. Additionally, the effect DfI may have on designer behaviors 

and strategies was also investigated. These studies are reviewed in Chapters 4 and 5 

respectively.         
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Chapter 4 
 

Effect of DfI on Design Outcomes 

When introducing a novel DfX framework or a design tool, it is important to understand 

what effect this will have on design outcomes, in particular those outcomes the 

framework seeks to change. When Booth et al. introduced the DfAM worksheet, rate of 

print failures was used to determine the efficacy of restrictive considerations [62]. This 

type of information can be used to revise design tools or frameworks, ensuring they help 

designers to achieve better outcomes. In addition, such data helps to encourage the 

adoption of DfX frameworks in industry by building a foundational understanding of the 

framework’s effects. Increased efficiency and decreased manufacturing costs have led to 

widespread adoption of DfA principles [63,110]. Before DfI can be considered a viable 

tool for engineers and designers in industry, it is important that the effect of DfI 

considerations on design outcomes be understood.  

In pursuit of RQ1, What effects do DfI considerations have on design outcomes, 

including inspectability, a controlled study was conducted with 20 practicing designers. 

Half of these designers were exposed to the DfI framework during a 15-minute inspection 

task, and the remaining designers participated in a control task. Designers were tasked 

with redesigning a part so that its mass was reduced by fifty percent, was manufacturable 

using AM, and did not fail under four provided loading conditions. Those participants 

who were exposed to DfI were given an added constraint, that the part must be 

inspectable using PEU. 
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4.1 Experimental Design 

Participants first completed a pre-study survey via Qualtrics provided in email. 

This survey was used to inform participants about the study, ensure inclusion criteria 

were met, generate an anonymous user id used for storing all collected information, and 

collect information such as age, gender, their experience with CAD, their experience with 

AM, and their experience with NDT. On page 6 of the survey, anyone who would like to 

continue to the design portion of the study were provided a link to a second Qualtrics 

survey, where they could provide an email used to schedule the design task. While less 

convenient for participants to fill in two surveys, directing participants to the second 

survey to provide an email ensured that there was no identifying information associated 

with pre-study survey data, in accordance with IRB protocol. Participants then scheduled 

a time for the virtual experiment via zoom by email correspondence through the address 

provided.  

 Participants were separated into control and experimental groups. To ensure that 

members in the experimental group were familiar with the DfI Worksheet, they 

participated in a 15-minute inspection task, and participants in the control group 

participated in a similar, neutral 15-minute task. Following the inspection task, designers 

in each group spent 45 minutes redesigning a part. To gather data on mass reduction, 

stress, and inspectability, all designs generated were saved and underwent static structural 

analysis followed by simulation of ultrasonic wave propagation. A series of non-
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parametric tests were used to compare the performance of designs generated by 

participants in the control and experimental groups. 

Considerable changes to the testing procedure described in Chapter 3 were 

implemented before testing, in order to comply with COVID-19 Social Distancing 

protocol. First, and most importantly, the procedure was adapted to be performed 

virtually rather than in-person.  

4.2 Participants 

Participants were recruited from the Additive Manufacturing, Mechanical Engineering, 

and Engineering Design graduate programs at The Pennsylvania State University. 

Participants for this study were recruited through purposeful [99] and snowball [100] 

sampling methods leveraging various engineering groups with activities related to AM. 

Participant ages ranged from 20-58 years of age. Nineteen participants identified as male, 

and one participant identified as female. One participant identified as Hispanic, Latino, or 

Spanish origin, one as Middle-Eastern or North African, one as Asian, one as white and 

Asian, and sixteen as white.  

The average age of participants in the experimental group was 31.7 years and in 

the control group was 27.4 years. There was homogeneity of variances for the age of 

participants in control and experimental groups, as assessed by Levene's test for equality 

of variances (p = .174). There was no statistically significant difference in age between 

control and experimental groups, t(18) = .912, p = .374. The average number of years of 

experience with AM was 3.5 years in the control group, and 2.9 years in the experimental 

group, as shown in Figure 4-1. There was homogeneity of variances for the years of 
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experience with AM of participants in control and experimental groups, as assessed by 

Levene's test for equality of variances (p = .820). There was no statistically significant 

difference in years of experience with AM between control and experimental groups, 

t(18) = .639, p = .531. 

 

 Members of the experimental and control groups had similar years of experience 

with CAD. The experience was similar amongst members in the control group, 6.2 years, 

than members in the experimental group, 4.4 years, as shown in Figure 4-2. There was 

homogeneity of variances for the years of experience with CAD of participants in control 

and experimental groups, as assessed by Levene's test for equality of variances (p = .253). 

There was no statistically significant difference in age between control and experimental 

groups, t(18) = .999, p = .331. Thus, control and experimental groups had similar prior 

Figure 4-1. Years of experience with AM for the Control Group (C) and 
Experimental Group (E) 
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experience in CAD, AM, and were of similar ages. We do not expect participants’ prior 

experiences to effect results.  

 

4.3 Inspection and Redesign Tasks 

Participants in both groups followed the same timeline, with five minutes for 

introduction, fifteen minutes for an inspection task, five minutes for a NASA TLX 

survey, forty-five minutes for the design challenge, and five minutes for a post-task 

survey. In accordance with the Institutional Review Board, all participants were 

introduced to the purpose of the study and provided an overview of the experiment at the 

start of the study. Participants were informed that their participation was voluntary, and 

Figure 4-2. Years experience with CAD for the Control Group (C) and 
Experimental Group (E) 
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all data would be kept confidential; written consent to participate in the research was 

collected.  

Participants in the experimental group were given a 15-minute inspection task and 

were tasked with assessing the model, shown in Figure 4-3 (TOP), for inspectability 

using the Design for Inspectability using Pulse-Echo Ultrasonic Testing Worksheet. The 

purpose of this training task was to ensure participants were familiar with the worksheet 

and were able to successfully use the CAD program. Participants in the control group 

were tasked with a similar 15-minute inspection task [102]. Their task was to verify that 

the same CAD model matched a provided engineering drawing, shown in Figure 4-3 

(BOTTOM). In the pilot study outlined in Chapter 3 participants in the control and 

experimental groups reviewed different design components for the inspection task. To 

minimize the effect any difference in materials provided to participants may have on the 

experiment, one model was created that could be used by the control and experimental 

groups. In other words, while the control and experimental groups saw different 

geometries in the procedure listed in Chapter 3, the experimental and control groups saw 

the same model during the inspection task during this iteration of the design study. While 

no evidence was seen in the first design study to suggest that a difference in models 

primed the participants or affected design outcomes, this important change was done out 

of an abundance of caution. 

Following the inspection task, designers were given five minutes to practice using 

OnShape to change an imported geometry. Participants were told to modify the design 

provided in the inspection task using any of the tools provided in OnShape. OnShape was 

selected because of its function as an online CAD tool, ideal for work with Covid-19 
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safety protocols, but its use was not widespread at The Pennsylvania State University. 

Although all participants had experience with CAD, experience with OnShape was not 

required for participation in this task. This limitation is discussed further in Chapter 6. 

 

 

 

 After the inspection task was completed, participants were instructed to modify 

the component shown in Figure 4-4A. Participants were instructed to reduce the mass of 
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Figure 4-3. The (TOP) models used in the inspection task by participants in both 
groups experimental and (BOTTOM) drawing used by the control group 
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the bracket by 50%, ensure the component met specifications outlined by loading 

conditions (Figure 4-4B), and was readily producible via metal AM. Participants in the 

experimental group were given one additional constraint, to ensure their design was 

inspectable using Pulse-Echo Ultrasonic Testing.  

 

Participants were provided with a copy of Altair Simsolid where all four loading 

conditions were prepared and solved. In addition, participants received written 

instructions on how to redo simulations using their own designs, to ensure participants 

were able to iteratively test the strength of design concepts.  

4.4 Effect of Inspectability on Downstream Design Outcomes 

The final designs created by designers were saved for analysis of design outcomes, 

specifically strength, volume change, and inspectability. Instead of mass, change in 

volume was calculated since the density was assumed to be constant and volume can be 

calculated directly from almost all file formats. Difference in volume change by 

Figure 4-4. The (A) part provided in OnShape for participants to redesign and (B) 
specifications to be met during the redesign 
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designers in the experimental and control groups were compared using a Mann-Whitney 

U Test, a test not sensitive to outliers or non-normally distributed data [111]. The peak 

stress was determined for each deign under all four loading conditions. Difference in 

peak stress in components by designers in the experimental and control groups were 

compared using a Mann-Whitney U Test. Finally, a90/95 of critical features was 

determined using static structural analysis, ultrasonic wave propagation simulation and 

MIL-HDBK-1823A software. After removing significant outliers, a t-test was run to 

determine differences in inspectability of components by designers exposed to DfI 

considerations and designers in the control group. 

4.4.1 Change in Volume 

A Mann-Whitney U test was run to determine if there were differences in volume 

reduction between experimental and control groups. The median values of volume were 

.4614 and .4934 for the experimental and control groups, respectively. Distributions of 

the volume change for the control and experimental groups were similar, as assessed by 

visual inspection. Median volume change was not statistically significantly different 

between experimental and control groups, U = 45, z = -.378, p = .739, using an exact 

sampling distribution for U (Dineen & Blakesley, 1973), as shown in Figure 4-5. Cohen’s 

d was calculated as 0.257, indicating a small effect size.  
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 There were three observed outliers, one from the control and experimental groups. 

The years of experience in CAD and AM were not inadequate, and no technical 

difficulties were observed during the testing protocols. The Mann-Whitney U Test is not 

sensitive to outliers, and it is best practice to leave in outliers unless an error in data 

collection can be identified [111]. For these reasons, outliers were not removed during 

statistical analysis. 

4.4.2 Strength of Designs 

Strength was assessed by determining the maximum stress in each model under the load 

conditions shown in Figure 6. A static structural simulation was conducted in ANSYS 

2019 R3 assuming Ti-6Al-4V properties for the brackets, as specified in the GE Jet 

Engine Bracket challenge [78,106]. For each of the designs analyzed, all four load 

Figure 4-5. Volume change for the Control Group (C) and Experimental Group 
(E) 
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conditions were simulated and the maximum stress in each load condition was recorded 

as 𝜎!"#. 

The first loading condition consisted of an 8000-pound force applied vertically to 

the pin, as shown in Figure 4-6.  

 

A Mann-Whitney U test was run to determine if there were differences in maximum 

stress between experimental and control groups in load condition 1. The median values of 

maximum stress were 941460000 Pa and 89171000 for the experimental and control 

groups, as seen in Figure 4-7. Distributions of the maximum stress for the control and 

experimental groups were similar, as assessed by visual inspection. Median stress was not 

statistically significantly different between experimental and control groups, U = 53.5, z 

= .265, p = .796, using an exact sampling distribution for U (Dineen & Blakesley, 1973).  

Cohen’s d was calculated to be 0.227, indicating a small effect size. 

 There were two observed outliers, one from the control and experimental groups. 

The years of experience in CAD and AM were not inadequate, and no technical 

Figure 4-6. First loading condition, shown on the left, appears as it was presented 
to participants. A design chosen randomly from the experimental group (A) 
simulated in ANSYS (B). A design chosen randomly from the control group (C) 
simulated in ANSYS (D).  
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difficulties were observed during the testing protocols. For these reasons, outliers were 

not removed during statistical analysis.  

 

 The second loading condition consisted of an 8500-pound force applied 

horizontally to the pin, as shown in Figure 4-8.  

Figure 4-7. Maximum stress observed in Load Condition 1 for the Control Group 
(C) and Experimental Group (E) 
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A Mann-Whitney U test was run to determine if there were differences in 

maximum stress between experimental and control groups in load condition 2. The 

median values of maximum stress were 770385000 Pa and 761565000Pa for the 

experimental and control groups, as seen in Figure 19. Distributions of the percent mass 

change for the experimental and control groups were similar, as assessed by visual 

inspection. Median stress was not statistically significantly different between 

experimental and control groups, U = 49, z = -.076, p = .971, using an exact sampling 

distribution for U (Dineen & Blakesley, 1973). Cohen’s d was calculated to be 0.102, 

indicating a small effect size. 

Figure 4-8. Second loading condition, shown on the left, appears as it was 
presented to participants. A design chosen randomly from the experimental group 
(A) simulated in ANSYS (B). A design chosen randomly from the control group 
(C) simulated in ANSYS (D). 
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 The third loading condition consisted of a 9500-pound force applied to the pin at 

an angle 42 degrees from vertical, as shown in Figure 4-10. For ease of simulation in 

Altair Simsolid, the force was presented in component form rather than as a vector. 

 

Figure 4-9. Maximum stress observed in Load Condition 2 for the Control Group 
(C) and Experimental Group (E) 

Figure 4-10. Third loading condition, shown on the left, appears as it was 
presented to participants. A design chosen randomly from the experimental group 
(A) simulated in ANSYS (B). A design chosen randomly from the control group 
(C) simulated in ANSYS (D). 
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A Mann-Whitney U test was run to determine if there were differences in 

maximum stress between experimental and control groups in load condition 3. The 

median values of maximum stress were 637155000 Pa and 696335000 Pa for the control 

and experimental groups, as shown in Figure 4-11. Distributions of the maximum stress 

were similar for experimental and control groups, as assessed by visual inspection. 

Median stress was not statistically significantly different between experimental and 

control groups, U = 57, z = .529, p = .631, using an exact sampling distribution for U 

(Dineen & Blakesley, 1973). Cohen’s d was calculated to be 0.314, indicating a small 

effect size. 

 

 The fourth loading condition consisted of a 5000-pound-inch torsional force 

applied to the pin at its centroid, as shown in Figure 4-12.  

Figure 4-11. Maximum stress observed in Load Condition 3 for the Control Group 
(C) and Experimental Group (E) 
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A Mann-Whitney U test was run to determine if there were differences in 

maximum stress between experimental and control groups in load condition 4. The 

median values of maximum stress were 409930000 Pa and 398790000 Pa for the 

experimental and control groups, respectively. Distributions of the maximum stress for 

the experimental and control groups were similar, as shown in Figure 4-13. Median stress 

was not statistically significantly different between experimental and control groups, U = 

39, z = -.832, p = .436, using an exact sampling distribution for U (Dineen & Blakesley, 

1973). Due to the presence of outliers, Glass’s delta was used selected as a non-

parametric test of effect size. The value of Glass’s d was 0.237, indicating a small effect 

size.  

 There were three observed outliers, two from the control and one from the 

experimental group. The years of experience in CAD and AM were not inadequate, and 

no technical difficulties were observed during the testing protocols. For these reasons, 

outliers were not removed during statistical analysis. 

Figure 4-12. Fourth loading condition, shown on the left, appears as it was 
presented to participants. A design chosen randomly from the experimental group 
(A) simulated in ANSYS (B). A design chosen randomly from the control group 
(C) simulated in ANSYS (D). 
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There was no significant difference in the maximum stress for any load condition. 

This means that the addition of DfI considerations into the design process did not 

significantly change the ability of designers to reach a favorable design outcome. 

However, there are medium effect sizes observed for load conditions 1&3. When 

applying these loads to the original, unedited bracket these load conditions experienced 

the highest stress. It is possible that the addition of DfI considerations at this stage in the 

design process may impede designer ability to maintain strength in their designs, an 

effect that is more pronounced in parts closer to yield. Further study is needed to 

determine if this result is significant with larger sample sizes, discussed further in 

Chapter 6.  

 

Figure 4-13. Maximum stress observed in Load Condition 4 for the Control Group 
(C) and Experimental Group (E) 
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4.4.3 Design Inspectability 

Inspectability of each component was determined through a simulated Probability of 

Detection (PoD) assessment. First, a defect was added to a point in each design likely to 

lead to failure. Next, ultrasonic waves traveling through the part were simulated to mimic 

Pulse-Echo Ultrasonic (PEU) testing. Finally, a validated PoD software was used to 

determine the PoD for each design. Directly comparing the PoD of each design allowed 

for a quantitative comparison of inspectability. 

Static structural simulations in ANSYS 2019 R3 were used to select defect 

locations. Candidate locations were internal points at least 1.27 mm from the surface of 

the part where stress was at least fifty percent of the maximum stress. Two models, one 

from the experimental group and one from the control group, were identified as having 

features less than the minimum feature size, 1.27 mm. There figures are shown in Figure 

4-14. These models feature infinitely thin features which act as stress risers. It was not 

possible to identify points which met all criteria decided for a defect location, and these 

points were excluded from further analysis. 

 

Figure 4-14. Models with thin features excluded from simulation of ultrasonic 
wave propagation and calculation of a90/95 
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In order to simulate a realistic pulse-echo ultrasonic inspection, Gaussian noise 

was added with a signal to noise (SNR) ratio of 10 [78][108] using MATLAB R2018b. 

One hundred iterations of noise addition were conducted per simulation to calculate PoD. 

The peak amplitude in the reflection off the defect was recorded for each simulation to 

calculate a90/95 using software mh1823-POD [78,79,109]. More information on the 

equations used to calculate a90/95 can be found in [109]. 

Significant outliers were observed in the experimental and control groups. Any 

component with an a90/95 large enough that such defects would be visible from the surface 

of the part was removed before statistical analysis. The number of parts fitting this 

criterion was evenly split amongst the experimental and control groups, with five designs 

from each group being removed. This left four designs in the control group and four 

designs in the experimental group, a much smaller sample size than originally 

anticipated. A t-test for equality of means showed no significant difference in the average 

a90/95. The average a90/95 for the control group was 1.95 millimeters and the average for 

the experimental group was 3.52 millimeters. A Cohen’s d with a Hedges g correction 

[105] to account for small sample sizes was calculated to be >.999, indicating a large 

effect size. However, it is difficult to rectify the inspectability results of Chapter 3 with 

those observed here. The large effect sizes seem to suggest opposing results. This can be 

common in human subjects research, where confounding factors and variability between 

subjects can lead to results that are difficult to interpret. In such cases, the most direct 

solution is to increase sampling and apply changes to the experimental design to remove 

as many confounding factors as possible, discussed further in Chapter 6. 
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4.5 Chapter Summary 

A controlled study was conducted to determine if design outcomes were changed 

considerably by the addition of DfI considerations. A total of twenty participants were 

recruited from The Pennsylvania State University with similar ages, experience with 

CAD, and experience with AM. Participants were randomly sorted into two even groups, 

with the experimental group being provided a DfI Worksheet. Participants in each group 

participated in two design tasks. During the second task, participants in both groups had 

to redesign a component to reduce its mass while ensuring it met all stated requirements 

and did not fail under mechanical loading. Participants in the experimental group had an 

additional constraint, that their parts must be inspectable using PEU.  

 There was no significant difference in the mass reduction of components 

developed by designers exposed to DfI considerations and designers in the control group. 

Further, the low effect size suggests that introducing DfI considerations had minimal 

effect on how much mass designers removed during the redesign task, independent of 

sample size. The trend observed in Chapter 3, that designers exposed to DfI 

considerations were more conservative in their material removal, could not be confirmed 

in this test. 

 There was no significant difference in peak stress of components developed by 

designers exposed to DfI considerations and designers in the control group. Testing the 

peak stress in each load condition, there was no significant difference between the 

experimental and control groups in any of the conditions. The low effect sizes seen in 

each suggest that introducing DfI considerations had minimal effect on the strength of 

designs, independent of sample size. The trend observed in Chapter 3, that designers 
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exposed to DfI considerations produced stronger designs, could not be confirmed in this 

test.  

 There was no significant difference in a90/95 for components developed by 

designers exposed to DfI considerations and designers in the control group. The average 

a90/95 was higher in the experimental group than in the control group, combined with the 

large effect size, suggests an opposite effect than observed from Chapter 3. This effect 

also calls into question the efficacy of the DfI worksheet as an intervention. Observing no 

significant difference in any of the tested design outcomes, it is possible that the DfI 

worksheet was not sufficient as an intervention to effect design activities. To test this, 

analysis of think-aloud and survey data collected during the test were analyzed and 

results are discussed in the following chapter, Chapter 5.   
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Chapter 5 

 

Effect of DfI on Designer 

Introducing additional design constraints, such as inspectability constraints, into the early 

stages of the design process is likely to affect designer behavior and strategies. Prior 

work has demonstrated that external factors such as design constraints, budgetary 

restrictions, and limitations of available tools can affect designer emotions [112]. 

Emotions affect how designers process information, allocate materials, and apply 

strategies, all of which can greatly impact design outcomes [112]. More specifically, as 

designers engage in complex design tasks using CAD tools or DfX tools, designers can 

experience surprise or frustration [113,114]. In addition, the complexity of tasks plays a 

critical role in decision making, as mental workload increases with task complexity [115]. 

Each person has a finite capacity for mental workload, and exceeding this capacity can 

lead to memory loss, difficulty in perception, and poor performance [116]. As a novel 

DfX framework was introduced to members of the experimental group, along with the 

addition of a new constraint, it is important to note any observed changes in emotion and 

mental workload, as well as changes in design strategies. In pursuit of RQ2, what effects 

do DfI considerations have on designers and the design process, a controlled study was 

conducted with 20 practicing designers. 

 Data collected during the procedure listed in Chapter 4 can be analyzed to 

determine what effect DfI considerations have on designers. During the redesign task, 
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participants were asked to think-aloud and audio was recorded. During think-aloud 

procedures, participants are asked to verbalize their thoughts, allowing researchers to 

observe some cognitive processes that can otherwise go uncaptured [117–119]. Think-

aloud procedures can be used to compare concepts, themes, and cognitive strategies 

between groups with similar tasks and workloads [120].  

 The Linguistic Inquiry and Word Count (LIWC) method is used in this work to 

identify emotional and cognitive markers [121,122] within audio transcriptions of 

designers’ think-aloud protocol. The creators of LIWC have classified words in terms of 

Summary Language Variables, Linguistic Dimensions, Grammars, and Psychological 

Processes, and comparing words in text to these validated dictionaries allows researchers 

to learn important insights into writers and speakers. Using LIWC to analyze customer 

reviews allowed researchers to discover important product features [123]. Analysis of 

Kickstarter campaigns was used to discover communication strategies that contributed to 

fundraiser success [124]. Analysis of think-aloud protocols has been used to assess 

cognitive and emotional processes during tasks [121,122]. In this study, LIWC is used to 

measure affective processes, positive emotions, anger, frustration, and cognitive 

processes. This tool was selected as a method of detecting emotional language and 

evidence of cognitive processes in the think-aloud procedure that occurred during the 

redesign task. 

 Surveys collected after the redesign task in Chapter 4 can be used to assess mental 

workload. Among these is the NASA Total Load Index (NASA-TLX), an assessment 

used to measure mental demand, physical demand, temporal demand, frustration, effort 

exerted, and self-reported performance [125]. The NASA-TLX survey is commonly used 
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in the assessment of design tools [126–128]. The NASA-TLX is easy to administer and 

requires no specialized equipment. When Barnawal et al. [129] explored modes of 

feedback to designers on how manufacturable their designs were, the NASA-TLX was 

used to show that 3D representations of feedback required less mental workload to utilize 

than written feedback alone. Like the study by Barnawal et al., this study endeavored to 

understand how different treatments would affect designers and design outcomes. Using 

the NASA-TLX survey allowed for measurement of mental workload in both the 

designers exposed to DfI considerations and the designers in the control group. 

Methods of evaluating design sequences are also important in understanding what 

impact DfI considerations had on designers. Design sequences can be charted and 

analyzed to help better understand the tactics used to arrive at an appropriate solution 

[130]. Looking at design processes that occur sequentially, some have been modelled as 

stochastic processes [131]. When designers actions can be categorized into well-

organized states, like an idea generation state or an analysis state, it is possible to 

represent the design process using a Markov chain [132]. However, when states are not 

well defined, observations of behavior can be used to discover what states designers 

move through in their design process [133]. For our study, we treat the redesign task as a 

Markov process. Training separate Hidden Markov models (HMM) for the experimental 

and control groups, we search for differences in the strategies used by designers during 

the redesign task.  
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5.1 Experimental Design 

Data for NASA-TLX, think-aloud, and HMM of user actions were collected during the 

study described in Chapter 4. In this study, 20 designers were recruited from The 

Pennsylvania State University were recruited for participation in a controlled study.  

Participants first completed a pre-study survey via Qualtrics provided in email. 

This survey was used to inform participants about the study, ensure inclusion criteria 

were met, generate an anonymous user id used for storing all collected information, and 

collect information such as age, gender, their experience with CAD, their experience with 

AM, and their experience with NDT. On page 6 of the survey, anyone who would like to 

continue to the design portion of the study was provided a link to a second Qualtrics 

survey, where they could provide an email used to schedule the design task. While less 

convenient for participants to fill in two surveys, directing participants to the second 

survey to provide an email ensured that there was no identifying information associated 

with pre-study survey data, in accordance with IRB protocol. Participants then scheduled 

a time for the virtual experiment via zoom by email correspondence through the address 

provided.  

 Participants were separated into control and experimental groups. All participants 

logged into the OnShape platform, using randomly generated login credentials. Upon 

entering the OnShape portal, participants in the experimental group were directed to the 

project DfI E and participants in the control group were directed to the project DfI C. As 

seen in Figure 5-1, each project contained multiple tabs, seen at the bottom of the 

browser window.  
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To ensure that members in the experimental group were familiar with the DfI 

Worksheet, they participated in a 15-minute inspection task, and participants in the 

control group participated in a similar, neutral 15-minute task. During the inspection task, 

members of both the experimental and control groups were instructed to think-aloud. 

During the inspection task, members of the control group used the first three tabs 

provided. The first tab was the model shown in Figure 5-1. The second tab was a design 

drawing, which participants compared to the original design and announced any and all 

discrepancies between the two. The third tab included instructions on how to use some 

key inspection tools in OnShape. During the first task, members of the experimental 

group used the first four tabs. The first tab was the model shown in Figure 5-1. The 

second tab was the DfI Worksheet. The third tab was a list of critical features in the 

model. The fourth tab included instructions on how to use some key inspection tools in 

OnShape. Recording of the participant screen and all audio began before the inspection 

task began.  
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Although the think-aloud during the inspection task would not be analyzed, Chu and Shiu 

[120] suggest that a warm-up is one of four practices necessary for effective think-aloud 

protocols. First, since many people are accustomed to thinking silently, not verbalizing 

their thought processes, participants need to be given time to warm-up and get used to 

thinking out loud. By encouraging them to think-aloud during the inspection task, 

participants were given this warm-up. Second, participants need to be prompted when 

Figure 5-1. OnShape platform, showing available tabs for (TOP) Control group 
and (BOTTOM) Experimental group 
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going extended periods without verbalizing. This was a simple “please keep thinking out 

loud” or “just keep saying what you’re thinking”. Third, participants need to be told that 

all thoughts are valid, and do not need to be refined before speaking. This came in the 

form of verbal encouragement following the inspection task, like “What you did during 

that first task, saying what you were thinking, that was perfect”. Also, when participants 

apologized for swearing or for rambling, it was important to say, “No need to apologize, 

whatever you think just go ahead and say”. Finally, participants should be discouraged 

from conversing with the facilitator, as conversing can distract from other cognitive 

processes. 

Following the inspection task, participants took an initial NASA-TLX survey. 

This survey started with one open-ended question at the top of the Qualtrics form, where 

participants entered their anonymous user ID. This allowed results of the TLX to be 

paired with the design outcomes shown in Chapter 4. After this question, participants 

read the instructions, shown in Figure 5-2. 
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 Participants moved sliders to report the amount of mental demand, physical 

demand, and temporal demand during the inspection task, as well as effort exerted, 

frustration experienced, and a rating of their own performance. The sliders were 

continuous, with a resolution of 0.5.  

Following the first NASA-TLX survey, designers were given five minutes to 

practice using OnShape to change an imported geometry. Participants were told to 

modify the design provided in the inspection task using any of the tools provided in 

OnShape. This was important since OnShape was selected because of its function as an 

online CAD tool, ideal for work with Covid-19 safety protocols, but its use was not 

widespread at The Pennsylvania State University. Although all participants had 

Figure 5-2. Example of NASA-TLX form, including instructions and two of the six 
questions included in the full form 



66 

 

experience with CAD, experience with OnShape was not required for participation in this 

task. This limitation is discussed further in Chapter 6. 

After the practice session, participants were explained the task for the redesign 

task. Participants in the control group were told to reduce the mass of the part by at least 

50% and the part must meet all specifications listed on the sheet provided in the 

specifications and loading conditions sheet. Participants in the control group were told to 

reduce the mass of the part by at least 50%, the part must meet all specifications listed on 

the sheet provided in the specifications and loading conditions sheet, and the part must be 

inspectable using PEU. Participants were also provided access to Altair Simsolid, a 

software where they could run FEA on the part they designed, as well as written 

instructions to re-run FEA on the part they designed for each of the loading conditions. 

During the redesign task, members of the control group could use any of the first 

seven tabs provided. However, the fourth, fifth, sixth and seventh tabs were most 

applicable to the redesign task. The fourth tab was the model editor, where designers 

could make changes to the model. The fifth tab was Altair Simsolid, where designers 

could run FEA on the parts they had designed. The sixth tab was a document labeled 

Specifications and Loading conditions, which listed all requirements for the redesign 

task. Finally, the seventh tab included instructions on how to rerun FEA using the 

updated geometry.  

During the redesign task, members of the experimental group could use any of the 

first eight tabs. However, the fifth, sixth, seventh, and eighth tabs were most applicable to 

the redesign task.  The fifth tab was the model editor, where designers could make 

changes to the model. The sixth tab was Altair Simsolid, where designers could run FEA 
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on the parts they had designed. The seventh tab was a document labeled Specifications 

and Loading conditions, which listed all requirements for the redesign task. Finally, the 

eighth tab included instructions on how to rerun FEA using the updated geometry. 

During the redesign task, participants were instructed to think-aloud. If 

participants went for 1 minute without verbalizing their thoughts, they were prompted to 

continue. At the end of the redesign task, participants were asked to complete the second 

round of the NASA-TLX survey. This survey was identical to the first TLX survey, but 

participants were instructed to respond based only on the redesign task.    

In pursuit of answering RQ2, data from the same controlled study in Chapter 4 

was analyzed. Results of NASA-TLX filled out after the redesign task were analyzed and 

discussed in section 5.1. Think-aloud protocols recorded during the redesign task were 

transcribed and analyzed using LIWC software, as described in section 5.2. Transcription 

of user actions during the redesign task was performed using Solomon coder, and HMM 

were trained using MATLAB, discussed in section 5.3. 

5.2 NASA TLX Results 

Analysis of NASA-TLX occurred for mental demand, physical demand, temporal 

demand, performance, effort, and frustration. The Shapiro-Wilk test for normality 

showed responses in physical demand and temporal demand did not match a normal 

distribution. In addition, outliers were seen in the categories physical demand, temporal 

demand, and frustration. The Mann-Whitney U test is a non-parametric test 

recommended for comparing two groups with outliers [134]. 
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Mann-Whitney U tests were run to determine if there were differences between 

the control and experimental groups in any of the fields tested by the NASA-TLX survey. 

As shown in Table 5-1, there were no significant differences in the experimental and 

control groups for Mental Demand, Physical Demand, Temporal Demand, Performance, 

Effort, or Frustration. This suggests that the addition of DfI considerations did not 

significantly increase the mental workload experienced by designers during the redesign 

task. This is important to note, as a significant increase in mental workload could 

significantly hinder decision-making processes [116]. However, considering the small 

sample size, continued collection of data with the NASA-TLX will be important for early 

detection of trends toward increased mental workload, as described in chapter 6. 

TLX 
Category 

Control Experimental U z p Cohen’s 
d Median Mean Median Mean 

Mental 
Demand 

14 13.5 15 14.3 54.5 .343 .739 0.153 

Physical 
Demand 

1.5 3.8 3 3.7 60.5 .805 .436 0.361 

Temporal 
Demand 

12.5 12.2 14.0 13.1 57.0 .532 .631 0.238 

Performance 7 7.3 7 7.3 49.0 -.076 .971 0.034 
Effort 14 13.7 15 14 54.5 .343 .739 0.153 
Frustration 5 6.1 7.5 8.3 58.0 .609 .579 0.273 

 

5.3 LIWC Results 

Transcripts of participant speech during redesign were used to expound upon results seen 

in the NASA-TLX. Categories classified by LIWC were selected which demonstrate 

mental demand, including cognitive processes, insight, and recognition of cause. In 

Table 5-1. Results of Mann-Whitney U comparing NASA-TLX results for control 
and experimental groups 
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addition, categories were selected that demonstrate frustration, including affect, negative 

emotions, anger, anxiety, and swear/explicit language.  

 Mann-Whitney U tests were run to determine if there were differences 

between the control and experimental groups in language indicative of cognitive 

processes. The LIWC 2015 software finds evidence of cognitive processes in text by 

searching for words in the LIWC dictionary defined for six sub-categories. Looking for 

evidence of cognitive processes was important in answering RQ2, finding evidence that 

designers who were given DfI considerations showed different patterns of thinking than 

those who had not. These sub-categories include insight, causation, discrepancy, 

tentative, certainty, and differentiation. Words included in the LIWC dictionary for 

insight include “think” and “know”. When participants say words from the insight 

subcategory, it shows they have gathered insight from something being observed. For 

example, participants said during the redesign task “I think I took too much out” and “I 

think that's actually creeping into the danger zone”.  

Words for causation include “because” and “effect”. When participants say words 

from the insight subcategory, it shows they have recognized a cause. For example, 

participants said during the redesign task “Because if that is the case, probably it makes 

sense for me to be adding those fillets” and “just because I don't see a lot of stress 

concentration in that section”.    

Words for discrepancy include “should” and “would”. This shows that 

participants have recognized a discrepancy between what they saw in the design task and 

what they expected. For example, participants said, “it should be already equal” and “I 

would've put points down and then done”. 
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Words included in the LIWC dictionary for tentative include “maybe” and 

“perhaps”. When analyzing text, finding words in the tentative subcategory show the 

speaker was uncertain or not confident in their choice. Participants sometimes used this 

language during the redesign task, saying things like “Maybe we'll change some material 

out of there” and “Maybe I can just turn it like this direction”.  

Words for certainty include “always” and “never”. Counter to words in the 

tentative category, words for certainty show that a speaker knows something absolutely, 

that they are sure of what they know. Some examples include “I never checked if it was 

symmetric” and “We can always delete it later”. 

Words for differentiation include “hasn’t” and “else”. When speakers use 

language in the differentiation subcategory, they show that they have made a distinction 

between disparate things. Participants said things like “I don't know what else I could 

take out” and “nothing else needs to be parallel”.  

As shown in Table 5-2, there were significant differences in the experimental and 

control groups for language indicative of cognitive processes. The median and mean 

cognitive processes were higher in the control group. However, there were no significant 

LIWC 
Category 

Control Experimental U z p Cohen
’s d Median Mean Median Mean 

Cognitive 
Processes 

13.81 14.27 13.13 12.77 17.0 -2.044 .043 1.074 

Insight 2.09 2.08 1.84 1.92 27.0 -1.156 .274 0.485 
Causation 2.29 2.34 2.23 2.18 32.0 -.711 .515 0.332 
Discrepancy 2.64 2.63 2.74 2.62 43.0 .267 .829 0.014 
Tentative 4.52 4.24 3.96 3.95 31.0 -.800 .460 0.334 
Certainty 1.34 1.35 .96 .94 21.0 -1.69 .101 1.079 
Differentiation 3.63 3.70 2.82 3.70 26.5 -1.20 .237 0.609 

Table 5-2. Results of Mann-Whitney U comparing LIWC analysis results of 
cognitive processes, insight, and recognition of cause for control and experimental 
groups 
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differences seen in the six sub-categories, suggesting small differences in the 

subcategories added up to one significant difference. This suggests that introducing DfI 

consideration did change some of the thought processes of designers.  

Looking at the effect sizes, we see that there is a large effect size in the sub-

category “certainty”. The median and mean values for certainty were higher in the control 

group than in the experimental group. This shows that during the redesign task, 

participants in the experimental group were less sure, that the addition of new 

considerations in the design process may have added doubts. This is to be continually 

monitored as work on DfI continues, expanded on in Chapter 6.  

Mann-Whitney U tests were run to determine if there were differences between 

the control and experimental groups in affect. Affect is a measure of emotional content 

made up of 2 sub-categories, which are positive emotions and negative emotions. 

Negative emotions is broken further into anxiety, anger, and fear. Words for positive 

emotions include words like “nice” and “sweet”. When a speaker uses words in the 

positive emotions subcategory, it suggests they are in a positive mind frame or they are 

experiencing positive emotions. Participants said phrases like “It got to orient me nice, 

okay, awesome” and “Nice, okay, so I'll just need to do that for...”.  

Words for negative emotions include words like “hurt”, “ugly”, or “nasty”. When 

a speaker uses words in the negative emotions subcategory, it suggests they are in a 

positive mind frame, or they are experiencing negative emotions like anxiety, anger, and 

fear. Participants made statements like “I hate that it keeps working its way over there” 

and “right now, we're at 103 at worst”. 
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As shown in Table 5-3, there were no significant differences in the affect found in 

experimental and control groups. However, there was a medium effect size observed in 

negative emotions and anger. The mean and median values for negative emotions and 

anger were higher in the control group than the experimental group. This runs counter to 

what is expected, that the addition of new considerations should increase frustration. As 

prior work has demonstrated that additional constraints and harder tasks can increase 

feeling of frustration [135]. It is possible that a broad, open-ended design task like the 

one provided to the control group may be frustrating to complete, and the addition of a 

constraint made the design process clearer. It is also possible that this result will not be 

significant at larger sample sizes. The affective processes of designers should continue to 

be monitored as work on DfI continues, discussed further in Chapter 6. 

 

LIWC 
Category 

Control Experimental U z p Cohen’s d 
Median Mean Median Mean 

Affect 5.9 5.66 6.34 6.44 53.0 1.155 .274 .102 
Positive 
emotions 

4.46 4.39 5.28 5.11 55.0 1.333 .203 .170 

Negative 
emotions 

1.205 1.179 1.125 1.12 33.0 -.622 .573 .600 

Anxiety .405 .441 .410 .369 39.0 -.089 .965 .378 
Anger .090 .145 .075 .048 35.0 -.445 .696 .524 
Sadness .130 .158 .120 .161 38.0 -.178 .897 .414 

 

5.4 Analysis of Participant Actions 

Transcription of user actions was performed using Solomon Coder beta 19.08.02. 

Solomon Coder is a free-to-use software used for behavioral coding. It allows you to 

Table 5-3. Results of Mann-Whitney U comparing LIWC analysis results of 
affect, negative emotions, anxiety, anger, and sadness for control and 
experimental groups 
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create your own codes for specific actions, then assign those codes to frames in video. 

Transcription began when the forty-five-minute timer started and concluded when 

participants were told their time had expired. Participants’ actions were coded into one of 

nine codes: Review Design, Review Specifications and Loading Conditions, Review 

Simulation, Review DfI Worksheet, Edit Sketch, Add/Remove Material, Review 

Instructions, Review DfI Worksheet, Edit/Run Simulation, and Off OnShape.  

 Review Design was assigned whenever participants had the model editor open, 

but no sketch or extrude tools were open, as shown in Figure 5-3. During this stage, 

participants oriented the part and inspected the geometry. 

 

Edit Sketch was coded anytime the model editor was open with sketch tools 

shown, as shown in Figure 5-4. While sketch entities do not directly change the 3D 

geometry, they are the building blocks for any sketch-based modelling techniques. Using 

sketches, designers can define a near-infinite number of complex geometries which can 

Figure 5-3. Example of on-screen display coded as ‘Review Design’ 
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then be used to perform simple Boolean operations or more complex operations available 

through the modelling software. 

Add/Remove Material was coded anytime the model editor was open with a tool 

selected used for adding or removing material, as shown in Figure 5-5. During this phase, 

participants can commit changes to the 3D geometry. While review design and edit 

sketch were important steps in the design process, this step is the most directly 

observable through design outcomes. As such, coding for these actions were crucial in 

understanding how designers reached design outcomes. 

   

  

Figure 5-4. Example of on-screen display coded as ‘Edit Sketch’ 
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Review Specifications and Loading conditions was assigned whenever 

participants had the specifications and loading conditions open, as shown in Figure 5-6. 

This was the only way that participants were able to read design constraints as listed, 

including information about manufacturing, loading conditions, and the failure condition.  

Figure 5-5. Example of on-screen display coded as ‘Add/Remove Material’ 
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Review Simulation was assigned whenever Altair Simsolid was open and all 

simulations were complete, as shown in Figure 5-7. When reviewing simulations, 

designers were able to check the maximum stress and see the distribution of stress along 

the part. This information can be valuable in deciding where to cut material to reduce 

weight or add material to reduce stress risers.  

Figure 5-6. Example of on-screen display coded as ‘Review specifications and 
Loading Conditions’ 
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In comparison, Edit/Run Simulation was assigned whenever Altair Simsolid was 

open and either geometry or loading conditions were changed, such that a solution was 

not available for one or more loading conditions, shown in Figure 5-8. This allowed 

designers to check their designs had not exceeded the failure conditions, and to see where 

stress was distributed across the part. 

Figure 5-7. Example of on-screen display coded as ‘Review Simulation’ 
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Review instructions, shown in Figure 5-9, was coded anytime participants 

referred to additional material provided, including instructions on using the section view 

or redoing simulations with updated geometries. While the OnShape program worked 

nicely with social-distancing protocols, it is not the primary modelling software taught at 

Penn State or used by most designers. Noting the time spent searching for information on 

important features is important to consider, as it likely played a role in determining the 

design outcomes. 

Figure 5-8. Example of on-screen display coded as ‘Edit/Run Simulation’ 
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Review DfI Worksheet was a code unique to the experimental group. While 

similar to review instructions, this code is unique to the intervention applied. If 

participants referred to the worksheet to understand how the surface or internal geometry 

of their design would impact inspectability, or if they assessed their part using the 

worksheet before applying further changes, it would be very important to note.   

Finally, anytime the participant left OnShape for any reason, it was coded as Off 

OnShape. Some participants instinctively went to search engines for things like unit 

conversion or looking up technical specifications of materials. At such times, the 

facilitator guided them back to the task and answered any questions before encouraging 

them to continue with the redesign. For completeness of the list of user actions, Off 

OnShape was included as a code. 

Figure 5-9. Example of on-screen display coded as ‘Review Instructions’ 



80 

 

It is important to note that one participant experienced technical issues, resulting 

in a loss of connection twice during the protocol. During these losses of connection, the 

participant was unable to make further changes until their connection to OnShape was re-

established, and the timer was paused until connection was restored.  

Before training HMM, analysis was run to see if designers in the experimental 

groups spent significantly more time performing any of these actions than the control 

group. While less complex than the HMM, one group spending significantly more time 

reviewing instructions may signify a difference in the levels of experience with CAD, or 

more cognitive load leading to poor performance in the redesign task. Mann-Whitney U 

tests were run to determine if there were differences between the control and 

experimental groups in any of the coded actions, as shown in Table 5-4.  

Action Control Experimental U z p 
Median Mean Median Mean 

Review Design 663.5 648.9 684.3 710.3 55.5 .416 .684 
Review 
Specifications 
and Loading 
Conditions 

157.3 171.0 158.7 157.5 48.5 -.113 .912 

Review 
Simulation 

469.1 449.1 501.1 490.5 57.5 .567 .579 

Review 
Instructions 

75.6 98.7 100.7 109.4 54.5 .340 .739 

Edit Sketch 851.3 737.9 593.0 550.6 33.5 -
1.248 

.218 

Add/Remove 
Material 

284.0 291.6 370.4 373.6 70.5 1.55 .123 

Edit/Run 
Simulation 

235.9 229.8 190.9 271.8 45.5 -.340 .739 

Off OnShape 0.4 23.2 0.0 7.4 36.5 -1.15 .315 

Table 5-4. Results of Mann-Whitney U comparing time spent performing each 
coded action for control and experimental groups 
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It is important to note that, for the purposes of comparing the control and 

experimental groups directly, ‘Review Instructions’ and ‘Review DfI Worksheet’ were 

combined into one category. No significant differences between the experimental and 

control groups were noted in the time spent in any of the coded actions. 

Training of HMM occurred in MATLAB R2018a (9.4.0.813654) following the 

procedure listed in [136]. The Baum-Welch algorithm was used to train separate HMM 

for the control and experimental groups. To begin training, the number of hidden states k 

was assigned to two, the minimum number of states. To ensure the repeatability of 

results, each model was trained five times, the log-likelihood was measured for each 

iteration, with the highest log-likelihood recorded before k increased by one. The process 

repeated until the experimental and control group models were trained for up to seven 

hidden states. The number of hidden states k selected was the lowest possible value of k 

had a log-likelihood that was not significantly different than that of the highest value of k. 

As shown in Figure 5-10, the value of k was six for both the control and experimental 

groups. 



82 

 

  

The transition and emission matrices for the control group are shown in Figure 5-11. The 

strong diagonal seen in the transmission matrix means that if designers were in a 

particular state, they would have a high probability of transferring back into that state. 

This is likely due to the high resolution used for coding combined with the tendency of 

Figure 5-10. Log likelihood plotted as a function of the number of hidden states (k) 
for (TOP) control group and (BOTTOM) experimental group 
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participants to stick with the same action. Five of six states were made up almost entirely 

of one action, suggesting the actions are distinct. The remaining state has high emission 

probabilities for ‘Review Instructions’ and ‘Edit/Run Simulation’. It is likely that in this 

state, participants are referring to the tab ‘Redoing Simulations with Updated Geometry’ 

before returning to rerun FEA. This suggests many of participants in the control group 

were either unfamiliar with Altair Simsolid or preferred to use the written instructions.  

 

 

 

Figure 5-11. For HMM trained with actions from Control Group (TOP) 
Transition Matrix and (BOTTOM) Emission Matrix 
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The transition and emission matrices for the experimental group are shown in Figures 5-

12. The strong diagonal seen in the transmission matrix means that if designers were in a 

particular state, they would have a high probability of transferring back into that state. 

Five of six states were made up almost entirely of one action, suggesting the actions are 

distinct. The remaining state has high emission probabilities for ‘Review Design’ and 

‘Review Simulation’. Neither of these actions is used to directly make changes to the part 

Figure 5-12. For HMM trained with actions from Experimental Group (TOP) 
Transition Matrix and (BOTTOM) Emission Matrix 
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but are used for gathering information. This may be related to the significant difference in 

cognitive processes, that this was the observable change in design process that followed 

that change. It may also be related to the high effect size of certainty, where participants 

in the experimental group demonstrated less certainty. These factors may have led to the 

emergence of a searching/planning state.  

While the transmission matrices for the control and experimental groups appear 

similar, unique states observed in the emissions matrices show differences in the 

strategies used by designers exposed to DfI considerations. In the control group, five of 

the six states had high emissions probabilities of one and only one action. The sixth state 

had high emissions probabilities in ‘Review Instructions’ and ‘Edit/Run Simulation’. In 

this state, designers are likely referring to the provided ‘Redoing simulations with 

updated geometry’ sheet to run FEA and determine the strength of their designs. 

However, the same state is not observed in the experimental group. In the experimental 

group, five of the six states had high emissions probabilities of one and only one action. 

The sixth state had high emissions probabilities in the actions ‘Review Design’ and 

‘Review Simulation’. In this state, designers are likely searching for information or 

planning the next step. This may be a change in design process related to the decrease in 

cognitive processes seen in designers exposed to DfI considerations. It may also be 

related to the high effect size seen with certainty. Designers exposed to DfI 

considerations may have been less certain of their design decisions, leading to the 

emergence of a searching state. Based on these results, it is likely that the introduction of 

DfI considerations affected designers and design processes. 
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5.5 Chapter Summary 

A controlled design study was performed to determine if and how designers were 

effected by the introduction of DfI considerations. A total of 20 designers participated in 

2 design activities, an inspection task and a redesign task. Half the designers were 

randomly assigned to the experimental group, a group who received and used the DfI 

Worksheet during the inspection task. The other half did not receive any instruction on 

DfI considerations but participated in a neutral task. All participants engaged in think-

aloud protocols during the inspection task, followed by a NASA-TLX survey and five 

minutes of practice with OnShape design tools. 

 Following five minutes of practice with OnShape, all designers participated in a 

similar redesign task. Members of the control group were provided a digital model and 

were required to reduce the weight by half while meeting all listed constraints and 

ensuring the part would not fail under four given loading conditions. Members of the 

experimental group were provided a digital model and were required to reduce the weight 

by half while meeting all listed constraints, ensuring the part would not fail under four 

given loading conditions, and ensuring the part was inspectable using PEU. During the 

redesign task, participants verbalized their thoughts, as per the think-aloud protocols. The 

participants’ screen was recorded during the redesign task to capture their design process. 

 Analysis of NASA-TLX showed no significant difference in the mental workload 

of those designers exposed to DfI considerations as compared to the control group. This 

was counter to the hypothesis that the introduction of one more, unfamiliar constraint 

would lead to a higher mental workload. Mental workload typically increases with the 

number and difficulty of tasks , until mental capacity is reached [116]. It is possible that 
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the redesign task was difficult enough that it brought even members of the control group 

to their mental capacity. One possibility for future studies is to give a validated task of 

known difficulty before the redesign task, to get a baseline for mental workload measured 

by NASA-TLX [137].  

 Analysis using LIWC showed significant differences in the cognitive processes of 

those exposed to DfI considerations as compared to those not exposed. This suggests the 

addition of new information or new constraints may have limited some cognitive 

functions. This is in line with literature that states that mental capacity is limited, and that 

workload beyond that capacity may negatively impact cognitive processes. We 

hypothesize that the additional inspectability constraints may have induced a higher 

workload, however this should be investigated further as NASA TLX results suggest no 

significant difference in mental workload between groups. some cognitive processes 

[116].The effect sizes of cognitive processes, certainty in particular, suggest that 

designers may have been less certain of their choices after using the DfI worksheet. This 

was expected, as the introduction of new considerations was likely to require time to 

process information. Further, medium effect sizes in affective processes, particularly 

anger, suggest that designers exposed to DfI considerations may have experienced less 

anger during the redesign task. This runs counter to the expected result, as the addition of 

a, unfamiliar and difficult constraint could have increased feelings of frustration [135].  

However, differences in problem framing could have contributed to this trend. The 

addition of the inspectability constraints in this largely open-ended design task may have 

made the task feel less ambiguous and lessened designers feeling of negative emotions. 

This trend may or may not become significant as continued study increases sample sizes. 
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Continued monitoring of negative emotions may be beneficial in further refining DfI 

considerations. [135].  However, differences in problem framing could have contributed 

to this trend. The addition of the inspectability constraints in this largely open-ended 

design task may have made the task feel less ambiguous and lessened designers feeling of 

negative emotions. This trend may or may not become significant as continued study 

increases sample sizes. Continued monitoring of negative emotions may be beneneficial 

in further refining DfI considerations.  

 Finally, the results of HMM showed some difference in the designer strategies of 

designers exposed to DfI as compared to those who were not. While the transmission 

matrices for the control and experimental groups appear similar, unique states observed 

in the emissions matrices show differences in the strategies used by designers exposed to 

DfI considerations. In the control group, five of the six states had high emissions 

probabilities of one and only one action. The one remaining state, the fifth state had high 

emissions probabilities in ‘Review Instructions’ and ‘Edit/Run Simulation’. In this state, 

designers are likely referring to the provided ‘Redoing simulations with updated 

geometry’ sheet to run FEA and determine the strength of their designs. However, the 

same state is not observed in the experimental group. In the experimental group, five of 

the six states had high emissions probabilities of one and only one action. The one 

remaining state, the fourth state, had high emissions probabilities in the actions ‘Review 

Design’ and ‘Review Simulation’. Based on these results, it is likely that the introduction 

of DfI considerations affected designers and design processes. 
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Chapter 6 
 

Discussion and Implications for Field 

Using AM, designers can design components with far more complexity than was ever 

possible with traditional manufacturing approaches. Components with such complexity 

pose unique challenges for inspection using existing QA/QC techniques and mature NDE 

technologies. To ensure that components can be accurately and efficiently characterized  

using existing technologies, designers must keep quality in mind early in the design 

process. The current work sought to propose a novel DfX framework and created 

considerations for inspection with NDE.  

To determine if a DfI framework was appropriate for recommendation for use in 

industry, two research questions needed to be answered, 

3) What effects do DfI considerations have on design outcomes, including inspectability? 

4) What effects do DfI considerations have on designers and the design process? 

A DfI framework will need to help designers easily and consistently design parts 

which are easily inspected using mature NDE technologies. However, introducing DfI 

considerations should not significantly interfere with design practices or negatively 

impact designers. 

6.1 Summary of Results 

In answering RQ1, there appeared to be little effect on design outcomes when introducing 

DfI considerations. Looking at Chapter 4, there was no significant difference in the 

change in volume, in the peak stress in any of the loading conditions, nor in the 
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inspectability. However, a large effect size does suggest that the designers exposed to DfI 

worksheet may have produced components that were less inspectable. Seeing the 

conflicting messages from the high effect size in Chapter 3 and the lack of significance, it 

is difficult to say if there was any impact on inspectability. If there was, the effect may be 

inconsistent. 

In answering RQ2, there may be some effect of DfI considerations on designers and 

design processes. In chapter 5, there was no significant difference between the control 

and experimental groups in mental demand, physical demand, temporal demand, 

frustration, effort, or self-reported performance. Although there were no significant 

differences in affective processes, there was a significant difference in the cognitive 

processes as measured by LIWC. Designers using the DfI worksheet had lower scores for 

cognitive processes, suggesting the introduction of DfI considerations negatively 

impacted designer thought processes. The large effect size seen in certainty suggests that 

participants may not have been as assured in their design decisions after being exposed to 

DfI considerations. However, the large effect size in anger suggests that participants 

exposed to DfI considerations may have felt less frustration during the redesign task. This 

difference may be due to the difference in problem framing, where the addition of the 

inspectability constraint made the task feel less ambiguous. Finally, HMM showed some 

changes in design strategies. Both experimental and control groups appear to have six 

hidden states, and five of those six states have very high emissions probability in one and 

only one coded action.  The remaining state, the fifth state, had high emissions 

probabilities in ‘Review Instructions’ and ‘Edit/Run Simulation’. In this state, designers 

are likely referring to the provided ‘Redoing simulations with updated geometry’ sheet to 
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run FEA and determine the strength of their designs. In contrast, the sixth state had high 

emissions probabilities in the actions ‘Review Design’ and ‘Review Simulation’. In this 

state, designers are likely searching for information or planning the next step. This may 

be a change in design process related to the decrease in cognitive processes seen in 

designers exposed to DfI considerations, or a change related to the high effect size of 

certainty. The results seen in chapter 5 suggest that introducing DfI considerations can 

affect designers and design processes.  

• Chapter 2: Literature review was used to identify major and minor factors to 

inspectability using ultrasonic testing. In total, there were five major factors 

identified, including material, geometry, operator, machine, and environment. 

These five major factors were composed of eighteen minor factors. Two of the 

major factors, material and geometry, were identified as highly affected by early 

design choices, and were the focus of heuristic development. In total, six 

heuristics were created. 

1. Increase the radius of curvature for a rounded or sharp surface surrounding an 

important feature 

2. Reduce the number of thin, plate-like features 

3. Important features should be placed near the part surface or at a point in line 

with the transducer 

4. Remove a material interface that is between the part surface and an important 

feature 

5. Remove a mechanical (mating) interface 

6. Add a port to an internal cavity through which liquid can be introduced 
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• Chapter 3: A design tool referred to as the DfI Worksheet was created using these 

heuristics. Following three major revisions, the DfI worksheet was used in an 

initial test to determine what effect DfI considerations had on design outcomes. 

With a small population size, there was no significant difference between 

designers exposed to the in the mass, maximum stress, or inspectability of 

components.  However, the large effect size suggested that designers exposed to 

DfI considerations may be more conservative with material removal and may 

produce components which are more inspectable. 

• Chapter 4: Following significant revision to the design study, a larger group of 

designers participated in redesigning an engine bracket.  Despite the larger sample 

size, there was not a significant difference between designers who were exposed 

to DfI considerations and designers who had not in terms of the amount of 

material they removed, the maximum stress during mechanical loading, or the 

inspectability. A large effect size suggests that, in this case, designers exposed to 

DfI considerations may have created designs which are less inspectable. The 

effect sizes seen in Chapter 3 appear to be in conflict with the effect sizes found in 

Chapter 4, but this may be due to confounding factors or the small sample sizes. 

Due to the lack of significant results, it is not possible to assume there was any 

significant impact to design outcomes that came about when designers were 

introduced to DfI considerations.  

• Chapter 5: Introduction of DfI considerations likely effected designers and design 

outcomes. When analyzing the think-alouds and NASA-TLX, there was no 

significant change in mental workload. However, there was a significant 
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difference in the cognitive processes, with designers exposed to DfI 

considerations showing less evidence of cognitive processes. High effect sizes in 

terms of certainty and anger suggest that participants exposed to DfI 

considerations may have been less sure of their choices but may have experienced 

less anger. However, a larger sample size is needed to determine if this result is 

significant. After using user actions to train HMM, unique states emerged for the 

control and experimental groups. For member of the control group, the sixth state 

had high emissions probabilities in ‘Review Instructions’ and ‘Edit/Run 

Simulation’. In this state, designers are likely referring to the provided ‘Redoing 

simulations with updated geometry’ sheet to run FEA and determine the strength 

of their designs. In contrast, the sixth state had high emissions probabilities in the 

actions ‘Review Design’ and ‘Review Simulation’. In this state, designers are 

likely searching for information or planning the next step. This may be a change 

in design process related to the decrease in cognitive processes seen in designers 

exposed to DfI considerations, or a change related to the high effect size of 

certainty. 

6.2 Implications of findings for Design Theory and Methods 

Our findings suggest that design outcomes, specifically strength, mass, inspectability, and 

affective processes were not significantly changed by the addition of DfI considerations. 

We hypothesize that this may be due to the nature of the intervention and the DfX tool. 

New types of interventions may be considered for presenting DfI considerations. While 

the worksheet could be utilized further, instructional models or automated methods may 

also be used. In-class instruction similar to DfAM interventions by Prabhu et al. [69] 
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could be used to test the effect of longer interventions. Participation of groups such as 

The Learning Factory could lead to an intervention similar to the one by Booth et al. [62], 

which could help to show how considering inspectability repeatedly over an extended 

period could affect design outcomes. Once determination of a90/95 becomes more 

efficient, an automated tool could be introduced to designers. Much like FEA during the 

redesign task, such a tool could be used to check if their design reached an inspectability 

goal. The methods used in Chapters 3 and 4 could be used in testing the impact of these 

interventions on design outcomes, as gathering 3D designs can become an automated 

process. However, methods in Chapter 5 may be too intrusive or labor intensive for 

measuring the effects of some interventions. For example, the think-aloud protocol likely 

will not work in a classroom or Learning Factory environment. Due to the nature of 

working with human subjects, consulting IRB is required for any future interventions and 

will likely help in the refinement of experimental designs. 

 Introduction of a new DfX framework provides opportunities for further 

publications. Expanding the framework to include more modes of NDE, like radiographic 

testing, requires collaboration with experts in academia and industry. In addition, the DfI 

framework will need to become one tool integrated with many others to help designers 

achieve better design outcomes. At the surface, the complexity achievable through 

opportunistic DfAM appears to be at odds with inspectability. However, designers will 

have to find balance between the two, which may require tools and techniques to 

appropriately manage. One solution could be a cost of quality tool [22,26,27], allowing 

designers to balance the value added through a complex feature with the cost it takes to 
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adequately detect flaws. With such a tool, designers could make educated decisions on 

how to use the complexity available only through AM. 

6.3 DfI in Industry 

The results found suggest that further development of DfI considerations is needed before 

use industry. Industry professionals will want to know that incorporating the framework 

into their design practice will improve inspectability, reduce the risk of costly redesign, 

and not negatively impact other design outcomes. However, improvements to the DfI 

framework will be best made in collaboration with industry. Skilled designers familiar 

with geometries unique to AM, talented QA/QC professionals proficient with various 

modalities of NDE technology, and individuals whose expertise lies at the intersection of 

these fields can all help to improve DfI tools. Through structured interviews with experts, 

it may be possible to discover heuristics not discovered during the literature review from 

Chapter 3. In addition, observation of design practices in industry may help in the 

creation of design tools better suited to real-world applications.  

 The market for AM components continues to grow as the technology evolves and 

companies find new and innovative ways to utilize complexity that can only come from 

AM components. However, the growth of AM technology has outpaced standards. 

Designers should consider quality early in the design process so that companies can 

efficiently and effectively characterize parts. By keeping quality in mind early, designers 

can help companies to deliver safe and reliable safety-critical components to users in the 

medical, automotive, and aerospace industries. 
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6.4 Limitations and Future Work 

Further research into DfI will help to create a base of knowledge and set of tools 

that enable designers to consider quality early in the design process. The number of 

participants was limited by the availability of designers familiar with CAD and AM at 

The Pennsylvania State University. Further recruitment, changing of requirements for 

participation, and expansion of sample population beyond Penn State are all viable 

methods to increase sample size. In addition, sample size of the task described in Chapter 

4 may have been limited by social-distancing protocols, as students, staff, and faculty 

became hesitant of commitments during uncertain times. It is possible that recruitment 

may be easier once in-person instruction again becomes the norm. 

 Several obstacles arose because of social-distancing protocols which made data 

collection difficult. Relying on participants to provide their own computer, mouse, and 

internet connection, it was difficult to remove confounding factors. Internet connection 

issues caused one participant to drop out of the session twice during the redesign task. 

While connection was re-established both times in less than five minutes, it may have had 

significant impact on his emotional state and design process. Other participants 

experienced technical difficulties which required troubleshooting before the first task to 

resolve. With in-person testing, it may be easier to control for such factors. 

 Relying on participants to provide their own computer meant that we could also 

not control which CAD software was locally installed. For the purposes of this 

experiment, OnShape afforded a high amount of experimental control, since I was able to 

set up the project folders, the models, and the simulations. However, OnShape was not 

the preferred 3D modelling software for many participants. While some CAD skills may 
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be transferrable, it is unrealistic to expect a person to pick up a new tool and be proficient 

after the 15-minute inspection task and 5-minute practice session. This likely impacted 

the quality of some designs as well as the mental workload and affective processes in 

some designers. While random sampling was used to avoid introducing any biases based 

on familiarity with the software, it may have impacted the results. In future, effort should 

be made to hold in-person design sessions on a computer maintained by the PI using a 

software familiar to all participants.  

 The results of inspectability analysis using static structural analysis, ultrasonic 

wave propagation simulation, and analysis using mh-1823 software showed no 

significant differences in the inspectability of components when DfI considerations were 

introduced. Since no significant differences were found in any of the other design 

outcomes, the lack of significance may be due to the small sample size. The method of 

using simulation may still be useful, as other tests have used similar simulations to 

determine the a90/95 of a single part geometry [78,138]. To increase the sample size, 

design repositories such as the GE Jet engine bracket challenge repository could be used 

for simulating wave propagation and determining a90/95.  

 Validation of results is required for simulation of ultrasonic wave propagation. 

This may involve the creation of geometries using AM technologies with known flaws, 

assessment using PEU, and the comparison of a90/95 values determined experimentally 

and through simulation. The cost of manufacturing metal AM components is 

prohibitively expensive, meaning production of all geometries would not be possible. 

Instead, a sub-sample of parts could be created using metal AM. If simulation of defect 

detection is performed on one region of a component, production of a portion of the part 
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can be done to reduce costs. In addition, geometric features which are difficult to 

simulate with dynamic explicit simulation should be identified, designed, and 

manufactured. Results of physically testing such components, including determination of 

a90/95 experimentally, could be used to bolster existing simulations. Committing to 

collaboration between laboratories and universities is likely required for timely results. 

 Assumptions made to allow for efficient simulation of ultrasonic wave 

propagation need to be verified experimentally. First, 3-D models were simplified to 2-D 

cross-section to increase efficiency of simulation. Previous studies had made similar 

assumption with simple geometries [78], but validation of such methods with complex 

geometries will help to improve the accuracy and reliability of a90/95 calculations. Second, 

all materials were simulated as homogenous materials, and white gaussian noise was 

added in post-processing to approximate scattering events that occur because of 

anisotropic grain structures. Through production and testing of physical components, the 

distribution and amplitude of noise can be characterized for materials commonly used in 

AM. Based on experimental results, simulation of a90/95 can be generalized for a wide 

array of AM methods. 

Inspectability considerations were limited to ultrasonic inspection to produce a 

tractable scope of work. However, inspection of complex components may require two or 

more NDT technologies to ensure parts meet all performance requirements. To provide 

designers with a comprehensive set of design tools, considerations will have to be 

developed for all available NDT technologies. Radiological methods were identified by 

the AMSC as another class of NDT technology applicable to the characterization of 

complex AM components [13]. Producing considerations for inspectability of 
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components with radiological methods is the next likely step in creating a comprehensive 

set of DfI tools.  

After considerations for radiological methods are created, considerations for other 

common forms of NDT like MT, PT, ET, VT, and dimensional metrology may be useful 

in considering inspection holistically. While these methods may not be appropriate for 

complex internal features, they may still be used in evaluating fit, form, and function at or 

near the surface of components. As nascent NDT technologies reach maturity, they 

should be evaluated for their applicability to evaluating complex AM components. If a 

technology is proposed that will fill any NDE gaps identified in the AMSC 

Standardization Roadmap, that technology is likely a good candidate for inclusion in the 

DfI framework. Continued development of inspectability tools and considerations will 

help the DfI framework to remain up-to-date and relevant as AM and NDT technologies 

continue to develop. 

6.5 Conclusion 

Using AM, designers can design components with far more complexity than was ever 

possible with traditional manufacturing approaches. Professional organizations such as 

ASNT and AMSC have noted the unique challenges such complexity poses to accurate 

and efficient inspection. To reduce cost of quality and avoid costly redesign, designers 

and engineers must keep QA/QC in mind early in the design process. The DfI framework 

is proposed to help designers produce components that are easily inspected. Studying the 

operating principles of ultrasonic testing, a popular NDE technology, a set of heuristics 

were created to increase the inspectability of components. Following develop of a new 

design tool, the DfI worksheet, two controlled studies were performed to determine how 
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DfI considerations may affect design outcomes and designers. Results showed that the 

intervention used to introduce DfI consideration may have had little effect on design 

outcomes. Continued development of DfI considerations, along with the development of 

new interventions, is important for helping designers to produce components easily 

inspected using mature NDE technologies. This work represents the first step toward a 

comprehensive Design for Inspectability framework. Continued research and 

collaboration with academia and industry will help in the development of knowledge and 

tools that will help designers create components that are easily inspected, reducing the 

cost of quality and ensuring the reliability of safety critical components. 

  



101 

 

Appendix 
 

Literature Cited 

[1] Cision, 2020, "Additive Manufacturing Market to Reach USD 26.68 Billion By 
2027 | CAGR of 14.4%: Reports and Data." from 
https://www.prnewswire.com/news-releases/additive-manufacturing-market-
toreach-usd-26-68-billion-by-2027--cagr-of-14-4-reports-and-data-
301163846.html. 

[2] Hideo Kodama, 1998, “Automatic Method for Fabricating a Three- Dimensional 
Plastic Model with Photo- Hardening Polymer,” Rev. Sci. Instrum., 52(June 1998), 
pp. 2–6. 

[3] Hapgood, K., Morton, D., Amini, N., Zhang, J., and Antic, A., 2019, “3D Printing 
of Particles Resource Sheet,” (February), pp. 3–6. 

[4] Lezama-Nicolás, R., Rodríguez-Salvador, M., Río-Belver, R., and Bildosola, I., 
2018, “A Bibliometric Method for Assessing Technological Maturity: The Case of 
Additive Manufacturing,” Scientometrics, 117(3), pp. 1425–1452. 

[5] Nickels, L., 2015, “AM and Aerospace: An Ideal Combination,” Met. Powder 
Rep., 70(6), pp. 300–303. 

[6]      Liu, R., Wang, Z., Sparks, T., Liou, F., and Newkirk, J., Brandt, M., Ed. ,2017, 
Aerospace Applications of Laser Additive Manufacturing, Elsevier Ltd, 
Amstrerdam. Chapter 13. 

[7] Yusuf, S. M., Cutler, S., and Gao, N., 2019, “Review: The Impact of Metal 
Additive Manufacturing on the Aerospace Industry,” Metals (Basel)., 9(12), pp. 
1286. 

[8] Patalas-Maliszewska, J., Topczak, M., and Kłos, S., 2020, “The Level of the 
Additive Manufacturing Technology Use in Polish Metal and Automotive 
Manufacturing Enterprises,” Appl. Sci., 10(3), pp. 735. 

[9]      Ganesh Sarvankar, S., and Yewale, S. N., 2019, “Additive Manufacturing in 
Automobile Industry,” Int. J. Res. Aeronaut. Mechanical Eng., 7(4), pp. 1–10.  

[10] Ventola, C. L., 2014, “Medical Applications for 3D Printing: Current and 
Projected Uses.,” P&T a peer-reviewed J. Formul. Manag., 39(10), pp. 704–711. 

[11] Zanetti, E. M., Aldieri, A., Terzini, M., Calì, M., Franceschini, G., and Bignardi, 
C., 2017, “Additively Manufactured Custom Load-Bearing Implantable Devices: 
Grounds for Caution,” Australas. Med. J., 10(8), pp. 694–700. 

[12] Rodriguez-Prieto, A., Aragon, A., Camacho, A. M., and Sebastian, M., 2018, 
“Analysis of the Current Scenario of Additive Manufacturing Standardization and 
Certification,” 22nd Int. Congr. Proj. Manag. Eng. Madrid, (August), pp. 1011–
1023. 

[13] America Makes, and AMSC, 2018, “Standardization Roadmap for Additive 
Manufacturing - Version 2.0,” Am. Makes ANSI Addit. Manuf. Stand. Collab., 
2(June), pp. 1–269. 

[14] Lu, Q. Y., and Wong, C. H., 2018, “Additive Manufacturing Process Monitoring 
and Control by Non-Destructive Testing Techniques: Challenges and in-Process 



102 

 

Monitoring,” Virtual Phys. Prototyp., 13(2), pp. 39–48. 
[15] Prakash, S., Mahan, T., Williams, G., McComb, C., Menold, J., and Tucker, C., 

2019, “On the Analysis of a Compromised Additive Manufacturing System Using 
Spatio-Temporal Decomposition,” ASME 2019 International Design Engineering 
Technical Conferences and Computers and Information in Engineering 
Conference, Anaheim, California, USA. 

[16] Dolby, K., 2007, “The Hidden Cost of a Product Recall,” Environ. Bus., 
1982(136), p. 16. 

[17] Kübler, R. V., and Albers, S., 2012, “The Impact of Product Recall 
Communication on Brand Image, Brand Attitude and Perceived Product Quality,” 
Ssrn, (May). 

[18] Gardener Business Media, Inc., 2018, “Inspecting Complex Geometries for 
3DPrinted Parts,” from 
https://www.additivemanufacturing.media/articles/inspectingcomplex-geometries-
for-3d-printed-parts.  

[19] du Plessis, A., le Roux, S. G., Waller, J., Sperling, P., Achilles, N., Beerlink, A., 
Métayer, J.-F., Sinico, M., Probst, G., Dewulf, W., Bittner, F., Endres, H.-J., 
Willner, M., Drégelyi-Kiss, Á., Zikmund, T., Laznovsky, J., Kaiser, J., Pinter, P., 
Dietrich, S., Lopez, E., Fitzek, O., and Konrad, P., 2019, “Laboratory X-Ray 
Tomography for Metal Additive Manufacturing: Round Robin Test,” Addit. 
Manuf., 30(July), p. 100837. 

[20] Albright, B., 2016, “CT Scanning: A New Way to Look at Parts,” Peerless Media, 
pp. 1–10. 

[21] Romano, S., Abel, A., Gumpinger, J., Brandão, A. D., and Beretta, S., 2019, 
“Quality Control of AlSi10Mg Produced by SLM: Metallography versus CT Scans 
for Critical Defect Size Assessment,” Addit. Manuf., 28(May), pp. 394–405. 

[22] Schiffauerova, A., and Thomson, V., 2006, “A Review of Research on Cost of 
Quality Models and Best Practices,” Int. J. Qual. Reliab. Manag., 23(6), pp. 647–
669. 

[23] Uyar, A., 2008, “An Exploratory Study on Quality Costs in Turkish Manufacturing 
Companies,” Int. J. Qual. Reliab. Manag., 25(6), pp. 604–620. 

[24] Gurzadyan, V. G., Jantzen, R. T., Ruffini, R., and Newman, R. D., 2002, “The 
Challenge of Measuring the Cost of Quality,” Ninth Marcel Grossmann Meet., 
(March), pp. 614–618. 

[25] Berlin Packaging Specialist, “Measuring the True Cost of Quality : Practices to 
Make Quality an Asset,” , from https://www.berlinpackaging.com/measuring-the-
true-cost-of-quality-practices/ 

[26] Khataie, A. H., and Bulgak, A. A., 2013, “A Cost of Quality Decision Support 
Model for Lean Manufacturing: Activity-Based Costing Application,” Int. J. Qual. 
Reliab. Manag., 30(7), pp. 751–764. 

[27] Al-Salamah, M., 2016, “Economic Production Quantity in Batch Manufacturing 
with Imperfect Quality, Imperfect Inspection, and Destructive and Non-
Destructive Acceptance Sampling in a Two-Tier Market,” Comput. Ind. Eng., 93, 
pp. 275–285. 

[28] Alexander, Q., 2018, “5 Opportunities You Miss When You Don’t Incorporate 



103 

 

Design for Inspection,” 1(517), pp. 1–6. 
[29] Schultz, M., and Soat, R., 2017, “Design for Inspection : The Key to Lower Cost 

and Higher Profit Margins,” Med. Des. Briefs, pp. 2–4. 
[30] Juran, J. M., 1992, Juran on Quality by Design: The New Steps for Planning 

Quality into Goods and Services, The Free Press, New York, NY, pp. 1-44. 
[31] Todorov, E., Spencer, R., Gleeson, S., Jamshidinia, M., and Kelly, S. M., 2014, 

America Makes: National Additive Manufacturing Innovation Institute (NAMII) 
Project 1: NDE of Complex Metallic Additive Manufactured Structures Interim 
Report, Air Force Research Laboratory, Wright-Patterson Airforce Base, Ohio, 
USA, pp. 17-20. 

[32] Mazumder, J., 2015, “Design for Metallic Additive Manufacturing Machine with 
Capability for ‘Certify as You Build,’” Procedia CIRP, 36, pp. 187–192. 

[33] Bartolai, J., Simpson, T. W., and Xie, R., 2018, “Predicting Strength of Additively 
Manufactured Thermoplastic Polymer Parts Produced Using Material Extrusion,” 
Rapid Prototyp. J., 24(2), pp. 321–332. 

[34] Montazeri, M., Yavari, R., Rao, P., and Boulware, P., 2018, “In-Process 
Monitoring of Material Cross-Contamination Defects in Laser Powder Bed 
Fusion,” J. Manuf. Sci. Eng. Trans. ASME, 140(11), pp. 101009–101014. 

[35] Kim, H., Lin, Y., and Tseng, T. L. B., 2018, “A Review on Quality Control in 
Additive Manufacturing,” Rapid Prototyp. J., 24(3), pp. 645–669. 

[36] Ibrahim, D., Broilo, T. L., Heitz, C., de Oliveira, M. G., de Oliveira, H. W., Nobre, 
S. M. W., dos Santos Filho, J. H. G., and Silva, D. N., 2009, “Dimensional Error of 
Selective Laser Sintering, Three-Dimensional Printing and PolyJetTM Models in 
the Reproduction of Mandibular Anatomy,” J. Cranio-Maxillofacial Surg., 37(3), 
pp. 167–173. 

[37] McGregor, D. J., Tawfick, S., and King, W. P., 2019, “Automated Metrology and 
Geometric Analysis of Additively Manufactured Lattice Structures,” Addit. 
Manuf., 28(May), pp. 535–545. 

[38] Krauss, H., Eschey, C., and Zaeh, M. F., 2012, “Thermography for Monitoring the 
Selective Laser Melting Process,” Proc. solid Free. Fabr. Symp., 3(September), pp. 
999–1014. 

[39] Krauss, H., Zeugner, T., and Zaeh, M. F., 2014, “Layerwise Monitoring of the 
Selective Laser Melting Process by Thermography,” Phys. Procedia, 56(C), pp. 
64–71. 

[40] Everton, S. K., Dickens, P., Tuck, C., and Dutton, B., 2016, “Identification of Sub-
Surface Defects in Parts Produced by Additive Manufacturing, Using Laser 
Generated Ultrasound,” Mater. Sci. Technol. Conf. Exhib. 2016, MS T 2016, 1, 
pp. 141–148. 

[41] Holzmond, O., and Li, X., 2017, “In Situ Real Time Defect Detection of 3D 
Printed Parts,” Addit. Manuf, 17, pp. 135-142. 

[42] Hu, Z., and Mahadevan, S., 2017, “Uncertainty Quantification and Management in 
Additive Manufacturing: Current Status, Needs, and Opportunities,” Int. J. Adv. 
Manuf. Technol., 93(5–8), pp. 2855–2874. 

[43] Smith, J., Xiong, W., Yan, W., Lin, S., Cheng, P., Kafka, O. L., Wagner, G. J., 
Cao, J., and Liu, W. K., 2016, “Linking Process, Structure, Property, and 



104 

 

Performance for Metal-Based Additive Manufacturing: Computational Approaches 
with Experimental Support,” Comput. Mech., 57(4), pp. 583–610. 

[44] Tuan, T. A., 2019, “Conversion of In-Process Optical and Thermal Data into 3D 
File Representing Printing Process for Powder Bed Fusion (PBF).” from 
https://amcoe.org/project/in-process-monitoring. 

[45] Ziaee, M., and Crane, N. B., 2019, “Binder Jetting: A Review of Process, 
Materials, and Methods,” Addit. Manuf., 28, pp. 781–801. 

[46] Li, Z., Liu, X., Wen, S., He, P., Zhong, K., Wei, Q., Shi, Y., and Liu, S., 2018, “In 
Situ 3D Monitoring of Geometric Signatures in the Powder-Bed-Fusion Additive 
Manufacturing Process via Vision Sensing Methods,” Sensors, 18(4), pp. 1180. 

[47] De Chiffre, L., Carmignato, S., Kruth, J. P., Schmitt, R., and Weckenmann, A., 
2014, “Industrial Applications of Computed Tomography,” CIRP Ann. - Manuf. 
Technol., 63(2), pp. 655–677. 

[48] Boyce, B. L., Salzbrenner, B. C., Rodelas, J. M., Swiler, L. P., Madison, J. D., 
Jared, B. H., and Shen, Y. L., 2017, “Extreme-Value Statistics Reveal Rare 
Failure-Critical Defects in Additive Manufacturing,” Adv. Eng. Mater., 19(8), pp. 
1–17. 

[49] 2019, “Introduction to Nondestructive Testing,” Am. Soc. Nondestruct. Test. from 
https://www.asnt.org/MajorSiteSections/About/Introduction_to_Nondestructive_ 
Testing.aspx. 

[50] Carmignato, S., Savio, E., and De Chiffre, L., 2004, “CT Techniques for 
Reconstructing 3D Geometrical Models of Complex Parts: An Approach for 
Traceability Establishment and Uncertainty Evaluation,” IMEKO Int. Symp. 
Mediterr. Conf. Meas., pp. 387–390. 

[51] Rosc, J., Hammer, V. M. F., and Brunner, R., 2016, “X-Ray Computed 
Tomography for Fast and Non-Destructive Multiple Pearl Inspection,” Case Stud. 
Nondestruct. Test. Eval., 6, pp. 32–37. 

[52]    Lampman, S. R. and Zorc, T.B. Ed., 1989, “Ultrasonic Inspection,” Metals 
Handbook: Volume 17 Nondestructive Evaluation, ASM International, Metals 
Park, Ohio, USA, pp. 231–278. 

[53] Jasiūnienė, E., Mažeika, L., Samaitis, V., Cicėnas, V., and Mattsson, D., 2019, 
“Ultrasonic Non-Destructive Testing of Complex Titanium/Carbon Fibre 
Composite Joints,” Ultrasonics, 95(December 2017), pp. 13–21. 

[54] Jolly, M., Prabhakar, A., Sturzu, B., Hollstein, K., Singh, R., Thomas, S., Foote, 
P., and Shaw, A., 2015, “Review of Non-Destructive Testing (NDT) Techniques 
and Their Applicability to Thick Walled Composites,” Procedia CIRP, 38, pp. 
129–136. 

[55] Du Plessis, A., Le Roux, S. G., Els, J., Booysen, G., and Blaine, D. C., 2015, 
“Application of MicroCT to the Non-Destructive Testing of an Additive 
Manufactured Titanium Component,” Case Stud. Nondestruct. Test. Eval. 

[56] Du Plessis, A., Le Roux, S. G., Els, J., Booysen, G., and Blaine, D. C., 2015, 
“Application of MicroCT to the Non-Destructive Testing of an Additive 
Manufactured Titanium Component,” Case Stud. Nondestruct. Test. Eval., 4(1), 
pp. 1-7. 

[57]    Javadi, Y., MacLeod, C. N., Pierce, S. G., Gachagan, A., Lines, D., Mineo, C., 



105 

 

           Ding, J., Williams, S., Vasilev, M., Mohseni, E., and Su, R., 2019, “Ultrasonic 
Phased Array Inspection of a Wire + Arc Additive Manufactured (WAAM) 
Sample with Intentionally Embedded Defects,” Addit. Manuf, 29, pp. 100806. 

[58] Chiu, M. C., and Okudan, G. E., 2010, “Evolution of Design for X Tools 
Applicable to Design Stages: A Literature Review,” Proc. ASME Des. Eng. Tech. 
Conf., 6(January), pp. 171–182. 

[59] Boothroyd, G., and Dewhurst, P., 1983, “Design for Assembly — a Designers 
Handbook,” University of Massachusets, Amherst, Massechusets. 

[60] Boothroyd, G., and Dewhurst, P., 1989, Product Design for Assembly, Boothroyd 
Dewhurst Inc., Wakefield, Rhode Island, USA. 

[61] Fu, K. K., Yang, M. C., and Wood, K. L., 2016, “Design Principles: Literature 
Review, Analysis, and Future Directions,” J. Mech. Des. Trans. ASME, 138(10), 
pp. 1–13. 

[62] Booth, J. W., Alperovich, J., Chawla, P., Ma, J., Reid, T. N., and Ramani, K., 
2017, “The Design for Additive Manufacturing Worksheet,” J. Mech. Des. Trans. 
ASME, 139(10), pp. 100904-100913. 

[63] Boothroyd, G., and Alting, L., 1992, “Design for Assembly and Disassembly,” 
CIRP Ann. - Manuf. Technol., 41(2), pp. 625–636. 

[64] Ramani, K., Ramanujan, D., Bernstein, W. Z., Zhao, F., Sutherland, J., 
Handwerker, C., Choi, J. K., Kim, H., and Thurston, D., 2010, “Integrated 
Sustainable Life Cycle Design: A Review,” J. Mech. Des. Trans. ASME, 132(9), 
pp. 0910041–09100415. 

[65] Huang, Z., and Jin, Y., 2009, “Extension of Stress and Strength Interference 
Theory for Conceptual Design-for-Reliability,” J. Mech. Des. Trans. ASME, 
131(7), pp. 0710011–07100111. 

[66] Prabhu, R., Miller, S. R., Simpson, T. W., and Meisel, N. A., 2018, “Teaching 
Design Freedom: Exploring the Effects of Design for Additive Manufacturing 
Education on the Cognitive Components of Students’ Creativity,” Proc. ASME 
Des. Eng. Tech. Conf., 3, pp. 1–13. 

[67] Blösch-Paidosh, A., and Shea, K., 2019, “Design Heuristics for Additive 
Manufacturing Validated Through a User Study,” J. Mech. Des. Trans. ASME, 
141(4), pp. 1–8. 

[68] Prabhu, R., Miller, S. R., Simpson, T. W., and Meisel, N. A., 2019, “But Will It 
Print?: Assessing Student Use of Design for Additive Manufacturing and 
Exploring Its Effect on Design Performance and Manufacturability,” Proc. ASME 
Des. Eng. Tech. Conf., 2A-2019, pp. 1–13. 

[69] Prabhu, R., Simpson, T. W., Miller, S. R., and Meisel, N. A., 2019, “But Will It 
Build? Assessing Student Engineering Designers’ Use of Design for Additive 
Manufacturing Considerations in Design Outcomes,” Proceedings of the ASME 
2019 International Design Engineering Technical Conferences and Computers 
and Information in Engineering Conference, Anaheim CA, pp. 1–14. 

[70] Booth, J. W., Alperovich, J., Reid, T. N., and Ramani, K., 2016, “The Design for 
Additive Manufacturing Worksheet,” Vol. 7 28th Int. Conf. Des. Theory 
Methodol., 139(October 2017), pp. 100904 1–9. 

[71] Vaneker, T. H. J., 2017, “The Role of Design for Additive Manufacturing in the 



106 

 

Successful Economical Introduction of AM,” Procedia CIRP, 60, pp. 181–186. 
[72] Lindwall, A., and Törlind, P., 2018, “Evaluating Design Heuristics for Additive 

Manufacturing as an Explorative Workshop Method,” Proc. Int. Des. Conf. Des., 
3(1), pp. 1221–1232. 

[73] Mantelet, F., Segonds, F., Jean, C., Mantelet, F., Segonds, F., Jean, C., Creativity, 
A., Innovative, A., Mantelet, F., Segonds, F., and Jean, C., 2019, “Additive 
Creativity : An Innovative Way to Enhance Manufacturing Engineering 
Education.” 

[74] Sinha, S., Chen, H., Meisel, N. A., and Miller, S. R., 2017, “Does Designing for 
Additive Manufacturing Help Us Be More Creative? An Exploration in 
Engineering Design Education,” International Design Engineering Technical 
Conferences and Computers and Information in Engineering Conference, 
Cleveland, Ohio, pp. 1-12. 

[75] Wannlund, W. R., 1968, “The Impact of Inspectability Requirements on 
Spacecraft Design,” SAE Tech. Pap. 

[76] Stolt, R., Elgh, F., and Andersson, P., 2017, “Design for Inspection - Evaluating 
the Inspectability of Aerospace Components in the Early Stages of Design,” 
Procedia Manuf., 11(June), pp. 1193–1199. 

[77] Migoun, N. P., and Delenkovskii, N. V., 2009, “Improvement of Penetrant-Testing 
Methods,” J. Eng. Phys. Thermophys, 82(4), pp. 734-742. 

[78] Rentala, V. K., Mylavarapu, P., and Gautam, J. P., 2018, “Issues in Estimating 
Probability of Detection of NDT Techniques – A Model Assisted Approach,” 
Ultrasonics, 87, pp. 59–70. 

[79] Harding, C. A., and Hugo, G. R., 2011, “Guidelines for Interpretation of Published 
Data on Probability of Detection for Nondestructive Testing,” DSTO-TR-2622, 
Fishermans Bend, Victoria, Australia, pp. 1–20. 

[80] Khandkar, S. H., 1998, “Open Coding,” Basics Qual. Res. …, pp. 101–121, from 
http://pages.cpsc.ucalgary.ca/~saul/wiki/uploads/CPSC681/opencoding.pdf. 

[81] Williams, M., and Moser, T., 2019, “The Art of Coding and Thematic Exploration 
in Qualitative Research,” Int. Manag. Rev., 15(1), pp. 45–55. 

[82] Doggett, A. M., 2018, “Root Cause Analysis : A Framework Tool Selection,” 
Qual. Manag. J., 12(4), pp. 34–45. 

[83] Lhémery, A., Calmon, P., Chatillon, S., and Gengembre, N., 2002, “Modeling of 
Ultrasonic Fields Radiated by Contact Transducer in a Component of Irregular 
Surface,” Ultrasonics, 40(1–8), pp. 231–236. 

[84] Sanaei, N., Fatemi, A., and Phan, N., 2019, “Defect Characteristics and Analysis 
of Their Variability in Metal L-PBF Additive Manufacturing,” Mater. Des., 182, p. 
108091. 

[85] Sharratt, B. M., 2015, “Non-Destructive Techniques and Technologies for 
Qualification of Additive Manufactured Parts and Processes: A Literature 
Review,” Dep. Natl. Def. Canada, 55(March), pp. 91–127. 

[86] Li, F., Zhao, Y., Cao, P., and Hu, N., 2018, “Mixing of Ultrasonic Lamb Waves in 
Thin Plates with Quadratic Nonlinearity,” Ultrasonics, 87, pp. 33–43. 

[87] Rose, J., Shin, H., and Jeong, H., 2000, “Detection of Defects in a Thin Steel Plate 
Using Ultrasonic Guided Wave.,” Proceedings of 15th WorldConference on Non 



107 

 

Destructive Testing, Rome. 
[88] Edalati, K., Kermani, A., Naderi, B., and Panahi, B., 2005, “Defects Evaluation in 

Lamb Wave Testing of Thin Plates,” 3rd MENDT - Middle East Nondestruct. 
Test. Conf. Exhib., Bahrain, Manama, pp. 27-30. 

[89] Chiou, C. P., Margetan, F. J., McKillip, M., Engle, B. J., and Roberts, R. A., 2016, 
“Techniques and Software Tools for Estimating Ultrasonic Signal-to-Noise 
Ratios,” AIP Conf. Proc., 1706(February 2016). 

[90] Vezzetti, D. J., 1985, “Propagation of Bounded Ultrasonic Beams in Anisotropic 
Media,” J. Acoust. Soc. Am., 78(3), pp. 1103–1108. 

[91] Edalati, K., Kermani, A., Seiedi, M., and Movafeghi, M., 2005, “Defect Detection 
in Thin Plates by Ultrasonic Lamb Wave Techniques,” 8th Int. Conf. Slov. Soc. 
Non-Destructive Test. Appl. Contemp. Non-Destructive Test. Eng., Portorož, 
Slovenia, pp. 35-43. 

[92] Pavlovic, M., Zoëga, A., Zanotelli, C., and Kurz, J. H., 2017, “Investigations to 
Introduce the Probability of Detection Method for Ultrasonic Inspection of Hollow 
Axles at Deutsche Bahn,” Procedia Struct. Integr., 4, pp. 79–86. 

[93] Scharrer, T., Koch, A., Fendt, K. T., Rupitsch, S. J., Sutor, A., Ermert, H., and 
Lerch, R., 2012, “Ultrasonic Defect Detection in Multi-Material, Axis-Symmetric 
Devices with an Improved Synthetic Aperture Focusing Technique (SAFT),” IEEE 
Int. Ultrason. Symp. IUS, pp. 1039–1042. 

[94] Pavlovic, M., Takahashi, K., and Muller, C., 2012, “Probability of Detection as a 
Function of Multiple Influencing Parameters,” Insight Non-Destructive Test. 
Cond. Monit., 54(11), pp. 606–611. 

[95] Chang, J., Zheng, C., and Ni, Q. Q., 2006, “The Ultrasonic Wave Propagation in 
Composite Material and Its Characteristic Evaluation,” Compos. Struct., 75(1–4), 
pp. 451–456. 

[96] Netshidavhini, N., and Mabuza, R. B., 2012, “Effects of Various Couplants on 
Carbon Steel and Aluminium Materials Using Ultrasonic Testing,” 18th World 
Conf. Nondestruct. Test., Durban, South Africa, pp. 16–20. 

[97] Blösch-Paidosh, A., and Shea, K., 2019, “Design Heuristics for Additive 
Manufacturing Validated Through a User Study,” J. Mech. Des., 141(4), p. 
041101. 

[98] Mahan, T., Arguelles, A., Stover, M., and Menold, J., 2020, “Creating a Design for 
Inspectability Framework: Investigating DFAM Heuristics for Inspection 
Technologies,” Proceedings of the ASME 2020 International Design Engineering 
Technical Conferences and Computers and Information in Engineering 
Conference, ASME, Virtual, Online, pp. 1–15. 

[99] Palinkas, L. A., Horwitz, S. M., Green, C. A., Wisdom, J. P., Duan, N., and 
Hoagwood, K., 2015, “Purposeful Sampling for Qualitative Data Collection and 
Analysis in Mixed Method Implementation Research,” Adm. Policy Ment. Health. 
and Ment. Health. Serv. Res., 42, pp. 533-544. 

[100] Vogt, W. P., Gardner, D. C., and Haeffele, L. M., 2012, When to Use What 
Research Design, The Guilford Press, New York, NY, pp. 115-217. 

[101] “GE Jet Engine Bracket Challenge,” GrabCAD, from 
https://grabcad.com/challenges/ge-jet-engine-bracket-challenge. 



108 

 

[102] Ellwood, S., Pallier, G., Snyder, A., and Gallate, J., 2009, “The Incubation Effect: 
Hatching a Solution?,” Creat. Res. J., 21(1), pp. 6–14. 

[103] Meisel, N., and Williams, C., 2015, “An Investigation of Key Design for Additive 
Manufacturing Constraints in Multimaterial Three-Dimensional Printing,” J. 
Mech. Des. Trans. ASME, 137(11), pp. 1–9. 

[104] Plocher, J., and Panesar, A., 2019, “Review on Design and Structural Optimisation 
in Additive Manufacturing: Towards next-Generation Lightweight Structures,” 
Mater. Des., 183. 

[105] Hedges, L., and Olkin, I., 1985, Statistical Methods for Meta-Analysis, Academic 
Press, London, pp. 76-138. 

[106] 2020, “Titanium Ti-6Al-4V (Grade 5), Annealed Bar,” MatWeb Mater. Prop. 
Data, from 
http://www.matweb.com/search/DataSheet.aspx?MatGUID=10d463eb3d3d4ff48fc 
57e0ad1037434. 

[107] Alleyne, D., and Cawley, P., 1991, “A Two-Dimensional Fourier Transform 
Method for the Measurement of Propagating Multimode Signals.,” J. Acoust. Soc. 
Am., 89(3), p. 1159. 

[108] You, A., Be, M. A. Y., and In, I., 2015, “Estimates of Signal-to- Microstructural-
Noise Ratios in Ultrasonic Inspections of Metals,” 1193(2006). 

[109] 2009, Nondestructive Evaluation System Reliability Assessment, Department of 
Defense, MIL-HDBK-1823A, pp. 12-53. 

[110] Kuo, T. C., Huang, S. H., and Zhang, H. C., 2001, “Design for Manufacture and 
Design for `X’: Concepts, Applications, and Perspectives,” Comput. Ind. Eng., 
41(May), pp. 241–260. 

[111] Bakker, M., and Wicherts, J. M., 2014, “Outlier Removal, Sum Scores, and the 
Inflation of the Type i Error Rate in Independent Samples t Tests: The Power of 
Alternatives and Recommendations,” Psychol. Methods, 19(3), pp. 409–427. 

[112] Ho, A. G., 2010, “Exploring the Relationships between Emotion and Design 
Process for Designers Today,” DS 66-2 Proc. 1st Int. Conf. Des. Creat. ICDC 
2010, (December), pp. 1–7. 

[113] Liu, Y., Ritchie, J. M., Lim, T., Kosmadoudi, Z., Sivanathan, A., and Sung, R. C. 
W., 2014, “A Fuzzy Psycho-Physiological Approach to Enable the Understanding 
of an Engineer’s Affect Status during CAD Activities,” CAD Comput. Aided Des., 
54, pp. 19–38. 

[114] Zhou, J. J., Phadnis, V., and Olechowski, A., 2021, “Analysis of Designer 
Emotions in Collaborative and Traditional Computer-Aided Design,” J. Mech. 
Des. Trans. ASME, 143(2), pp. 1–10. 

[115] Sibley, C., Coyne, J., Avvari, G. V., Mishra, M., and Pattipati, K. R., 2016, 
“Supporting Multi-Objective Decision Making within a Supervisory Control 
Environment,” Lect. Notes Comput. Sci. (including Subser. Lect. Notes Artif. 
Intell. Lect. Notes Bioinformatics), 9744, pp. 210–221. 

[116] Welford, A. T., 1978, “Mental Work-Load as a Function of Demand, Capacity, 
Strategy and Skill,” Ergonomics, 21(3), pp. 151–167. 

[117] Dinar, M., Shah, J. J., Cagan, J., Leifer, L., Linsey, J., Smith, S. M., and 
Hernandez, N. V., 2015, “Empirical Studies of Designer Thinking: Past, Present, 



109 

 

and Future,” J. Mech. Des. Trans. ASME, 137(2), pp. 1–13. 
[118] Yuan, P., Li, Y., Chen, J., Xiong, Y., and Liu, L., 2018, “Experimental Study on 

the Associations among Sketches Based on Design Cognition,” J. Mech. Des. 
Trans. ASME, 140(10), pp. 1–16. 

[119] Cheong, H., Hallihan, G. M., and Shu, L. H., 2014, “Design Problem Solving with 
Biological Analogies: A Verbal Protocol Study,” Artif. Intell. Eng. Des. Anal. 
Manuf. AIEDAM, 28(1), pp. 27–47. 

[120] Chiu, I., and Shu, L. H., 2010, “Potential Limitations of Verbal Protocols in 
Design Experiments,” Proceedings of IDETC/CIE 2010 ASME 2010 International 
Design Engineering Technical Conferences & Computer and Information in 
Engineering Conference, ASME, Montreal, Quebec, Canada, pp. 1–10. 

[121] Hsu, K. J., Babeva, K. N., Feng, M. C., Hummer, J. F., and Davison, G. C., 2014, 
“Experimentally Induced Distraction Impacts Cognitive but Not Emotional 
Processes in Think-Aloud Cognitive Assessment,” Front. Psychol., 5(MAY), pp. 
1–9. 

[122] Clinton, V., Carlson, S. E., and Seipel, B., 2016, “Linguistic Markers of Inference 
Generation While Reading,” J. Psycholinguist. Res., 45(3), pp. 553–574. 

[123] Jiang, H., Kwong, C. K., and Yung, K. L., 2017, “Predicting Future Importance of 
Product Features Based on Online Customer Reviews,” J. Mech. Des. Trans. 
ASME, 139(11), pp. 111413-111423. 

[124] Desai, N., Gupta, R., and Truong, K., 2015, “Plead or Pitch? The Role of 
Language in Kickstarter Project Success,” Gr. Organ. Manag. 2016, Vol. 41((6)), 
pp. 717–750. 

[125] Sharek, D., 2011, “A Useable, Online NASA-TLX Tool,” Proc. Hum. Factors 
Ergon. Soc., pp. 1375–1379. 

[126] Dorta, T., Kalay, Y., Lesage, A., and Perez, E., 2011, “Comparing Immersion in 
Remote and Local Collaborative Ideation through Sketches: A Case Study,” Des. 
Together CAADFutures 2011 - Proc. 14th Int. Conf. Comput. Aided Archit. Des., 
(Ci), pp. 25–39. 

[127] Dorta, T., Lesage, A., and PéRez, E., 2009, “Design Tools and Collaborative 
Ideation,” Join. Lang. Cult. Visions - CAADFutures 2009, Proc. 13th Int. CAAD 
Futur. Conf., pp. 65–79. 

[128] Bae, S. S., Kwon, O. H., Chandrasegaran, S., and Ma, K. L., 2020, “Spinneret: 
Aiding Creative Ideation through Non-Obvious Concept Associations,” Conf. 
Hum. Factors Comput. Syst. - Proc., pp. 1–13. 

[129] Barnawal, P., Dorneich, M. C., Frank, M. C., and Peters, F., 2017, “Evaluation of 
Design Feedback Modality in Design for Manufacturability,” J. Mech. Des. Trans. 
ASME, 139(9). 

[130] Rahman, M. H., Xie, C., and Sha, Z., 2021, “Predicting Sequential Design 
Decisions Using the Function-Behavior-Structure Design Process Model and 
Recurrent Neural Networks,” J. Mech. Des., 143(8), pp. 1–12. 

[131] McComb, C., Cagan, J., and Kotovsky, K., 2017, “Capturing Human Sequence-
Learning Abilities in Configuration Design Tasks Through Markov Chains,” J. 
Mech. Des. Trans. ASME, 139(9), pp. 1–12. 

[132] Rahman, M. H., Schimpf, C., Xie, C., and Sha, Z., 2019, “A Computer-Aided 



110 

 

Design Based Research Platform for Design Thinking Studies,” J. Mech. Des., 
141(12), pp. 1–12. 

[133] Mehta, P., Malviya, M., McComb, C., Manogharan, G., and Berdanier, C. G. P., 
2020, “Mining Design Heuristics for Additive Manufacturing Via Eye-Tracking 
Methods and Hidden Markov Modeling,” J. Mech. Des., 142(12). 

[134] 2015, “Mann-Whitney U Test Using SPSS Statistics,” Laerd Stat. [Online]. 
Available: https://statistics.laerd.com/premium/spss/mwut/mann-whitney-test-in-
spss.php. 

[135]  Bowman, N. D., and Keene, J. R., “Flow Encourages Task Focus , but Frustration 
           Drives Task Switching How Reward and Effort Combine to Influence Player 

Engagement in a Simple Video Game,” Proceeding of the 2021 Conference on 
Human Factorsin Computing Systems, Article 119, pp. 1-8. 

[136] McComb, C., Cagan, J., and Kotovsky, K., 2017, “Mining Process Heuristics from 
Designer Action Data Via Hidden Markov Models,” J. Mech. Des. Trans. ASME, 
139(11), pp. 1–12. 

[137] Biner, P. M., and Hannon, S., 1988, “Effects of Task Difficulty and Interruption on 
Goal Valence,” J. Res. Pers., 22(4), pp. 496–512. 

[138] Dominguez, N., Reverdy, F., and Jenson, F., 2014, “POD Evaluation Using 
Simulation: A Phased Array UT Case on a Complex Geometry Part,” AIP Conf. 
Proc., 1581 33(February 2015), pp. 2031–2038. 



 

 

111 

VITA  

Tobias Jacob Mahan 

EDUCATION	
Ph.D.,	August	2021	
M.S.,	Biomedical	Engineering,	Michigan	Technological	University,	2017	
B.S.,	Biomedical	Engineering,	Michigan	Technological	University,	2016	
	
TEACHING	EXPERIENCE	
Teaching	Assistant,	The	Pennsylvania	State	University,	2019	
ME340,	Design	Methods	
Instructor,	Kijenzi,	2017-2018	
Fundamentals	of	Open-Source	CAD,	LakeHub	Innovation	Hub	in	Kisumu,	Kenya	
Building	Open-Source	3D	printers	-	Short	Course	
	
RESEARCH	EXPERIENCE	
Research	Assistant,	The	Pennsylvania	State	University,	2018-Present	
Researcher,	Michigan	Technological	University,	2016-2017	
Student	Researcher,	Michigan	Technological	University,	2013-2014	
 
PEER	REVIEWED	JOURNAL	PUBLICATIONS	
 
Mahan, T., & Menold, J. (2020). Simulating Cyber-Physical Systems: Identifying Vulnerabilities 
for Design and Manufacturing through Simulated Additive Manufacturing Environments. 
Additive Manufacturing, 101232. 
 
Mahan, T., Meisel, N., McComb, C., & Menold, J. (2019). Pulling at the digital thread: Exploring 
the tolerance stack up between automatic procedures and expert strategies in scan to print 
processes. Journal of Mechanical Design, 141(2). 
 
PEER	REVIEWED	CONFERENCE	PUBLICATIONS 
 
Mahan, T., Stover, M., Arguelles, A., and Menold, J., 2020, “Creating a Design for Inspectability 
Framework: Investigating Dfam Heuristics for Inspection Technologies,” ASME 2020 
International Design Engineering Technical Conferences and Computers and Information in 
Engineering, ASME (forthcoming), St. Louis, Missouri. 
 
Mahan, T., Doyle, B., Meisel, N., & Menold, J. (2018, August). Pulling at the Digital Thread: 
Exploring the Tolerance Stack Up in Scan to Print Processes. In International Design 
Engineering Technical Conferences and Computers and Information in Engineering Conference 
(Vol. 51845, p. V007T06A048). American Society of Mechanical Engineers. 
 


	TitlePage
	DegreeOf
	SignaturePage
	CommitteePage
	ThesisAdvisor
	CommitteeMember
	Abstract
	TableOfContents
	EntireTableOfContents
	ListOfFigures
	EntireListOfFigures
	ListOfTables
	EntireListOfTables
	Acknowledgements

