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ABSTRACT 
Design rationale is the explicit documentation of the reasons 

behind decisions made in designing a product or system. 

Typically, design rationale is captured using a combination of 

written reports and oral presentations. Research shows that the 

structure and information used to communicate rationale 

significantly influence human behavior. To better understand the 

influence that communication of design rationale has on the 

design process, a detailed understanding of the information and 

techniques used to communicate design rationale needs to be 

studied. This research aims to identify how engineers and 

designers communicate this information in written form and the 

implications that their communication patterns have in 

engineering design. Eight hundred and forty-six pages of 

technical engineering design reports from 28 teams representing 

116 individuals were analyzed using a mixed-methods approach 

and then compared across project types. The data were coded 

into categories using a schema we developed. The findings 

highlight the range of clarity that designers use in their 

rationales to support their design actions. Instead of clear, 

logical reasoning trends, designers often use techniques to fill 

gaps in design rationale through making assumptions, inserting 

oneself, or redirecting focus. The results suggest a need for 

improving design communication in engineering education and 

practice, perhaps through existing design reasoning frameworks 

or design rationale capturing tools. By capturing design 

rationale clearly between human designers, human-AI systems 

can leverage these findings to increase human confidence in and 

acceptance of a design agent’s recommendations. 

 

1. INTRODUCTION 
Yarnoff et al. state, “A real design, as opposed to a fuzzy idea, is 

something you can articulate and explain to others [1].” A 

straightforward design rationale should back each design feature. 

Each rationale, in theory, should have evidence supporting it, 

usually in the form of design specifications determined via 

background research or interviews. Traditionally, the 

engineering design process cites clearly defining the problem, 

setting up design specifications, prototyping, and testing to 

determine whether each design specification was met [2,3]. 

Without explicit specification or design criteria, design decisions 

appear random and without a basis for each decision. Without 

this explicit design rationale, whether the decision was made 

logically or randomly is unclear. 

Design rationale can reveal information about the design, 

the design process, individual designers, and the team. 

Engineering design is a disorderly process that is fundamentally 

argumentative in its reasoning, involving the negotiation of 

multiple preferences among a group of people [4,5]. Research 

suggests that the reasoning patterns designers use reveal the 

mental models held by those individual designers [6]. Mental 

models can change as new information is introduced [7], which 

means that design documentation provides a glimpse into the 

mental models held by a team. The designs created and processes 

performed are enacted by engineers and designers through their 

verbal or written language [8]. Research shows that designers 

need to shift effortlessly between abstraction and concretization 

when communicating design rationale. Depending on the 

project, an increase in domain expertise also needs to be 

conveyed [9,10]. Previous work in engineering design has found 

that information and tone used to support rationale affect human 

behavior [11–13]. 

To learn about the design rationale trends engineers use, the 

knowledge and methods of communicating rationale need to be 

investigated. Communicating design rationale in practice most 

often includes oral presentations and written documentation. 

Documentation and presentations are often met with less than 

excitement in the design process despite occupying a large 

portion of an engineer’s time [14]. Mahan et al. found that 

engineers struggle to present ideas clearly, explain the purpose 
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behind communication, or link sentences into logical paragraphs. 

Instead, lengthy and unorganized reports with hefty usage of 

jargon are commonplace [15]. Rarely will a single person 

oversee the entire design process; instead, engineers and 

designers need to work together and communicate with other 

members of a firm (e.g., technicians, sales, marketing). Without 

clear communication, a team that spent hours developing a new 

innovative product may never see the product advance to a later 

stage in the design process due to poor communication. A 

product can fail due to poor marketing and positioning. For 

example, the business side needs to understand how the proposed 

project brings value to the end-user. Often design 

communications are verbal in design practice; however, 

meaningful communication is written to state the meanings 

accurately and create a record for future reference [1]. 

This study aims to understand the communication methods 

used to explain the rationale behind a final design solution’s 

features and functions. The central research question is: 

How do engineers and designers communicate design 

reasoning in written documentation? 

 

A mixed-methods approach was used to analyze how design 

rationales are documented in final written design reports from 

three project-based courses. The coding process and sample 

codes are presented, showcasing the range of communication 

effectiveness and techniques used in documenting design 

rationale, and the implications behind these findings. Afterward, 

suggestions for improving design rationale communication in 

design practice and education are discussed, along with how 

these results can be applied within design support tools. 

 

2. BACKGROUND 
Communication is a central design activity [1]. Engineering 

design involves written, oral, interpersonal, numerical, and 

graphical communication [16]. Each aspect influences an 

engineer’s ability to communicate how and why they performed 

design actions. Design documents tend to favor the technical 

aspects of the final solution without explaining the context of the 

process [17]. Design reports provide an opportunity to 

communicate design reasoning with a logical flow of the 

motivations and events that result in a final solution. 

Interpersonal conversations are often needed and helpful to 

uncover these aspects through questions and answers but are a 

more complex system of two or more people and their respective 

interpersonal skills. Documentation is indicative of a design 

team’s ability to communicate. A firm usually sets the standard 

of the documentation. In engineering education, this is based on 

design practice but defined by the course instructors to meet the 

intended learning outcomes. 

 
2.1 Studying Design Rationale 
Studying design reasoning relies heavily on the data collection 

techniques used. For example, protocol analyses are commonly 

used in engineering design that asks participants to verbalize 

their thoughts while performing some task [18–20]. The 

verbalization of their thoughts and actions, in theory, represents 

the complexities of the cognitive process [21]. However, the 

limitation of protocol analyses, like other data collection forms, 

relies on a participant’s communication ability. Considering 

humans can think much faster than they can verbalize those 

thoughts, the words spoken likely do not fully represent the 

complexity of the cognitive process [22]. Instead, the selected 

words correspond to the most salient thoughts to the designer in 

each moment. 

This research leverages design documentation that designers 

have completed at their pace and should include enough content 

such that the document stands alone. Designers and engineers 

can revise as needed in written documentation before submitting, 

whereas informal conversations rely on quick thinking without 

time to practice. In engineering practice, design deliverables 

include presentations and final reports. Thus, within engineering 

education, course deliverables are modeled after industry 

practice and include multiple presentations and reports in 

addition to prototypes. The documented information is a selected 

curation of information that should be brief and to the point. 

These documents do not include the follow-ups or questions and 

answers that often-shed light on the nuances of decisions made. 

Sharing this information with new team members is often 

necessary. Depending on the industry or course, the written 

report may or may not need to be a standalone document. 

 
2.2 Documenting Rationale for Design Support Tools 
The design rationale engineers and designers use to 

communicate their design decisions holds promise in integrating 

human reasoning patterns into artificial intelligent (AI) 

applications. Current design support tools in development often 

mimic human design decisions but cannot clearly articulate the 

motivation or evidence supporting the designer’s decisions, 

which the agent has learned and imitated [23–25]. By 

incorporating explanations based on human design rationale, a 

deeper understanding that combines what the agents are doing, 

design actions, and why the agents are doing so, design rationale, 

can help increase trust in AI systems within engineering design 

[26–28]. 

Devleena and Chaernova show that explainable rationale 

allows users to understand what the agent is suggesting and 

improves a designer’s probability of using that suggestion, thus 

increasing task performance [13]. Research from Narayanan et 

al. explores what makes explanations from machine learning 

systems interpretable to humans to help increase trust and safety 

in these systems [12]. Furthermore, communication styles 

(assertive, commanding, informative) have significantly 

different outcomes in reported levels of trust [29]. Additionally, 

stereotypes and tones of the agent can also influence human-

computer interactions [30,31]. Thus, multiple components of 

design reasoning presented and the form it is communicated have 

significant consequences on human behavior. In order to acquire 

the design rationale humans use, the rationales and modes of 

communicating rationale need to be studied. 

 

3. MATERIALS AND METHODS 
This mixed-methods study aims to understand how engineers 

communicate design reasoning in technical design reports. This 

section outlines the data collection process and the analyses used 

to code and visualize the data. Written technical reports from 28 
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design teams’ containing three to five team members each are 

described. The data analyses used qualitative methods to identify 

emergent themes, while quantitative methods were used to 

visualize trends and relationships. 

 
3.1 Data Collection 
The dataset used for this study contained 846 pages of technical 

report documentation drawn from three project-based 

undergraduate and graduate engineering design courses at UC 

Berkeley. Fourteen undergraduate technical reports were 

gathered from two summer design courses, 2018 and 2019. 

Fourteen graduate technical reports were collected from a Fall 

2020 semester-long course. The undergraduate students included 

a variety of disciplines (i.e., engineering and non-engineering) 

and mostly upper-level undergraduate students. Meanwhile, 

students were primarily mechanical engineering master’s 

students in the graduate course, although a few undergraduates 

were in this course. Twenty-eight design teams comprising 116 

students (Table 1) were taught about and engaged with the 

human-centered design process, including research, analyzing, 

ideating, building, and communicating stages.  

 

TABLE 1: Breakdown of design team participants. 

Year 

No. of 

Teams 

No. of 

Students Demographic information 

2018 6 28 Undergraduates 

2019 8 33 Undergraduates 

2020 14 55 Primarily graduate students 

Total 28 116   

 

The instructors facilitated team formation in each class, 

resulting in design teams consisting of three to five students. 

Each design team could select their problem space and utilize 

any design methods and tools taught in the courses. The 

instructors and project mentors helped guide students throughout 

the design process. Each course had a series of learning modules 

and project deliverables. Project deliverables included but were 

not limited to design reviews, presentations, prototypes, and 

technical reports. The final write-up in each course had 

instructions to write up their problem space, the final prototype, 

and the design process the team underwent. The undergraduate 

course deliverable had an emphasis on the what and why behind 

design methods, while the graduate-level course included a 

comprehensive list of sections they could include in the report, 

although it was a guide and not a strict requirement. 

For the undergraduate courses, due to a shorter course 

timeline, their reports were much shorter and less detailed (a total 

of 153 pages; approx. 10.9 pages/report) than those of the 

graduate course (a total of 693 pages; approx. 49.5 pages/report). 

The collection of these technical reports from three design 

courses serves as the primary data sources used in analyses. 

More specifically, increased attention was placed on reports 

sections that covered justifications behind design features, 

design specifications, and concept selection decisions. 

Colleagues from the research group who were instructors for the 

courses provided access to the reports after course completion. 

Students were not told who the researchers were. Identifiers for 

the technical reports were removed before downloading and 

analyzing the data. The institutional review board was notified 

and approved the data sources and methods. 

 
3.2 Data Analysis 
Document analysis is a qualitative research approach in which 

documents, in this case, technical design reports, were gathered 

and analyzed. The datasets were reviewed and coded by a single 

researcher with previous experience in engineering design 

research and design practice. More specifically, thematic 

analysis inspired by a grounded theory approach was used for 

coding the reports [22]. Figure 1 shows a high-level overview of 

the qualitative process used after collecting and importing 

datasets without any identifiers in MAXQDA, a software 

program for computer-assisted qualitative and mixed methods 

data, text, and multimedia analysis. 

 
FIGURE 1: Overview of the research process. Note that the 

process is cyclic, and new codes, visualizations, and summaries of 

findings were created with each new data set. 

 

The first step of initial coding was performed by closely 

moving through a portion of the data. For this stage, four reports 

from the graduate-level course (approximately 200 pages) were 

quickly coded regarding modes in which the design teams 

justified design decisions. By coding these reports, general focal 

points within each technical document were identified to contain 

relevant information to answer the intended research question of 

how engineers and designers communicate design rationale. 

Regions within the technical reports in which design rationale 

data was most concentrated occurred in design specifications, 

concept generation, selection stages, detailed descriptions of the 

prototype, and technical feasibility. 

Observations were documented before beginning the 

focused coding portion on the remaining graduate-level 

documents, followed by the undergraduate design reports. Notes 

included information regarding the medium in which design 

rationale was communicated (i.e., text, images, tables) and 

persons or processes in which design rationale was generated. As 

focused coding was performed, two dominant relationships 

emerged as possibilities to situate the results and meanings. One 
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approach was clarity in communicating design rationale, 

highlighting the medium and linguistic style used to 

communicate rationale. An alternative approach situates the 

themes as spatiotemporal benchmarks within the engineering 

design process where designers pinpoint rationale development 

via persons and methods within each design stage. 

Code sets were created in this focused coding phase to group 

similar codes (i.e., created code group of missing information 

and associated codes like “missing links” and “overemphasizing 

language”). The resulting code sets include communicating 

clearly, missing information, inserting self, making assumptions, 

and redirecting focus. Afterward, a combination of concept 

charting and flowcharting was used to visualize the emergent 

themes using Mural, an online whiteboard platform. The 

visualizations related how clear and precise the communication 

of design rationale was and the techniques design teams used to 

describe and support their rationales. 

Lastly, design team deliverables from the three courses were 

coded using the innovation type classification from Ceschin and 

Gaziulusoy [32], as noted in Table 2. A follow-up analysis was 

performed using the project classification to determine whether 

trends in design rationale communication could be attributed to 

project types, as Rao et al. used to understand design teams’ 

justifications behind design method selection [33]. This follow-

up analysis required each coded segment from the initial and 

focused coding stages to be accounted for within the emergent 

code sets. 

 

TABLE 2: Innovation type and example projects [32]. 

Innovation Type No. Example project description 

Product 13 A mask to help cyclists stay safe while 

cycling 

Product-Service 7 An educational device and service that 

assists in remote learning 

Spatio-Social 8 An intelligent seat reservation system 

that utilizes the existing indoor 

facilities to increase student experience 

Socio-Technical 

System 

0 — 

 
4. RESULTS 
This research aims to understand the patterns in communicating 

design rationale within final design reports. A qualitative 

approach was used to code and group emerging themes described 

as levels of clarity that detail the range of communication 

effectiveness in design rationale documentation. The results 

highlight coded examples of design rationale communicated 

clearly and design rationale with missing information. Lastly, 

three identified strategies that individuals appear to use in 

communicating design rationale are presented. 

 

4.1 Clarity of design rationale varied across designers 
A hierarchy in clarity of design rationale emerged from data 

analysis where segments coded as communicating clearly used 

more precise language than segments coded as missing 

information. Example codes and representative responses are 

shown in Table 3 and Table 4. Design rationale in this research 

and literature [1–3] is defined as explanations behind a design 

feature or function supported by evidence. The evidence source 

can vary (e.g., medical literature, user interviews, cultural 

norms). Table 3 shows the resulting code sets of interest and 

three example codes. The theme, communicating clearly, 

contained 109 codes in 22 of the 28 documents (79%), which 

means the remaining six documents are missing information 

when discussing rationale or not mentioning rationale altogether. 

The theme of missing information contained 115 codes from 27 

documents (96%). There is a high frequency in which the design 

rationale is fragmented or missing across the majority of the 

reports. 

 

TABLE 3: Resulting coding scheme based on 474 coded segments. In 

parentheses, the first number includes the codes’ frequency, while the 

second number indicates the number of documents the code appears in 

of the 28 total technical reports. 

Code set Example codes 

Communicating clearly 

(109; 22) 
• communicating clearly 

• linking process 

• linking features with purpose 

Missing information 

(115; 27) 
• missing design requirements 

• missing source for specifications 

• lacking target group data 

Making assumptions or 

generalizations 

(75; 25) 

• sweeping statement 

• amplifying importance of problem 

• leaping rationale 

Inserting personal 

experience or values 

(62; 24) 

• inserting self as rationale 

• inserting personal values 

• creating their own criteria 

Redirecting focus 

elsewhere 

(92; 24) 

• pointing to table 

• listing specifications 

• alluding process 

 

Communicating clearly: An example design rationale 

(shown as C1 in Table 4) was provided from a report in which 

the final product aims to assist wheelchair users while cooking. 

The coded segment states the product feature, the staging area, 

and mentions the design specification used to assess their design, 

which was to hold at least 20 lbs. of weight. Lastly, the design 

team directly links the evidence to support their decision, based 

on dish requirements commonly encountered by wheelchair 

users gathered through interviews and measurements they took 

with filling pots of water. These three elements (feature, 

specification, and evidence) were clearly laid out within the 

rationale, hence coded as communicating clearly—the highest 

level of clarity. The design team even includes the methods used 

to acquire the evidence. How this team communicates design 

rationale reveals that the team can communicate well and 

understand how different aspects of the design process intersect 

to inform their decisions. 

Missing information: Rather than focus on how designers 

communicated well according to a traditional logical reasoning 

framework based on deductive reasoning, design rationale where 
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parts or entire design rationale were missing are outlined in the 

following sections. The next tier of clarity highlights phrases 

where decision-makers link the motivation behind features and 

functions but do not connect the motivation to any evidence. This 

incomplete reasoning transfers the work to the report’s reader to 

search the rest of the report for missing information. A report 

excerpt, M1 in Table 4, lists the product features and their 

requirements for the value for which the team designed. The 

evidence for these requirements is missing in the coded segment 

but can be found in earlier portions of the report that present the 

sources and mediums used to collect evidence and define the 

specifications. 

The following examples show design rationales that appear 

cohesive but are missing parts of the design reasoning that would 

likely require follow-ups from their stakeholders. The entirely 

missing rationale only lists a design feature, for example, a 

project in which design teams created a garbage can that weighs 

food waste. A central feature is the ability to compute the weight 

of three separate compartments, which are customizable for 

whatever needs the user has. The waste reduction team provided 

detailed technical information to build the waste bin and 

emphasized the importance of the three compartments. However, 

no evidence in the remainder of the report suggested this was a 

need from users nor motivated by experts or literature. 

Next, groups of design rationale emerged where only a 

portion of design rationale was missing, such as responses M2 

and M3 from Table 4. In the first sentence, the design team 

concludes that users prefer their product more without providing 

evidence for that claim. No such behavioral data exists or 

interview quotes that lead the team to this conclusion. The 

existing solution was not documented in the report for this 

sanitizing product and was left for interpretation. Based on the 

context of the time and place of the class and users during 

COVID-19, the audience may infer the sanitizing solutions that 

the reader might have used early in the pandemic. The insights 

drawn by the reader are not guaranteed to be the same. 

Moreover, another example from a separate design team 

alludes to processes or methods to explain their decision-making. 

The design team mentions using a Pugh Chart to select the top 

three ideas. In this case, the audience needs to refer to that chart 

in the report, despite no reference to a table, figure, or page 

number. The reader needs to skim the report to find the Pugh 

chart four pages down. Despite locating the weighted Pugh 

matrix, the motivation behind the criterion is not clear. The 

reader needs to reference the specifications defined earlier in the 

report. Upon reading that section, the reasons cited include the 

team feeling those specifications were most important. 

At the surface, the varying levels of clarity showcase the 

spectrum of communication abilities. The coded rationales 

indicate an engineer’s understanding of the process and purpose 

at a deeper level. When designers and engineers communicate 

well, they thoroughly understand what they did and why. Design 

teams with missing information in their rationale or entirely 

missing rationale point to poor communication abilities, a lack 

of understanding in their design processes and decisions, or both. 

They may simply not know why they modified the design or how 

their interviews influenced their change in direction. The varying 

levels of design rationale clarity indicate the degree of 

information designers assume their reader knows (i.e., team 

congruency or shared knowledge base). The levels of clarity 

highlight gaps in design communication that engineering 

education could address. 

 
TABLE 4: Representative coded segments selected from within each 

code set used to present the findings of levels of clarity and three 

strategies used to communicate rationale. 

Code set Representative coded segment 

Communicating 

clearly 

(C) 

 

 

 

 

 

Missing 

information 

(M) 

 

 

 

 

 

We determined that we need the staging area of 

the final product to hold at least 20 lbs. of 

weight, ideally with a 1.5 factor of safety or 

higher. This was determined based on the dish 

requirements commonly encountered by 

wheelchair users we interviewed, including pots 

filled with water. (C1) 

 

Product feature. Partially opaque plastic 

maximizes diffusion of light, resulting in equal 

illumination. Requirement for security. Product 

means the cyclist is visible from 360˚, with no 

gaps in visibility. (M1) 

 

[Users] would prefer this product over their 

current sanitizing solution. (M2) 

 

Finally, we picked the top three ideas using a 

Pugh Chart as our final concept. (M3) 

 

Making 

assumptions or 

generalizations 

(G) 

Three metrics were not too overwhelming for 

the user to look at. (G1) 

 

The stylus is similar to a pencil that students 

would normally use at school. (G2) 

 

Inserting 

personal 

experience or 

values 

(I) 

We came up with the following criterion for our 

weighted matrix. (I1) 

 

We tried to find something that we all thought 

was inconvenient in our life. So that we could 

improve it. (I2) 

 

Redirecting 

focus elsewhere 

(R) 

We believe that this mechanism successfully 

meets all three of our requirements, as indicated 

by our prototyping and user interviews. (R1) 

 

 
4.2 Techniques used to communicate design rationale 
Surprising elements from the data were the written techniques 

designers and engineers used to communicate design rationale, 

coded as making assumptions, inserting self, or redirecting the 

reader’s focus elsewhere. These findings were surprising in that 

the strategies cited were not objective, using evidence-based 

reasoning commonly associated with engineering practice. Table 

3 shows the frequency of codes and the number of documents 

the codes appear in of the 28 total documents. These codes 

further explain how design rationale was communicated in lower 

levels of clarity. 

Making assumptions or generalizations is one technique 

designers use as justification, most frequently appearing as a 

summary of entire design stages or as interpretations of their 
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users’ thoughts and actions. Two examples, G1 and G2, are listed 

in Table 4 as representative coded segments. A team working on 

a wearable that displayed biometric data stated (G1), “Three 

metrics were not too overwhelming for the user to look at.” This 

statement was used to support their decision of three biometric 

markers to display to the user of the wearable prototype. The 

breadth of biometric variables that the team could have displayed 

was vast. The selection of those three metrics was not mentioned. 

The general statement leads the reader to assume that theories in 

cognitive load could explain the decision to pursue three metrics. 

However, this is only one possible explanation a reader might 

assume, which appears to make sense and sound logical. Another 

reader might assume the screen size was a limitation—the lack 

of information results in a wide range of interpretations. 

Additionally, a team working to improve remote education 

for grade school students made the following generalization 

(G2), “The stylus is similar to a pencil that students would 

normally use at school.” The prior statement was mentioned to 

support the team’s use of a stylus and tablet-type design. The 

design team assumes users’ likelihood of using a product based 

on existing product usage. As a reader, simply because the 

proposed product is like an existing product, there is no 

guarantee of product adaptation. If the existing product is too 

similar, what incentive is there for users to adopt the new 

technology. The reader’s interpretation reflects a poorly 

supported design decision and questions the design team’s 

credibility. 

Inserting personal experience or values to motivate design 

decisions is the second defined strategy designers use by 

inserting themselves into the design process. The example I1 

from Table 4 is from a team that aimed to improve safety for 

festivalgoers. Their rationale suggests the team went ahead and 

decided on design specifications without linking the evidence to 

their selection of those criteria. Design projects where the 

problem space is open-ended and to be decided by the team often 

result in teams deciding to work with users like themselves or 

solve problems for people like themselves, which is a known 

issue. Despite the design principle to listen to your users and their 

needs, designers knowingly and unknowingly insert their 

experience as representative of what their users want. In a 

separate excerpt, I2 from Table 4, a team justified their problem 

space by relying on their personal experience to drive the 

problem space selection and, ultimately, product solution. By 

elevating one’s experiences over the knowledge acquired in the 

design process, the design team under explores their design 

space and closes off different perspectives. Although a design 

team may be well-intentioned, they are no longer designing for 

their user but rather for themselves. 

Redirecting focus elsewhere means the designers and 

engineers use references to other pieces of information to support 

their design features and functions. In terms of clarity, the most 

explanatory approach includes linking another source of 

information such as a specifications table, figure, or appendix to 

their rationale. Next is a designer’s allusion to a previous stage 

in the engineering design process, such as specific user 

interviews or methods. Lastly, the vaguest usage of this 

technique can be encapsulated by the coded except R1 from 

Table 4. The statement mentions an undefined mechanism of the 

final design, all three requirements are not listed nor referenced 

in a different section of the report, and a sweeping statement 

about the design process is used. The statement shows poor 

communication and questions the credibility of the designer and 

the rigor of their design process. 

 
4.3 Communication patterns of design rationale were 
independent of innovation type 
An additional analysis of levels of clarity and techniques were 

segmented by innovation project type, as shown in Table 5. 

Product-service and spatio-social have a higher average 

frequency of occurrences than the product type regarding clear 

communication. Concerning missing information codes, the 

innovation types are similar (between 22 and 27% on average). 

Redirecting focus (92 codes) leads as the most common 

technique used, followed by making assumptions (75 codes) and 

inserting self (62 codes). Across the assumptions category, the 

average frequency of occurrence is similar. In contrast, 

redirecting focus occurs more frequently within the product and 

product-service innovation types. 

Redirecting focus in the system with physical components 

makes sense because of their physicality, but when reviewing the 

code segments within the redirecting focus code set, the 

segments often allude to other documents or processes like 

interviews or specification guides. The analysis of project 

innovation types does not reveal noticeable differences across 

types. Therefore, the challenges in communication are observed 

across the board, independent of innovation type. 

 
TABLE 5: Breakdown of the number of coded segments per code set 

and split by project innovation type. Product type contains 13 projects 

and 203 codes. Product-Service contains seven projects and 133 codes, 

and Spatio-Social contains eight projects and 122 codes. 

Code set Product 

Product-

Service 

Spatio-

Social 

Communicating Clearly 41 (20%) 37 (28%) 38 (31%) 

Missing Information 54 (27%) 33 (25%) 27 (22%) 

Making Assumptions 33 (16%) 23 (17%) 18 (15%) 

Inserting Self 31 (15%) 12 (9%) 19 (16%) 

Redirecting Focus 44 (22%) 28 (21%) 20 (16%) 

 
5. DISCUSSION 
Written communication is one form that engineers and designers 

use to communicate design rationale. The results were extracted 

from an exploratory qualitative research process which identified 

three main findings. First, this research shows that design 

rationale can be thought of in clarity levels, with explicit design 

features, specifications, and evidence to support those 

specifications serving as the most precise form of 

communication, as defined in this work. In contrast, the lowest 

level of clarity includes written communication of design 

rationale that is missing parts of this design rationale framing or 

rationale altogether. The second finding presents three observed 

techniques designers use when communicating design rationale. 

These techniques can be used independently of the levels of 

clarity. The last finding describes the influence of project 

innovation classification on communication, which appears 
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negligible. Combining these findings highlights the variety in 

design communication and some of the written strategies 

designers lean on. The following sections outline the 

implications of these findings, practical methods to improve 

designer communication, and applications of these findings 

within human-AI collaboration. 

 

5.1 Implications of communication clarity on designer 
credibility 

The three techniques observed are used on varying levels of 

clarity. Upon first summarizing the results, the emerging themes 

appeared when part of the rationale or the entire rationale was 

missing. These techniques were also used by designers and 

engineers who communicated clearly. Therefore, the following 

techniques lead us to believe that when designers make 

assumptions and communicate clearly, they have knowledge 

about their users, which influences their decisions. Rather than 

extract the meaning from interviews with direct quotes, the 

designer states that the designer prefers this prototype. Situations 

where designers insert themselves or their values show they are 

trying to fill the gaps to the best of their knowledge and 

experience. 

The last technique noted that occurs in poor and good 

communication involves redirecting the reader’s focus. One 

might use the redirect to provide a clear visual representation of 

the finished prototype they are discussing and link it flawlessly 

to the feature or attribute described. Alternatively, other teams’ 

redirection leads us to assume they do not know why they 

completed said design actions nor how it influenced decisions. 

The redirecting technique led us to believe that they want their 

reader to know how much work they did. This show-and-tell 

approach removes the focus from the user and toward the design 

team’s achievements. By doing so, designers cannot identify the 

critical aspects to articulate and prematurely believe every step 

they take needs to be shown. Previous research on technical 

writing has found that complicated sentences, lower accuracy, 

and less organizational structure (often in student’s work) 

resulted in decreased effectiveness in areas that practitioners in 

engineering considered important (e.g., accurate and 

unambiguous content; fast, predictable reading; liability 

management; and attention to detail) [34]. A lack of organization 

and clarity shows their inability to express engineering content 

effectively. 

A lack of documented design rationale does not necessarily 

indicate the team used no rationale. Instead, the absence or 

fragmentation of design rationale points to a team’s subpar 

ability to communicate, or perhaps more interesting is a team’s 

use of these explanatory crutches as mentioned in Section 4.2. 

The absence of the design rationale may not necessarily be 

alarming. Instead, the implicit design rationale could suggest a 

team has a shared cognition or mental models of their design 

actions and motivations [35,36]. Since each student was 

involved in the entire process, they might have a higher shared 

understanding of the information guiding their team’s decisions, 

which could explain the lack of clear design rationale in the 

technical reports used for this research. However, the shared 

understanding may no longer hold moving beyond the 

immediate design team, requiring explicit design rationale to be 

stated. More detailed design explanations would be expected 

when less information about the design challenge and solution is 

known. 

Prior literature has identified technical professionals’ 

challenges in communication [1,16]. The lower levels of clarity 

as outlined in this dataset could be attributed to this natural 

occurrence. However, there are likely additional explanations. A 

more cynical explanation could be attributed to a team’s lack of 

logical reasoning resulting in the team using the techniques 

described above manipulatively. Thus, while they may appear to 

communicate design rationale, they insert their personal 

experiences or redirect the reader’s focus to find the rationale in 

another portion of the document (that may or may not exist). Due 

to the short project nature of the design courses, which lasted a 

semester or summer, the rationale for their design decisions may 

be unknown since they did not have sufficient time or resources 

to support their decisions [37,38]. Rather than state these 

uncertainties, they appear as missing information via the 

techniques highlighted. Designers respond differently to 

uncertainty; some are motivated to engage with uncertainty and 

resolve the uncertainty, while others favor familiarity [39,40]. 

The teams may be using the techniques to favor what they 

already know (e.g., personal experiences) or to avoid grappling 

with the uncertainty in their projects.  

 

5.2 Practical approaches to improving design rationale 
communication through reasoning frameworks and 
intended audiences 
The first approach to improve design rationale communication 

and documentation might consider using traditional reasoning 

frameworks. The philosopher, Charles S. Peirce, identified three 

types of reasoning, deductive, inductive, and abductive 

reasoning [41]. Each of these classes is composed of a rule, case, 

and result. Deductive reasoning involves using existing 

knowledge to draw guaranteed conclusions. Meanwhile, 

inductive reasoning states that a conclusion is likely. Then there 

is abductive reasoning which assumes the best-case scenario 

solution. Table 6 shows an example for each reasoning group. 

 

TABLE 6: Logical reasoning examples from [11]. 

Reasoning Example 

Deductive Because GPS do exist today and we have seen this 

sort of stuff existing already, so it’s not a completely 

new idea, I guess. 

Inductive We’re so lazy, that anything that saves us walking 

up to switch the light switch on and off is 

everyone’s. 

Abductive But you can also use it for like busy people for 

terminal disease or something like that. 

 

Research from Summers made clear that reasoning in design 

includes all three reasoning types [41]. Pierce’s traditional 

logical reasoning classification has been used to code protocol 

studies, and each form of reasoning is present within the design 

process [6,42–44]. We wanted to expand beyond simply 

classifying reasoning within the design process and instead show 

the breadth of communication strategies designers and engineers 
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use to communicate design rationale. The effectiveness of the 

clarity and techniques observed require further insight to 

quantify their influence on design decisions and outcomes. 

Most engineers and designers know deductive reasoning but 

do not know the meaning of inductive or abductive reasoning 

[45]. Hernandez developed an engineering reasoning-based 

course in which logical reasoning was introduced with the goal 

of increasing scrutiny of the final design and justifications [46]. 

A follow-up investigation into the reasoning-based course and 

its impact on design rationale communication could be 

considered. Moreover, reasoning in engineering design teams in 

industry has been studied to improve the transfer of knowledge 

and project documentation by introducing and implementing 

design rationale capture tools and frameworks [47–49]. By 

incorporating standards to document design rationale, project 

organization improved, and contrary to expectations, designers 

found such a system natural and helpful in their communication 

processes [47]. 

In addition to using logical reasoning frameworks or 

existing knowledge transfer systems, designers and engineers 

should know their intended audience. Therefore, engineers can 

write and position the document to best serve the intended 

stakeholders [50]. The document’s purpose can vary in industry 

depending on the stakeholder (i.e., one for the business side, 

internal design team communication, external to technicians). 

For the scope of this research, the data sources were end-of-term 

design reports, and the intended audiences were instructors. The 

reports were meant to stand alone since the instructors had no 

more opportunities to ask follow-up questions once the semester 

finished. 

Improving communication within engineering design will 

help with the study of and collection of design rationale. In our 

study, students were not explicitly primed to detail their rationale 

but rather a synopsis of their design process. In most of the 

reports, detailed rationale was absent. A future study might 

explicitly instruct participants to document a design decision and 

corresponding rationale. Educators may want to consider 

implementing reasoning frameworks, knowledge transfer 

systems, or asking students to write for a specific audience. Each 

approach would help engineers and designers identify what they 

should be communicating and how they should be conveying 

that information when documenting their design process. 

 

5.3 Applications for levels of clarity and techniques 
within human-AI collaboration 
The results show that design rationales were not always 

communicated clearly, and the techniques used varied. Shared 

knowledge within a team could explain why design rationale was 

missing. However, human-AI partners may not have this shared 

knowledge. Current AI systems struggle with explaining why 

they perform their actions aside from replicating human behavior 

[25,51]. Implicit design rationale might arise from domain 

expertise, common sense, or bias. The ability to explicitly link 

implicit design reasoning to design actions as defined in 

communicating clearly would benefit the development of 

explainable design agents. More specifically, future work should 

consider applying the findings (levels of clarity and techniques) 

to help classify the design rationale provided in written 

documents. These classifications can evaluate the effectiveness 

of communication or the strategies used to help determine viable 

texts from which clear design reasoning can be extracted. By 

segmenting design rationale, future work could better understand 

the influence each grouping has on design decisions and 

outcomes. 

Within engineering design, previous research has shown 

several advantages to introducing AI design agents to assist 

human designers at various stages of the design process [52–55]. 

Research from Raina et al. used deep learning to imitate human 

designers where the system performed just as well or 

outperformed human designers. However, the rationale behind 

the agent’s decisions remains unknown [25]. Although the 

system may objectively recommend a higher-performing design, 

the consideration and ideally acceptance of the agent’s 

recommendation relies on the agent’s ability to explain its 

rationale. Research suggests that AI recommendations should be 

simple for designers to understand [51]. Ideally, the decision-

support tool should explain its design rationale to supplement the 

design recommendations it is making. This ability to explain 

design rationale informs trust and influences a designer’s 

decision. 

Depending on the explainability, or levels of clarity as 

defined in this study, designer confidence in a decision-support 

tool will vary [51]. Previous research in autonomous vehicles has 

shown that communication style and the level of information 

provided influenced a human’s trust in the system [29]. Within 

human-to-human interactions, previous research from Dong et 

al. showed that the logical framing structure (i.e., abductive, 

deductive) significantly influenced design decisions [11]. 

Deductive reasoning was more likely to cause human 

participants to reject proposed designs, whereas abductive 

reasoning was more likely to accept a design product or feature. 

The findings from this research show a wide range in how design 

rationales were documented, and thus a wide range in human 

trust in an agent’s recommendation should result. 

 

5.4 Reflection on methods 
The data sources for this work involved course design 

deliverables from 14 teams in a graduate-level course and 14 

reports from two undergraduate courses over two summer 

semesters. Due to the varying levels of expertise and domain 

knowledge, further analyses of this topic and how expertise 

influences design rationale could be considered. The reports 

selected for analyses were from students (i.e., novice designers) 

and thus would likely differ from industry reports. The 

differences between teams and companies in industry would also 

vary in their communication expectations. Researching design 

rationale in industry documents will be explored in future work. 

Although design rationale and its components were defined in 

this study, the level of detail necessary for understanding a 

system, feature, or function was not defined. Some teams 

included complex finite element analysis to support their 

decision, while others described the rationale at a high level 

without providing a detailed breakdown of the information and 

process used. Would one method be preferred, or is the degree 

of detail dependent on the shared knowledge between the 

designer and reader of the technical report? 
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The research materials and methods used in this research 

were evaluated according to the measures of confidence and 

relevance by Atkinson et al. [56]. Each step of the qualitative 

process and codes, integration work, and memo-writing are 

documented via MAXQDA, lab notes, and Mural. Concerning 

triangulation and reflexivity, students in the design courses were 

unaware of the researchers’ presence. The reports were received 

after the completion of the courses. In the analyses, any 

identifiers were removed before the coding began. 

Regarding corpus construction, the design deliverables were 

a convenience sample from some of the previous courses 

members of the research group instructed. In terms of thick 

description, direct quotes are used in the results and discussion. 

They are linked to the relationships of levels of clarity. The 

element of local surprise arises through the degree of impartial 

or missing design rationale in final design deliverables. Analyses 

of these missing and impartial rationales highlight techniques 

designers use to fill those gaps. The main takeaways regarding 

levels of clarity and techniques are mentioned in detail in Section 

4. However, future work will consider communicating validation 

using the code sets on new data sources to verify the prevalence 

of the emergent themes. 

  

6. CONCLUSION 
Engineers and designers need to provide design rationale when 

creating products and systems. Design rationale goes beyond 

stating the intent of a product feature or function and links 

together that feature or function with a design specification and 

information used to define that requirement. This research aimed 

to understand how engineers and designers communicate design 

rationale in written technical design reports. Eight hundred and 

forty-six pages of technical design reports were collected from 

three project-based undergraduate and graduate engineering 

design courses. Using a mixed-methods approach, these reports 

were analyzed using thematic analysis inspired by the grounded 

theory process, and the emergent themes were visualized for 

their relationships to one another and frequency in occurrences. 

The main findings include a broad range of how design teams 

communicate design rationales. The clarity levels suggest a 

designer’s inability to articulate their motivations or a lack of 

understanding behind their teams’ or individual’s design 

decisions. Techniques such as making assumptions, inserting 

oneself, and redirecting focus, were three strategies commonly 

used when rationale was missing information. Depending on the 

use of or lack of design reasoning framing, the range of design 

rationale identified in this research likely impacts trust and 

resulting decisions. The implications of this work highlight the 

gaps in communication of design rationale and a classification 

scheme in which clear design rationale can be extracted for use 

in design support tools.  

 

ACKNOWLEDGMENTS 
This material is based upon work supported by the National 

Science Foundation Graduate Research Fellowship under Grant 

No. 1752814, the University of California Regents, and partially 

supported by the National Science Foundation under Grant No. 

DGE-1633740. The findings presented in this work represent the 

views of the authors and not necessarily those of the sponsors. 

REFERENCES 
[1] Charles Yarnoff, John Anderson, Stacy Benjamin, 

Kathleen Carmichael, J. Edward Colgate, Jeanne Herrick, 

Penny Hirsch, Barbara Shwom, and Deborah Wood, 

Engineering Design and Communication: Principles and 

Practice. 

[2] Ulrich, K., 1995, Product Design and Development, 

McGraw-Hill. 

[3] Pugh, S., 1990, Total Design: Integrated Methods for 

Successful Product Engineering, Addison-Wesley, 

Reading, MA. 

[4] Rittel, H. W. J., “The Reasoning of Designers,” p. 11. 

[5] Bucciarelli, L. L., 2002, “Between Thought and Object in 

Engineering Design,” Design Studies, 23(3), pp. 219–231. 

[6] Cramer-Petersen, C. L., Christensen, B. T., and Ahmed-

Kristensen, S., 2019, “Empirically Analysing Design 

Reasoning Patterns: Abductive-Deductive Reasoning 

Patterns Dominate Design Idea Generation,” Design 

Studies, 60, pp. 39–70. 

[7] Johnson-Laird, P., 2008, How We Reason, Oxford 

University Press. 

[8] Dong, A., 2007, “The Enactment of Design through 

Language,” Design Studies, 28(1), pp. 5–21. 

[9] Wolmarans, N., 2016, “Inferential Reasoning in Design: 

Relations between Material Product and Specialised 

Disciplinary Knowledge,” Design Studies, 45, pp. 92–115. 

[10] Chai, C., Cen, F., Ruan, W., Yang, C., and Li, H., 2015, 

“Behavioral Analysis of Analogical Reasoning in Design: 

Differences among Designers with Different Expertise 

Levels,” Design Studies, 36, pp. 3–30. 

[11] Dong, A., Lovallo, D., and Mounarath, R., 2015, “The 

Effect of Abductive Reasoning on Concept Selection 

Decisions,” Design Studies, 37, pp. 37–58. 

[12] Narayanan, M., Chen, E., He, J., Kim, B., Gershman, S., 

and Doshi-Velez, F., 2018, “How Do Humans Understand 

Explanations from Machine Learning Systems? An 

Evaluation of the Human-Interpretability of Explanation,” 

arXiv:1802.00682 [cs]. 

[13] Das, D., and Chernova, S., 2020, “Leveraging Rationales 

to Improve Human Task Performance,” Proceedings of the 

25th International Conference on Intelligent User 

Interfaces, Association for Computing Machinery, New 

York, NY, USA, pp. 510–518. 

[14] Tenopir, C., and King, D. W., 2004, Communication 

Patterns of Engineers, John Wiley & Sons. 

[15] Mahan, J., Jayasumana, A., Lile, D., and Palmquist, M., 

2000, “Bringing an Emphasis on Technical Writing to a 

Freshman Course in Electrical Engineering,” Education, 

IEEE Transactions on, 43, pp. 36–42. 

[16] Shwom, B., Hirsch, P., Yarnoff, C., and Anderson, J., 

1999, “Engineering Design and Communication: A 

Foundational Course for Freshmen,” Language and 

Learning Across the Disciplines, 3(2), pp. 107–112. 

[17] Hertzum, M., and Pejtersen, A. M., 2000, “The 

Information-Seeking Practices of Engineers: Searching 

for Documents as Well as for People,” Information 

Processing & Management, 36(5), pp. 761–778. 



 10 © 2022 by ASME 

[18] Galle, P., 1996, “Design Rationalization and the Logic of 

Design: A Case Study,” Design Studies, 17(3), pp. 253–

275. 

[19] Takemura, K., 1993, “Protocol Analysis of Multistage 

Decision Strategies,” Percept Mot Skills, 77(2), pp. 459–

469. 

[20] Chi, M. T. H., 1997, “Quantifying Qualitative Analyses of 

Verbal Data: A Practical Guide,” Journal of the Learning 

Sciences, 6(3), pp. 271–315. 

[21] Hay, L., Duffy, A. H. B., McTeague, C., Pidgeon, L. M., 

Vuletic, T., and Grealy, M., 2017, “A Systematic Review 

of Protocol Studies on Conceptual Design Cognition: 

Design as Search and Exploration,” Des. Sci., 3. 

[22] Ericsson, K. A., and Simon, H. A., 1984, Protocol 

Analysis:  Verbal Reports as Data, The MIT Press, 

Cambridge, MA, US. 

[23] Puentes, L., Raina, A., Cagan, J., and McComb, C., 2020, 

“Modeling a Strategies Human Design Process: Human-

Inspired Heuristic Guidance through Learned Visual 

Design Agents,” Proc. Des. Soc.: Des. Conf., 1, pp. 355–

364. 

[24] Raina, A., Cagan, J., and McComb, C., 2019, 

“Transferring Design Strategies From Human to 

Computer and Across Design Problems,” Journal of 

Mechanical Design, 141(11). 

[25] Raina, A., McComb, C., and Cagan, J., 2019, “Learning to 

Design From Humans: Imitating Human Designers 

Through Deep Learning,” Journal of Mechanical Design, 

141(11). 

[26] Glikson, E., and Woolley, A. W., 2020, “Human Trust in 

Artificial Intelligence: Review of Empirical Research,” 

ANNALS, 14(2), pp. 627–660. 

[27] Ezer, N., Bruni, S., Cai, Y., Hepenstal, S. J., Miller, C. A., 

and Schmorrow, D. D., 2019, “Trust Engineering for 

Human-AI Teams,” Proceedings of the Human Factors 

and Ergonomics Society Annual Meeting, 63(1), pp. 322–

326. 

[28] Hu, W.-L., Akash, K., Jain, N., and Reid, T., 2016, “Real-

Time Sensing of Trust in Human-Machine Interactions,” 

IFAC-PapersOnLine, 49(32), pp. 48–53. 

[29] She, J., Neuhoff, J., and Yuan, Q., 2021, “Shaping 

Pedestrians’ Trust in Autonomous Vehicles: An Effect of 

Communication Style, Speed Information, and Adaptive 

Strategy,” Journal of Mechanical Design, 143(9). 

[30] Damen, N. B., and Toh, C. A., 2018, “Implicit and Explicit 

Trust Behavior: Does Stereotype Congruence Affect User 

Trust in a Home Automation Device?,” American Society 

of Mechanical Engineers Digital Collection. 

[31] Srinivasan, V., and Takayama, L., 2016, “Help Me Please: 

Robot Politeness Strategies for Soliciting Help From 

Humans,” Proceedings of the 2016 CHI Conference on 

Human Factors in Computing Systems - CHI ’16, ACM 

Press, Santa Clara, California, USA, pp. 4945–4955. 

[32] Ceschin, F., and Gaziulusoy, I., 2016, “Evolution of 

Design for Sustainability: From Product Design to Design 

for System Innovations and Transitions,” Design Studies, 

47, pp. 118–163. 

[33] Rao, V., Kim, E., Kwon, J., Agogino, A. M., and Goucher-

Lambert, K., 2021, “Framing and Tracing Human-

Centered Design Teams’ Method Selection: An 

Examination of Decision-Making Strategies,” Journal of 

Mechanical Design, 143(3), p. 031403. 

[34] Conrad, S., 2017, “A Comparison of Practitioner and 

Student Writing in Civil Engineering,” Journal of 

Engineering Education, 106(2), pp. 191–217. 

[35] DeChurch, L. A., and Mesmer-Magnus, J. R., 2010, “The 

Cognitive Underpinnings of Effective Teamwork: A Meta-

Analysis,” Journal of Applied Psychology, 95(1), pp. 32–

53. 

[36] Dong, A., Kleinsmann, M., and Deken, F., 2013, 

“Investigating Design Cognition in the Construction and 

Enactment of Team Mental Models,” Design Studies, 34, 

pp. 1–33. 

[37] Beheshti, R., 1993, “Design Decisions and Uncertainty,” 

Design Studies, 14(1), pp. 85–95. 

[38] Tracey, M. W., and Hutchinson, A., 2016, “Uncertainty, 

Reflection, and Designer Identity Development,” Design 

Studies, 42, pp. 86–109. 

[39] Sorrentino, R. M., Smithson, M., Hodson, G., Roney, C. J. 

R., and Walker, A. M., 2003, “The Theory of Uncertainty 

Orientation: A Mathematical Reformulation,” Journal of 

Mathematical Psychology, 47(2), pp. 132–149. 

[40] Rosen, N. O., Ivanova, E., and Knäuper, B., 2014, 

“Differentiating Intolerance of Uncertainty from Three 

Related but Distinct Constructs,” Anxiety Stress Coping, 

27(1), pp. 55–73. 

[41] Peirce, C. S., 1932, Elements of Logic, Cambridge 

University, Cambridge. 

[42] Summers, J., 2005, “Reasoning in Engineering Design,” 

ASME 2005 IDETC-CIE, Long Beach, California, USA, 

September 24-28, 2005. 

[43] Fei, D., 2019, “Abductive Thinking, Conceptualization, 

and Design Synthesis,” Human Systems Engineering and 

Design, T. Ahram, W. Karwowski, and R. Taiar, eds., 

Springer International Publishing, Cham, pp. 101–104. 

[44] Lu, S. C.-Y., and Liu, A., 2012, “Abductive Reasoning for 

Design Synthesis,” CIRP Annals, 61(1), pp. 143–146. 

[45] O’Reilly, C. J., 2016, “Creative Engineers: Is Abductive 

Reasoning Encouraged Enough in Degree Project Work?,” 

Procedia CIRP, 50, pp. 547–552. 

[46] Hernandez, A., 2018, “An Engineering Reasoning-Based 

Course on Research Methodologies for Systems 

Engineers,” p. 11. 

[47] Bracewell, R. H., and Wallace, K. M., 2003, “A Tool for 

Capturing Design Rationale,” Proceedings of the Design 

Society: International Conference on Engineering Design, 

ICED 03, Stockholm, pp. 185–186. 

[48] Maier, A. M., Eckert, C. M., and Clarkson, P. J., 2005, “A 

Meta-Model for Communication in Engineering Design,” 

CoDesign, 1(4), pp. 243–254. 

[49] Regli, W. C., Hu, X., Atwood, M., and Sun, W., 2000, “A 

Survey of Design Rationale Systems: Approaches, 

Representation, Capture and Retrieval,” EWC, 16(3), pp. 

209–235. 



 11 © 2022 by ASME 

[50] Cosgrove, M. C., 1981, “Writing for ‘The Audience,’” 

Journal of Mechanical Design, 103(2), pp. 342–345. 

[51] Zhang, G., Raina, A., Cagan, J., and McComb, C., 2021, 

“A Cautionary Tale about the Impact of AI on Human 

Design Teams,” Design Studies, 72, p. 100990. 

[52] Song, B., Soria Zurita, N., Nolte, H., Singh, H., Cagan, J., 

and McComb, C., 2021, “When Faced with Increasing 

Complexity: The Effectiveness of AI Assistance for Drone 

Design,” Journal of Mechanical Design, 144, pp. 1–38. 

[53] Camburn, B., Arlitt, R., Anderson, D., Sanaei, R., 

Raviselam, S., Jensen, D., and Wood, K. L., 2020, 

“Computer-Aided Mind Map Generation via 

Crowdsourcing and Machine Learning,” Res Eng Design, 

31(4), pp. 383–409. 

[54] Camburn, B., He, Y., Raviselvam, S., Luo, J., and Wood, 

K., 2020, “Machine Learning-Based Design Concept 

Evaluation,” J. Mech. Des, 142(3). 

[55] Williams, G., Meisel, N. A., Simpson, T. W., and 

McComb, C., 2019, “Design Repository Effectiveness for 

3D Convolutional Neural Networks: Application to 

Additive Manufacturing,” Journal of Mechanical Design, 

141(11). 

[56] Atkinson, P., Bauer, M. W., and Gaskell, G., 2000, 

Qualitative Researching with Text, Image and Sound: A 

Practical Handbook for Social Research, SAGE. 

 

 


