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Developing Design Strategies to Support a Solution-First Design Process by Examining 

Experienced Engineers’ Approaches 

Abstract 

Engineering design processes often focus on beginning with a problem and considering multiple 

possible solutions, following problem-first design practices. Alternatively, design processes can 

start with a solution and diverge to identify potential problem applications it can solve before 

converging on one problem application to pursue, termed “solution mapping.” Most design tools 

and strategies have been developed to support problem-first design practices. Tools and 

strategies to support solution mapping have been underexplored. We plan to expand on our prior 

work and build a tool to support solution mapping by examining engineering practitioners’ 

approaches. Experienced engineers gain expertise as they spend more time scoping problems, 

gathering information, and considering alternative approaches compared to novice engineers 

who have limited experience in these areas. 

We conducted think-aloud studies to analyze engineering practitioners’ solution mapping 

behaviors. The think-aloud method asks participants to verbalize their thought processes during a 

task, allowing the research team to capture the details of their behaviors. Ten engineering 

practitioners were recruited and asked to generate possible applications for a technology. We 

examined the patterns in their solution-mapping practices to identify strategies used to identify 

problem applications. 

This paper describes engineering practitioners’ solution-mapping practices by capturing details 

about their thought processes. They demonstrated several key strategies such as replacing 

existing solutions to problems with new technology and adding to existing products to identify 

applications. By understanding specific strategies used in solution mapping, this study can lead 

to explicit instructional tools to support engineering students in developing solution mapping 

skills.   

Introduction 

In engineering, design is an important skill that involves devising a system, component or 

process to address needs [1]. A typical engineering design curriculum teaches design processes 

that begin by defining a problem and identifying potential solutions to address that problem [2]–

[4]. Engineering textbooks focus on initial problem definition that often utilizes examining 

current needs through observation and interview as the primary stage in a design process [5]. 

However, defining the problem is not always the first step in design. When engineers engage in 

solution-first design processes, they often focus on developing a newly discovered technological 

solution without a clear problem to address [6]–[9]. A newly created technology may be a 

potential solution for a number of different problems. For example, carbon nanotubes, which 

have remarkable physical properties, have found applications in a number of areas, including 

energy and medical fields [10]. Within engineering, a specific solution-first design process 

would occur that begins with a technology and engineers diverge in search for possible 

applications before converging to select an application, called solution mapping [7]. Although 

solution mapping practices are demonstrated in several fields within engineering, engineering 



students have limited exposure and training in solution mapping as their curriculum mainly 

focuses on problem-first design processes. As a result, limited evidence-based design strategies 

and tools are available to support curriculum development and training for our students. 

Using design strategies is important in supporting engineers to adopt evidence-based approaches 

to achieve design success [11]–[15]. In this study, we examined cognitive strategies used by 

engineering practitioners for solution mapping. Recent engineering studies have focused on 

developing best design practices to support both engineering instructors and students in design 

[16]–[22]. However, a gap exists in sharing solution mapping strategies to support engineers in 

solution-first design processes.  

Background 

Solution-first processes 

Research on solution-first design processes has received far less attention compared to problem-

first design processes [23]. The majority of design process models emphasize starting with a 

realized need and identifying possible solutions [2]. Researchers have also examined co-

evolution of problem and solution, demonstrating that designers can jump between the problem 

and solution spaces through iterations [24]. Designers can modify the problem based on the 

understanding of possible solutions [25]. Both problem-first and co-evolution processes focus on 

starting with a problem statement. 

Solution-first processes are a different approach to design as designers begin by developing 

novel technologies and applying them to problems. Some solution-first processes have been 

described in different contexts. Researchers have demonstrated technology-driven processes that 

focus on leveraging patented technologies or core components of novel technologies to address 

problems [26]. Studies in bio-inspired design documented designers leveraging existing 

biological solutions and identifying applications of their unique characteristics [27]. By 

examining key principles and functions from biological solutions, engineers identify problems 

they can address. Documented literature demonstrated that bio-inspired design has advanced 

technologies in tissue engineering and regenerative medicine [28]. For example, studying the 

surface of the gecko’s foot to understand its adhesive capacity on the surface has led to 

biomimetic dry adhesive surfaces that have many applications in construction, and inspection 

[29]. Solution mapping is the process that emphasizes the divergent search for problems before 

converging on a problem to address using a technology. 

Although solution-first approaches have been documented in several disciplines, 

entrepreneurship literature has often investigated solution-first processes in more detail [25]. 

Danneels and Frattini [30] described finding applications for technologies within four general 

steps: 1) characterize the technology, 2) identify potential applications, 3) select from the 

identified applications, and 4) choose the best entry mode. In the first step of characterizing the 

technology, entrepreneurs identify the functions of the technology to better understand its 

capabilities. Then, entrepreneurs can begin to explore new settings in which to leverage the 

technology. After the exploration, specific applications are selected and commercialization of the 

technology is pursued. However, how to identify problem applications for a new technology is 

not obvious [31] and a more deliberate approach to support solution mapping is needed.  



Developing design strategies 

Researchers have developed design strategies and tools to support different stages of design. One 

way to develop design tools is to examine design outcomes. For example, the do-it-yourself 

(DIY) prototyping principles were developed by studying key fabrication methods in prototypes 

within a database  [32]. A set of design strategies for concept generation in microfluidics was 

created by extracting design patterns in patents [12]. TRIZ, a set of 40 strategies to support 

creative concept generation, was created from analyzing patterns in over 40,000 patents [11]. 

Researchers also developed design strategies and tools by studying designers’ practices. For 

example, Design Heuristics were developed by examining designers’ concept generation 

strategies as they engaged in addressing an ill-defined problem through a think-aloud protocol 

[14]. Prototyping strategies were developed by observing and interviewing engineering 

practitioners through ethnographic studies for an extended period of time [33]. In our previous 

work, we examined solution-mapping practices through semi-structured interviews of 

engineering practitioners who have successfully engaged in solution mapping by developing a 

novel technology, exploring applications, selecting an application, and creating a marketable 

product [7]. The results of this previous study were translated into the solution mapping tool and 

demonstrated that a 1-hour session with engineering students using the tool aided them in 

considering a large quantity of diverse applications of a technology [6]. However, our previous 

study had a limited number of strategies due to the nature of semi-structured interviews, which 

require participants to explain past events and may have incomplete information. In this study, 

we build on our previous work to examine engineering practitioners’ solution-mapping practices 

through a think-aloud protocol, which allows participants to explain their thought processes more 

in-depth [34].  

Methods: 

The project was motivated by the following research question: 

- How do engineering practitioners generate applications of technology? 

 

Participants: 

Participants included 10 engineers who received degrees in engineering with work experience in 

multiple disciplines including aerospace, automotive, biomedical, construction, and 

manufacturing as shown in Table 1. All participants were recruited on a rolling basis through 

targeted emails and snowball sampling. No incentives were provided for participation.  

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Participant information 

Pseudonym Gender Ethnicity Level of Education Industry Years of 

Professional 

Experience 

Abby Female Middle 

Eastern 

B.S. in Mechanical Engineering Biomedical 1 

Brett Male Asian B.S. in Mechanical Engineering Biomedical 2 

Chris Male Middle 

Eastern 

B.S. in Mechanical Engineering Biomedical 3 

David Male Caucasian B.S. in Mechanical Engineering Automotive/ 

Construction 

2 

Ethan Male Hispanic B.S. in Mechanical Engineering Aerospace/Defense 3 

Faith Female Middle 

Eastern 

B.S. and M.S. in Mechanical 

Engineering 

Defense/ 

Manufacturing 

8 

George Male Caucasian B.S. in Mechanical Engineering Aerospace/Defense 2 

Hunter Male Asian B.S. in Mechanical Engineering Aerospace/Defense 3 

Ian Male Caucasian B.S. in Mechanical Engineering 

and M.S. in Systems Engineering 

Aerospace/Defense 10 

Jake Male Hispanic B.S. in Mechanical Engineering Aerospace/Defense 5 

 

 

Data Collection: 

The data collected involved a multi-step process as shown in Figure 1. Each step is described in 

further detail in the following section.  

 

 
Figure 1: Procedure for Data Collection 

 

The participants who volunteered in the research study were introduced to the task, signed a 

Participants were 
introduced to the study 

and practiced think-aloud

Participants completed 
the solution-mapping task 

using a Livescribe Echo 
notebook and pen

Participants were 
interviewed after the task



consent form, and had the opportunity to practice think-aloud prior to starting the task. 

Participants were asked to work independently on a solution mapping design task in a quiet room 

without access to outside resources for at least an hour and think-aloud data were collected using 

a Livescribe Echo notebook and pen. This allowed the participants to both speak and record their 

thoughts and applications through words and sketching. The prompt required participants to 

consider applications of shape memory alloys or aerogels. Half of the participants worked on the 

shape memory alloy task (Abby, Brett, Chris, David, and Ethan) while the other half worked on 

the aerogel task (Faith, George, Hunter, Ian, and Jake). The prompts are included in the 

Appendix.  

 

After completing the task, the researcher interviewed participants following a semi-structured 

interview protocol, which lasted between 20-30 minutes. The purpose of the follow-up interview 

was to further explore the professionals’ solution mapping practices and probe for clarity of the 

data. The interview protocol was developed through multiple iterations and two pilot studies 

were conducted prior to data collection. The interview protocol focused on open-ended questions 

to encourage storytelling and asked participants to describe their processes. For example, the 

researcher asked, “From the beginning to the end, please describe how you came up with 

applications of the technology.” One researcher conducted all the data collection to ensure 

consistency. Across five participants, the researcher accumulated approximately 17 hours of 

recordings and data. 

 

Data Analysis 

The interview and think-aloud recordings were transcribed and checked by the researcher for 

accuracy. The data were examined both deductively and inductively to identify specific 

strategies used for solution mapping after multiple readings of raw data. For inductive coding, 

we examined if strategies aligned with one of the existing Design Heuristics and prior findings 

from semi-structured interviews with engineering professionals [6], and coded them as 

transferable strategies. Since solution mapping is a divergent thinking process like ideation, there 

may be overlapping strategies compared to other strategies that support divergent thinking, such 

as Design Heuristics. If the strategy was not previously identified, it was added as a potential 

new strategy. The data were coded in two cycles. The first cycle coding allowed themes to 

emerge and the second cycle coding was used to categorize codes identified in the first cycle 

based on conceptual similarity [35]. The first coder trained in qualitative analysis examined the 

transcript and generated the initial codes and a second coder coded a subset of the transcript. The 

two coders discussed the discrepancies until they reached an agreement to finalize the findings.  

 

Findings: 

 

Many solution mapping behaviors were identified in the participants’ approaches as shown in 

Table 2.  

 

 

 

 

 

 



 

Table 2. List of solution mapping behaviors 

Behavior Number 

Observed (n 

=10) 

Definition 

Substitute Way of 

Achieving Function* 

10 Replace one or more components with other 

designs that can achieve the same function.  

Change Geometry 10 Alter the physical or geometric form of the 

product while maintaining its intended function. 

Identify and Relate to 

Specific Industry* 

10 Relate a core technology to a specific industry 

before identifying applications. 

Change Product 

Lifetime 

10 Consider changing the life cycle usage of the 

product to extend the product's lifetime.  

Cover or Wrap 7 Overlay a cover, form a shell, or wrap the 

surface of the product or its parts with another 

material. This can affect customizability, 

multifunctionality, durability, and safety. 

Attach Product to User 4 Design the application around the user by 

attaching it to the user’s body. 

Add to Existing 

Product 

1 Use an existing item as part of the product’s 

function or create an add-on mechanism.  

*indicate strategies similar to our previous study using semi-structured interviews [7] 

 

Substitute Way of Achieving Function 

One of the main behaviors that the participants portrayed was that they substituted the way of 

achieving function by replacing other components with the technology. In many cases, the 

participants either applied this behavior to find applications within their fields of expertise or in 

their personal interests. For example, David thought of using the technology (shape memory 

alloy) to replace putty that is often used to repair patches when thinking about finding 

applications: 

 

“Something like a putty…Like grab this shape memory alloy [in] my hand and squeeze it. I can 

just alter it with my hand… like a putty where it could be used to patch [and] repair things. 

Yeah, there you go… not necessarily like a hole in the wall, but patching something.” 

 

As a second example, Abby considered using the technology (shape memory alloy) as a pump 

due to its ability to withstand temperature requirements needed:  

 



“Oh, OK. So the first thing that I thought of is using it for pumps…so it has to withstand a 

certain temperature… you have to make sure that it's not going to crack, so whatever fluid is 

running through it, it's not going to leak out.”  

 

Because of the temperature capabilities, she was able to apply this technology to consider 

developing a more efficient pump. In both of these cases, the participants considered replacing or 

substituting the existing solution with the technology (shape memory alloy). 

 

Faith demonstrated that she considered using the technology (aerogels) as weapons after 

considering its key functions that emphasize its strength and low density: 

 

“Weapons or swords, for example, since [it’s] low density, it helps [people] swing it around 

without tiring themselves out. And if it's a high strength, that means you can strike objects 

without worrying about it breaking.” 

 

Although participants had different technologies, they demonstrated the same behavior Substitute 

Way of Achieving Function to identify applications.  

 

Change Geometry 

Participants also considered changing the geometry of the technology to consider applications. 

For example, Ethan thought about bending shape memory alloy to desirable shapes for glasses 

(Figure 2): 

 

“I’ve take an impact to the head with my glasses [and] bent the frame… It would be nice if I just 

heat the metal and return [it] to what it was… just because I've tried [to bend it back] in the 

past. And I make it worse.”  

 

 
Figure 2: Ethan’s application for fixing glasses 

 

This application focused on changing the geometry and flexibility of the glasses based on his 

failed attempts at fixing his glasses in the past.  

 

Identify and relate to specific industry: 

Participants often narrowed to a specific industry sector to search for applications before 

considering a different industry sector to focus their attention. For example, Hunter focused his 

attention on aerospace applications before moving to other applications:  



 

“First thing I want to say… it's most applicable to aerospace, right? Because then you have all 

the markings of good material. For aerospace, so you know, and typically in aerospace stuff… 

Strong, light, and rigid… Let's go [for] something fancier. Let's say… for F1 racing.” 

 

Chris focused on aerospace and automotive applications of shape memory alloys. He sketched 

potential application areas as shown in Figure 3:  

 

 
Figure 3. Sketches from Chris showing his focus on different industry sectors 

 

Change Product Lifetime 

Across multiple participants, they considered using the technology to change the product's 

lifetime and extend product use. For example, Brett generated an application to use the 

technology (shape memory alloy) as an automotive gasket that can be used again, extending the 

lifetime of a traditional gasket:  

 

“Like I don't want to say fasteners. It might be possible to use them in, let's say, let's say we 

[use] them as gaskets, so we know that certain. I believe certain companies will use strong 

gaskets like possibly aluminum as part of their gasket structure in order to maximize on the 

longevity of the product. I think I think Tesla uses aluminum in their gaskets and the main 

problem with gaskets is. Generally, they're pressed against probably 2 pipes generally. And the 

problem is when the gasket no longer forms a very good fit and leakage occurs generally don't 

want that, so it's possible that gaskets are useful. Let's say they start to lose their ability to form 

a seal instead of recreating a new gasket, be probably easier to heat them up and ensure. It 

would heat them up so they would return to normal shape and would be able be available for use 

again.”  

 

Furthermore, participants considered utilizing shape memory alloys to create reusable materials 

to extend the product's lifetime. For example, a participant examined products that are currently 

thrown away such as plastic straws, and considered using shape memory alloys as a replacement 

material that can make the product reusable:  

 

“The steel straws. You can't just bend the straws without it permanently altering them, right? 

Essentially replace straws, plastic straws with a reusable type of shape memory alloy so you can 

just use the straws normally like you would a plastic straw bend it all you want, and then instead 

of throwing it away, it gets sent back to the kitchen and you just flash heat it and it returns to its 

original shape. So I guess maybe something like that I don't know. Straws made of metal alloy 

that can actually bend then heated to return to their original shape… being reusable”.  



Cover or Wrap 

Participants used the strategy “Cover or Wrap” to use the technology as an exterior shell of the 

product. For example, Chris considered using shape memory alloys to create an armor that serves 

as an exterior shell: 

 

“And looking back to what I said about armor, I don't see it as the main protective, but as more 

like a shell to add protective material upon it. And this is assuming that we would make 

something that would be tougher than conventional steel in the future.” 

 

George was focusing on aerospace applications of the technology (aerogel) and considered using 

it as a shell to cover airplanes to minimize heat loss: 

 

“I thought it would be great for stuff that flies… so like airplanes, helicopters…satellites because 

you want to keep them…very strong but lightweight…You want to regulate the temperature 

inside of the plane, and when you're up and up further into the atmosphere, when it gets a lot 

colder, you don't want the inside of the plane to get freezing.” 

 

Attach Product to User 

Participants also considered applications that related to attaching the product to their users in 

many of the medical-related applications. For example, Ethan considered using shape memory 

alloys to help patients realign and heal their broken bones: 

 

“You bend the piece of metal a little bit upwards. Screw whatever bones you want to put back 

together and then with time let body temperature start heating it up… pulling the two joints 

together and then hopefully… with time they just heal.”  

 

In a similar approach, David also considered using a shape memory alloy to create wires for 

braces. The body temperature would allow the wire to go back to its original shape and help to 

realign their teeth as shown in Figure 3.  

 

 

 

 
Figure 4: David’s application describing using a shape memory alloy for braces 

 

Faith was thinking about its ability to have low thermal conductivity and considered attaching 

the aerogel to the user’s sole to minimize the effect on the user in hot or cold environments.  

“Maybe the sole... So if say you're walking in an area that has a cold floor or hot floor… you 

wouldn't want your body heat to transfer out and go to the floor.” 



 

Add to existing Product: 

This behavior was shown in one participant as he developed an application in which the memory 

shape alloy was an added component to drive the functionality of the machine. For example, 

David considered using the shape memory alloy to create a shutoff system for electronics when it 

overheats:  

 

“To have a computer that shuts down the machine, it physically shuts itself down, depending on 

if it's heated to a certain point…A system overheats the shape of the system alters or the shape of 

a certain part in the system alters. And that certain part is the alloy. And because that alloy was 

heated, it changes shape, and it fails. The system fails, then it shuts down. 

 

Discussion and Implications 

Our exploratory study examined engineering practitioners’ solution mapping practices through 

think-aloud interviews. The initial results demonstrated that engineering practitioners leverage 

many strategies similar to other divergent thinking practices such as previously identified Design 

Heuristics. For example, strategies such as substitute way of achieving function and change 

product lifetime were documented strategies from other divergent thinking practices [12], [14]. 

Prior research has documented the benefits of using design strategies and tools to support 

divergent thinking in different phases of design. However, most design strategies and tools were 

developed to support problem-first design processes, providing limited guidance to solution-first 

design processes. This initial study demonstrated that some of the divergent thinking design 

strategies may be transferable to support solution-first design processes as well.  

 

In addition to documented practices from other divergent thinking processes, engineers working 

on solution mapping tasks demonstrated unique strategies. For example, they used the strategy 

identify and relate to specific industry and focused on industry sectors to search for applications 

of the technology before moving on to a different industry sector to search for additional 

applications. Oftentimes, this search for an industry sector was driven by their background. For 

example, Hunter who has several years of experience in the aerospace industry searched 

applications in the aerospace field before moving on to a different industry. Identifying specific 

industry sectors is similar to our previous findings examining solution mapping practices through 

semi-structured interviews [7]. Engineering practitioners intentionally constrained their search 

space to help them narrow their applications before expanding the search to other domains.  

 

This study demonstrated that participants leveraged similar strategies regardless of the 

technology context. Although participants worked on identifying applications of two different 

technologies (shape memory alloys and aerogels), many of the same strategies were discussed. 

For example, participants used substitute way of achieving function, change geometry, identify 

and relate to specific industry, change product lifetime, and cover or wrap in both contexts. This 

might indicate that solution mapping strategies may be used to support divergent thinking for 

multiple, different technologies.  

 

This current work builds on our previous work to expand the available solution mapping 

strategies for teaching our engineering students. A typical engineering education curriculum 

provides limited information about solution-first design processes and is limited to problem-first 



approaches. Because instruction on solution mapping is limited in existing engineering curricula, 

engineering students are underprepared to engage in a solution mapping practice. The prior work 

interviewed engineers who successfully engaged in solution mapping by developing novel 

technologies and bringing them out to market after identifying applications [7]. The interview 

results were translated into a small set of strategies and tested through a controlled experiment to 

demonstrate that a single, 1-hour session of instruction on solution mapping can support students 

in engaging in divergent thinking and developing solution mapping skills. The previous results 

showed that the solution mapping tool aided engineering students to generate a large quantity of 

diverse applications of a technology [6], aligning with recommended practices in divergent 

thinking [36]. However, our previous tool included a limited number of strategies as these 

strategies were discovered from interviews, which require participants to explain past events and 

may have incomplete information. Our previous tool focused on identifying key functions of the 

technology and identifying industry sectors prior to finding applications. In the current study, 

think-aloud was used as a direct method to gain insight into the participants’ thought processes. 

Our current study discovered additional strategies that can be included in the previously 

developed solution mapping tool, expanding the list of available strategies for instructors to 

leverage.  

 

The solution mapping strategies identified from this study can be incorporated into a single 

lesson in design courses to teach students about solution-first design processes. Similar to an idea 

generation lesson that introduces students to divergent thinking to consider a number of different 

solutions to a problem, the solution mapping strategies can be used to provide a lesson on how to 

engage in divergent thinking to identify applications of a technology. Building on our prior work 

[6], the lesson can introduce students to a novel technology, guide students in identifying key 

characteristics of the technology, and mapping the technology a number of different industry 

sectors. After the initial exploration, guided prompts such as substitute way of achieving function 

or change product lifetime can be presented to encourage students to consider additional 

possibilities. This single, 1-hour design lesson would allow engineering students to think through 

the steps in solution mapping using these strategies to gain experience with the solution mapping 

process.  

 

As educators examine different ways to develop best practices in design education, instruction on 

solution-first design processes can expand students’ approaches to design and address problems 

from more than one angle. Engineering students may learn and adopt effective ways to identify 

applications for new, emerging technologies that can lead to innovative product development.  

 

Limitations and Future Research 

This study examined a small sample of engineering professionals with mechanical engineering 

degrees. The purpose of the study was to gain an in-depth understanding of engineers’ practices. 

Conducting in-depth studies with small sample sizes is common in design research [37]–[40].  

Findings from a larger sample of engineering professionals with varying backgrounds may 

differ, and sample size will limit the generalizability of this study. Furthermore, our study did not 

explore differences among participants such as years of experience, and our study only included 

2 females, which is not sufficient to represent the diverse demographics represented in 

engineering. Also, solution mapping strategies were examined from two technologies (shape 



memory alloys and aerogels). Examining solution mapping strategies with varying technologies 

may reveal additional strategies. 

 

Engineering professionals in this exploratory study were asked to generate problem applications 

within a single session. In practice, engineers perform solution mapping over extended periods to 

identify problem applications for their technology. Additional studies can examine solution 

mapping strategies in long-term practices.  

 

Conclusion 

Engineers may engage in solution-first design processes that emphasize starting with a specific 

technology and diverging to consider multiple problems it can solve, called solution mapping. 

Although solution mapping has been demonstrated in multiple studies, there are limited 

strategies and tools to support solution mapping practices. We examined engineering 

practitioners’ solution mapping practices to identify specific strategies that can be used to 

support solution mapping. These strategies can be developed into a single instructional lesson to 

educate engineering students and equip them with different approaches to addressing design 

challenges.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Appendix A1 

 

Prompt 1 

Shape Memory Alloy 

A shape-memory alloy is an alloy that remembers its original shape. When it is deformed, 

it can return to its pre-deformed shape when heated. The transformation temperature can 

be adjusted to be between -100ºC to 200ºC through changing the alloy composition. The 

two main types of shape-memory alloys are copper-aluminum-nickel and nickel-titanium. 

These compositions can be manufactured to almost any shape and size. The yield strength 

of shape-memory alloys is lower than that of conventional steel, but some compositions 

have a higher yield strength than plastic or aluminum.  

Identify potential applications of shape memory alloys. 

 

Prompt 2 

 

Aerogel 

 

An aerogel is a synthetic porous ultralight material derived from a gel, in which the liquid 

component of the gel has been replaced with a gas. Aerogels have a porous solid network that 

contains air pockets, with the air pockets taking up the majority of space within the material. The 

result is a high-strength solid with extremely low density and low thermal conductivity. It is also 

translucent and can scatter light.  

Identify potential applications of aerogels. 
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