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ABSTRACT
With increasing demand for improved medical equipment and healthcare,
next-generation biomedical engineers need strong design skills. Equipping
biomedical engineering students with tools for idea generation and
development can increase student design success. Design Heuristics are
an ideation tool developed through empirical studies of product
designs. While identified in the mechanical engineering space, Design
Heuristics may be applicable in biomedical engineering design. In our
study, we implemented a Design Heuristics session during upper-level
undergraduate and first-year graduate biomedical engineering design
courses. We examined the applicability of Design Heuristics within
individual and team concept generation contexts. The findings
demonstrated that biomedical engineering students were able to use
Design Heuristics to generate multiple concepts, and that initial
concepts produced using Design Heuristics were carried over into final
team design. The results support the applicability of Design Heuristics to
student idea generation in biomedical engineering design.
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Introduction and background

With a growing focus on health care and aging issues, biomedical engineers are called upon to design
innovative medical technologies (Bronzino 2014). Design is both a process and a skill, for which
expertise can be developed (Cross 2008). In engineering, design involves devising a system, com-
ponent or process to meet needs (ABET Board of Directors 2011), and its early phases include
problem definition, requirements development, and concept generation and development (Allen
et al. 2013; King 1999). Recent engineering education studies in biomedical engineering have
focused on developing ‘best design practices’ to better educate biomedical engineering instructors
and students about design (Allen et al. 2013; Goldberg and Pearlman 2013; King 1999; Lerner et al.
2006; Oden et al. 2010; Yazdi and Acharya 2013). This includes the important design activity of gen-
erating ideas, in which success entails the development of multiple creative and diverse concepts
(Akin 1990; Atman et al. 1999; Brophy 2001; Cross 2001; Liu, Chakrabarti, and Bligh 2003). Best prac-
tices in idea generation, particularly using brainstorming, include deferring judgment, encouraging
wild ideas, building on the ideas of others, generating a large quantity of ideas, and iterating on
ideas (Osborn 1957). Biomedical engineering textbooks echo the importance of these practices,
adding to sharing ideas between disciplines (Saltzman 2009; Yock et al. 2015).
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While the importance of idea generation has been emphasised, generating these multiple creative
and diverse concepts can be challenging for students across all design domains (Ahmed, Wallace,
and Blessing 2003; Ball, Evans, and Dennis 1994; Carlos and Badke-Schaub 2011; Cross 2011; Rowe
1987; Ullman, Dietterich, and Stauffer 1988), who often focus on limited solutions versus exploring
diverse ideas (Daly, Yilmaz, et al. 2012; Jansson and Smith 1991; Youmans 2007). Currently, there is
a lack of research focused specifically on instruction and tools to support idea generation in biome-
dical engineering education. Much of the research on idea generation in design has focused on
mechanical engineering and industrial design settings (e.g. Hernandez, Schmidt, and Okudan
2013; Linsey, Markman, and Wood 2012). Two prominent biomedical engineering design textbooks
emphasise the importance of brainstorming in idea generation (Webster and Pallas-Areny 2007; Yock
et al. 2015) but may not provide their students with a systematic method of coming up with ideas.
The lack of formal idea generation structure can leave students to come up with their own ideas and
they often fail to employ specific design strategies to support their ideation.

Biomedical engineering design is different than other engineering disciplines. Biomedical engin-
eering design artifacts often interface with the human body and impact human health, which is a
unique feature of the field (Enderle and Bronzino 2012; King and Fries 2003). A design process in
developing biomedical engineering devices may be embedded in another process to ensure that
design is controlled (McDaniel et al. 2014). In the United States, where this study was conducted,
medical environments involve complex regulations by the Food and Drug Administration that
require rigorous validation and verification to test efficacy, safety and reliability of a product. A
failure to account for the medical context early on could limit a team’s ability to anticipate and
adapt to challenges in development (Hagedorn, Grosse, and Krishnamurty 2015). Thus, biomedical
environments can significantly restrict the viable engineering solutions and limit idea generation.

In additional to regulations, students in biomedical engineering programmes have distinct edu-
cational experiences from students in other design domains (Engineering in Medicine and Biology
2015; Gatchell and Linsenmeier 2005) and may engage in design processes uniquely from students
of other fields. Research has shown design can be affected by domain knowledge and expertise; stu-
dents’ backgrounds may impact how they approach design projects, and some design process pat-
terns exist based on disciplinary context (e.g. Blessing and Chakrabarti 2009; Dorst 2004; Perez,
Johnson, and Emery 1995; Popovic 2004). Currently, biomedical engineering education exists in
many institutions with varying emphasis (Stagg, Pearson, and Guda 2015). For example, biomedical
engineering programmes at large, research-intensive universities may focus on training students
toward research paths that align with the institution’s research expertise (Krishnan 2014). Due to
differing educational background and domain knowledge, biomedical engineering students may
approach design differently and the usefulness of design strategies in biomedical engineering
needs to be studied.

Design idea generation

Multiple design tools exist to support idea generation success broadly across disciplines including, for
example, brainwriting (Geschka, Schaude, and Schlicksupp 1976), conceptual combination (Finke,
Ward, and Smith 1996), Synectics (Gordon 1961), SCAMPER (Eberle 1995), brainstorming (Osborn
1957), TRIZ (Altshuller 1984, 1997), and Design Heuristics (Daly, Yilmaz, et al. 2012; Yilmaz, Daly,
et al. 2016; Yilmaz, Seifert, et al. 2016). Ideation tools can help promote creativity and diversity of
idea generation and transformation (Daly et al. 2016; Hernandez, Schmidt, and Okudan 2013).

One idea generation tool that has been empirically developed and evaluated in multiple contexts
is Design Heuristics (designheuristics.com) (Daly et al. 2016; Daly, Yilmaz, et al. 2012; Yilmaz, Daly, et al.
2016). Design Heuristics are idea generation ‘rules of thumb’ designed to encourage exploration of a
variety of ideas. Design Heuristics are meant to help engineering designers spark new ideas, guide
them towards non-obvious ideas, and help them generate multiple concepts that are different
from each other. Multiple designers using the same Design Heuristic can develop different ideas
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since a Design Heuristic card does not provide one right solution but rather a direction to consider
possible solutions. The origin of Design Heuristics stems from cognitive psychology, where heuristics
provide ‘best guesses’ and are common characteristics in expert performance (Klein 1999).

Design Heuristics were developed through studies of expert and advanced engineers and product
designers, and from the analysis of award-winning products (Daly, Yilmaz, et al. 2012; Yilmaz, Daly,
et al. 2016). From these studies, 77 heuristics were identified, and illustrated on a pack of cards for
instructional use. Each heuristic is represented on a single card, with one side providing an illustrated
graphic and written description, and the reverse side providing two illustrated examples of its appli-
cation in existing products (Figure 1).

Design Heuristics were developed in the product design domain primarily with mechanical engin-
eers and industrial designers. Empirical studies have demonstrated their usefulness for students and
practitioners in some engineering disciplines to support the development of diverse, creative, elab-
orate, and practical concepts that contributed to final project designs (Christian et al. 2012; Daly,
Christian, et al. 2012; Daly et al. 2016; Dawidow, Huff, and Leahy 2016; Kotys-Schwartz et al. 2014;
Kramer, Daly, and Yilmaz 2014; Kramer et al. 2015; Sangelkar et al. 2015). However, few studies
have explored idea generation in a biomedical engineering design context, and more specifically,
Design Heuristics have not been studied in this context. Since 2012, Design Heuristics workshops
at national conferences and various universities have included design educators from across engin-
eering disciplines, and a question that has repeatedly emerged has been on the extent to which the
design tool is transferable beyond mechanical engineering and industrial design domains (Daly 2012;
Daly and Yilmaz 2013a, 2013b, 2014; Daly, Yilmaz, and Christian 2012; Daly, Yilmaz, and Gray 2015;
Daly, Yilmaz, and Leahy 2016; Gray et al. 2015; Yilmaz, Daly, and Jablokow 2014).

Students’ interpretation of the tool and educational background may impact their ability to apply
the Design Heuristics tool to the biomedical engineering design domain. Some design projects in bio-
medical engineering likely have similar aspects as mechanical engineering design, such as being
oriented to product artifacts. However, training biomedical engineers, including a focus on con-
straints and regulations related to biomedical engineering design, may limit students in their
ability to use Design Heuristics. For example, if students interpreted the Design Heuristic, Allow

Figure 1. Design Heuristic cards (a) #8 Allow user to assemble, and (b) #19, Change flexibility.
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user to assemble (Figure 1(a)) as introducing potential user errors and contamination into medical
devices that require implantation or sterilisation (e.g. a bimanual vitreoretinal surgery product),
they may not find that Design Heuristics are transferable to their domain. Design Heuristics can be
interpreted in multiple ways to support idea generation, and the experiences and goals of the
designer likely impact that interpretation.

Also, while some design tools are likely transferable to the biomedical engineering design setting
because of similarities in some foci, scholars in biomedical engineering design have researched and
called for the development and evaluation of design tools specifically in the biomedical engineering
context (Hagedorn, Grosse, and Krishnamurty 2015; Lerner et al. 2006; McGoron et al. 2013; Mellodge
and Deschenes 2009; Reuther, Cennamo, and Guo 2016; Schmedlen et al. 2016). Thus, we focused on
Design Heuristics’ usability in and transferability to the biomedical engineering design education
domain as a first step to explore the potential use of the tool to support idea generation in biomedical
engineering design projects.

Methods

Our work was guided by the following research questions:

(1) To what extent can biomedical engineering students use Design Heuristics in idea generation?
(2) To what extent are Design Heuristics applicable in biomedical engineering design problems?
(3) To what extent are heuristic-driven concepts evident in students’ progression from individual to

team to final project concepts?

To investigate these questions, we conducted a study in the context of two biomedical engineer-
ing courses in which students were engaged in biomedical engineering design projects. We asked
students to generate ideas without and then with Design Heuristics, which allowed us to compare
ideas generated. Our research methods were developed based on qualitative research standard prac-
tices (e.g. Creswell 2013; Patton 2001; Saldaña 2011) as well as other design studies that have lever-
aged design ideas as a primary data source (e.g. Linsey 2007; Linsey et al. 2011; Vasconcelos et al.
2017).

Because this study was conducted in an education setting during one course offering, having a
control group without the instructional session was not possible. While other study designs could
have been selected, such as a case study to follow a team in depth, or an analysis of ideas from
prior course offerings to allow for comparison, these approaches either did not align with our
goals or introduced additional variables, such as different course structures, instructors, and
student populations across years. The classroom study type chosen is common in educational
research (Allen et al. 2013; Baytiyeh and Naja 2017; Hoveskog, Halila, and Danilovic 2015; Shekhar
and Borrego 2016), and the study methodology and analysis of the data was guided by these
prior works of similar design.

As recommended for qualitative research, the researchers identified and recorded their biases
regarding expectations of the results (Bickman and Rog 2008; Hill, Thompson, and Williams 1997;
Saldaña 2011). Two of the researchers in study were part of the team that developed Design Heur-
istics, and based on experiences developing and studying the tool, we believed that Design Heuristics
would support idea generation in biomedical engineering. Our research procedures were developed
to control for our bias, such as by looking for patterns in the participants’ reported data and being
transparent by providing direct evidence from the data to support research claims.

Participants

Idea generation studies were conducted in a senior undergraduate capstone design course and a
post-graduate biomedical engineering design course at a large university, located in the midwestern
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United States. Both courses lasted two semesters (28 weeks) and emphasised designing, testing,
and building medical devices for stakeholders, including university research labs, hospital clini-
cians, and medical companies. The senior capstone course included 36 students. Seven students
declined to participate in the study, so 29 students working in 8 teams were included in the
analysis. The graduate course was composed of 30 students. Two students opted out of the
study, so 28 students’ data across 6 teams were included in the analysis. All teams in both
courses consisted of 4 or 5 students per team, and each pursued a different medical device
design project (Table 1).

Data collection

After students refined their project goals and requirements, they participated in a single session
(110 min) on idea generation. The sequence of the course session included:

A. Introduction on Idea Generation in Design
B. Individual Ideation
C. Design Heuristics Lesson
D. Individual Ideation with Design Heuristics
E. Team Concept Synthesis

The presentation began with a short introduction about the importance of idea generation in
design, including principles such as producing multiple ideas and not evaluating ideas right away.
Then, students were instructed to create 4 individual concepts during Individual Ideation using
their own natural methods to come up with project design ideas independently. Students recorded
each concept by sketching and writing a short description on a sheet of paper. This 20-minute stage
documented their initial concepts when coming into the session.

Then, the facilitator provided a 20-minute lesson on Design Heuristics, including using a Design
Heuristic card with a practice problem. The slides and lesson plan used came from the Design Heur-
istics website (Design Heuristics 2014). Next, during Individual Ideation with Design Heuristics, students
used Design Heuristic cards to generate up to 4 more individual concepts for their projects in 20 min.
Each member of a team was given the same set of 5 Design Heuristic cards, with two different sets in
the study (see Table 2). In selecting cards to use for this study, we divided up the 77 Design Heuristic
cards into two groups – product-centric (55 cards) and user/natural-centric (22 cards). Two cards from
user/natural-centric and three cards from product-centric were selected at random for each set to
create two sets of 5 Design Heuristic cards. Based on the previous work (Daly, Christian, et al.
2012; Daly et al. 2016), we considered this a manageable number of cards to read and apply in

Table 1. List of biomedical engineering students’ design team projects.

Team Project

Senior level course A Portable Scalp-Cooling Device
B Instrumented Manipulandum to Train both Human and Nonhuman Primates
C ECLS Transport System
D Improvement of IVF Egg Retrieval Procedure
E Tremor Toothbrush/Oral Aids
F Retractor for Sacrospinous Ligament Suspension
G Bladder Irrigator
H Ergonomic Endoscopy Grip

Graduate course I Sudden Cardiac Arrest Alert
J Facial Treatment for Atopic Dermatitis in Infants
K Endoscopic Polyp Retrieval Device
L Method to Stabilise an Endoscope
M Percutaneous Endoscopic Gastrostomy Tube

Dislodgement Prevention
N Bimanual Vitreoretinal Surgery Product
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20 min. To record their concepts, students again created sketches, wrote descriptions, and noted
which Design Heuristic(s) had inspired their concepts.

During Team Concept Synthesis, students shared their designs from the two individual stages with
their teams. Each team of students was asked to generate up to 3 team concepts in 35 min. Students
sketched their team concepts and wrote descriptions, and noted which individual concepts were
related to their team concepts. Following the ideation session, students were encouraged to generate
and develop more concepts outside of the courses. They progressed on their projects and documen-
ted the progression of their concepts in a final report.

Data used for the study were organised into 4 phases: (1) Concepts generated during individual
ideation with students’ own approaches, (2) Concepts generated during individual ideation with
Design Heuristics, (3) Concepts developed by the teams through concept synthesis, and (4) Students
submitted a final report at the end of the semester that included selected final design. In the under-
graduate course, reports were collected at the end of the autumn and winter semesters, and only in
the autumn for graduate students.

Data analysis

Concepts generated during each phase of the class session (individual natural ideation, individual
Design Heuristics ideation, team ideation) as well as in teams’ final design reports were organised.
The individual and team Design Heuristics ideas were also matched with the specific Design Heuris-
tics students indicated as contributing to each of their ideas. During these two sessions, students
reported their Design Heuristic uses explicitly after generating each idea. We did not challenge stu-
dents’ reports of using the heuristics as one way to minimise study bias and because Design Heur-
istics can be interpreted in multiple ways. Analysis from all of the ideation data collected during
the class session included frequency counts of ideas generated, and counts of Design Heuristics
uses in individual and team ideation during the class session.

Analysis also consisted of comparing team concepts, including those synthesised during the class
session as well as those included in students’ final reports, to concepts from both individual stages to
determine relationships between individual and team concepts. For the in-class team concepts, stu-
dents were asked to explicitly state which individual ideas were used to synthesise into each team
concept generated. If students indicated that individual ideas inspired by Design Heuristics were
used to synthesise their team concepts, we accepted their self-reports that Design Heuristics
influenced their team concepts. For the analysis of final concepts, we determined which ideas con-
tributed by comparing the descriptions of the team concepts and final concept. In selecting the final
concept, students used one of their team concepts. If students used one of the team concepts

Table 2. Design Heuristics used in study.

Design Heuristic Title Description

Set
1

Adjust Functions for Specific
Users

Design the functions of the product with target user characteristics in mind (e.g. age,
gender, education, occupancy, ability).

Create System Identify the core product functions and define a multi-stage process to achieve the
overall goal.

Incorporate User Input Identify product functions that are adjustable and allow users to make those changes
through an interface control, using buttons, sliders, levers, dials, touch screens, etc.

Offer Optional Components Provide extra components for the user to swap.
Use Common Base to Hold
Components

Align multiple components on the same base or railing system.

Set
2

Add to Existing Product Use an existing item as part of the product’s function.
Mimic Natural Mechanisms Imitate naturally occurring processes, mechanisms, or systems.
Provide Sensory Feedback Return perceptual (e.g. tactile, aural, visual) feedback to the user to guide use.
Simplify Remove unnecessary complexity from the product.
Substitute Way of Achieving
Function

Replace one or more components with other designs that can achieve the same function.
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influenced by Design Heuristics as their final concept, we indicated that Design Heuristics influenced
the progression of individual to team to final concepts.

This analysis of tracing influences from individual ideas (both natural and Design Heuristics
inspired) to team ideas (both in-session and final projects) was used to investigate persistence of
idea elements and the potential sources of these elements. Additionally, we assumed that teams
included elements from individual concepts when they found them both useful and practical.

Results

Overall, 460 concepts were collected and analysed from 8 teams in the undergraduate and 5 teams in
the post-graduate sections.

. 216 individual concepts (106 concepts in undergraduate and 110 concepts in graduate section)
were generated with students’ own approaches

. 191 individual concepts (92 concepts in undergraduate and 99 concepts in graduate section) were
generated with Design Heuristics

. 40 team concepts were generated (22 concepts in undergraduate and 18 concepts in graduate
course) during the in-class sessions

. 13 concepts from final reports generated by in final reports were examined

While the focus of our study was not to compare ideas generated with and without Design Heur-
istics, or to make claims about idea quantities in particular, we present the number of concepts gen-
erated by students for each of the individual in-class sessions in Table 3. Students generated more
concepts during Individual Initial Ideation than Individual Ideation with Design Heuristics. This is
similar to findings from other studies where ideation time is limited and reading and applying a
design tool requires more time compared to simply documenting an idea that comes to mind
(Belaziz, Bouras, and Brun 2000; Hernandez, Schmidt, and Okudan 2013; Linsey, Markman, and
Wood 2012).

We describe the results of our analyses across individual and team concepts according to each
research question in the following sections.

RQ1. To what extent can biomedical engineering students use Design Heuristics in idea generation?

We operationalised the extent to which students could use Design Heuristics in their ideation as their
ability to generate and develop concepts for their projects using Design Heuristics.

All students were able to use Design Heuristics to generate multiple ideas, with the average being
3.4 concepts, ranging 1–4 concepts. Students used Design Heuristics to come up with new ideas as
well as to develop ideas they had previously generated during Individual Initial Ideation. In addition,
students applied Design Heuristics to build on their earlier concepts, further developing and elabor-
ating on those ideas. We present examples of concepts generated by participants to demonstrate
that students were able to use Design Heuristics to generate and develop ideas for their biomedical
engineering projects.

As one example, Team A was designing a portable scalp-cooling device to alleviate brain inflam-
mation. In Individual Ideation, one student generated a concept incorporating battery-powered
peltier coolers inside a hat as a cooling mechanism (Figure 2.1). Next, he created a concept using

Table 3. Number of concepts generated during Individual Ideation with and without Design Heuristics.

Individual Ideation Without Design Heuristics With Design Heuristics

Generated 4 Different Concepts 49 (86%) 37 (65%)
Generated 3 or fewer 8 20
Average # generated 3.8 3.4
Total # of concepts generated 216 191
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fluid flowing through the cap (Figure 2.2) cooled by peltiers. His third concept utilised peltiers to cool
air and used fans to circulate it (Figure 2.3). Then, he designed a cap that would cool the head using a
compressor (Figure 2.4).

Next, this student used Design Heuristics to generate ideas during Individual Ideation with Design Heur-
istics, where he created four more concepts and documented the Design Heuristics uses. Using the heur-
istic, Adjust functions for specific users, the student included helium balloons tomake the device lightweight
and playful for children (Figure 2.5). His next concept used the heuristic, Create system, to mould a cap to
the user’s head, and it can also be used as a vest to cool the rest of the body (Figure 2.6). Next, guided by
the heuristic, Offer optional components, the student included inserts to change the cooling temperature
when turned off (Figure 2.7). The final concept was a cap that automatically turned on when placed on the
scalp, inspired by the Incorporate user input heuristic (Figure 2.8).

Concepts generated using Design Heuristics were often observed to build upon earlier concepts.
For example, another student on Team A generated a concept using peltier coolers with surface
temperature sensors and an adjustable headband (Figure 3.1). Using Adjust function for specific
user, he created a concept with attachable and detachable cells to adjust for different sizes. A
student on the Tremor Toothbrush/Oral Aids Team (Team E) started with a thick handle for grasping
and a dampening mechanism to minimise tremors (Figure 3.2). He later added the heuristic, Provide
sensory feedback, to design a device with a red light on unclean areas, and a green light when all the
teeth were clean. A student on the Ergonomic Endoscopy Grip Team (Team H) design a powered grip
to mechanically advance and rotate the shaft (Figure 3.3). Using the heuristic, Provide sensory feed-
back, he added a feedback mechanism to vibrate if too much force or pressure was applied. A
student on Facial Treatment for Atopic Dermatitis in Infants Team (Team J) generated a concept
with earmuffs to apply medication and moisturiser around the cheeks (Figure 3.4). Using multiple
Design Heuristics (Offer optional components, Use common base to hold component, and Adjust func-
tion for specific user), the student added an adhesive headpiece to treat the head eczema.

RQ2: To what extent are Design Heuristics applicable in biomedical engineering design problems?

We operationalised the extent to which Design Heuristics were applicable in biomedical engineering
design contexts as: (1) the use of Design Heuristics across multiple projects and (2) frequencies of the
use of each of the ten Design Heuristic cards provided in the study. Each of the biomedical

Figure 2. A single student’s concepts in sequence, with 1–4 generated during Individual Ideation, and concepts 5–8 generated
during Individual Ideation with Design Heuristics.
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engineering problems in the courses was addressed by student concepts inspired by Design Heuristics
(Figure 4). Students on the Tremor Toothbrush/Oral Aids Team (Team E) generated several concepts
involving a mouth guard with tiny fans to clean teeth (Figure 4.1), inspired by Add to existing
product, and a chewable toothbrush, inspired by Substitute way of achieving function (Figure 4.2). Stu-
dents on the Ergonomic Endoscopy Grip Team (Team H) used the heuristic, Provide sensory feedback, to
create concepts such as an endoscope with force sensors for color-changing light feedback (Figure 4.3).
Another design, inspired byMimic natural mechanisms, added small mobile legs to control movements
(Figure 4.4). Students on Team N designed a new instrument for vitreoretinal surgery (retina repairs) to
reduce glare caused by instrument reflections. A student used Mimic natural mechanisms and Add to
existing function to create a concept for a luminescent-dye light source that would degrade or drain
over time (Figure 4.5). Another student proposed a lens based on Simplify to focus light on specific
areas of the eye (Figure 4.6). Team J proposed treating atopic dermatitis in infants with a ‘bear’
mask to make it playful (Figure 4.7), inspired by Adjust functions for specific users. Another student
added a label to the forehead to indicate a time for mask removal (Figure 4.8), guided by Incorporate
user input. Overall, Design Heuristics (represented by the set of ten heuristics from the 77 Design Heur-
istics) were applicable across a variety of problems in the biomedical engineering context.

Figure 3. Examples of individual ideas generated using ideation and how those ideas were developed using Design Heuristics.

Table 4. The number of Design Heuristic uses in guiding students’ idea generation.

Heuristic Card # of Uses

Set A (N = 28) Adjust functions for specific users 22
Create system 16
Incorporate user input 18
Offer optional components 24
Use common base to hold components 20

Set B (N = 29) Add to existing product 34
Mimic natural mechanisms 24
Provide sensory feedback 19
Simplify 15
Substitute way of achieving function 21
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Each of the 10 Design Heuristics (from both sets) contributed numerous times to concepts created by
multiple students (Table 4). The most frequently used Design Heuristics were Add to existing product and
Offer optional components. However, even the least frequently used Design Heuristic, Simplify, was used

Figure 4. Example designs created by biomedical engineering students using Design Heuristics to guide them towards new
concepts.

10 J. W. LEE ET AL.



over a dozen times. This demonstrates that all 10 Design Heuristics were applicable across the 14 biome-
dical engineering projects, establishing their applicability in the biomedical engineering design context.

RQ3: To what extent are heuristic-driven concepts evident in students’ progression from individual to team to
final project concepts?

During the Team Concept Synthesis portion of the in-class session, students worked in their teams to
select up to 3 team concepts to pursue. Out of 14 teams, 12 teams incorporated concepts from Indi-
vidual Ideation with Design Heuristics in their selected team concepts.

In students’ final design reports, 8 out of the 13 teams included a concept inspired from Individual
Ideation with Design Heuristics in their final report design (see Table 5).

For example, Team B designed an instrumented manipulandum, or device for tracking finger
movement to correlate with neural signals for prosthetic limbs. Concepts 1b and 1c in Figure 6
show individual concepts created with Design Heuristics that led to the final design. Concept 1a
(Figure 5.1(a)), using natural ideation, was a rigid manipulation device that is easy to wear and has
bend sensors. Concept 1b (Figure 5.1(b)), inspired by the Substitute way of achieving function heuristic,
used two bend sensors around the finger to track movement. Concept 1c (Figure 5.1(c)), using the
Simplify heuristic, had slits to allow only 1 or 2 fingers to move. When the students came together
to generate up to 3 team concepts, one (Figure 5.2) was a rigid system that incorporated concepts
1a, 1b and 1c, that would adjust to different neutral positions with bend sensors around the
finger. Team B’s final report design (Figure 5.3) maintained most of these elements. The final
design incorporated piezo-resistive bend and force sensors into a stiff front plate design that
tracked finger movements and constrained other fingers. Team B showed evidence of multiple heur-
istic-driven individual concepts carried over into their final design.

As a second example, four students on Team I, who were developing a device to detect sudden
cardiac arrest and alert Emergency Medical Services, generated 12 concepts using Design Heuristics
individually during Individual Ideation with Design Heuristics, and several heuristic-driven individual
concepts were present in their Team Concept Synthesis, and in their final design. Concepts 1a, 1b
and 1c in Figure 6 show initial individual concepts and heuristic-driven individual concepts.
Concept 1a (Figure 6.1(a)), generated using natural ideation, measured pulse around the wrist with
an alarm. Concept 1b (Figure 6.1(b)), inspired by the heuristic, Use common base to hold components,
had components for detecting a pulse, alerting bystanders, and reading time. Concept 1c (Figure 6.1

Table 5. Presence of heuristic driven concepts in team and final concepts. Team C did not provide a final report for proprietary
reasons.

Team Project
# of team-selected concepts based
on Design Heuristics (out of 3)

Final report designs based
on Design Heuristics

A Portable Scalp-Cooling Device 3 Yes
B Instrumented Manipulandum to Train both

Human and Nonhuman Primates
2 Yes

C ECLS Transport System 1 N/A
D Improvement of IVF Egg Retrieval Procedure 2 No
E Tremor Toothbrush/Oral Aids 1 No
F Retractor for Sacrospinous Ligament

Suspension
0 (out of 1) No

G Bladder Irrigator 1 Yes
H Ergonomic Endoscopy Grip 1 Yes
I Sudden Cardiac Arrest Alert 2 Yes
J Facial Treatment for Atopic Dermatitis in

Infants
3 No

K Endoscopic Polyp Retrieval Device 2 Yes
L Method to Stabilise an Endoscope 2 Yes
M Percutaneous Endoscopic Gastrostomy Tube

Dislodgement Prevention
0 No

N Bimanual Vitreoretinal Surgery Product 2 Yes
Total: 55% 62%
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(c)), guided by Incorporate user input, used a button to cancel false alarms. When the students were
asked to synthesise up to three team concepts, these three separate concepts (1a, 1b, 1c) were syn-
thesised to form a team concept for a wristband with pulse monitoring, bystander alert (if the pulse
was absent), and SOS button (Figure 6.2). This team concept became the prototype for the final
design (Figure 6.3): A wristband that monitored the pulse, included a loud alarm when a pulse
was absent, and a button to cancel false alarms.

Many heuristic-driven individual concepts persisted throughout the design process into the final
designs, with 62% of final designs including heuristic-driven concepts. This suggests that students in
both undergraduate and graduate biomedical engineering design courses considered heuristic-
driven concepts to be useful and practical, because they decided to incorporate aspects of heuris-
tic-driven concepts as they progressed to team concepts and final designs.

Discussion

Designing biomedical engineering devices involves complex regulations that can significantly restrict
the viable solutions (Hagedorn, Grosse, and Krishnamurty 2015), which can also limit the use of
design strategies in idea generation. Our results demonstrated that Design Heuristics are transferable

Figure 5. Team B’s progression from their individual concepts to team concept to final design.
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to biomedical engineering design education and that students were able to use them to generate
ideas. Students working on the same design problem used a variety of different Design Heuristics
to generate multiple concepts, showing that many Design Heuristics were usable. Additionally, stu-
dents working on the same problem generated different concepts using the same Design Heuristics,
suggesting that biomedical engineering students used Design Heuristics as a tool to inspire ideas. For
example, students on the ergonomic endoscopy grip team were inspired by Provide sensory feedback
to generate multiple concepts. One student generated a concept that would provide vibrational
feedback (Figure 3.3), while another student created a concept that would provide color-changing
light feedback (Figure 4.3). Design Heuristic cards did not determine solutions as students’ interpret-
ations of the same Design Heuristic cards led to different solutions.

In addition to generating ideas, biomedical engineering students used Design Heuristics to refine
initial concepts to further develop concepts, mirroring findings from other Design Heuristics studies
(Christian et al. 2012). Other ideation techniques such as TRIZ have shown to be effective in multiple
domains including mechanical engineering (Hernandez, Schmidt, and Okudan 2013), service design

Figure 6. Team I’s progression of concepts from individual concepts, to the team concept, and final report design.
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(Zhang, Chai, and Tan 2005), and business development (Souchkov 2007). Furthermore, another idea-
tion technique, biomimicry, has been used in industrial design (Louise and Casper 2012), architecture
(Berkebile and McLennan 2004), and interior design (El-Zeiny 2012), demonstrating that design strat-
egies can be used across multiple domains. Students in biomedical engineering have distinct edu-
cational experiences compared to other disciplines (Gatchell and Linsenmeier 2005) and may
approach idea generation differently, which may not allow transferability of design strategies. This
study demonstrated that Design Heuristics can be leveraged beyond mechanical engineering and
industrial design, as they were shown to be transferable to biomedical engineering design for idea
generation.

Students were able to use Design Heuristics to generate ideas in biomedical engineering, and
within biomedical engineering. Design Heuristics were applicable across multiple design project con-
texts. Students used the same Design Heuristics across different problem contexts in the two design
courses in our study, demonstrating that Design Heuristics were usable beyond a single or a few
problem contexts in biomedical engineering. Similarly, the ideation tools such as TRIZ have been
shown to be applicable to diverse problems within the scope of a single domain (Yamashina, Ito,
and Kawada 2002; Zhang, Yang, and Liu 2014). In generating ideas using Design Heuristics, students
may have been inspired to generate product-oriented solutions. For example, students who devel-
oped a sudden cardiac arrest alert could have generated ideas using principles from chemical engin-
eering, electrical engineering, and computer science. However, they generated product-oriented
ideas with tangible artifacts with Design Heuristics. Since Design Heuristics were developed from
studying product designs, they may encourage generating ideas in the product domain. Further
work is required to study how students use Design Heuristics in biomedical engineering. In our
initial study of Design Heuristics in biomedical engineering, all 14 teams demonstrated that they
were able to use Design Heuristics, showing the applicability of this tool in biomedical engineering
design problems.

Finally, heuristic-driven individual concepts were evident in students’ progression of ideas from
individual to team to final concepts, demonstrating that students perceived heuristic-driven concepts
to be practical, as they felt characteristics of concepts or whole concepts created with Design Heur-
istics were worthy of being their final design. Our findings align with previous studies of mechanical
product design teams in developing design concepts with Design Heuristics, in that Design Heuristics
inspired practical ideas that influenced later team concept development (Kramer, Daly, and Yilmaz
2014, 2015). In concept selection, individuals and teams must decide which ideas to drop and
which ideas to further develop by assessing the potential to be a successful design (Florén and
Frishammar 2012; Kim and Wilemon 2002). Prior studies show that students discard novel ideas
during concept selection and choose conventional, practical concepts (Starkey, Toh, and Miller
2016; Toh and Miller 2016). Using Design Heuristics not only supported individual students in gener-
ating concepts, but also helped them to come up with practical concepts that advanced to their final
team design. And, while in this study, we did not assess the creativity of final concepts, other research
with Design Heuristics has shown that they support creative thinking as well (Daly et al. 2016; Yilmaz,
Seifert, et al. 2016). Thus, it is possible that Design Heuristics could be supportive of both practical and
novel ideas.

Implications for biomedical engineering education

Design Heuristics can be implemented in a single classroom session without providing extensive
training to students. Biomedical design problems are often constrained by regulations and require-
ments, which could limit the exploration of possible solutions (Enderle and Bronzino 2012; Hagedorn,
Grosse, and Krishnamurty 2015; Lerner et al. 2006). Design Heuristics can assist students in generating
possible solutions to address design problems in biomedical engineering.

Also, Design Heuristics have been demonstrated to be useful in many institutions (Leahy et al.
2016) and this study demonstrated the transferability of Design Heuristics to another engineering
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discipline. In Europe, biomedical engineering programmes have expanded quickly (Nagel, Slaaf, and
Barbenel 2007). Many biomedical engineering programmes in Europe have similar focuses as the U.S.
programmes, such as concentrations in medical device, medical imaging, and biomaterial develop-
ment (Educations 2018). Because of the similarities in biomedical engineering education, the useful-
ness of Design Heuristics may extend to the European engineering education context.

For instructors, Design Heuristics can be used to provide a structured idea generation lesson to
help them teach their students about successful ideation. Design Heuristics could be used as a
scaffolding tool (Wood, Bruner, and Gail 1976) to guide students in developing best practices in idea-
tion in addition to brainstorming. Furthermore, biomedical engineering textbooks could integrate
Design Heuristics as an idea generation method.

Limitations and future work

There were potential limitations based on the biases of the research team. Although the team
attempted to set aside biases and expectations for this study’s finding, the results may reflect
some perspectives of the team.

As an initial study of using Design Heuristics in biomedical engineering, this study was conducted
at a single institution with a small sample of courses, students, and design problems. Many of the
projects in the two courses in this study were focused on product development, and other types
of projects in biomedical engineering may show different results. The sample, then, limits a
broader understanding of the application of the tool across diverse students, institutions, and
project types. However, the study provides a detailed understanding of a small number of students
and can provide information to guide future larger-scale studies.

Another limitation of our study was that we did not assess the qualities of ideas such as their creativity,
diversity, and practicality or compare them to ideas generated without Design Heuristics. Due to having a
small number of ideas per team, we could not analyse and compare the quality of ideas. As a first step,
this study provides initial evidence about the utility of Design Heuristics in biomedical engineering.

As is common in qualitative research (Borrego, Douglas, and Amelink 2009; Creswell 2013; Patton
2001; Saldaña 2011), we focused on making claims in a specific context and we cannot generalise the
usefulness of Design Heuristics in all contexts. Future work can expand the investigation of Design
Heuristics into additional biomedical problems, and in other disciplines (Lee et al. 2018). For
example, the possible role of Design Heuristics in biomedical engineering courses emphasising
chemical and biochemical analysis is unknown. Design Heuristics could be tested in additional
problem contexts to investigate their versatility.

Conclusion

This study demonstrated that Design Heuristics as an ideation tool can be used in biomedical engin-
eering design classes to generate concepts. Students generated and developed multiple concepts for
their projects using Design Heuristics, demonstrating transferability of Design Heuristics. Also, stu-
dents in all 14 teams in this study were able to leverage Design Heuristics to generate ideas,
showing that Design Heuristics can be used across multiple projects in biomedical engineering.
Many of the heuristic-driven individual concepts persisted into students’ team and final designs,
which showed that the use of Design Heuristics led to concepts that the students considered to
be useful and practical. Design Heuristics may be a useful tool for idea generation and development
in biomedical engineering design courses.

Acknowledgements

We would like to thank Varghese Vadakumcherry and Sheyenne Harris for their contribution in managing the data for
this project. We would like to acknowledge the help of the course instructors who agreed to include this research project

EUROPEAN JOURNAL OF ENGINEERING EDUCATION 15



in their classes, and the students who allowed us to study their work. This project is supported by the University of Michi-
gan MCubed project (ID:869) and National Science Foundation Grant #1322552. Jin Woo Lee is supported by the NIH’s
Microfluidics in the Biomedical Sciences Training Program: NIH NIBIB T32 EB005582.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This project is supported by the University of Michigan MCubed project (ID:869) and National Science Foundation Grant
#1322552. Jin Woo Lee is supported by the NIH’s Microfluidics in the Biomedical Sciences Training Program: NIH NIBIB
T32 EB005582.

Notes on contributors

Jin Woo Lee is a PhD student in Mechanical Engineering at the University of Michigan. His research focuses on studying
novice and expert behaviours in design and developing design tools to support education.

Anastasia Ostrowski is a graduate student in Biomedical Engineering at the University of Michigan, conducting research
with the Daly Design and Engineering Education Research Group. Her undergraduate degree is in Biomedical Engineer-
ing focusing on electrical engineering. Her current research focuses on understanding how engineering students in bio-
medical engineering engage in the design process.

Shanna R. Daly is an Assistant Professor in Mechanical Engineering at the University of Michigan. She has a B.E. in Chemi-
cal Engineering from the University of Dayton (2003) and a Ph.D. in Engineering Education from Purdue University (2008).
Her research focuses on strategies for design innovations through divergent and convergent thinking as well as through
deep needs and community assessments using design ethnography, and translating those strategies to design tools and
education. She teaches design and entrepreneurship courses at the undergraduate and graduate levels, focusing on
front-end design processes.

Aileen Huang-Saad is faculty in Engineering Education and Biomedical Engineering. Previously, Aileen was the Associate
Director for Academics in the Center for Entrepreneurship and was responsible for building the Program in Entrepreneur-
ship for UM undergraduates, co-developing the masters level entrepreneurship programme, and launching the biome-
dical engineering graduate design programme. Aileen has received a number of awards for her teaching, including the
Thomas M. Sawyer, Jr. Teaching Award, the UM ASEE Outstanding Professor Award and the Teaching with Sakai Inno-
vation Award. Prior to joining the University of Michigan faculty, she worked in the private sector gaining experience
in biotech, defense, and medical device testing at large companies and start-ups. Aileen’s current research areas
include entrepreneurship engineering education, impact and engaged learning. Aileen has a Bachelor’s of Science in
Engineering from the University of Pennsylvania, a Doctorate of Philosophy from The Johns Hopkins University
School of Medicine, and a Masters of Business Administration from the University of Michigan Ross School of Business.
Aileen is also a member of Phi Kappa Phi and Beta Sigma Gamma.

Colleen M. Seifert is an Arthur F. Thurnau Professor in the Department of Psychology at the University of Michigan. She
received her Ph.D. in Cognitive Science and psychology at Yale University. She was an ASEE postdoctoral fellow at the
University of California – San Diego and the Navy Personnel Research Development Center. Her research interests centre
on learning, memory, and creativity.

ORCID

Jin Woo Lee http://orcid.org/0000-0001-5387-1668

References

ABET Board of Directors. 2011. “2011–2012 Criteria for Accrediting Engineering Programs.”
Ahmed, S., K. M. Wallace, and L. T. Blessing. 2003. “Understanding the Differences between How Novice and Experienced

Designers Approach Design Tasks.” Research in Engineering Design 14 (1): 1–11.
Akin, Ö. 1990. “Necessary Conditions for Design Expertise and Creativity.” Design Studies 11 (2): 107–113.
Allen, R. H., S. Acharya, C. Jancuk, and A. A. Shoukas. 2013. “Sharing Best Practices in Teaching Biomedical Engineering

Design.” Annals of Biomedical Engineering 41 (9): 1869–1879.

16 J. W. LEE ET AL.

http://orcid.org/0000-0001-5387-1668


Altshuller, G. 1984. Creativity as an Exact Science. New York: Gordon and Breach.
Altshuller, G. 1997. 40 Principles: TRIZ Keys to Technical Innovation. Worcester, MA: Technical Innovation Center.
Atman, C. J., J. R. Chimka, K. M. Bursic, and H. L. Nachtmann. 1999. “A Comparison of Freshman and Senior Engineering

Design Processes.” Design Studies 20 (2): 131–152.
Ball, L. J., J. St. B. T. Evans, and I. Dennis. 1994. “Cognitive Processes in Engineering Design: A Longitudinal Study.”

Ergonomics 37 (11): 1753–1786.
Baytiyeh, H., and M. K. Naja. 2017. “Students’ Perceptions of the Flipped Classroom Model in an Engineering Course: A

Case Study.” European Journal of Engineering Education 42 (6): 1048–1061.
Belaziz, M., A. Bouras, and J. M. Brun. 2000. “Morphological Analysis for Product Design.” Computer-Aided Design 32 (5):

377–388.
Berkebile, B., and J. McLennan. 2004. “The Living Building: Biomimicry in Architecture, Integrating Technology with

Nature.” BioInspire Magazine 18.
Bickman, L., and D. J. Rog. 2008. The SAGE Handbook of Applied Social Research Methods. Thousand Oaks, California: SAGE.
Blessing, L., and A. Chakrabarti. 2009. “DRM: A Design Research Methodology.” In DRM, a Design Research Methodology,

13–42. Springer London.
Borrego, M., E. P. Douglas, and C. T. Amelink. 2009. “Quantitative, Qualitative, and Mixed ResearchMethods in Engineering

Education.” Journal of Engineering Education 98 (1): 53–66.
Bronzino, J. D. 2014. Management of Medical Technology: A Primer for Clinical Engineers. Oxford: Butterworth-Heinemann.
Brophy, D. R. 2001. “Comparing the Attributes, Activities, and Performance of Divergent, Convergent, and Combination

Thinkers.” Creativity Research Journal 13 (3–4): 439–455.
Carlos, C., and P. Badke-Schaub. 2011. “The Influence of Different Pictorial Representations during Idea Generation.” The

Journal of Creative Behavior 45 (2): 130–146.
Christian, J. L., S. R. Daly, S. Yilmaz, C. M. Seifert, and R. Gonzalez. 2012. “Design Heuristics to Support Two Modes of Idea

Generation: Initiating Ideas and Transitioning Among Concepts.” In Proceedings of the American Society for Engineering
Education. San Antonio, TX.

Creswell, J. W. 2013. Research Design: Qualitative, Quantitative, and Mixed Methods Approaches. Los Angeles: SAGE.
Cross, N. 2001. “Design Cognition: Results from Protocol and Other Empirical Studies of Design Activity.” In Design

Knowing and Learning: Cognition in Design Education, edited by C. Eastman, W. Newstatter, and M. McCracken, 79–
103. Oxford: Elsevier.

Cross, N. 2008. Engineering Design Methods: Strategies for Product Design. 4th ed. West Sussex: Wiley.
Cross, N. 2011. Design Thinking. Oxford: Berg.
Daly, S. 2012. “Design Heuristics in Engineering Concept Generation.” Presented at the University of Colorado-Boulder,

Boulder, CO.
Daly, S. R., J. L. Christian, S. Yilmaz, C. M. Seifert, and R. Gonzalez. 2012. “Assessing Design Heuristics for Idea Generation in

an Introductory Engineering Course.” International Journal of Engineering Education 28 (2): 1–11.
Daly, S. R., C. M. Seifert, S. Yilmaz, and R. Gonzalez. 2016. “Comparing Ideation Techniques for Beginning Designers.”

Journal of Mechanical Design 138 (10): 101108–101112.
Daly, S., and S. Yilmaz. 2013a. “77 Cards: Design Heuristics in Engineering Concept Generation.” Presented at the

University of Pittsburgh, Pittsburgh, PA.
Daly, S., and S. Yilmaz. 2013b. “Idea Generation with 77 Cards: Design Heuristics for Inspiring Ideas.” Presented at the

American Society for Engineering Education Annual Conference, Atlanta, GA.
Daly, S., and S. Yilmaz. 2014. “Diverse Idea Generation with 77 Cards: Design Heuristics for Inspiring Ideas.” Presented at

the American Society for Engineering Education Annual Conference, Indianapolis, IN.
Daly, S., S. Yilmaz, and J. Christian. 2012. “Creative and Diverse Idea Generation Using Design Heuristics.” Presented at the

American Society for Engineering Education Annual Conference, San Antonio, TX.
Daly, S. R., S. Yilmaz, J. L. Christian, C. M. Seifert, and R. Gonzalez. 2012. “Design Heuristics in Engineering Concept

Generation.” Journal of Engineering Education 101 (4): 601–629.
Daly, S., S. Yilmaz, and C. Gray. 2015. “Innovative Idea Generation for Engineering Design.” Presented at the Workshop at

ASEE Annual Conference, Seattle, WA.
Daly, S., S. Yilmaz, and K. Leahy. 2016. “Teaching Idea Generation: How to Use Design Heuristics in Your Courses.”

Presented at the American Society for Engineering Education Annual Conference, New Orleans, LA.
Dawidow, J., J. Huff, and K. Leahy. 2016. “Investigating How Design Concepts Evolve in Engineering Students.” In

American Society for Engineering Education. New Orleans, LA.
Design Heuristics. 2014. “Design Heuristics.” https://www.designheuristics.com/.
Dorst, K. 2004. “On the Problem of Design Problems - Problem Solving and Design Expertise.” Journal of Design Research 4

(2): 185–196.
Eberle, R. 1995. SCAMPER. Waco, TX: Prufrock.
Educations. 2018. “Study Biomedical & Pharmaceutical Engineering in Europe.” Accessed March 30. https://www.

educations.com/search/biomedical-pharmaceutical-engineering-europe/c664-d58.
El-Zeiny, R. M. A. 2012. “Biomimicry as a Problem Solving Methodology in Interior Architecture.” Procedia - Social and

Behavioral Sciences, AcE-Bs 2012 Bangkok, Sukosol Hotel, Bangkok, Thailand, 16–18 July, 2012, 50 (January): 502–512.

EUROPEAN JOURNAL OF ENGINEERING EDUCATION 17

https://www.designheuristics.com/
https://www.educations.com/search/biomedical-pharmaceutical-engineering-europe/c664-d58
https://www.educations.com/search/biomedical-pharmaceutical-engineering-europe/c664-d58


Enderle, J. D., and J. D. Bronzino. 2012. Introduction to Biomedical Engineering. 3rd ed. Cambridge, MA: Academic Press.
Engineering in Medicine and Biology. 2015. “Designing a Career in Biomedical Engineering.” Institute of Electrical and

Electronics Engineers.
Finke, R. A., T. B. Ward, and S. M. Smith. 1996. Creative Cognition: Theory, Research, and Applications. Cambridge, MA: A

Bradford Book.
Florén, H., and J. Frishammar. 2012. “From Preliminary Ideas to Corroborated Product Definitions: Managing the Front End

of New Product Development.” California Management Review 54 (4): 20–43. doi:10.1525/cmr.2012.54.4.20.
Gatchell, D. W., and R. A. Linsenmeier. 2005. “Undergraduate Biomedical Engineering Curricula—Recommendations from

Academia and Industry.” Annual Meeting of the Institute of Biological Engineering, Athens, GA.
Geschka, H., G. Schaude, and H. Schlicksupp. 1976. “Modern Techniques for Solving Problems.” International Studies of

Management & Organization 6 (4): 45–63.
Goldberg, M. R., and J. L. Pearlman. 2013. “Best Practices for Team-Based Assistive Technology Design Courses.” Annals of

Biomedical Engineering 41 (9): 1880–1888.
Gordon, W. J. J. 1961. Synectics. New York: Harper & Row.
Gray, C., S. Yilmaz, S. Daly, C. M. Seifert, and R. Gonzalez. 2015. “Building Students’ Ideation Ability through Design

Heuristics.” Presented at the Workshop at LearnxDesign: The 3rd International Conference for Design Education
Researchers and PreK-16 Design Educators, Chicago, IL.

Hagedorn, T. J., I. R. Grosse, and S. Krishnamurty. 2015. “A Concept Ideation Framework for Medical Device Design.”
Journal of Biomedical Informatics 55 (June): 218–230.

Hernandez, N. V., L. C. Schmidt, and G. E. Okudan. 2013. “Systematic Ideation Effectiveness Study of TRIZ.” Journal of
Mechanical Design 135 (10): 101009–101010.

Hill, C. E., B. J. Thompson, and E. N. Williams. 1997. “A Guide to Conducting Consensual Qualitative Research.” The
Counseling Psychologist 25 (4): 517–572.

Hoveskog, M., F. Halila, and M. Danilovic. 2015. “Early Phases of Business Model Innovation: An Ideation Experience
Workshop in the Classroom.” Decision Sciences Journal of Innovative Education 13 (2): 177–195.

Jansson, D. G., and S. M. Smith. 1991. “Design Fixation.” Design Studies 12 (1): 3–11.
Kim, J., and D. Wilemon. 2002. “Focusing the Fuzzy Front-End in New Product Development.” R&D Management 32 (4):

269–279.
King, P. 1999. “Design and Biomedical Engineering.” International Journal of Engineering Education 15 (4): 282–287.
King, P., and R. Fries. 2003. “Designing Biomedical Engineering Design Courses.” International Journal of Engineering

Education 19 (2): 346–353.
Klein, G. A. 1999. Sources of Power How People Make Decisions. Cambridge, MA: MIT Press.
Kotys-Schwartz, D. A., S. R. Daly, S. McKIlligan, D. Knight, and M. Polmear. 2014. “Evaluating the Implementation of Design

Heuristic Cards in an Industry Sponsored Capstone Design Course.” 2014 ASEE Annual Conference & Exposition,
Indianapolis, IN.

Kramer, J. M., S. R. Daly, and S. Yilmaz. 2014. “A Case-study Analysis of Design Heuristics in Upper-level Cross-disciplinary
Design Course.” Proceedings of the American Society for Engineering Education, Indianapolis, IN.

Kramer, J. M., S. R. Daly, S. Yilmaz, C. M. Seifert, and R. Gonzalez. 2015. “Investigating the Impacts of Design Heuristics on
Idea Initiation and Development.” Advances in Engineering Education 4 (4): 1–26.

Krishnan, S. M. 2014. “Academic Program Models for Undergraduate Biomedical Engineering.” Annual International
Conference of the IEEE Engineering in Medicine and Biology Society. IEEE Engineering in Medicine and Biology
Society, Chicago, IL.

Leahy, K. S., S. Yilmaz, C. M. Seifert, and S. R. Daly. 2016. “Integrating Design Heuristics into Your Classroom.” 2016 ASEE
Annual Conference & Exposition, New Orleans, LA.

Lee, J. W., S. R. Daly, A. Y. Huang-Saad, C. M. Seifert, and J. Lutz. 2018. “Using Design Strategies from Microfluidic Device
Patents to Support Idea Generation.” Microfluidics and Nanofluidics 22 (7): 4004.

Lerner, A. L., B. H. Kenknight, A. Rosenthal, and P. Yock. 2006. “Design in BME: Challenges, Issues, and Opportunities.”
Annals of Biomedical Engineering 34 (2): 200–208.

Linsey, J. S. 2007. “Design-by-Analogy and Representation of Innovative Engineering Concept Generation.” PhD diss.,
University of Texas.

Linsey, J. S., E. F. Clauss, T. Kurtoglu, J. T. Murphy, K. L. Wood, and A. B. Markman. 2011. “An Experimental Study of Group
Idea Generation Techniques: Understanding the Roles of Idea Representation and Viewing Methods.” Journal of
Mechanical Design 133 (3): 031008.

Linsey, J. S., A. B. Markman, and K. L. Wood. 2012. “Design by Analogy: A Study of the WordTree Method for Problem Re-
Representation.” Journal of Mechanical Design 134 (4): 041009–041012.

Liu, Y. C., A. Chakrabarti, and T. Bligh. 2003. “Towards an ‘Ideal’ Approach for Concept Generation.” Design Studies 24 (4):
341–355.

Louise, V. N., and B. Casper. 2012. “On the Use of Biomimicry as a Useful Tool for the Industrial Designer.” Sustainable
Development 20 (3): 189–199.

McDaniel, M., R. Frey, S. Fitzpatrick, and H. Roediger. 2014. Integrating Cognitive Science with Innovative Teaching in STEM
Disciplines. St. Louis: Washington University.

18 J. W. LEE ET AL.

https://doi.org/10.1525/cmr.2012.54.4.20


McGoron, A. J., H. Shahrestani, M. E. Brown, and J. D. Byrne. 2013. “Delivery and Assessment of the Biomedical Engineering
Capstone Senior Design Experience.” 2013 ASEE Annual Conference & Exposition, Atlanta, GA.

Mellodge, P., and B. Deschenes. 2009. “Digital Health: A Sophomore Level Interdisciplinary Engineering Design Project
Course.” 2009 Annual Conference & Exposition, Austin, TX.

Nagel, J. H., D. W. Slaaf, and J. Barbenel. 2007. “Medical and Biological Engineering and Science in the European Higher
Education Area - Working Toward Harmonization of Biomedical Programs for Mobility in Education and Employment.”
IEEE Engineering in Medicine and Biology Magazine 26 (3): 18–25.

Oden, M., Y. Mirabel, M. Epstein, and R. Richards-Kortum. 2010. “Engaging Undergraduates to Solve Global Health
Challenges: A New Approach Based on Bioengineering Design.” Annals of Biomedical Engineering 38 (9): 3031–3041.

Osborn, A. F. 1957. Applied Imagination: Principles and Procedures of Creative Thinking. 3rd ed. New York, NY: Charles
Scribner’s Sons.

Patton, M. Q. 2001. Qualitative Research & Evaluation Methods. 3rd ed. Thousand Oaks, CA: SAGE.
Perez, R. S., J. F. Johnson, and C. D. Emery. 1995. “Instructional Design Expertise: A Cognitive Model of Design.”

Instructional Science 23 (5–6): 321–349.
Popovic, V. 2004. “Expertise Development in Product Design—Strategic and Domain-Specific Knowledge Connections.”

Design Studies 25 (5): 527–545.
Reuther, K. E., M. J. Cennamo, and T. W. Guo. 2016. “Re-Designing Design: A Technology-Enhanced Graduate-Level

Biomedical Design Course.” 2016 ASEE Annual Conference & Exposition, New Orleans, LA.
Rowe, P. 1987. Design Thinking. Cambridge, MA: The MIT Press.
Saldaña, J. 2011. Fundamentals of Qualitative Research. New York, NY: Oxford University Press.
Saltzman, W. M. 2009. Biomedical Engineering: Bridging Medicine and Technology. Cambridge: Cambridge University Press.
Sangelkar, S., C. de Vries, O. Ashour, and W. C. Lasher. 2015. “Teaching Idea Generation to Undergraduate Students Within

the Time Constraints of a Capstone Course.” 2015 ASEE Annual Conference & Exposition, Seattle, WA.
Schmedlen, R., S. M. Kusano, J. Gosbee, J. C. Lee, and J. P. Stegemann. 2016. “The Medical Device Sandbox: A Creative

Learning Experience for BME Students and Medical Learners.” 2016 ASEE Annual Conference & Exposition, New
Orleans, LA.

Shekhar, P., and M. Borrego. 2016. “‘Not Hard to Sway’: A Case Study of Student Engagement in Two Large Engineering
Classes.” European Journal of Engineering Education 43 (4): 1–12.

Souchkov, V. 2007. “Breakthrough Thinking with TRIZ for Business and Management: An Overview.” ICG Training &
Consulting, 3–12.

Stagg, S., J. Pearson, and T. Guda. 2015. “Incorporating Design Into Undergraduate Biomedical Engineering Curriculum.”
In American Society for Engineering Education Gulf-Southwest Annual Conference, San Antonio, TX.

Starkey, E., C. A. Toh, and S. R. Miller. 2016. “Abandoning Creativity: The Evolution of Creative Ideas in Engineering Design
Course Projects.” Design Studies 47: 47–72.

Toh, C. A., and S. R. Miller. 2016. “Choosing Creativity: The Role of Individual Risk and Ambiguity Aversion on Creative
Concept Selection in Engineering Design.” Research in Engineering Design 27: 195–219.

Ullman, D. G., T. G. Dietterich, and L. A. Stauffer. 1988. “A Model of the Mechanical Design Process Based on Empirical
Data.” Artificial Intelligence for Engineering, Design, Analysis and Manufacturing 2 (1): 33–52.

Vasconcelos, L. A., C. C. Cardoso, M. Sääksjärvi, C.-C. Chen, and N. Crilly. 2017. “Inspiration and Fixation: The Influences of
Example Designs and System Properties in Idea Generation.” Journal of Mechanical Design 139 (3): 031101–031113.

Webster, J., and R. Pallas-Areny. 2007. Design for Biomedical Engineers. Hoboken, NJ: John Wiley & Sons.
Wood, D., J. S. Bruner, and R. Gail. 1976. “The Role of Tutoring in Problem Solving.” Journal of Child Psychology and

Psychiatry 17 (2): 89–100.
Yamashina, H., T. Ito, and H. Kawada. 2002. “Innovative Product Development Process by Integrating QFD and TRIZ.”

International Journal of Production Research 40 (5): 1031–1050.
Yazdi, Y., and S. Acharya. 2013. “A New Model for Graduate Education and Innovation in Medical Technology.” Annals of

Biomedical Engineering 41 (9): 1822–1833.
Yilmaz, S., S. R. Daly, and K. W. Jablokow. 2014. “Researching Ideation across Disciplines and Universities.”Workshop pre-

sented at the Alliance for the Arts in Research Universities (a2ru) 2014 National Conference, Ames, IA.
Yilmaz, S., S. R. Daly, C. M. Seifert, and R. Gonzalez. 2016. “Evidence-Based Design Heuristics for Idea Generation.” Design

Studies 46: 95–124.
Yilmaz, S., C. Seifert, S. Daly, and R. Gonzalez. 2016. “Design Heuristics in Innovative Products.” Journal of Mechanical

Design 138 (7): 071102.
Yock, P., S. Zenios, J. Makower, T. Brinton, U. Kumar, J. Watkins, L. Denend, T. Kummel, and C. Kurihara. 2015. Biodesign: The

Process of Innovating Medical Technologies. 2nd ed. Cambridge: Cambridge University Press.
Youmans, R. J. 2007. “Reducing the Effects of Fixation in Creative Design.” PhD diss., University of Illinois at Chicago.
Zhang, J., K. H. Chai, and K. C. Tan. 2005. “Applying TRIZ to Service Conceptual Design: An Exploratory Study.” Creativity

and Innovation Management 14 (1): 34–42.
Zhang, F., M. Yang, and W. Liu. 2014. “Using Integrated Quality Function Deployment and Theory of Innovation Problem

Solving Approach for Ergonomic Product Design.” Computers & Industrial Engineering 76: 60–74.

EUROPEAN JOURNAL OF ENGINEERING EDUCATION 19


	Abstract
	Introduction and background
	Design idea generation

	Methods
	Participants
	Data collection
	Data analysis

	Results
	Discussion
	Implications for biomedical engineering education
	Limitations and future work

	Conclusion
	Acknowledgements
	Disclosure statement
	Notes on contributors
	ORCID
	References



