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Assessing Knowledge and Application of the Design Process 

in a First-Year Engineering Design Course 
 

Abstract 

 

Authentic, client-based projects form the foundation of a one-semester freshman design course at 

Rice University.  The course is an elective course available for all freshman students in the 

School of Engineering.  First-year students learn the engineering design process and use it to 

solve meaningful problems drawn from local hospitals, industry, local community partners, Rice 

University, and international partners. 

 

The objectives for the course are to (a) have students learn and practice the engineering design 

process early in their engineering education, and (b) increase undergraduate retention in 

engineering at Rice University by 10 percentage points.  These two objectives align with 

important themes and goals published elsewhere.  For this first-year design course, three specific 

learning outcomes have been defined:  students design a product that meets user-defined needs 

and realistic constraints; students communicate effectively through written reports and 

oral/visual presentations; and students work effectively on multidisciplinary teams. 

 

Steps in the design process form the core of the course lecture material.  Most class periods are 

split between an interactive lecture about a step in the design process and team meetings to 

complete the design process, including prototype construction. 

 

Assessment of students’ knowledge of the design process was measured by asking students to 

critique the strengths and weaknesses of a Gantt chart.  The Gantt chart laid out a 14-week 

design process in which a team was to develop and build an examination bed for a clinic built by 

Engineers Without Borders in Nicaragua.  Using this recently refined assessment tool, students’ 

knowledge and application of the design process was evaluated at the beginning and end of the 

semester.  Written responses were coded by three trained raters on eight aspects:  1) needs 

assessment/establishing design criteria;  2) design context review;  3) idea generation; 4) analysis 

and decision-making; 5) building and testing;  6) overall layout of a design process and iteration;  

7) time allotments;  and 8) documentation. 

 

Data presented in the paper includes 72 student responses from fall 2012 and spring 2013. 

Analysis shows statistical significance between pre- and post-test results for seven of the eight 

topics evaluated.  The refined assessment method described here is an improvement over a 

previously deployed assessment tool.   

 

Introduction 

 

Design is a critically important skill in engineering practice.  As a result, it is strongly 

emphasized in ABET in Criteria 3 and 5 and in most senior-level capstone courses.
1
  

Publications by experts in engineering education have clearly articulated that students need to be 

engaged in practice-based engineering, particularly design, from the beginning of their 

education.
2-4

  Learning science reveals that students learn best when presented with a mixture of 

theoretical principles and practically-situated, open-ended problems.
5, 6

  Thus, rather than making 
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students wait for capstone design to do “real engineering,” design and other open-ended problem 

solving opportunities should be integrated throughout the entire curriculum.   

 

More than half of the top 25 US engineering schools run a team-based freshman design course 

providing students with real-world engineering opportunities.
4, 7

  These first-year experiences 

provide the greatest opportunity for students to acquire baseline proficiencies in the attributes 

listed in the NAE “Educating the Engineer of 2020” report that can then be honed in their 

subsequent courses.  First-year engineering experiences often focus on the key aspects of the 

engineering design process: research, ideation, and prototyping. Because of the central nature of 

design in engineering practice, students across all engineering fields can participate in 

multidisciplinary teams to solve authentic challenges.  

 

Much of the assessment work for first-year engineering design courses has focused on student 

retention, especially women and members of underrepresented groups.
4, 8-10

  One long-term study 

from the University of Colorado at Boulder indicates that students who participate in a freshman 

year experience show retention rates 19% higher than a control group (measured at seventh 

semester).
11

  Many retention studies are summarized in Dym et al.
3
  While retention is also 

important at Rice University, we were also interested in developing an appropriate instrument to 

assess first-year students’ knowledge and application of the design process. 

 

Several methods are currently used to assess first-year students’ knowledge of design and their 

application of the design process. These methods include surveys, interviews, talk aloud 

protocols, concept maps, exams and written reports, as well as the evaluation of students’ final 

design prototypes.
12-17

  Each of these methods also has well documented limitations. Combining 

several methods to cross-validate results compensates for these limitations; however, 

triangulating and analyzing multiple sources of data require considerable time and resources.  

 

Most methods use open-ended questioning strategies about how to attack a new design problem.  

For example, in the study by Kilgore et al., first-year students were asked to perform engineering 

tasks during timed sessions.
17

  One prompt was “Over the summer the Midwest experienced 

massive flooding of the Mississippi River. What factors would you take into account in 

designing a retaining wall system for the Mississippi?” Students recorded their answers on paper.  

The student responses were then coded and evaluated along different dimensions to evaluate how 

students considered the context of the challenge.   

 

In a second example, participants in a study by Atman et al. were given a prompt to design a 

playground in the neighborhood of a mid-size city.
14

  The participants used a talk-aloud protocol 

to discuss how they would design such a playground.  Again, responses were transcribed and 

coded to evaluate levels of competence across different design domain areas.  

 

A third example is work by Bailey et al.
18, 19

  In this study, students were asked to critique the 

strengths and weaknesses of a Gantt chart laying out a 14-week design process for a newly posed 

design challenge.  Bailey and Szabo’s Gantt chart tool has shown to be a quick, valid, and 

feasible option to assess individual design process knowledge.
12, 18, 19

  While studying students’ 

evaluations of a Gantt chart may not provide a complete representation of students’ design 

process knowledge; this approach has been shown to identify gaps in students’ understanding, 
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which is important for first-year engineering students.
12

  As discussed below, we have modified 

Bailey’s method to include a specific design challenge prompt.  

 

First-Year Engineering Design at Rice University 

 

Introduction to Engineering Design (ENGI 120) is a one-semester client-based design course for 

freshman students at Rice University.  The course is an elective course available for all freshman 

students in the School of Engineering.  The objectives for ENGI 120 are to (a) have students 

learn and practice the engineering design process early in their engineering education, and (b) 

increase undergraduate retention in engineering at Rice University by ten percentage points.  

These two objectives align with important themes published elsewhere.
2, 4, 20

 Three specific 

learning outcomes were established to achieve course objectives: 

 

(1)  Students design a product that meets a user-defined need and realistic constraints.  

Specifically, students develop realistic design criteria, apply appropriate methods for 

brainstorming to generate multiple design solutions, use decision matrices to select among 

design solution options, and iteratively prototype a physical product. 

(2) Students effectively communicate progress of their design using written and oral/visual 

communication. 

(3) Students function effectively on a high-performance team. 

 

The content and organization of the course has been described in detail elsewhere.
21, 22

  After the 

first week of class, students are placed on design teams to solve an authentic problem proposed 

by clients from medicine, industry, humanitarian organizations, and Rice University. Each team 

works on a different client-sponsored project, with four to six students per team (Table 1).  

 

Steps in the design process form the core of the lecture material.  During each class period, 

students work in their design teams The first half of the semester is devoted to defining the 

design problem, developing the design context review, establishing design criteria, brainstorming 

solutions, using an evaluation matrix to select a solution, and then describing the selected 

solution. In the second half of the semester, there are a few lectures on prototyping and testing, 

but most class time is set aside for teams to work on their projects. The textbook for ENGI 120 is 

Engineering Design: A Project Based Introduction.
23

 

 

Student teams develop their solutions in the Oshman Engineering Design Kitchen (OEDK), a 

space where undergraduate students from all engineering departments work collaboratively on 

real-world, multidisciplinary design challenges.  The OEDK houses a large central work area 

that holds individual work benches, a flexible classroom, a computer lab, a wet lab, and a 

machine shop. Student teams have access to a 3D ABS plastic printer, a laser cutter, a plasma 

cutter, a soldering station, and a printed-circuit board mill. The OEDK is also well stocked with 

machining equipment and tools that can be used by teams to build their projects.   
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Table 1. Sample projects in ENGI 120 (2012-2013 academic year) 

 

Project Topic 

 

Client/Sponsor 

Medically-motivated  

Adjustable angle rock wall Pediatric Therapy Center 

Training mannequin for tonsils and 

peritonsillar abscess 

Physicians at Texas Children’s Hospital 

Freezing biopsied tissue samples 

Sampling device for dermatology 

Physicians at Kelsey Seybold Hospital 

Researcher at Baylor College of Medicine 

Global reach  

Stand for phototherapy lights Global Health Technologies (Rice Univ.) 

Public lighting for bridge in Nicaragua 

Modification of pulse oximeter probes 

Engineers Without Borders (Rice chapter) 

Global Health Technologies (Rice Univ.) 

Local reach  

Playground feature  

Cheetah run with lure 

Kitchen themed soap dispensers 

Chimp water spray 

Groundwater-derived sample evaporator 

Houston Arboretum 

Houston Zoo 

Pass and Provisions restaurant 

Houston Zoo 

Shell Oil Company 

 

Documentation is an important, on-going part of the design process. Teams submit a series of 

technical memos to communicate their design progress. Each technical memo focuses on a key 

aspect of the design process.
22

  During the semester, each design team gives two 15-minute oral 

presentations, each of which is delivered by one team member.  Finally, the teams undergo two 

prototype checks and one final graded prototype evaluation. 

 

Development of Tool to Assess Students’ Understanding of the Design Process 

 

To assess ENGI 120 students’ knowledge of the design process, a pre- and post-test was 

administered at the beginning and the end of the course. Students were asked to critique a Gantt 

chart that laid out a 14-week schedule for an engineering design project (Figure 1).  The project 

was to develop and build an examination bed for a clinic in Nicaragua by the student chapter of 

Engineers Without Borders. A brief explanation of how Gantt charts are used for project 

management and how to read one was provided in the test prompt to aid students with no prior 

exposure to Gantt charts. One page of supplemental material about Gantt charts was also made 

available.  
 

Students were specifically tasked with reviewing the sample Gantt chart and elaborating on the 

steps in the design process, the specific strategies appropriate to accomplish the steps in the 

design process, and identifying the strengths and weaknesses of the proposed design process. 

Figure 1 also includes the specific prompt.  Responses to the prompt were captured in an online 

course management system and varied in length from 0.5-2 pages. 
 

The prompt used in this study was revised in summer of 2012 based on a personal 

communication with Bailey. Our previous efforts to measure students’ design knowledge using a 

similar prompt in the fall of 2011 and spring of 2012 suggested that students needed more 

explicit instruction regarding the task, and they needed to be given a specific case to which they 
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could apply their design process knowledge.
22

  Contextualizing the prompt is consistent with 

much of the literature on assessing design process knowledge.
13, 14, 16, 17

 
 

Figure 1.  Pre- and post-test assessment prompt used in fall 2012 and thereafter. 

 

Project Prompt:  The Engineers Without Borders (EWB) team from Rice University has recently 

completed a small health clinic to serve a rural town in Nicaragua.  At this time, the clinic does 

not contain examination tables, which are necessary as many proper physical examinations and 

some treatments require that a person lie down.  Thus, the goal of this project is to develop and 

build an examination bed for the EWB-built clinic in Nicaragua.   

 

Assignment:  Critique the proposed 14-week design process to create an examination bed for the 

clinic in Nicaragua.  This process is displayed in the Gantt chart of Figure 1.     

 Elaborate on the steps in the design process with specific details.   

 Elaborate on specific strategies appropriate to accomplish the steps in the design process.  

 Identify the pros (advantages, strengths, etc) and cons (disadvantages, weaknesses, etc) of the 

proposed design process.   

Note that no work on this project was done prior to what is shown in the chart.   

 

Figure 1 

 
 

 

Starting in fall 2012 and continuing to the present, the modified pre-test prompt was 

administered during the first week of class as a take-home assignment before introducing 

students to the overall design process.  The post-test was administered as a take-home 

assignment during the final exam period.  At this point, all students had used their design process 

knowledge to complete a client-based project. Students received a maximum of two or three 

extra credit points on their final grade for completing both the pre- and post-test. 
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In preparation for data analysis, all identifying information was stripped from the pre- and post-

test responses, and they were randomized. Three trained raters evaluated the responses using a 

scoring rubric that was adapted from Bailey and Szabo’s studies.
18, 19

  Each of the eight topics 

(called levels) shown in Table 2 was scored on a three-point scale (0, 1, 2).  

 

Table 2. Design process topics evaluated in pre- and post-tests 

Level Topic 

1 Needs assessment/Establishing design criteria 

2 Design context review  

3 Idea generation 

4 Analysis and decision-making 

5 Building and testing  

6 Overall layout of a design process and iteration  

7 Time allotments 

8 Documentation 

 

A score of 0 indicated no mention of a topic at all or the mere naming of a topic with no further 

explanation.  A score of 0 was also assigned for Levels 1-6 and 8, if a student’s discussion of the 

topic focused exclusively on the amount of time designated for it in the Gantt chart (e.g., “It 

shouldn’t take six weeks to select a concept.”).  A score of 1 was given if the topic was defined. 

A high score of 2 was awarded if a student went beyond defining the stage in the design process 

and elaborated on the strategies or techniques used to complete it and/or why the stage is 

important. The sample statements below illustrate scores of 0-2 for Level 3 (idea generation). 

Score of 0: “Brainstorming should be preceded by information gathering, e.g. interviews with 

medical professionals in underdeveloped settings and examination of options 

already available.” 

Score of 1: “Brainstorming--It is necessary to come up with concepts based on the needs of the 

people.” 

Score of 2: “When it comes to brainstorming, there are many techniques to foster ideas. One 

involves index cards where each person writes an idea and passes it along to the 

person next to them so they may contribute to that idea and this is called the 

Hitchhiking method. Another method is better for large teams and involves a select 

panel voicing their ideas aloud and conversing with one another while the rest of 

the team watches while taking notes and writing down ideas of their own. During 

brainstorming, it is crucial that there is no judgment or criticism. This ensures that 

teammates are not afraid to share their ideas because they’re afraid they will be 

rejected and humiliated.”   

 

Analysis of Results Using Current Assessment Tool 

 

An individual student’s data was included in the analysis only if both pre- and post- tests were 

completed.  In fall 2012 the sample size was 38 (of 47 students); in spring 2013 the sample size 

was 34 (of 39) students.  Thus, the sample size is 72, and the overall response rate was 84%.  

Table 3 summarizes the mean and standard deviation of each level for the aggregated fall 2012 

and spring 2013 data.   
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Because the data are ordered categorical and paired, a generalized McNemar’s test (or, Stuart-

Maxwell test) was used to evaluate whether there are statistically significant differences between 

pre- and post-tests.
24

  For each rater at each level, the data is summarized in a 3x3 table, and a P 

value is calculated.  As an example, the data and results for rater #1 are given in the Appendix.  

Note that this analysis directly incorporates the pairing of the pre- and post-test data.  Thus 

trends for pre- and post-test responses can be seen, as well as changes in student responses for 

each level.  The test statistic and P value for each rater at each level were computed.  The highest 

P value (i.e., most conservative P value) across the three raters is reported in Table 3.  While 

using the generalized McNemar’s test is very powerful in terms of its ability to analyze paired 

categorical data, we are researching other statistical tools that will allow us to more robustly 

consider the three raters simultaneously. 

 

Table 3. Assessment of design knowledge and application (Fall 2012, Spring 2013)  

Level Topic Pre-test^ Post-test^ P value 

1 Needs assessment/Establishing design 

criteria 

0.63 + 0.69 1.20 + 0.80 < 0.0001 

2 Design context review  0.55 + 0.77 1.10 + 0.92 < 0.0005 

3 Idea generation 1.30 + 0.60 1.70 + 0.48 < 0.005 

4 Analysis and decision-making 0.66 + 0.62 1.84 + 0.50 < 0.0001 

5 Building and testing  1.53 + 0.51 1.85 + 0.36 < 0.05 

6 Overall layout of a design process and 

iteration  

1.51 + 0.52 1.94 + 0.19 < 0.005 

7 Time allotments 1.68 + 0.39 1.89 + 0.29 >0.05 

8 Documentation 0.72 + 0.90 1.38 + 0.92 < 0.0001 

^ Data reported as mean + standard deviation 

 

Students’ knowledge and application of the design process have improved in all areas through 

their ENGI 120 experience (Table 3). Statistically significant increases in student knowledge of 

engineering design were seen for seven of the eight levels.  A statistically significant increase 

was not observed for Time allotments (Level 7), and this may be due in part to the high pre-test 

score.  In addition, the absolute magnitude of the post-test values are all above 1.0, and five 

levels are above 1.7.  By using this Gantt chart assessment tool, the instructors are confident that 

students made substantial gains in design content and process knowledge during ENGI 120. 

 

A test for inter-rater reliability was conducted to measure the level of agreement across the three 

raters’ scores for each level using an unweighted method (Table 4).
25

 These values may be a 

slight overestimation since the ordered nature of the data was not accounted for directly. Overall, 

inter-rater reliability improved considerably as compared with a previous study by the authors 

using the same scoring method.
22

  The team still has the opportunity to improve inter-rater 

reliability, especially on Idea generation (Level 3), Building and testing (Level 5), Overall 

layout of a design process and iteration (Level 6), and Time allotment (Level 7). 
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Table 4. Inter-rater reliability based on Fleiss’ Kappa values 

Level Topic ĸ (Fleiss) Level of Agreement 

1 Needs assessment/Establishing 

design criteria 

> 0.65 Substantial agreement 

2 Design context review  > 0.80 Almost perfect agreement 

3 Idea generation > 0.55 Moderate agreement 

4 Analysis and decision-making > 0.85 Almost perfect agreement 

5 Building and testing  > 0.50 Moderate agreement 

6 Overall layout of a design process 

and iteration  

> 0.40 Moderate agreement 

7 Time allotments > 0.30 Fair agreement 

8 Documentation > 0.90 Almost perfect agreement 
 

Comparison of Current Assessment Tool to Previous Work 

 

Prior to fall 2012, the assessment tool differed slightly from the current assignment in that no 

specific design challenge was given.  To assess ENGI 120 students’ knowledge of the design 

process, a pre- and post-test was administered in which students were asked to critique a Gantt 

chart that laid out a 14-week schedule for an engineering design project.  As shown in Figure 2, 

the student is asked to critique a ‘generic’ design process.  Supplemental material about Gantt 

charts was made available, as described above.  Administration and scoring of the assessment 

tool were identical to that above.  

 

Figure 2.  Pre- and post-test assessment prompt used prior to fall 2012. 

Assignment:  Critique the proposed design process, as displayed in the Gantt chart of Figure 1.  

Identify the pros (advantages, strengths, etc) and cons (disadvantages, weaknesses, etc) of the 

proposed design process lasting 14 weeks.   
 

Figure 1 

 

P
age 24.203.9



 

We compared the results from the contextualized prompt (Figure 1), with the results of the more 

generic prompt used in earlier years (Figure 2).  The assessment data from the generic prompt 

are reprinted in Table 5.
22

  Overall, there are some notable differences between this data and the 

more recent assessment results shown in Table 3.  Note that the content, lectures, expectations, 

types of assignments, etc. did not change between these two academic years.   

 

Table 5. Assessment of design knowledge and application (Fall 2011, Spring 2012)
22

 

Level Topic Pre-test^ Post-test^ 

1 Needs assessment/Establishing design criteria 0.36 + 0.50 0.67 + 0.70 

2 Design context review  0.47 + 0.67 0.85 + 0.80 

3 Idea generation 0.63 + 0.70 0.77 + 0.74 

4 Analysis and decision-making 0.38 + 0.42 0.80 + 0.79 

5 Building and testing  0.97 + 0.43 1.05 + 0.50 

6 Overall layout of a design process and iteration  0.92 + 0.75 1.46 + 0.64 

7 Time allotments 1.72 + 0.51 1.86 + 0.35 

8 Documentation 1.23 + 0.93 1.86 + 0.35 

^ Data reported as mean + standard deviation 

 

First, the pre-test values using the contextualized prompt are higher in five levels:  Needs 

assessment/Establishing design criteria (Level 1), Idea generation (Level 3), Analysis and 

decision-making (Level 4), Building and testing (Level 5), and Overall layout of a design 

process and iteration (Level 6).  Design context review (Level 2) and Time allotments (Level 7) 

are similar, and Documentation (Level 8) is lower in the contextualized prompt.  Without a 

design project to situate their responses, students may tend to focus more on overall aspects of 

the design process, such as the Time allotments (Level 7) and Documentation (Level 8) rather 

than on the actual steps in the design process.  Even without much experience in design, students 

are able to recognize that time allocated to “Based on needs, select the most promising concept” 

is too long at 6 weeks and that 1 week for “Documentation” for an intensive, semester-long 

project is too short.  With a specific design challenge, student can more easily write about steps 

in the design process, and we postulate that this is why pre-test values for the contextualized 

prompt are higher than the pre-test values for the generic prompt for many of the listed levels.   

 

Second, the post-test values using the contextualized prompt in Table 3 are higher than using the 

generic prompt in Table 5 in six levels: Needs assessment/Establishing design criteria (Level 1), 

Design context review (Level 2), Idea generation (Level 3), Analysis and decision-making (Level 

4), Building and testing (Level 5), and Overall layout of a design process and iteration (Level 6).  

The values are similar for Time allotments (Level 7), and Documentation (Level 8) is lower in 

the contextualized prompt.  Again, with or without a specific design project, students tend to 

write cogently about time allotments, which may be a consequence of using a Gantt chart to 

represent the design process.  With a specific design project, students gave details and possible 

activities to support the steps in the design process.  Work is ongoing to determine statistical 

significance between the administration of the two different prompts.   

 

Most notable are the high scores in the post-test for the contextualized prompt.  Previously, we 

were disappointed in the overall low scores for many levels (Table 5).
22

  Based on other 
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measures of student work, such as an exam and design prototypes, we were not confident that 

student responses to the generic prompt were an accurate reflection of their learning.  This 

motivated us to take a closer look at the prompt and revise it to the current contextualized 

prompt. 

 

With this contextualized prompt, the post-test values for all eight levels are above 1.0.  The post-

test values for five levels are above 1.7.  Thus, students demonstrated considerably more design 

process knowledge with a contextualized prompt.  Given that the structure of the class was the 

same, we conclude that the nature and specifics of the assessment tool are critically important in 

being able to measure meaningful learning gains. 

 

Conclusions and Future Work 

 

In conclusion, we noted higher pre-test and post-test values in five or six levels, respectively, in 

comparing the refined contextualized Gantt chart assessment tool with the ‘generic’ Gantt chart 

assessment tool.  With the contextualized prompt, students were able to demonstrate gains in 

design process knowledge, consistent with other measures used in the class.  In this way, the 

refined assessment tool is now working to help faculty assess student performance and identify 

areas of weakness in teaching the process of engineering design. 

 

Posing a specific, open-ended design challenge is a tool used by a number of researchers seeking 

to evaluate design process knowledge.  Thus, our modified assessment tool is consistent with 

many published studies.
14, 17

  This tool has the advantages of being quick for students to 

complete and simple for faculty to score.   

   

In the future, we will continue to administer the contextualized prompt, as we believe this refined 

assessment tool is an efficient and meaningful way to measure changes in students’ design 

knowledge and process gains.  We will also continue to analyze the data using appropriate 

statistical methods.  We will specifically investigate the criteria to assess Time allotments (Level 

7), as this has high pre- and post-test values, as well as very low inter-rater reliability.  With this 

reliable assessment method, we are moving forward to measure the impact of significant 

pedagogical changes to this class.
26
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Appendix 
 

 
 

Level 5

Post-test

0 1 2 0 1 2

0 17 8 14 degree of freedom 2 Pre-test 0 0 2 4 degree of freedom 2

1 2 8 14 Statistics 2.45E+01 1 1 8 17 Statistics 1.82E+01

2 0 3 7 P-value 4.90E-06 2 1 0 40 P-value 1.10E-04

Level 6

Post-test

0 1 2 0 1 2

0 23 6 21 degree of freedom 2 Pre-test 0 0 1 8 degree of freedom 2

1 2 1 5 Statistics 1.67E+01 1 0 4 17 Statistics 2.26E+01

2 3 2 10 P-value 2.38E-04 2 0 1 42 P-value 1.27E-05

Level 7

Post-test

0 1 2 0 1 2

0 1 6 6 degree of freedom 2 Pre-test 0 0 0 2 degree of freedom 2

1 1 8 19 Statistics 1.72E+01 1 1 0 17 Statistics 1.39E+01

2 1 3 28 P-value 1.86E-04 2 0 2 51 P-value 9.59E-04

Level 8

Post-test

0 1 2 0 1 2

0 4 0 33 degree of freedom 2 Pre-test 0 19 0 24 degree of freedom 2

1 0 2 26 Statistics 5.61E+01 1 2 0 5 Statistics 2.46E+01

2 1 0 7 P-value 6.52E-13 2 2 0 21 P-value 4.45E-06

Pre-test

Level 4

Post-test

Pre-test

Post-test

Pre-test

Level 3

Post-test

Level 1

Post-test

Pre-test

Level 2
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