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Abstract 

Design is a core attribute of engineering practice; in fact, the etymology of the word engineer is traced 
to the Latin “ingeniare,” which translates as inventor or designer. In order to prepare our students for 
success in an engineering career, they must be proficient at design and able to think creatively and 
flexibly about optimal solutions to problems. Additionally, numerous studies have demonstrated the 
need for well-developed spatial skills for success in engineering, especially in engineering problem 
solving. Studies also show a link between spatial thinking and technical creativity. The focus of this 
research is on understanding the relationship between spatial visualization skills and engineering 
design. As a first phase of testing, 127 undergraduate engineering students completed four tests of 
spatial ability. In a second phase, 102 students returned and were asked to complete three tasks. The 
first was designing a ping pong ball launcher to hit a target at a specific height from a given distance. 
They were then asked to list as many factors as possible that should be considered when designing a 
retaining wall for mitigating flood damage along the Mississippi River in the Midwest in the United States. 
The third task was to sketch as many ideas as possible in a given timeframe for a rainwater collection 
system in a remote location. This research paper will present preliminary analysis of the Midwest Flood 
problem and spatial ability data. The initial insights will be discussed relative to the overall study and 
how this work could inform undergraduate engineering education, and specifically the provision of 
design education. 
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1 INTRODUCTION 

Design is often referred to as the process of imagining and planning the construction of an object or 
system for the implementation of a particular prototype. Design is considered an important characteristic 
and a central activity to many professions such as engineering, industrial design and architecture. These 
professionals use some kind of designs to solve different problems or devise new products in order to 
complete their job functions. In the past few decades, the position of design in engineering education 
has been recognized in the US in terms of national standards of engineering programmes. The 
Accreditation Board for Engineering and Technology (ABET) has included design as one of the seven 
outcomes that a student should attain prior to graduation [1]. Specifically, students must attain: 

 an ability to apply engineering design to produce solutions that meet specified needs with 
consideration of public health, safety, and welfare, as well as global, cultural, social, environmental, and 
economic factors [pp. 14]. 

 

Engineers graduating from ABET-accredited programs are expected to produce novel and unexpected 
solutions; work with incomplete information; apply imagination and use drawings as means of conveying 
ideas. Many studies have reported that design is a high-level cognitive skill [2-5]. The process of 
designing is defined as a cognitive activity that involves the production of successive iterative 
representations of an artifact, both internal and external, to analyse and improve the design [6-7]. There 
has been limited research focusing on the cognitive basis of the design thinking process [8-10]. 
Therefore, further investigation is required to confirm the consideration of design as a form of cognitive 
acitvity and to develop understanding of the cognitive processes of designerly thinking. It is crucial for 
engineering educators to understand not only the design process but also how the design problem-
solving approaches of students differ and the underlying reason behind such variation. 

 



1.1 Spatial ability and Design Thinking 

Spatial ability is considered to be one of the key cognitive elements necessary for a designer and plays 
an important role in well-established theories and models of intelligence [11-12]. It is strongly associated 
with prediction of success in STEM [13-19] as spatial ability helps individuals improve their capacity to 
visualize images and mentally manipulate and transform them in different ways [20-22]. Many 
researchers have studied the importance of spatial thinking in courses such as graphics and the 
implication of poor spatial skills on success rates and career choice [23-[25]. However, to date there has 
been limited research about the effect of spatial ability on design thinking [25-26]. In this paper, the aim 
is to begin to explore the relationship between spatial visualization skill levels and engineering design 
in order to advance research in this area.  

2 METHODOLOGY 

The study was conducted through a correlational research design [27]. Correlational research designs 
are used to describe and measure an association or relationship between two or more variables or 
scores. This design was used to answer the following research question: “How does spatial visualization 
relate to students’ performance on an open-ended engineering problem?”. 

2.1 Setting and participants 

The current study took place at a large public university with very high research activity and was 
conducted through the College of Engineering and Applied Science. In the first phase of the study, 
participants completed four widely accepted tests of spatial ability and provided researchers with 
demographic data. All phase one testing was completed online. In the second phase of the study, 
returning participants completed three design tasks in person. All mandatory COVID protocols were 
followed during the phase two testing. 

2.2 Data collection 

The first phase of the study involved 127 undergraduate engineering students who completed four 
spatial tests online. The four spatial tests included: the Mental Rotation Test (MRT), the Mental Cutting 
Test (MCT), the Paper Folding Test (PFT), and a Spatial Orientation Test. When measuring a cognitive 
factor such as spatial ability, multiple tests are commonly administered to obtain a precise measure of 
the factor [28]. A Verbal Analogy Test was also administered as a control for general intelligence. After 
the first session, all participants were invited to attend the second session. 103 participants returned for 
the second phase of the study. In this phase, the participants completed three short open-ended design 
problems which included: design of a Ping Pong launcher, the Midwest Flood listing problem, and a 
Remote Village Rainwater Catcher design task. The second session of the research study was 
administered in a neutral location outside of the students’ typical schedule, allowing for every student to 
take the test in a neutral setting. 

This paper will focus on the results from the Midwest Flood listing task only. In the Midwest Flood task, 
participants were asked to list the factors that should be considered in designing a retaining wall for the 
Mississippi river to mitigate floods in the Midwest. Participants were allowed to use the internet to search 
for any information that would help them list the factors and were asked to cite the source in the answer 
sheet and not to plagiarize any published work. The researcher circulated through the room to ensure 
that students were working independently on the task. 

2.3 Data analysis 

In phase one, the four spatial tests were graded and, due to the fact that each test had a different number 
of points possible, those scores were converted to an overall Z-score for each student. Z-scores were 
used in the analysis throughout this paper. In phase two, the students written responses from the 
Midwest Flood design task were coded into segments based on the coding scheme developed and 
validated by Atman et al [29] [30]. The coding scheme consists of two broad knowledge dimensions 
containing four categories in each of dimension. The first dimension, “physical location”, refers to the 
physical area of focus for the construction of the wall, including the wall itself, water, bank, and 
surroundings. The second dimension, “frame of reference” includes the categories such as technical, 
logistical, natural, and social factors to consider in the construction. Descriptions of each of the two 
dimensions are shown in the Table 1. Since this problem was a listing task, it was more like a task 
measuring a student’s ability to engage in “divergent thinking.” 



 

Table 1. Code descriptions  

Physical Location Description 

Wall  The wall itself, things that interact with the wall, alternatives for wall, where 
to build the wall 

Water Length of the river, fish, flood (but not effects of flood on other locations), 
pressure issues (without mention of the wall) 

Bank Land immediately adjacent to river, earth below the river (Riverbed), 
interface of the wall, edge of the river, width of the river 

Surroundings Anything away from the water, living areas, things along the water, specific 
effects of the wall or flood to the shore 

Frame of Reference Description 

Technical  Technical or engineering vocabulary, design issues, decisions about the 
wall or about having the wall 

Logistical Cost, funding, construction process, maintainability issues, resources 
needed 

Natural Volume of water, damage, effects of flood, topography, animals, plants, 
weather and weather predictions 

Social People, safety concerning people, towns, living areas 

 

The student responses were independently coded by two researchers and codes were discussed 
between them to reach consensus. Inter-rater reliability was calculated, and the value of Kappa was 
found to be 0.967 indicating a significant level of agreement between the two coders. These qualitative 
codes were then transformed into numeric form based on the number of codes listed by students under 
each frame of reference for statistical analysis. So, the total codes points would be the total number of 
factors listed by students from both knowledge dimensions. 

3 RESULTS 

Out of 102 participants, 1 participant was removed due to incomplete answers. Table 2 shows the 
correlation between the independent spatial test scores, total spatial Z-scores, and total coded points. 
The independent spatial test scores (MRA, MCT, PFT, SOT) were found to be very weakly positively 
correlated with one another in the range of 0.296 - .373. Correlations between the individual spatial tests 
were statistically significant with p-values <0.001 for each correlation. From the correlation matrix, it is 
clear that there is some level of relationship between the spatial scores for the individual tests. However, 
the total code points did not correlate significantly with total or independent spatial scores. To further 
investigate the research question, the participants were grouped into two groups; high and low spatial 
visualizers based on the average score (mean) of all the participants. Standard deviation (SD) was also 
calculated. High spatial visualizers were those who scored more than one standard deviation above the 
mean (>Mean + SD) and low spatial visualizers were those who scored less than one standard deviation 
below the mean (<Mean – SD). 

An independent sample t-test was also performed to investigate whether the differences in divergent 
thinking of high and low spatial visualizers were statistically significant. Results are tabulated in Table 
3. From this analysis, there was not a significant effect on the total code points at the p<0.05 level for 
the two spatial levels (high and low) [t27.578 = 1.138, p = 0.120]. It was observed that the average 
number of code points for the lower spatial visualizers was higher than average of the high spatial 
visualizer. This could be a result of an uneven number of participants in each group. Also, it was 
observed that lower visualizers spent 1.19 minutes on average more time on the task than high spatial 



visualizers. There was no statistical significance effect on time spent at the p<0.05 level for the high and 
low spatial visualizers [t20.882 = 0.717, p =0.761]. 

 

Table 2: Correlation matrix for spatial scores and coded points 

 
Total Code 

Points 
MRA MCT PFT SOT 

Total Code Points      

MRA .062     

MCT .134 .296**    

PFT -.034 .332** .339**   

SOT -.027 .373** .495** .327**  

Total Spatial Score .014 .658** .755** .666** .741** 

 

Table 3: Independent Sample t Test 

 High Low F-value p-value Eta (η) 
effect size 

Total Code points 10.461 12.529 2.577 .120 -0.411 

Time Spent on the Task 9.10 10.29 .095 .761 0.2950 

4 CONCLUSIONS 

There has been substantial research indicating the importance of spatial visualizations skills in STEM, 
but there have been limited studies that have explored the relationship between spatial visualization 
skills and engineering design. The preliminary findings from this study indicate that there was no 
significant relationship between performance on the Midwest Flood task and student spatial visualization 
skills. However, the data analysis remains at a preliminary stage. It may be that the lack of association 
between the Midwest Flood task and spatial visualization skills is a result of this task being a listing or 
divergent thinking exercise. It also could be the case that there is a difference in the type of factors high 
and low visualizers list in this task. Further analysis is planned. The other two open-ended tasks included 
in the larger research study are distinctly different in that they require a more holistic approach to 
developing a solution to the tasks and consideration of multiple factors and means of depicting solutions. 
Future analysis will explore the relationship between spatial visualization skills and performance across 
each of the three tasks. It is intended that through this work understanding may be gained into how 
spatial visualization skills relate to engineering design. This insight could inform the refinement of 
educational approaches to foster the development of a key engineering skill, design capability.    

ACKNOWLEDGEMENTS 

This work was made possible by a grant from the National Science Foundation NSF #2020785. Any 
opinions, findings, and conclusions or recommendations expressed in this material are those of the 
authors and do not necessarily reflect the views of the National Science Foundation. 



REFERENCES 

[1]  ABET Engineering Accreditation Commission, “2022-2023 Criteria for Accrediting Engineering 

Programs,” ABET, Baltimore, MD, 2021. 

[2]  K. Alexiousa, T. Zamenpoulos and J. H. Johnson, “Exploring the neurological basis of design 

cognition using brain imaging: some preliminary results,” Design Studies, vol. 30, no. 6, pp. 623-

647, 2009.  

[3]  L. Lazar, “The Cognitive Neuroscience of Design Creativity,” Journal of Experimental 

Neuroscience, vol. 12, pp. 1-6, 2018.  

[4]  S. Nazidizaji, A. Tomé and F. Regateiro, “Does the smartest designer design better? Effect of 

intelligence quotient on students’ design skills in architectural design studio,” Frontiers of 

Architectural Research, vol. 4, no. 4, pp. 318-329, 2015.  

[5]  K. Alexiou, T. Zamenopoulos and S. Gilbert, “Imaging the Designing Brain: A Neurocognitive 

Exploration of Design Thinking,” in Design Computing and Cognition '10, Berlin, Germany, 

Springer Science & Business Media, 2011, pp. 489-504. 

[6]  J. Aurigemma, S. Chandrasekharan, N. J. Nersessian and W. Newstetter, “Turning Experiments 

into Objects: The Cognitive Processes Involved in the Design of a Lab-on-a-Chip Device,” 

Journal of Engineering Education, vol. 102, no. 1, pp. 117-140, 2013.  

[7]  M. J. Kim and M. L. Maher, “The impact of tangible user interfaces on spatial cognition during 

collaborative design,” Design Studies, vol. 29, no. 3, pp. 222-253, 2008.  

[8]  O. Vartanian and V. Goel, “ Neural Correlates of Creative Cognition,” in Evolutionary and 

Neurocognitive Approaches to Aesthetics, Creativity, and the Arts, Baywood Publishing, 

Amityville, NY, 2007, pp. 195-207. 

[9]  V. Goel, Sketches of thought, Cambridge, MA: MIT Press, 1995.  

[10]  N. Cross, Designerly Ways of Knowing, Londin: Springer-Verlag, 2006.  

[11]  W. Johnson and T. J. J. Bouchard, “The structure of human intelligence: It is verbal, perceptual, 

and image rotation (VPR), not fluid and crystallized,” Intelligence, vol. 33, no. 4, pp. 393-416, 

2005.  

[12]  W. J. Schneider and K. S. McGrew, “The Cattell-Horn-Carroll model of intelligence,” in 

Contemporary intellectual assessment: Theories, tests, and issues, New YOrk, NY, The Guilford 

Press, 2012, pp. 99-144. 

[13]  S. A. Sorby, “Educational Research in Developing 3-D Spatial Skills for Engineering Students,” 

International Journal of Science Education, vol. 31, no. 3, pp. 459-480, 2009.  

[14]  D. Lubinski, “Spatial ability and STEM: A sleeping giant for talent identification and 

development,” Personality and Individual Differences, vol. 49, no. 4, pp. 344-351, 2010.  

[15]  M. Kozhevnikov, M. A. Motes and M. Hegarty, “Spatial Visualization in Physics Problem 

Solving,” Cognitive Science, vol. 31, no. 4, pp. 549-579, 2010.  

[16]  K. Atit, J. R. Power, N. Veurink, D. H. Uttal, S. Sorby, G. Panther, C. Msall, L. Fiorella and M. 

Carr, “Spatial Skills as Predictors of Success in First-year Engineering,” in 2014 IEEE Frontiers 

in Education Conference (FIE) Proceedings, Madrid, Spain , 2014.  

[17]  J. Wai, D. Lubinski and C. P. Benbow, “ Spatial ability for STEM domains: Aligning over 50 

years of cumulative psychological knowledge solidifies its importance,” Journal of Educational 

Psychology, vol. 101, no. 4, pp. 817-835, 2009.  



[18]  S. Sorby, E. Nevin, E. Mageean, S. Sheridan and A. Behan, “Initial investigation into spatial 

skills as predictors of success in first-year STEM programmes.,” in SEFI 2014 42nd Annual 

Conference European Society for Engineering Education, Birmingham, UK, 2014.  

[19]  S. Sorby, N. Veurin and S. Streiner, “Does spatial skills instruction improve STEM outcomes? 

The answer is ‘yes’,” Learning and Individual Differences, vol. 67, pp. 209-222, 2018.  

[20]  J. Xue, C. Li, C. Quan, Y. Lu, J. Yue and C. Zhang, “Uncovering the cognitive processes 

underlying mental rotation: an eye-movement study,” Scientific Reports, vol. 7, no. 10076, pp. 1-

12, 2017.  

[21]  Z. W. Pylyshyn, Seeing and Visualizing It's Not What You Think, Cambridge, MA: MIT Press, 

2003.  

[22]  R. N. Shepard and J. Metzler, “Mental rotation of three-dimensional objects,” Science, vol. 171, 

no. 3972, pp. 701-703, 1971.  

[23]  J. S. G. Campos, J. Sánchez-Navarro and J. Arnedo-Moreno, “An empirical study of the effect 

that a computer graphics course has on visual-spatial abilities,” International Journal of 

Educational Technology in Higher Education, vol. 16, no. 41, pp. 1-21, 2019.  

[24]  J. Rodriguez and L. G. Rodriguez, “Comparison of spatial visualization skills in two approaches 

to entry-level graphic courses,” in 2016 ASEE Annual Conference & Exposition, New Orleans, 

LA, 2016.  

[25]  K. Sutton and A. Williams, “Spatial Cognition and its Implications for Design.,” in International 

Association of Societies of Design Research, Hong Kong, China., 2007.  

[26]  K. Sutton and A. Williams, “Implications of Spatial Abilities on Design Thinking,” in Design and 

Complexity - DRS International Conference 2010,, London, UK, 2010.  

[27]  J. W. Creswell, Planning, Conducting, and Evaluating Quantitative and Qualitative Research, 

Pearson Education, Inc, 2012.  

[28]  W. J. Schneider and K. S. McGrew, “The Cattell–Horn–Carroll theory of cognitive abilities,” in 

Contemporary intellectual assessment: Theories, tests, and issues, New York, NY, The Guilford 

Press, 2018, pp. 77-163. 

[29]  C. J. Atman, R. S. Adams, M. E. Cardella, J. Turns, S. Mosborg and J. Saleem, “Engineering 

Design Processes: A Comparison of Students and Expert Practitioners,” Journal of Engineering 

Education, vol. 96, no. 4, pp. 359-379, 2013.  

[30]  R. Campbell, K. Yasuhara and C. J. Atman, “Year 1 vs. Year 3 Midwest Floods Design Task 

Context Considerations: Subtitle,” Subtitle (CELT Technical Report 15-02), Seatttle, WA, 2015. 

 


