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Abstract 

This paper reports findings on how performance on a mental rotation test is related to academic 

performance, specifically to performance on mathematics. Limited empirical studies are 

available for students from underrepresented groups. The participant population of this study is 

traditionally underrepresented in Science, Technology, Engineering and Mathematics (STEM) 

disciplines. The comparison between male and female participants and the impact of an 

engineering graphics course on performance on the mental rotation test is also discussed.  
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Introduction 

Spatial ability is one of the three significant cognitive abilities identified as important for 

learning, the other two being quantitative and verbal abilities1. There are many definitions for 

spatial ability2, e.g. ‘Spatial ability is the capacity to understand and remember the spatial 

relations among objects (JHU 2010), ‘...a collective term for a wide range of acquired skills, all 

of which make use of basic memory for shape and position’3. Spatial ability or spatial skills are 

broadly divided into two categories: spatial visualization and spatial orientation4. Spatial 

visualization can be further divided into mental rotation (of a complete object) and mental 

transformation (for example, rotating parts of an object to form the object). The recognition of 

spatial ability as one of the important cognitive abilities is attributed to Edward Thorndike who 

called it ‘mechanical intelligence’5. More recently the correlational and predictive aspects of 

spatial abilities and academic success have been the focus of research. A number of studies have 

reported the crucial role that spatial abilities play in academic success6. Conner and Serbin 

reported several studies included in Spatial Abilities: Its Educational and Social Significance7 

that indicated the importance of spatial abilities and success in math. The influence of mental 

imagery on the scientific thinking of 64 eminent scholars has been reported8. The correlation 

between performance on certain physics assessment questions and spatial abilities were 

discussed by Pallrand et al.9 Students with higher spatial visualization abilities were observed to 

perform better in certain organic chemistry concepts10,11. 

 

There is a large body of research literature on gender and spatial skills and various reasons for 

the difference in abilities have been proposed12-16. The effect of unequal social status of genders 

on performance on the mental rotation test has been reported in a study of 53 countries by Tsui et 
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al.17 with females performing at a lower level than males.  They also noted that while narrowing 

of gender gap has been reported by several investigators, the gap has not narrow on mental 

rotation as observed by Voyer et al.12 and Masters etal.18 In a study by Casey et al.19, it was noted 

that males performed better on both a spatial abilities test as well SAT (math) as compared to 

females for the higher spatial ability group, but there was no difference in performance for the 

lower ability group. The lower performance on a mental rotation test by students from 

underrepresented groups has also been reported in literature20,21. 

The questions that are being researched are (a) when is the onset of gender associated difference 

in spatial abilities? (b) can spatial abilities be improved with appropriate interventions? and (c) 

does the improvement in spatial abilities impact academic performance? Cheng et al.22 studied 

the effect of spatial training and performance on math of 6-8 years old elementary school 

children and observed that they were correlated. Sorby et al.23 observed significant improvement 

in the spatial abilities of non-engineering students when exposed to a special workbook and 

software originally developed for engineering students. The effect of spatial visualization 

training on retention of female students has also been reported by Metz et al.24 who noted 

retention of 77% of female first year students who enrolled in a spatial skills course as compared 

to 44% retention of females who did not enroll in the course. They also noted statistically 

significant differences in average grades in Introductory Engineering, Calculus-I, Physics-I, and 

Chemistry-I. However, the meta-analysis by Uttar et al.25 cautions that while some studies 

indicated that spatial training could improve performance in STEM disciplines, further research 

was needed. 

Objective 

The results reported in this paper are a continuation of the work by the authors. The objective of 

the present study is to determine if performance on the mental rotation test is correlated to 

academic success in general and specifically on performance in Pre-Calculus and Trigonometry. 

The study also was aimed at providing additional empirical data for students from 

underrepresented groups at an HBCU. 

Method and Materials 

The Purdue Visualization Test for mental rotation (PVST-R) that had 30 questions was 

administered to freshmen students at an HBCU. An example of the PVST-R questions is given in 

Fig. 1. The test was uploaded to the learning 

management system and students could take the test 

at their convenience. The test was not timed. This 

was to alleviate the possible effects of test anxiety 

and stereo-type threat26. The participating students 

took the test voluntarily. 

A subset of the participants who were aerospace 

science engineering majors took a 1-credit course the  

next semester. During students this course the met with  Figure 1: A Typical PVST-R Question   
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the instructor once a week for three hours. This course was primarily an engineering graphics 

course that emphasized sketching orthographic views and isometric drawings. Later part of the 

course was dedicated to computer-aided drafting. This subset of participants took the 12-item 

PVST-R pretest and then a posttest at end of the course. The scores on the PVST-R were 

compared for various groupings to determine the effect of gender, prior CAD-experience and the 

engineering graphics course. The correlation between the PVSR-R scores and performance Pre-

Calculus and Trigonometry course taken in the first semester was also studied.  

Demographic data on the participants was collected which included gender, prior experience 

with CAD, and major. A total of N = 175 students (74 males, 101 females) responded to the 

PVST-R. There were 34 participants who had CAD experience and 141 participants did not have 

CAD experience. All these students were African-American and first semester freshmen at a 

historically black university. 

Results and Discussion 

The mean score on the PVST-R was 15.2. The females had an average score of 13.3 while the 

males had an average score of 17.9. The difference in the performance was statistically 

significant at p < 0.0001 (two-tailed t-test). A comparison of performance between self-reports of 

No-CAD and CAD experience indicated a statistically significant difference on performance at p 

< 0.0001(CAD, 20.44; No-CAD, 13.96). The performance of females with no CAD experience 

was lower than the males with CAD experience, the difference being statistically significant at p 

< 0.0001 (F, N=89, mean = 12.38; M, N = 52, mean = 16.67). The difference in the performance 

on the PVST-R test of females with CAD experience and males with CAD experience was not 

statistically significant at p < 0.05 (F, N =12, mean = 19.67; M, N = 22, mean = 20.86). A 

summary of this data and results is given in Table-I. 

The performance of a subset of participants on PSVT-R was compared with their grades on the 

college math course that they took during the first semester were available. The analysis 

indicated that for male participants (N=44) with no CAD experience, a statistically significant (p 

< 0.05) correlation (r = 0.28) between performance on the PSVT-R and math grades existed. 

However, no statistically significant correlation between performance on PSVT-R and math 

grades was observed for females with (N=12) and males with CAD experience (N=12). This 

could be attributed to the low sample size. The performance of females (N = 70) with no CAD 

experience was also not correlated with their grade in the math course.  

The performance of a total of 69 participants (aerospace majors) with 18 females and 51 females 

who took an engineering graphics course were given the PVST-R test at the end of the course. 

The females’ performance on the pretest was lower (mean = 6.17) than the males (mean = 8.06) 

at p < 0.005. There was statistically significant difference in performance between pretest and 

posttest at p < 0.0001 (two-tail t-test) for this group. The pretest mean for the group (N = 69) was 

7.57 while the posttest mean was 9.33. The female participants (N = 18) exhibited an improved 

performance that was statistically significant at p < 0.05, with a pretest mean of 6.17 and posttest 

mean of 7.88. 
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Statically significant improvement at p < 0.0001 was recorded for male participants (N = 51) as 

well, with pretest mean of 8.05 and a posttest mean of 9.82. However, there still existed a 

statistically significant difference (p < 0.001) in performance between males and females after 

the course. No statistically significant difference was observed in the gains of the female and 

male participants on the PVST-R test as a result of the intervention. It was also noted that there 

was no statistically significant difference in performance of the female participants on the 

PVSTR posttest in comparison to the pretest performance of the male participants. This data is 

summarized in Table-II. 

Conclusions 

The mental rotation skills of freshmen students from underrepresented groups were investigated. 

It was observed that: 

(a) Males performed better on the mental rotation test as compared to females. This 

observation is consistent with the research literature. 

(b) Both males and females improved their mental rotation skills after undergoing a 3-hr per 

week, one semester long engineering graphics course. However, the difference in 

performance between males and females persisted with males performing better than 

females. This can be attributed to the comparatively lower performance by the females on 

the pretest. 

(c) Difference in gains in mental rotation ability between males and females after the 

engineering course was statistically insignificant. 

(d)  Difference in mental rotation ability of females after the engineering course and of males 

prior to the course was statistically insignificant.  
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(e) Performance on the math course was correlated with performance on the mental rotation 

test for males with no prior CAD experience. 

(f) No correlation was observed between math grades and performance on the mental 

rotation test for females. 

(g) No correlation was observed between math grades and performance on the mental 

rotation test for males or females with prior CAD experience. This could be attributed to 

the small sample size. 

 

Additional studies need to be conducted to understand the absence of correlation between 

performance in math and the mental rotation test for females and for all participants with prior 

CAD experience. 

 

 

References 

1. Park, G., D. Lubinski, and C. P. Benbow, “Recognizing Spatial Intelligence”  

 https://www.scientificamerican.com/article/recognizing-spatial-intel/, accessed on Oct. 19, 2016. 

2. Bogue, B. and R. Marra. (Eds.) (2003). Visual Spatial Skills, AWE Research Overview Suite, 

 https://www.engr.psu.edu/awe/secured/director/assessment/Literature_Overview/PDF_overviews/VisualSp

 atialWeb%2003_22_05.pdf 

3 Teacher Handbook. The Spatial Ability: A Handbook for Teachers, 1998. 

 https://www.nfer.ac.uk/publications/91160/91160.pdf, assessed on Oct. 20, 2016 

4 Sorby, S., “Developing 3d Spatial Visualization Skills,” Engineering Design Graphics Journal, Vol. 

 63(2), Spring 1999, http://diggingdeeper.pbworks.com/f/Developing+Spatial+Skills.pdf 

5 Mohler, J. L., “A Review of Spatial Abilities Research”, Engineering Design Graphics Journal, Spring 

 2008, http://www.edgj.org/index.php/EDGJ/article/viewFile/49/48 

6 Uttal, D. H., D. I. Miller and N. S. Newcombe, “Exploring and Enhancing Spatial Thinking: Links to 

 Achievement in Science, Technology, Engineering and Math?” Current directions in Psychological 

 Science,  Vol 22, 2013. 

7 Smith, I. M., Spatial ability. Its Educational and Social Significance. University of London Press, 1964. 

8 West, R. L., C. W. Morris and G. T. Nichols, G. T. The Development of Spatial Cognition. Cohen, R. (ed.), 

Lawrence Erlbaum, 1985. 

9 Pallrand, G. J. and F. Seeber, “Spatial Ability and Achievement in Introductory Physics,” Journal of 

 Research in Science Teaching, Vol. 21(5), May 1984. 

10 Pribyl, J. R. and G. M. Bodner, “Spatial Ability and Its Role in Organic Chemistry: A Study of Four 

 Organic Courses,” Journal of Research in Science Teaching, Vol. 24(3), Mar 1987, pp 229–240. 

11 Harle, H. and M. Towns, “A Review of Spatial Ability Literature, Its Connection to Chemistry, and 

 Implications for Instruction,”  J. Chem. Educ., 2011, 88 (3), pp 351–360. 
12 Voyer, D., S. Voyer, and M. P. Bryden, “Magnitude of Sex Differences in Spatial Abilities: A Meta-

 Analysis and Consideration of Critical Variables,” Psychological Bulletin, Vol. 117, 250-270, 

 http://dx.doi.org/10.2466/pms.1978.47.2.599 
13 Linn, M.C. and A. C. Petersen, “Emergence and Characterization of Sex Differences in Spatial Ability: 

 A Meta-Analysis. Child Development, Vol. 56, pp1479-1498, 1985. 

14 Stumpf, H.., “Performance Factors and Gender-Related Differences in Spatial Ability: Another 

 Assessment,” Memory & Cognition, Vol. 21, 828-836., http://dx.doi.org/10.3758/BF03202750 

15 Maeda, Y. and S. Y. Yoon, “Meta-Analysis on Gender Differences in Mental Rotation Ability Measured 

 by the PSVT: Visualization of Rotation (R),” Educational Psychology Review, 9 Dec. 2012 

16 Wang, L. and M. Carr, “Working memory and strategy use contribute to gender differences in spatial 

 ability,” Educational Psychologist, Vol. 49(4), 2014. 

https://www.scientificamerican.com/article/recognizing-spatial-intel/
https://www.engr.psu.edu/awe/secured/director/assessment/Literature_Overview/PDF_overviews/VisualSp%09atialWeb%2003_22_05.pdf
https://www.engr.psu.edu/awe/secured/director/assessment/Literature_Overview/PDF_overviews/VisualSp%09atialWeb%2003_22_05.pdf
https://www.nfer.ac.uk/publications/91160/91160.pdf
http://diggingdeeper.pbworks.com/f/Developing+Spatial+Skills.pdf
http://www.edgj.org/index.php/EDGJ/article/viewFile/49/48
http://dx.doi.org/10.2466/pms.1978.47.2.599
http://dx.doi.org/10.3758/BF03202750


2017 ASEE Zone II Conference 

© American Society for Engineering Education, 2017 

17 Tsui, M., E. Venator, E. and  X. Xiaoying, “Mental Rotation Test Performance of Chinese Male and 

 Female University Students,” Chinese Studies, Vol. 3(2), 2014) http://file.scirp.org/Html/1-

 2550110_45676.htm#p45 

18 Masters, M.S. and B. Sanders, “Is the Gender Difference in Mental Rotation Disappearing? Behav. Genet. 

 Vol 23(4), pp 337–341, 1993, doi:10.1007/BF01067434 

19 Casey, M. B., R. Nutall, E. Pezaris, and C. P. Benbow, “The influence of spatial ability on gender 

 differences in math college entrance test scores across diverse samples,” Developmental Psychology, Vol. 

 31(4), July 1995. 

20 Sorby, S. A. and N. L. Veurnik, “Spatial Skills Among Minority and International Engineering Students,” 

 Proceedings of the 2014 ASEE Annual Conference & Exposition 

21 Gryzbowski, D. B., O. Stavridis, L. A. Barclay, S. A. Sorby, J. Thomas and J. A. Merrill,  “Impact of 

 Optional Supplemental Course to Enhance Spatial Visualization Skills in First-Year Engineering 

 Students,” Proceedings of the 2014 ASEE Annual Conference & Exposition 

22 Cheng, Y-L and K.S. Mix, “Spatial Training Improves Children’s Mathematics Ability. Journal of 

 Cognition and Development, Vol. 5(1), 2 -11 

23 Sorby, S. A., T. Drummer, K. Hungwe, and P. Charlesworth, “Developing 3-D Spatial Visualization 

 Skills  for Non-Engineering Students,” Proceedings of the 2005 ASEE Annual Conference & Exposition 

24 Metz, S. S., S. A. Sorby, T.S. Berry, C. Conner, A. M. Dison, Y. S. Allam, J. A. Merrill, W. Peters, E. 

 Pfister-Atschul, S. C. Baxter, G. Zhang, and J. A. Leach, “Implementing Engaging Strategies to Improve 

 Retention: Focus on Spatial Skills – Engineering Schools Discuss Successes and Challenges,” Proceedings 

 of the 2014 ASEE Annual Conference & Exposition 

25 Uttar, D., N. G. Meadow, E. Tipton, L. L. Hand, A. R. Alden, C. Warren, and N. S. Newcombe, “The 

 Malleability of Spatial Skills: A Meta-Analysis of Training Studies,” Psychological Bulletin, 2012, DOI 

 10.1037/a0028446 

26 Neuburger, S., P. Jansen, M. Heil amd C. Quaiser-Pohl, “A Threat in the Classroom: Gender Stereotype 

 Activation and Mental-rotation Performance in Elementary-school Children,” Zeitschrift für Psychologie, 

 Vol 220(2), 2012, 61-69. http://dx.doi.org/10.1027/2151-2604/a000097 
 

Mohammad Javed Khan 

M. Javed Khan is Professor and Head of the Aerospace Science Engineering Department at 

Tuskegee University. He received his Ph.D. in Aerospace Engineering from Texas A&M, MS in 

Aeronautical Engineering from the US Air Force Institute of Technology and his undergraduate 

degree in Aerospace Engineering from Karachi University. His research interests include vortex 

dominated flows, and aircraft design. He is actively involved in research on engineering 

education and K-12 STEM education. He is a Fellow of the Royal Aeronautical Society, an 

Associate Fellow of the AIAA and a member of the ASEE.  

 

Chadia Affane Aji 

Chadia Affane Aji is a Professor in the Department of Mathematics at Tuskegee University. Dr. 

Aji received her Ph.D. and M.S. in Mathematics from Auburn University and a Bachelor in 

Chemical Engineering from Texas A&M University. Her research interests lie in the areas of 

numerical analysis, computational applied mathematics, complex analysis, and on improving 

students’ learning in STEM disciplines. Dr. Aji is involved in retention activities at Tuskegee 

University. In particular, she works closely with sources on campus to design strategies to assist 

incoming freshmen cope with first year mathematics classes. She developed teaching modules to 

improve students’ learning in mathematics using technology. 

 

 

http://file.scirp.org/Html/1-2550110_45676.htm#p45
http://file.scirp.org/Html/1-2550110_45676.htm#p45

