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Abstract 

Research has shown that spatial ability is important for success in STEM. 

Spatial ability is closely linked with mathematical ability, and as mathematics and 

conceptual understanding underpin the study of physics, an analysis of incoming 

physics students skill sets could show where improvements are needed in these areas. 

Affective factors of anxiety are also known to affect performance and confidence in 

these subjects, hence the reason for including these measures.  
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This study presents an investigation of the relationship between physics 

conceptual understanding, geometric thought and spatial reasoning abilities as 

measured by the Force Motion Conceptual Evaluation (FMCE), the Van Hiele Test, 

and the Purdue Spatial Visualisation Test : Rotations (PSVT:R) respectively. Measures 

of math and spatial anxiety are also employed. The tests were administered as part of 

an in-class session to a cohort of 1st year physics students.  

The analysis shows a significant correlation between physics student’s spatial 

ability and Van Hiele levels in this cohort of students. Spatial anxiety has a negative 

correlation with spatial ability, and it was significantly higher for female students 

compared to the male students. Math anxiety also has a negative correlation with Van 

Hiele levels, and was also found to be higher for the female cohort. This study could 

help to improve our understanding of first year students’ abilities and related anxiety 

levels. This could potentially lead to more effective ways to educate students that fall 

into the low spatial ability and high anxiety levels, a group over-represented by 

females. Further research is necessary to make the sample representative.   
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1 INTRODUCTION  

  

Physics knowledge underpins the study and practice of the engineering 

disciplines. Therefore, there is a strong rationale for investigating students’ 

understanding of physics and other important concepts and cognitive skills for these 

domains, in order to help identify areas that students particularly struggle. As physics 

and engineering in particular has difficulty with obtaining a gender balance within the 

discipline, it is of particular relevance to investigate gender differences in physics 

understanding, and cognitive skills that are crucial to aid success in physics and 

engineering disciplines. Spatial ability has been consistently shown to be important for 

success in STEM disciplines [1-3] and particularly, many studies have shown there is 

a significant gender difference, most notably for spatial ability tests requiring mental 

rotation [4-6].   

Furthermore, studies show that students entering first year physics 

programmes lack fundamental conceptual understanding, and that even after 

instruction in the topics, very little if any improvement is often observed [7]. 

Consistent, large gender differences have been observed for physics concept 

inventories [8]. Another study demonstrated that even after interactive engagement 

techniques were employed in the classroom setting, this was not enough to eliminate 

gender differences in the FMCE [9]. As physics problems are often abstract in nature, 

and require mental visualization of complex phenomenon, spatial ability is important 

for understanding physics concepts, and to aid in the problem solving process [10].  

Although possessing the necessary concepts and cognitive skills required for 

successful completion of studies within the physics and engineering disciplines is 

crucially important to aid success within the discipline, these are not the only factors 

that come in to play. Studies have shown that affective factors, such as math and spatial 

anxiety affect students’ confidence and performance [11-13]. Again, large gender 

differences were observed, with females exhibiting higher anxiety levels, and lower 

confidence in their approaches to math and spatial tasks and problems [14]. As physics 

and engineering disciplines are inherently mathematical and spatial in nature, this is 

quite a cause for concern.   

Stereotype threat is also another factor to consider in this context. Studies have 

shown that achievement gaps in various psychometric tests can be affected by the 

participants’ negative stereotype views [15-17]. A landmark study showed that African 

American college students performed worse on an intellectual ability test compared to 

White college students of the same academic ability, when the test facilitators 

highlighted that the test was designed to diagnose intellectual ability. Another study 

also showed that a sample of females in first year of university performed worse on a 

mathematics test when they were told that the maths test shows gender differences, 

compared to the group that were told the test does not show gender differences  [16]. 

However, it has been demonstrated that altering the testing conditions can have a 



 

 

significant impact on the performance of the participants [15]. When the test was 

presented as a diagnostic of intelligence, the African American students performed 

worse, compared to the White students. In contrast, when the test facilitation was 

designed to alleviate this stereotype threat condition, the two groups were found to 

have equal scores in the intellectual test [15]. Therefore, it is important to be aware of 

testing protocols and situations which could lead to stereotype threat arising, and 

therefore influencing the results obtained.   

In this study, the aim is to investigate the levels of physics conceptual 

understanding, geometric thought, spatial ability, and anxiety levels in math and 

spatial situations for a sample of first year physics students. If the relationship between 

these variables is better understood in this context, then this could lead to 

improvements in teaching practice, and help to aid the female students in particular 

to overcome their anxieties and build confidence to succeed in STEM education. The 

research questions for this preliminary study are:  

• What is the relationship between physics conceptual understanding, geometric 

thought and spatial ability for 1st year physics students?  

• What are the gender differences, if any, for physics conceptual understanding, 

geometric thought and spatial abilities, and for math and spatial anxiety?  

  

2 SAMPLE AND METHOD  

  

For this study, a class group of honours degree first year physics students were 

administered various concept, cognitive and affective factors tests, as part of an inclass 

session. This first year group consisted of 32 students. Due to class scheduling, it was 

not possible to administer all five tests on the same day. This would also likely have 

caused test fatigue for the students. Therefore data from 29 students out of the 32 that 

sat all five tests are presented and discussed in this paper. Out of these 29 students, 19 

were male and 10 were female. 10 students had studied physics in second level at 

leaving certificate (end of secondary school exams), and 19 had no previous physics 

experience. The age range was between 18-23 years old. Ethical approval was granted 

for this study within the institution. The students were informed that the tests were 

part of a research study, and that the results would not affect their grades or position 

within the institution in any way. All students had the opportunity to read and sign an 

informed consent form for the study. The researcher administered the tests in class, 

adhering to the recommended protocol and time limit for each subsequent test.   

In order to minimise the possibility of stereotype threat arising, the researcher 

was careful to emphasise that the tests administered were standard procedure for 

incoming first year students. The results from the tests aid the educators of the course 

to improve their teaching practice. The results do not affect their course grades or 

progression in anyway, and they have no obligation to participate. As the students 

entering third level would be highly unlikely to have previously come across the tests 

administered in this study, gender differences arising in these tests would not be 
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common knowledge amongst this cohort. The tests were presented as reasoning and 

problem solving tasks. The students were encouraged to answer each question 

honestly. In this case, it was not possible to have a control group to check for the 

possibility of stereotype threat arising, and therefore this cannot be ruled out 

completely. However, the protocol for administering the tests was carefully designed 

to minimise anxiety, and to place focus on the benefits of the results of the study for 

the educators in order to improve their teaching practices. The informed consent form 

highlighted this, where the benefits of the study were discussed in terms of aiding the 

successful teaching of STEM subjects in third level education.  

  

2.1 Instruments  

For this study, two concept, one cognitive and two affective factor tests were 

used to gather the data. The FMCE was chosen as the measure for physics conceptual 

understanding, as this test is widely used in the literature, and includes a wide range 

of topics in mechanics [18]. This test consists of 47 multiple choice questions. For each 

question, a scenario is presented, with 7-9 possible choices and one correct answer per 

question. The PSVT:R was chosen to measure spatial ability, specifically mental 

rotation, as it is widely used within third level STEM student studies [19]. In each 

question, and 3D object is presented, and then shown with a particular rotation 

applied to this object. Then a second 3D object is presented, where the exact same 

rotation must be applied to the second object, in an identical manner to the first. The 

correct orientation of the second object must then be chosen. This test consists of 30 

multiple choice questions, with each question having five possible answers to choose 

from.   

The Van Hiele test [20] was chosen to measure the level of geometric thought, 

based on the Van Hiele Theory [21]. Many other studies have used this test in 

conjunction with the PSVT:R, to investigate relationships in various contexts. 

Mathematics and spatial ability are known to be closely linked [22], and geometry is 

particularly spatial in nature, thus the reason for choosing this measure. The test 

consists of 25 multiple choice questions, with five possible choices. The questions are 

grouped in five sets of five, where each set of five questions represents the geometric 

thought required to reach each Van Hiele Level, i.e. the first five questions represents 

Van Hiele Level 1, and so on. No numerical mathematics is required to answer the 

questions.   

The sMARS (Shortened Mathematics Anxiety Rating Scale) was chosen as the 

measure of math anxiety, as there is a wide range of scenarios presented that are 

relevant for this cohort of students [23]. This test consists of 25 multiple choice 

questions, with five possible answers. In each question, a mathematically related 

scenario is presented. The answer selected is based on the test-takers’ level of anxiety 

they would feel, if they were in the same scenario presented. The answers are on a five 

point scale, were A represents “Not at all” anxious, and E represents “Very much” 

anxious. The newly developed Spatial Anxiety Questionnaire was chosen as the 



 

 

measure of spatial anxiety [11]. This test was chosen, as there is quite a limited number 

of spatial anxiety measures to choose from, and this test is more comprehensive and 

similar in nature to the mathematics anxiety test selected. This test consists of 24 

multiple choice questions, with five possible answers. In a similar manner to the 

sMARS test, the test-taker is presented with a spatially related scenario. The answer 

selected is based on the test-takers’ level of anxiety they would experience if they were 

in the same scenario. Again, this is on a five point scale, with A representing “Not at 

all” anxious, and E representing “Very much” anxious.   

The nature of the concept and cognitive tests are inherently different to the 

affective factor tests. The data obtained for the affective measures are self-proclaimed, 

and therefore the results must be interpreted accordingly. In contrast, the concept and 

cognitive tests assumes the data obtained is valid and reliable as there is a correct 

response for each question. This holds if each student endeavoured to answer 

correctly, and did not resort to randomly guessing. This is different from the affective 

tests, as there is no correct answer for each question. Even if two students select the 

same responses, this does not mean that they have equivalent anxiety levels.   

  

3 RESULTS AND DISCUSSION  

  

For this study, the variables were examined to investigate if gender differences 

existed for the five different measures. Table 1  shows the mean values in percentages 

(except for Van Hiele Level results) of the variables, separated by gender.  

Table 1: Comparisons of means for FMCE, Van Hiele, PSVT:R, sMARS and Spatial 

Anxiety by gender.   

 

  n  Mean   SD  n  Mean  SD  t-test  Sig (2-tailed)  Cohen’s d  

FMCE  19  28.11  17.19  10  20.00  3.779  1.967  0.062  0.65 (large)  

Van Hiele  19  2.79  0.976  10  1.80  1.32  2.299  0.029  0.85 (large)  

PSVT:R  19  75.61  20.00  10  47.33  22.65  3.460  0.002  1.32 (large)  

sMARS  19  19.28  11.90  10  30.08  11.04  -2.378  0.025  -0.94 (large)  

SAQ  19  25.27  14.60  10  39.38  16.64  -2.358  0.026  -0.90 (large)  

  

  

Table 1 shows that the male students for this first year cohort on average have 

higher physics conceptual understanding, Van Hiele levels, and spatial ability scores. 

Where the female students on average have higher math anxiety, and particularly, 

higher spatial anxiety within this cohort of students.   

  

 Test    Male      Female          
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An independent sample t-test was then performed to determine if these gender 

differences were significant. In terms of the concept and cognitive factors, the results 

for physics conceptual understanding showed that there was no significant difference, 

although the results were approaching significance at the 0.05 percentile. For both the 

Van Hiele levels of geometric thought and for spatial ability, there was significant 

gender differences. These findings highlight that the female students are lagging 

behind the male students when entering a third level degree programme in physics, in 

terms of these abilities that are crucial for success in their field of study. Now turning 

to the affective factor measures, the results showed that there were significant gender 

differences for both the math and spatial anxiety. These findings suggest that the 

female students in this study have significantly higher anxiety levels when presented 

with situations and tasks regarding maths, and particularly, with situations and tasks 

regarding spatial reasoning. These are interesting preliminary findings for educators, 

as we must ensure that the female students are being exposed to math and spatial tasks 

in such a way that they can build confidence in tackling these type of problems 

encountered in physics and engineering disciplines. However, this sample is very small 

and therefore not representative of first year physics students in general. It is also not 

possible to verify that the affective factor measures are measuring anxiety levels 

affectively, as these tests are based on self-proclaimed data.   

  

These results indicate that the female students are entering third level at a 

disadvantage in terms of the concept and cognitive skills required, and this, paired 

with the high anxiety levels surrounding math and spatial tasks could lead to a lack of 

confidence in ability to complete their physics programme. These preliminary findings 

are pointing to possible barriers for women in physics, as if the aim is to help improve 

the way we teach for this group of students, the high anxiety–low spatial ability cohort, 

we need to recognise this is potentially a current issue in our classroom, particularly 

for the female students. Further research is required to reach any substantial 

conclusions, as the sample is too small in this study. However, these preliminary 

results are similar to findings from previous studies, and therefore support a rationale 

for further research in this area. A correlation matrix was then produced for all five 

concept, cognitive and affective measures. Table 2 below shows the correlational 

relationships between the variables.  

  

Table 2: Correlations for FMCE, Van Hiele, PSVT:R, sMARS, and Spatial 

Anxiety.  

  n  Van Hiele  PSVT:R  sMARS  SAQ  

FMCE  29  .228  .106  -.340  .134  

Van Hiele  29    .478**  -.560**  -.263  

PSVT:R  29      -.340  -.425*  

sMARS  29        .519**  



 

 

SAQ  29          

  

The results show a moderate positive statistically significant correlation 

between Van Hiele level and spatial ability, and a negative correlation between Van 

Hiele level and math anxiety. There is a positive correlation between spatial anxiety 

and math anxiety. There is a negative correlation with spatial anxiety and spatial 

ability. There is a low negative correlation between math anxiety with physics 

conceptual understanding and spatial ability, approaching significance. There is very 

little to no correlation with physics conceptual understanding and spatial ability. Fig. 

1. Below shows the relationship with a scatter plot.   

  

 

Fig. 1. Scatter plot showing the relationship between FMCE and PSVT:R 

Scores.  

  

It can be seen in Fig. 1. that most of the FMCE scores are below the 25% mark. 

Where for the PSVT:R scores, there are many more scores at the middle and higher 

end of the spectrum. However, there are no students that scored highly on the FMCE 

with a poor score on the PSVT:R. The students that performed well on the FMCE also 

scored relatively well on the PSVT:R, with these data points shown in the top right 

quadrant in Fig. 1. There are no data points in the top left quadrant of the graph. In 

other words, there are no students that possess a high level of conceptual knowledge 

of physics, while having low spatial ability scores. This finding does align with a 

previous study which found similar results [24]  
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4 CONCLUSION  

  

The findings from this preliminary study show gender differences favouring 

male students were found for spatial reasoning and geometric thought. In terms of the 

physics conceptual understanding measure, no significant gender differences were 

observed. However, the results were approaching significance at the 0.05 percentile. 

These findings could indicate that male students entering a first year physics degree 

programme have an advantage over the female students. Further research is needed 

to determine whether these findings hold for a larger sample. Gender differences were 

also found for both of the affective factor measures. The female students were found 

to have higher anxiety levels in both math and spatial related situations and tasks. This 

could imply that female students lack confidence in approaching these types of 

problems, compared to the male students, and thus, are at another disadvantage 

within this first year physics cohort. As physics and engineering disciplines require 

complex problem solving, often requiring spatial representation of various parameters 

and phenomenon, this would appear that the male students have an advantage over 

the females participating on the course. Although, the preliminary findings are only 

indicative at this stage, and further research is needed to determine whether these 

trends still hold for a larger sample of the first year physics cohort.  

The correlational analysis showed preliminary relationships between the 

variables measured. The findings indicate that one’s ability in spatial reasoning is 

related to one’s ability in geometric thought, to some extent. The findings also indicate 

that if one has higher levels of anxiety in situations related to mathematics, or 

performing mathematical tasks, one is more likely to perform worse on the geometric 

thought test. This was also found for anxiety related to spatial situations, where one 

with higher spatial anxiety levels would be more likely to perform worse on a test of 

spatial reasoning.  Furthermore, if one has a higher level of mathematics anxiety, one 

is more likely to also have a higher level of spatial anxiety.     

As the gender balance in physics and engineering disciplines is a topic of 

concern, with many more male students than female students in these disciplines, this 

is particularly relevant as an area that needs further research in order to address these 

apparent deficits in female students’ spatial ability and confidence within the 

disciplines. Further research would be beneficial in order to make the study much 

more representative for first year physics students by increasing the sample size 

substantially. It is not possible to draw substantial conclusions from this study, as it is 

limited by the sample size and the types of test instruments employed. However, a 

refinement of the methods used, and a substantial increase in the sample size will be a 

beneficial addition to these preliminary findings. In order for our teaching practice to 

improve and facilitate inclusivity, we need to recognise the barriers that are facing our 

female students, so that we can assist this student cohort to overcome any obstacles 

and flourish within the physics and engineering fields.   



 

 

REFERENCES  

[1] 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, 

11/01/ 2009.  

[2] S. Sorby, N. Veurink, and S. Streiner, "Does spatial skills instruction improve 

STEM outcomes? The answer is ‘yes’," Learning and Individual Differences, 

vol. 67, pp. 209-222, 2018.  

[3] D. L. Shea, D. Lubinski, and C. P. Benbow, "Importance of Assessing Spatial 

Ability in Intellectually Talented Young Adolescents: A 20-Year Longitudinal 

Study," Journal of Educational Psychology, vol. 93, no. 3, pp. 604-14, 09/01/ 

2001.  

[4] R. A. Lippa, M. L. Collaer, and M. Peters, "Sex Differences in Mental Rotation 

and Line Angle Judgments Are Positively Associated with Gender Equality and 

Economic Development Across 53 Nations," Archives of Sexual Behavior, 

Article vol. 39, no. 4, pp. 990-997, 2010, doi: 10.1007/s10508-008-9460-8.  

[5] Y. Maeda and S. Yoon, "A Meta-Analysis on Gender Differences in Mental 

Rotation Ability Measured by the Purdue Spatial Visualization Tests: 

Visualization of Rotations (PSVT:R)," Educational Psychology Review, Article 

vol. 25, no. 1, pp. 69-94, 2013, doi: 10.1007/s10648-012-9215-x.  

[6] M. C. Linn and A. C. Petersen, "Emergence and Characterization of Sex 

Differences in Spatial Ability: A Meta-Analysis," Child Development, vol. 56, no. 

6, pp. 1479-98, 12/01/ 1985.  

[7] P. Irving, "A Phenomenographic study of introductory physics students: 

Approaches to their learning and perceptions of their learning environment in 

a physics problem-based learning environment," 2010.  

[8] A. Madsen, S. B. McKagan, and E. C. Sayre, "Gender gap on concept inventories 

in physics: What is consistent, what is inconsistent, and what factors influence 

the gap?," Physical Review Special Topics-Physics Education Research, vol. 9, 

no. 2, p. 020121, 2013.  

[9] S. J. Pollock, N. D. Finkelstein, and L. E. Kost, "Reducing the gender gap in the 

physics classroom: How sufficient is interactive engagement?," Physical 

Review Special Topics-Physics Education Research, vol. 3, no. 1, p. 010107, 

2007.  

[10] M. Kozhevnikov, M. A. Motes, and M. Hegarty, "Spatial Visualization in Physics 

Problem Solving," Cognitive Science, vol. 31, no. 4, pp. 549-579, 01/01/ 2007.  

[11] I. M. Lyons, G. Ramirez, E. A. Maloney, D. N. Rendina, S. C. Levine, and S. L. 

Beilock, "Spatial Anxiety: A novel questionnaire with subscales for measuring 



JCE Investigating the Nexus Between Physics Understanding... 

Journal of Computer Engineering | https://doi.org/10.5281/zenodo.19357334 Page 121 

three aspects of spatial anxiety," Journal of Numerical Cognition, vol. 4, no. 3, 

pp. 526-553, 2018.  

[12] B. Hoffman, "“I think I can, but I'm afraid to try”: The role of self-efficacy beliefs 

and mathematics anxiety in mathematics problem-solving efficiency," 

Learning and individual differences, vol. 20, no. 3, pp. 276-283, 2010.  

[13] M. I. Núñez-Peña, M. Suárez-Pellicioni, G. Guilera, and C. Mercadé-Carranza, 

"A Spanish version of the short Mathematics Anxiety Rating Scale (sMARS)," 

Learning and Individual Differences, vol. 24, pp. 204-210, 2013.  

[14] H. M. Sokolowski, Z. Hawes, and I. M. Lyons, "What explains sex differences in 

math anxiety? A closer look at the role of spatial processing," Cognition, vol. 

182, pp. 193-212, 2019.  

[15] C. M. Steele and J. Aronson, "Stereotype threat and the intellectual test 

performance of African Americans," Journal of personality and social 

psychology, vol. 69, no. 5, p. 797, 1995.  

[16] S. J. Spencer, C. M. Steele, and D. M. Quinn, "Stereotype threat and women's 

math performance," Journal of experimental social psychology, vol. 35, no. 1, 

pp. 4-28, 1999.  

[17] C. M. Steele, "Thin ice," Atlantic Monthly, vol. 284, no. 2, pp. 44-53, 1999.  

[18] R. K. Thornton and D. R. Sokoloff, "Assessing student learning of Newton’s 

laws: The force and motion conceptual evaluation and the evaluation of active 

learning laboratory and lecture curricula," american Journal of Physics, vol. 

66, no. 4, pp. 338-352, 1998.  

[19] R. B. Guay, "Purdue spatial visualization test-visualization of rotations," W. 

Lafayette, IN. Purdue Research Foundation, 1977.  

[20] Z. Usiskin, "Van Hiele Levels and Achievement in Secondary School Geometry. 

CDASSG Project," 1982.  

[21] D. Fuys, D. Geddes, and R. Tischler, "The van Hiele model of thinking in 

geometry among adolescents," Journal for Research in Mathematics 

Education. Monograph, vol. 3, pp. i-196, 1988.  

[22] K. S. Mix and Y. L. Cheng, "The relation between space and math:  

developmental and educational implications," (in eng), Adv Child Dev 

Behav, vol. 42, pp. 197-243, 2012.  

[23] L. Alexander and C. Martray, "The development of an abbreviated version of the 

Mathematics Anxiety Rating Scale," Measurement and Evaluation in 

counseling and development, vol. 22, no. 3, pp. 143-150, 1989.  



 

 

[24] A. Mac Raighne et al., "Examining the relationship between physics students’ 

spatial skills and conceptual understanding of Newtonian mechanics," 2015.  

  


