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Abstract 
Introduction. Effective instruction of Gauss’s Law is extremely important because it has many 
applications in electrostatics. Perhaps more importantly, Gauss’s Law is a major component of the 
curriculum for gateway courses in which students decide if physics is the right area of study for 
them. In general, novice students have difficulty understanding and properly applying Gauss’s 
Law, and those with weaker spatial reasoning skills may face additional challenges as they struggle 
to visualize the relevant electric field symmetries (Pepper et al., 2012). There is some evidence 
that, on average, women have weaker spatial reasoning skills than men. Likewise, access to certain 
types of early life educational experiences may also impact spatial reasoning skills later in life (Uttal 
et al., 2012). Therefore, supporting students learning about Gauss’s Law by tailoring instruction 
to support spatial thinking could have a positive impact on the retention of women and other 
underrepresented groups in STEM. The present study proposes a new pedagogical tool to 
support students that struggle to visualize electric fields. Namely, we created a coherent tutorial 
utilizing interactive three-dimensional electric field simulations to teach students about electric 
field strength and direction. 
 

Methods.  Starting from a previously published tutorial that approached the topic of electric field 
symmetry from a more traditional perspective (Li & Singh, 2017), we developed a simulation-
augmented tutorial covering the same material. The traditional tutorial relied on students' ability 
to perform vector addition and to visualize the results to answer questions about vector fields. 
The simulation-augmented tutorial was designed to support spatial thinking using a “guess and 
check” approach. After attempting to visualize the three-dimensional electric fields arising from a 
variety of charge distributions, students were able to view and interact with mathematically 
accurate simulated representations of those vector fields to see for themselves whether their 
mental images matched the simulations. We assessed student learning using the pre- and post-
test that accompanied the published tutorial. Prior to taking the tutorial, all participants in the 
present study completed a demographics questionnaire, as well as a spatial reasoning 
assessment, the Paper Folding Test (Ekstrom et al., 1976). We used this data to separate 
participants into two groups that were roughly the same in composition with respect to gender, 
prior physics experience, and spatial reasoning ability. One group took the original tutorial, while 
the other group took our simulation-augmented tutorial. 
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Results.  We found that the simulation-augmented tutorial was more effective than the traditional 
tutorial. Students who took the tutorial with simulations displayed larger improvements from pre- 
to post-test than those who took the traditional tutorial, and the Cohen’s effect size was large (d 
= 0.98). A stepwise multivariate regression revealed that the strongest predictor of improvement 
from pre- to post-test was which version of the tutorial participants completed. We also found 
that there was a contribution from the interaction term between the tutorial version and the 
participants’ paper folding test score. 
However, the most surprising result was the 
contribution of the interaction term between 
spatial ability and gender. We decided to 
further investigate this interaction by plotting 
improvement as a function of paper folding 
test score for each gender-tutorial 
combination (Figure 1). The lines of best fit 
suggest that, for female students, having 
weaker spatial thinking skills negatively 
impacted their ability to learn from the 
traditional tutorial. This effect was not seen 
with the simulation-based tutorial, nor was 
there a negative impact for male students 
with weaker spatial skills, regardless of the 
tutorial version. This result suggests that 
simulation-augmented tutorials may be 
especially helpful for female students with 
weaker spatial skills. 
 

Conclusions and Discussion.  Our results 
indicate that using simulations to support 
students in their spatial thinking about 
electric fields can be extremely helpful to students as they learn to apply Gauss’s Law. Previous 
physics education research suggests that students struggle with Gauss’s Law problems because: 
electric fields are not intuitive, students have trouble understanding the three-dimensional nature 
of electric fields, and students have difficulty recognizing symmetries in electric fields (Adrian & 
Fuller, 1997; Pepper et al., 2012; Singh, 2006). The simulation-augmented tutorial directly 
addresses these issues, as the simulations: help develop intuition, show electric fields in three 
dimensions, and allow students to explore symmetries of the field. While interventions such as 
simulations have been implemented in other STEM domains that require strong mental 
manipulation, no research before has investigated implementing manipulable three-dimensional 
simulations in the instruction electric fields. The success of this spatially targeted tutorial provides 
a first glimpse into the power of using simulations to help students overcome challenges in 
learning electrostatics. In addition, the strong interaction between gender and spatial reasoning 
ability with respect to learning gains further suggests that providing spatially targeted instruction 
to students in introductory STEM courses may also help achieve higher levels of persistence for 
members of underrepresented groups. Based on these findings, we are developing an entire 
Gauss’s Law tutorial series that incorporates the use of simulations. 

Figure 1. Spatial ability and gender interaction 
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