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Abstract 

Non-rigid spatial thinking, or mental transformations where the distance between two points in an object changes 
(e.g., folding, breaking, bending), is required for many STEM fields but remains critically understudied. We developed 
and tested a non-rigid, ductile spatial skill measure based on reasoning about knots with 279 US adults (M = 30.90, SD 
5.47 years; 76% White; 48% women). The resultant 54-item measure had good reliability (α = .88). Next, 147 US adults 
(M = 20.65, SD 2.80 years; 48% White; 56% women) completed existing spatial skills measures, the knot reasoning 
measure, a verbal skill measure, and surveys of current and childhood spatial activities. Knot reasoning performance 
was significantly, positively correlated with existing measures of spatial skill. Mental rotation and paper folding, 
but not bending, predicted knot reasoning task performance. We replicated work showing that men performed bet‑
ter than women on mental rotation and unexpectedly found that men also outperformed women on paper folding 
and knot reasoning, but not bending, tasks. Using structural equation modeling, we found several significant media‑
tion effects. Men who reported less masculine-stereotyped spatial activity engagement had higher performance 
on the mental rotation and knot reasoning tasks. Women who reported greater engagement in feminine-stereotyped 
spatial activities had higher paper folding and backwards knot reasoning performance. Spatial skills did not differ 
among math-intensive STEM, non-math-intensive STEM, and non-STEM majors. The studies introduce a reliable meas‑
ure of non-rigid, ductile string transformations and provide initial evidence of the role of gender and gendered spatial 
activities on non-rigid spatial skills.
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Introduction
Spatial thinking, considering the “shapes, locations, 
paths, relations among entities and relations between 
entities and frames of reference” (Newcombe & Ship-
ley, 2015, p. 2), underlies both daily tasks (e.g., navigat-
ing through a city) and academic pursuits, (e.g., using 

a number line, understanding geometry, interpreting 
graphs). Spatial and math skills are linked starting in early 
childhood (Johnson et al., 2022; Mix & Cheng, 2012; Ver-
dine et  al., 2017). Even controlling for concurrent and 
later math skills, fourth-grade spatial skills predict STEM 
major choice (Tian et  al., 2023). Given the important 
educational consequences of spatial skills, much research 
has focused on understanding their nature (e.g., Atit 
et al., 2013; Harris et al., 2013; Resnick & Shipley, 2013; 
Vandenberg and Kuse, 1978) and structure (e.g., Mix 
et  al., 2018; Newcombe & Shipley, 2015). However, we 
lack consensus on the defining distinctions within spatial 
skills and confirmation that we have developed ways to 
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measure the breadth of critical spatial skills. Reasoning 
about transformations of non-rigid objects is particularly 
understudied. Importantly, experimental studies show 
that spatial skills can be improved in both children and 
adults through experiences with spatial language and 
activities (Hawes et  al., 2022; Mix et  al., 2021), making 
them a target for intervention. In the present studies, we 
identify and measure a type of non-rigid spatial think-
ing that to our knowledge has not been measured before: 
non-rigid, continuous change in a line or tube. Next, we 
examined the relationship between existing activities—
fiber arts—and performance on new and existing spatial 
skills measures. Finally, given documented gendered pat-
terns of spatial experience and spatial skill, we investi-
gated whether gendered spatial experiences mediated the 
relation between gender and performance on rigid and 
non-rigid spatial skills measures.

The structure of spatial skills
Despite the importance of spatial skills, both conceptual 
and methodological factors limit our ability to under-
stand the potentially nuanced pathways from spatial skills 
to STEM learning. First, there is a lack of consensus in 
how we should categorize spatial skills. A long tradition 
of factor analytic approaches has investigated the dis-
tinctions within the broader category of spatial skills (see 
review in Hegarty & Waller, 2005). However, as Hegarty 
and Waller (2005) point out, not all factor analytic 
approaches converged on this same structure, and factor 
analytic approaches are inherently limited by the meas-
ures used to assess spatial skills. A more recent theory-
driven approach suggests a 2 × 2 framework—dividing 
spatial skills into intrinsic (within object relations) versus 
extrinsic (between object relations) and static (station-
ary) versus dynamic (moving) skills—which  draws from 
linguistics and neuroscience (Chatterjee, 2008; New-
combe & Shipley, 2015). A challenge for both factor ana-
lytic and theory-driven approaches is reliance on existing 
measures of spatial skills that may not capture the full 
landscape of human spatial thinking.

Against a rich backdrop of spatial skills research, in the 
present studies we focus on one proposed dimension: the 
distinction between rigid and non-rigid spatial thinking 
(Atit et al., 2013; Resnick & Shipley, 2013). The number 
and type of possible spatial transformations are con-
strained by the physical materials being transformed: a 
wooden block allows fewer possible transformations than 
a piece of string (Santos et  al., 2019). Described more 
precisely, in rigid transformations, the distance between 
two points within an object does not change (e.g., rota-
tion of a hard object, like the wooden block). In non-
rigid transformations, the distance between two points 
in an object does change, either because of a piecewise 

or brittle transformation (e.g., folding paper, breaking a 
rock), or a continuous transformation (e.g., bending of a 
sheet or a string) (Atit et al., 2013). We employ the mate-
rials term “ductile,” which refers to materials that can 
bend without breaking, to refer to the collection of trans-
formations that are applied continuously without local 
regions of change (e.g., folding) or breaking. Measures of 
rigid mental rotation that rely on mental rotation of 2-D 
or 3-D blocks are commonly used to assess spatial skill 
and are even a part of standardized cognitive assessments 
like the Block Design Subtest of the Wechsler Preschool 
and Primary Scale of Intelligence (WPPSI) (Wechsler, 
2008). By contrast, non-rigid spatial transformations 
have been much less studied than their rigid counter-
parts. The paper folding task (Ekstrom, 1976) is one of 
the few long-standing measures of non-rigid spatial skill, 
and, notably, it is a measure of piecewise rigid transfor-
mations. Some recent work has focused on another, brit-
tle piecewise transformation—breaking—using images of 
words that have been broken and pieces of letters moved 
in differing directions (Resnick & Shipley, 2013). Another 
recent approach to assessing non-rigid reasoning asked 
participants to identify shapes that had been transformed 
through reflection on a three-dimensional mirror (e.g., a 
cylinder) (Maheshwary et  al., 2022). Only one study, to 
our knowledge, has investigated a non-rigid, ductile spa-
tial skill: Atit et al. (2013) developed a measure of mental 
bending, in which participants had to reason about pla-
nar, continuous change (the bending and unbending of a 
clear plastic sheet). We argue that it is important to, at 
minimum, check that findings about rigid objects apply 
to non-rigid objects as well. Further, we will make the 
case that there could be different relationships between 
non-rigid spatial thinking and STEM learning, or 
between gendered spatial experiences and non-rigid spa-
tial thinking than there are for rigid spatial thinking.

In addition to studying non-rigid spatial thinking as a 
whole, we also argue that there remains another type of 
non-rigid, ductile spatial skill that has not yet been meas-
ured at all: reasoning about ductile change in a line or 
tube (e.g., bending a copper wire or string). We propose 
that ductile change in a line or tube is unique because 
it requires thinking about spatial relationships that are 
either not possible with or are substantively different 
from the same relationships in rigid or planar materials. 
For example, when tying a knot with a piece of string, you 
can think about one or both ends of the string traveling 
“around” and then “through” other parts of that string—
the same object is manipulated continuously without 
any breaks. In contrast, a single rigid object (or multi-
ple rigid objects) cannot be transformed “through” itself 
without breaking (a brittle, non-rigid transformation). 
Even a non-rigid, planar material (e.g., a sheet of paper) 
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cannot travel “through” itself without a brittle, non-
rigid transformation (e.g., tearing, cutting) or becoming 
string- or tubelike (e.g., being rolled into a cylinder). In 
other words, string allows for continuous change in three 
dimensions with emergent qualitative spatial properties, 
and reasoning about such changes has not been studied.

Why we need to know about non‑rigid spatial skills
Testing theoretical frameworks
The asymmetry in research on rigid and non-rigid spatial 
skills poses a problem for basic science questions about 
the structure of spatial skills. To test the theory that rigid 
and non-rigid spatial skills are distinct from one another, 
we need to be able to measure the full breadth of these 
skills (Maheshwary et  al., 2022; Newcombe & Shipley, 
2015). Currently, there is only one study that measures 
non-rigid, ductile spatial transformations, and this study 
included only planar materials (Atit et  al., 2013). Given 
the lack of non-rigid spatial skills measures, it is perhaps 
not surprising that there has been limited investigation 
of the rigid versus non-rigid distinction. However, others 
have tested theoretical distinctions within spatial skills 
(e.g., extrinsic versus intrinsic) using confirmatory factor 
analysis (CFA), which provides a quantitative method for 
adjudicating between different theories (e.g., Mix et  al., 
2018). Currently, we are not able to adequately test the 
rigid versus non-rigid distinction because we have too 
few measures of non-rigid spatial skill. Furthermore, of 
the non-rigid measures that we do have, most test brit-
tle non-rigid spatial reasoning. Developing measures of 
ductile, non-rigid spatial skills will allow us to both meas-
ure an understudied facet of spatial thinking and lay the 
groundwork for future researchers to empirically test the 
rigid versus non-rigid theoretical distinction.

Supporting STEM learning about non‑rigid phenomena
Beyond basic research questions, a lack of meas-
urement tools for non-rigid spatial skills negatively 
impacts applied research. Limited existing research on 
non-rigid skills offers suggestive but incomplete evi-
dence that experts in fields that require thinking about 
non-rigid phenomena—including geologists, atmos-
pheric scientists, oceanographers, and surgeons—may 
be better at non-rigid spatial skills than experts in 
other STEM fields. For example, geologists must reason 
about the intersecting paths of tectonic plates as they 
converge and diverge over Earth history, atmospheric 
scientists and oceanographers study the movement of 
fluids including currents that pass over and under each 
other such as the Global Meridional Overturning Cir-
culation (the great ocean conveyor belt), and surgeons 
must reason about both deformable internal organs and 
sutures used to repair them (e.g., knots). Geologists 

and chemists perform similarly on a measure of rigid 
mental rotation, but geologists—who must frequently 
reason about rocks bending and breaking—outperform 
chemists on a measure of breaking, a non-rigid, brit-
tle mental transformation (Resnick & Shipley, 2013). 
Notably, experts in STEM fields focused on non-rigid 
phenomena still seem to be good at rigid spatial skills 
(see McNeal et  al., 2019 for disembedding in meteor-
ologists, Brandt & Davies, 2006; Keehner et  al., 2004 
for rigid mental rotation in surgeons). Together, these 
studies suggest that gaining a better understanding of 
non-rigid spatial skills may be important for support-
ing learning in STEM fields that require thinking about 
non-rigid phenomena.

Creating a clearer picture of gender differences 
and similarities in spatial skills
Decades of research show a pattern of gender differ-
ences in performance on some spatial skills but simi-
larities in performance on others. The mental rotation 
task (Vandenberg & Kuse, 1978) and some other meas-
ures of rigid mental transformation and rotation (e.g., 
Children’s Mental Transformation Task [CMTT], 
Levine et  al., 1999; Primary Mental Abilities-Space 
Relations [PMA-SR], Thurstone & Thurstone, 1947) 
routinely have the strongest and most reliable gender 
differences in performance, with men and boys gener-
ally outperforming women and girls (Lauer et al., 2019; 
Voyer et  al., 1995). Gender differences in mental rota-
tion performance (including on the mental rotation 
task) emerge by age six and grow with time (Lauer et al., 
2019). By contrast, mental folding tasks, including the 
paper folding task (Ekstrom, 1976) and the Differential 
Aptitude Test: Spatial Relations Subscale (DAT; Bennett 
et al., 1947), measures of non-rigid spatial transforma-
tion, do not typically show a gender difference in per-
formance (Voyer et  al., 1995). Crucially, there is not a 
clear structural reason within the tasks for why mental 
rotation and paper folding tasks should elicit different 
performance in relation to gender (Newcombe, 2020). 
The existing work using breaking and bending tasks did 
not explore gender differences or similarities in per-
formance (Atit et  al., 2013; Resnick & Shipley, 2013). 
Despite a general focus on gender differences in spatial 
skills, existing meta-analytic work (Voyer et  al., 1995) 
identifies several spatial skills without reliable gender 
differences, and it is an open question whether there 
are gender differences in other, non-rigid, spatial skills. 
In other words, perhaps men outperform women on 
a relatively narrow subset of spatial tasks that involve 
rigid transformations, which may not represent the 
breadth of spatial skills.
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Environmental exposure shapes spatial skills development 
and performance
Starting in early childhood, environmental exposure to 
spatial concepts influences spatial skill. In both natural-
istic and experimental settings, preschoolers who hear 
more spatial language have higher mental rotation and 
spatial transformation performance (Casasola et al., 2020; 
Pruden et al., 2011). Beyond spatial talk, parent-reported 
frequency of four- to seven-year-olds’ play with toys that 
offer spatial affordances (e.g., blocks, puzzles) was asso-
ciated with better performance on the WPPSI Block 
Design task (Jirout & Newcombe, 2015). College students 
who self-reported greater engagement in spatial activi-
ties as a child had higher math scores and higher scores 
on one measure of spatial skill (water level task, in which 
participants had to estimate the level of water in various 
tipped containers), but not on the mental rotation task 
(Doyle et al., 2012).

Beyond childhood, adult engagement in spatial activi-
ties is also related to spatial skill. The Spatial Activities 
Questionnaire (SAQ), developed in 1983 by Newcombe, 
Bandura and Taylor, took a list of 231 activities and asked 
college students to rate how spatial they seemed and 
whether they seemed “masculine-stereotyped” or “femi-
nine-stereotyped.” A separate sample of college students 
reported how often they participated in 81 identified 
tasks and completed a folding measure (the DAT, Ben-
nett et al., 1947). Overall spatial activity engagement was 
significantly correlated with their DAT score, though this 
seemed driven by the significant relationship between 
women’s spatial activities and DAT scores, whereas men’s 
spatial activities were not significantly correlated with 
their DAT scores (Newcombe et  al., 1983). This study 
did not find significant relations between gendered sub-
scales and DAT performance (Newcombe et al., 1983). A 
later study shortened the SAQ to 30 items (10 masculine-
stereotyped activities, 10 feminine-stereotyped activi-
ties, and 10 neutral activities), and found that for women 
alone, greater engagement in masculine-stereotyped spa-
tial activities was positively correlated with water level 
task performance (Signorella et  al., 1986). In another 
study, greater engagement in masculine-stereotyped 
spatial activities was positively correlated with men-
tal rotation task performance for both men and women 
(Nazareth et  al., 2013). Although men outperformed 
women on the mental rotation task, this relationship was 
mediated by participants’ frequency of engagement with 
specifically masculine-stereotyped spatial activities (Naz-
areth et al., 2013).

Past and current spatial activities engagement may 
interact. Adolescents’ self-reported current spatial 
activities engagement predicted their performance on 
the paper folding task, above and beyond self-reported 

childhood spatial activities engagement (Peterson 
et  al., 2020). However, the same study found that even 
accounting for current engagement, childhood engage-
ment predicted adolescents’ Spatial Habits of Mind, or 
self-reported tendency to recognize patterns, use spa-
tial descriptions, visualize, use spatial concepts, and use 
spatial tools. Further, childhood activities predicted ado-
lescent activities. Crucially, this suggests that continued 
spatial activities engagement—beyond early and middle 
childhood—may impact spatial skill, though conclusions 
about a causal relationship are challenging to establish 
with self-report methods.

Gendered spatial experiences: a case for fiber arts
Gender influences the spatial input children receive 
starting early in life. From 34 to 46  months, boys pro-
duce more spatial words (e.g., tall, circle, bent) than girls, 
which is mediated by their parents’ spatial language pro-
duction at 14 to 26 months (Pruden & Levine, 2017). In 
turn, children’s spatial language production predicts 
spatial skills performance later on (Pruden et  al., 2011). 
The types of toys that boys and girls play with are often 
gendered, and some researchers have argued that femi-
nine-stereotyped toys (e.g., dolls) hold fewer spatial affor-
dances than masculine-stereotyped toys (e.g., blocks, 
LEGOs) (Voyer et al., 2000). Toy affordances and parent 
input can also converge. Parents of 2- to 3-year-olds pro-
duced more shape names with boys than with girls when 
playing with the same geometric toys (Verdine et  al., 
2019). Given the same play materials (Goldiblox, a book 
and engineering toy designed to be used together), par-
ents of 4- to 6-year-olds spent more time playing with 
the engineering toy with boys and more time reading 
the book with girls (Coyle & Liben, 2020). In summary, 
gendered socialization in the context of spatial language 
and play starts early in development and altering its tra-
jectory is more complicated than simply increasing girls’ 
exposure to masculine-stereotyped toys or instructing 
parents to use spatial terms with their girls.

Work on adult spatial activities engagement identi-
fies feminine-stereotyped spatial activities (e.g., New-
combe et  al., 1983; Signorella et  al., 1986). Strikingly, in 
the 30-item version of the SAQ, five of the 10 feminine-
stereotyped spatial skills are fiber arts practices (cro-
cheting (with seams), embroidery (no pattern), knitting 
(multi-color), quilting, and sketching clothes designs) 
and three of these (embroidery (no pattern), knitting 
(with seams), and knitting (multi-color)) were positively 
associated with DAT performance in the original New-
combe et  al. (1983) paper. Much less work has focused 
on identifying feminine-stereotyped spatial activities that 
occur in childhood and testing whether they are related 
to spatial skills. Indeed, some researchers have excluded 
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feminine-stereotyped spatial activities in childhood, 
suggesting that they are too low frequency to be worth 
measuring (Cherney & Voyer, 2010). We argue that, in 
addition to increasing girls’ exposure to spatially rich 
language and toys that have been shown to have spatial 
affordances, researchers also need to identify what fem-
inine-stereotyped spatial activities exist in childhood. 
Education researchers, for example, are investigating how 
fiber arts practices like knitting, crochet, and weaving 
could be used to support early math and computer sci-
ence learning (Gresalfi & Chapman, 2017; Peppler et al., 
2020), which we have also argued hold affordances for 
practicing basic spatial skills (Bennett-Pierre & Gun-
derson, 2023). Importantly for the current studies, the 
limited existing work on fiber arts provides preliminary 
evidence that fiber arts activities are associated with at 
least one non-rigid spatial skill (folding) (Newcombe 
et al., 1983). We do not know whether feminine-stereo-
typed spatial activities, including fiber arts, are associated 
with rigid spatial skills.

In summary, just as research on spatial skills has 
focused on skills that reliably show a gender difference 
(e.g., mental rotation), research on spatial activities 
engagement and environmental exposure more broadly 
has focused on measuring masculine-stereotyped spatial 
activities across the life span and their skill correlates. As 
a result, we know much more about rigid spatial skills 
and the activities that support them than we do about 
non-rigid spatial skills and associated activities. There-
fore, an important next step is to both investigate non-
rigid spatial skills and investigate feminine-stereotyped 
spatial activities. From the limited evidence we have, 
exploring the relation between fiber arts (a feminine-ste-
reotyped activity) and non-rigid spatial skills seems like 
a productive first step to addressing these gaps. Further, 
the gendered research imbalance extends to spatial skills 
interventions. Broadly, there is a focus on getting girls 
interested in and exposed to the spatial activities that 
we know promote spatial skills—but those activities are 
largely masculine-stereotyped (LEGO, blocks, puzzles, 
etc.) and, notably, rigid in nature (e.g., Casey et al., 2008).

The current studies
We aimed to answer five research questions. First, we 
examined the reliability and validity of our new meas-
ure (the knot reasoning task) across two samples. Next, 
we investigated whether performance on existing meas-
ures of non-rigid spatial skill (bending task and paper 
folding task) or rigid spatial skill (mental rotation task) 
would uniquely predict performance on the new knot 

reasoning task. We predicted that the bending and paper 
folding tasks, but not the mental rotation task nor control 
verbal task, would uniquely predict the knot reasoning 
task (extending on Atit et al., 2013). Third, we examined 
whether gender relates to spatial skills and spatial activi-
ties engagement. We predicted that men would outper-
form women on the mental rotation task, but not on the 
other spatial skills nor the vocabulary task. We also pre-
dicted gender-stereotype-consistent endorsement of spa-
tial activities.

Further, we examined whether spatial activities engage-
ment relates to spatial skills and mediates gender dif-
ferences in spatial skills. We hypothesized that greater 
current engagement in spatial activities would be posi-
tively associated with paper folding performance (repli-
cating Peterson et al., 2020), and that greater engagement 
in masculine-stereotyped spatial activities would mediate 
any gendered advantage in spatial skills (e.g., Nazareth 
et al., 2013). We also tested two exploratory hypotheses: 
First, that greater current engagement in spatial activi-
ties would be positively associated with bending and knot 
reasoning task performance, and second, greater engage-
ment in feminine-stereotyped spatial activities would be 
positively associated with all three non-rigid spatial skills 
(paper folding, bending, and knot reasoning). Finally, we 
hypothesized, consistent with prior literature (e.g., Tian 
et  al., 2023; Tsigeman et  al., 2023), that STEM majors 
would have higher spatial skills (specifically scores on 
the mental rotation task and the paper folding task) than 
non-STEM majors.

Materials, data, and analysis scripts for both studies are 
available on OSF: https://​osf.​io/​x9uqe/?​view_​only=​84f43​
a20dc​f8487​38e9f​70f2c​aff17​c1. We used R Studio and the 
lavaan package to complete analyses (R Core Team, 2021; 
Rosseel, 2012).

Study 1
Method
Participants
We recruited 300 adult participants from the USA using 
the online data collection platform Prolific. We deter-
mined sample size based on a minimum number of par-
ticipants needed to conduct item response theory (IRT) 
analyses. We excluded participants who answered more 
than half of the attention check questions incorrectly 
(n = 19) or returned the study on Prolific (e.g., withdrew) 
(n = 2), resulting in an analytic sample of 279 partici-
pants. Of the analytic sample, 134 participants identified 
as women, 135 identified as men, and eight identified as 
non-binary. We recruited a sample of 18- to 40-year-olds 

https://osf.io/x9uqe/?view_only=84f43a20dcf848738e9f70f2caff17c1
https://osf.io/x9uqe/?view_only=84f43a20dcf848738e9f70f2caff17c1
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(M = 30.90, SD 5.47  years) that reflected the 2015 US 
Census based on race1 and sex.2 In the analytic sample, 
76% of participants were White, 13% were Black or Afri-
can-American, 5% were Asian or Asian-American, 4% 
identified as more than one racial group, 1% were Native 
American, and 1% selected “Other” to describe their 
race. Participants reported a range of annual income 
(M = $57,650, SD = $29,050) and highest level of educa-
tion (M = 14.59, SD 2.01 years).

Procedure
Participants completed the study session at home on their 
computers. To reduce differences in presentation format 
among devices, we restricted the study to participants 
using a desktop or laptop computer. Participants saw 73 
knot reasoning items of three types (backwards reason-
ing, different materials, and pulling items), presented 
in three blocks. Block order, item order within blocks, 
and answer choices for each item were randomized. We 
included two attention check questions per block, in 
which we repeated one of the items with instructions to 
select one of the responses (e.g., “the fourth photograph 
below”). We did not impose a time limit on the task, and 
there were no practice items. On average, the task took 
26.43 min (SD 14.66 min; range 3.38–91.37 min) for par-
ticipants to complete,3 and they received $5 for their 
participation.

Materials
Knot reasoning task  Backwards reasoning items Par-
ticipants completed 28 items in which they looked at a 
target picture of one step of tying a knot and identified 
which of four pictures showed the step that came directly 
before the target (for a sample item, see Fig. 1a; for full 
task instructions, see Appendix A). We selected knots 
from a website that gives step-by-step instructions for 
knot tying (Grogono, 1996), then replicated, and photo-
graphed each step. For most knots, a step corresponded to 
a new crossing of the rope or string. Two of the incorrect 
responses were the step prior to the target with one cross-
ing switched, making them perceptually similar to the 
correct response. The final foil was a step from a different 
knot. Participants received a score of 1 for each correct 

response and a 0 for each incorrect response. We then cal-
culated a mean accuracy score for each participant.

Different materials items Participants completed 19 
items in which they looked at a target picture of a knot 
in one material (e.g., heavy yellow rope) and identified 
which of four pictures showed the same knot in a differ-
ent material (e.g., yarn) (Fig.  1b). The correct response 
was the same knot and received a score of 1, while the 
three incorrect responses were different knots and 
received a score of 0. We calculated a mean accuracy 
score for each participant.

Pulling items Participants completed 26 items where 
they determined whether or not a knot would come apart 
if one of the ends was pulled (Fig. 1c). The knot end and 
the direction of the pull were indicated with a superim-
posed circle and arrow. We manually tested whether 
each knot would come apart to determine the correct 
answer. Correct responses were scored as a 1 and incor-
rect responses were scored as a 0. We calculated a mean 
accuracy score for each participant.

Results
Descriptively, collapsing across all three item types, par-
ticipants answered most questions correctly (M = 0.71, 
SD 0.12). Performance varied across subscales, with back-
wards reasoning items having the lowest performance 
(M = 0.59, SD 0.18), different materials items falling in the 
middle (M = 0.74, SD 0.12), and pulling items having the 
highest performance (M = 0.81, SD 0.13). We report task 
performance by gender in Table  1. We compared men’s 
and women’s performance with t-tests, and found that 
performance did not significantly differ, except for the 
different materials subscale, on which women performed 
significantly better than men (Table  1; t(266.98) = 3.08, 
p = 0.002, d = − 0.38). We did not run statistical compari-
sons with the non-binary participants because the size of 
this group was much smaller than the other two gender 
groups.

We conducted an item response theory (IRT) analy-
sis to evaluate the knot reasoning task’s reliability. We 
first ran a one parameter model (1PL), fixing the second, 
discrimination parameter (a) to 1, and the third, guess-
ing parameter (c) to 0.25 (backwards reasoning and dif-
ferent materials) or 0.5 (pulling) depending on the type 
of question. Next, we ran a two-parameter model (2PL), 
allowing both the difficulty parameter (b) and the dis-
crimination parameter (a) to vary (Appendix B, Table 7). 
The 2PL model fit the data significantly better than the 
1PL model (X2 = 246.41, p < 0.001), indicating that allow-
ing the discrimination parameter to vary explained 
the data better even accounting for the differences in 
degrees of freedom. Next, we removed the 19 items with 

3  Unfortunately, we do not have item-level timing data.

1  Prolific uses the following categories, recommended by the UK Office of 
National Statistics, to balance based on race: White, Mixed, Asian, Black, 
and Other. We asked participants to report their race based on the US Cen-
sus categories, which we report here.
2  Prolific asks all users to answer a set of standardized demographic ques-
tions, including their sex (male or female) and their gender (woman, man, 
non-binary, other). Prolific can then use responses to recruit an equal num-
ber of participants who respond “male” and “female.” However, this does not 
exclude participants who answer that they are non-binary on the separate 
question about gender.
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Fig. 1  Example items from the knot reasoning task. Note. This figure shows the three types of items in the knot reasoning task, a backwards 
reasoning items, b different materials items, and c pulling items. Correct responses are in purple boxes
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a discrimination parameter (a) less than 1 in the 2PL 
model and reran the 2PL model using only the remaining 
54 items (Appendix B, Table 8).4 Overall scale reliability 
for the 54 items was α = 0.88 and reliability was greater 
than 0.80 for participants who were within two standard 
deviations below and above the mean. We did not have 
enough participants to run a 3PL model (DeMars, 2010).

Study 2
In Study 2, we first aimed to establish the reliability of the 
knot reasoning measure in a second, in-person sample. Next, 
we tested the relation between the knot reasoning measure 
and established rigid and non-rigid spatial skills measures. 
Third, we examined the relations among childhood and cur-
rent gendered spatial activities engagement and performance 
on all four spatial skills measures. Finally, we asked whether 
spatial skills performance varied depending on participants’ 
college major choice. Study 2 expands our understanding of 
the structure of spatial skills and the relative contributions of 
different spatial activities to spatial skills.
Methods
Participants
For Study 2, we recruited 148 adult participants, for an ana-
lytic sample of 147.5 This sample size was based on a power 
analysis to achieve power = 0.80 with alpha = 0.05 for a mul-
tiple linear regression, with a partial R-squared of 0.07. This 
effect size estimate was based on a prior study of non-rigid 
spatial skills (Atit et al., 2013). Further, this sample size would 
allow us to distinguish between two CFA models with a 
RMSEA model fit of 0.04 and 0.07 (MacCallum et al., 2006), 
and aligns with a 10:1 participants-to-free-parameters rule 
for SEM models (Bentler & Chou, 1987). Participants were 
recruited at a public mid-Atlantic university, among under-
graduates taking Psychology courses, through flyers posted 
on campus, and through emails sent to student organizations 
and undergraduate classes focused on STEM or fiber arts. 
We again limited participant age to 18–40 years and aimed 
for no more than 60% women in our sample.

In the analytic sample, 82 participants identified as 
women, 56 identified as men, and nine identified as non-
binary or another gender. Forty-eight percent of participants 
were White, 14% were Black or African-American, 25% were 
Asian or Asian-American, 7% identified as more than one 
racial group, and 5% selected “Other” to describe their race. 
Eleven percent of participants were Hispanic. Participants 
were, on average, 20.65 years old (SD 2.80). Age did not differ 
significantly by gender when non-binary participants were 
included (F(2, 144) = 2.66, p = 0.073, η2 = 0.04). However, men 
were older than women (Men: M = 21.3, SD 3.40; Women: 
M = 20.2, SD 2.24; t(87.11) = − 2.14, p = 0.035, d = 0.40).6 All 
of the participants in Study 2 had completed high school, 
and 89% were in the process of completing an undergradu-
ate degree. Of the 131 participants currently completing an 
undergraduate degree, there was a fairly even distribution 
among years (first year: 25%, second year: 33%, third year: 
25%, fourth year: 15%, beyond fourth year: 3%). Year in col-
lege did not differ by gender when non-binary participants 
were included (F(2,125) = 0.334, p = 0.716, η2 = 0.005), nor 
when men and women were compared (t(103.60) = −  0.80, 
p = 0.428, d = 0.15). Most of the remaining 16 participants 
had completed a Bachelor’s degree (n = 6) or part or all of 
a graduate degree (n = 8). One participant completed high 
school and one completed at least one year of college. We 
categorized participants’ undergraduate major using a cod-
ing scheme developed by Tian et al., (2023) (see Appendix E) 
More than half of the participants were STEM majors (55%); 
of those, 71% were non-math-intensive STEM and 29% were 
math-intensive STEM. An additional three participants were 
undecided. Participants reported a range of annual income 
(M = $66,440, SD $35,600).

Procedure
Participants completed a one-hour session using Qulat-
rics on a desktop computer in a quiet room with an experi-
menter. Participants first completed the five cognitive skills 
tasks—the mental rotation task, paper folding task, bending 
task, knot reasoning task, and the Wordsum Plus vocabu-
lary test—in a randomized order. Each task except for knot 
reasoning had a time limit implemented automatically in 
Qualtrics. All participants completed the Spatial Activities 
Questionnaire and a demographics questionnaire last. To 
alleviate participant fatigue, participants had a 5-min break 
after the first three tasks. Participants were debriefed about 
the purpose of the study and received course credit or a $30 
gift card.

Table 1  Study 1 knot reasoning task performance by gender

Variable Men
(n = 135)

Women
(n = 134)

Non-binary
(n = 8)

M (SD) M (SD) M (SD)

Overall 0.69 (0.12) 0.71 (0.12) 0.81 (0.10)

Backwards Reasoning 0.59 (0.18) 0.59 (0.19) 0.71 (0.20)

Different Materials 0.72 (0.12) 0.76 (0.12) 0.82 (0.11)

Pulling 0.79 (0.14) 0.82 (0.12) 0.91 (0.05)

5  One participant was excluded from the analytic sample due to excessive 
sleepiness during the study session.

6  The same pattern held true for men and women who were current 
undergraduates (Men: M = 20.5, SD  2.47; Women: M = 19.6, SD 1.37; 
t(103.60) = − .80, p = .428, d = .15).

4  We also include the item characteristic curves for the 73-item and 54-item 
2PL models in Appendix B, Fig. 10, as well as the standard error plots for 
the 73-item and 54-item 2PL models in Appendix B, Fig. 9.
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Materials
Knot reasoning task Participants responded to the 54 
items (20 backwards reasoning items, 12 different mate-
rials items, and 22 pulling items) from Study 1 (Fig.  1). 
We created one mean score. Reliability was acceptable, 
though lower than in Study 1 (α = 0.80).

Vandenberg and Kuse mental rotation task The Van-
denberg and Kuse (1978) mental rotation task has three 
untimed practice items with feedback and 20 timed test 
items (Fig.  2a). Participants had three minutes for the 
first 10 items, took a 2-min break, and had three minutes 
for the final 10 items. Participants specified which two 
rotated images (out of four) matched the target image 
and received one point for each correct image selected, 
and lost a point for each incorrect image selected. For 
example, if a participant selected both correct images, 
they received a score of 2 for the item; if they selected 
one correct and one incorrect, they received a score of 
0. If participants gave more than 2 responses, they were 
given a 0 for that item. Few items were invalidated in this 
way (0.3%). The maximum overall score was 40, and the 
minimum score was − 40. Reliability was good (α = 0.85) 
and similar to that found in prior studies (e.g., Atit et al., 
2013, α = 0.80).

Paper folding task For the paper folding task, par-
ticipants had three minutes for the first 10 items, had 
three minutes for the final 10 items, and took a two-
minute break in between (Fig. 2b; Ekstrom, 1976). Each 

item shows a line drawing representing a piece of folded 
paper with holes poked through it. Participants specified 
which one (out of five) unfolded pieces of paper matched 
the folded target. Correct responses earned 1 point and 
0.20 points were subtracted for each incorrect response, 
making the maximum score 20 and minimum score − 4 
(Peterson et  al., 2020). Reliability was good (α = 0.77) 
and similar to prior studies (e.g., Peterson et  al., 2020, 
α = 0.79; Atit et al., 2013, α = 0.79).

Bending task The bending task was adapted from Atit 
et al. (2013). Participants saw pictures of bent, clear plas-
tic sheets that had a star and a circle printed on them in 
different locations (Fig. 2c). Consistent with the original 
study, participants had six seconds to indicate whether 
the star would be to the right or left of the circle on 
each sheet if the sheet were unfolded. The original task 
included 85 items separated into two trial types (gridline 
backgrounds and textured backgrounds) and three lev-
els of difficulty (easy, medium, and hard). To reduce the 
task’s overall length, we selected a shortened set of 48 
“hard” items which showed the most individual variabil-
ity in the original study. We included 24 of each gridline 
and texture items, and an equal number of items where 
“left” and “right” were the correct answer. Participants 
received one point for each correct answer, and we cre-
ated a mean score. Reliability was good (α = 0.78), though 
descriptively not as high as the reliability found by Atit 

Table 2  Descriptive statistics for cognitive and activities scores

MRT Mental rotation task (possible range: − 40 to 40), PFT paper folding task (possible range: − 4 to 20), BT bending task (possible range: 0–1), KRT knot reasoning 
task (possible range: 0–1) and subscales, BR backwards reasoning, DM different materials, P Pulling, WS Wordsum Plus (possible range: 0–1), SAQ Spatial Activities 
Questionnaire (possible range: 1–6), SAQ masculine Spatial Activities Questionnaire Masculine-Stereotyped Items (possible range: 1–6), SAQ feminine Spatial Activities 
Questionnaire Masculine-Stereotyped Items (possible range: 1–6), C-SAQ Childhood Spatial Activities Questionnaire (possible range: 0–36), C-SAQ masculine 
Childhood Spatial Activities Questionnaire Masculine-Stereotyped Items (possible range: 0–36), C-SAQ feminine Childhood Spatial Activities Questionnaire Feminine-
Stereotyped Items (possible range: 0–36)

Variables All participants
(n = 147)

Men
(n = 56)

Women
(n = 82)

Non-binary people
(n = 9)

M (SD) M (SD) M (SD) M (SD)

MRT 19.31 (11.05) 24.14 (10.64) 15.93 (10.38) 20.11 (8.82)

PFT 10.86 (3.97) 11.66 (3.97) 10.21 (3.97) 11.88 (3.10)

BT .73 (.12) 0.75 (0.11) .73 (.12) .71 (.17)

KRT .84 (.10) 0.86 (0.10) .82 (.10) .90 (.06)

KRT—BR .76 (.18) 0.80 (0.17) .73 (.18) .79 (.12)

KRT—DM .92 (.09) 0.93 (0.07) .91 (.10) .94 (.06)

KRT—P .87 (.11) 0.88 (0.11) .85 (.11) .96 (.05)

WS .68 (.15) 0.71 (0.15) .65 (.14) .74 (.15)

SAQ 1.36 (.24) 1.31 (0.22) 1.40 (.23) 1.34 (.30)

SAQ masculine 1.17 (.22) 1.30 (0.28) 1.10 (.14) 1.08 (.12)

SAQ feminine 1.29 (.25) 1.12 (0.15) 1.41 (.23) 1.35(.36)

C-SAQ 3.25 (1.68) 2.93 (1.57) 3.43(1.73) 3.53 (1.84)

C-SAQ masculine 2.03 (2.74) 3.77 (3.57) .97 (1.30) 1.28 (1.20)

C-SAQ feminine 2.36 (2.09) .90 (1.38) 3.30 (1.91) 2.96 (2.27)
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et al. (2013) for the larger set with easier items (α = 0.98 
for gridline items, α = 0.95 for texture items).

Wordsum Plus The Wordsum Plus is a 14-item vocab-
ulary questionnaire (Malhotra et  al., 2007). Participants 
saw a target word and had to select the one word of five 
options with a meaning closest to the target. Partici-
pants could also select “don’t know,” which we counted as 
incorrect. Participants received one point for each cor-
rect answer, and we created a mean score, with a mini-
mum value of 0 and a maximum value of 1. Unlike prior 
studies, we found relatively low reliability for this scale 
(α = 0.58; vs. α = 0.79; Cor et al., 2012).

Short Version of the Spatial Activities Question-
naire Participants responded to the 30-item version of 
the Spatial Activities Questionnaire (Signorella et  al., 
1986). In line with Signorella et  al. (1986), ten items 
were “masculine-stereotyped” activities, ten items 
were “feminine-stereotyped” activities, and ten items 
were “neutral” activities. Participants responded on a 
six-point Likert scale how often they do each activity, 
where a 1 represents “never,” and 6 represents “more 
than once a week.” We added 12 fiber arts activities that 

expanded on the ones already included in the scale. 
For example, the original questionnaire asked about 
“crochet (with seams),” and we added “crochet (with-
out seams)” to capture the full breadth of exposure to 
fiber arts activities. We also asked about participants’ 
spatial activities experience in childhood (defined 
as < 18  years of age) using questions adapted from the 
SAQ. Participants reported for how long they partici-
pated in each of the SAQ activities when they were a 
child on a scale from never to six or more years. If they 
participated for 1 or more years in an activity in child-
hood, they were prompted to report how often they did 
each activity, where a 1 represents “never,” and 6 repre-
sents “more than once a week.” Finally, we asked par-
ticipants directly about their experience with knot tying 
through a variety of activities (e.g., Boy or Girl Scouts), 
on a scale of 1 “None” to 4 “Expert,” and also provided 
a free response box for participants to report any other 
sources of knot-tying experience that they had. A full 
list of activities is reported in Appendix C.

We made three current spatial activities scores for each 
participant. First, we made an overall spatial activities 

Fig. 2  Example items from existing spatial skills tasks. Note. This figure shows the three existing measures of spatial reasoning, a the mental rotation 
task (Peters et al., 1995; Vandenberg & Kuse, 1978), b the paper folding task (Ekstrom, 1976), and c the bending task (Atit et al., 2013). Images 
reproduced from Fehringer (2020). Note that the exact images for the mental rotation and paper folding tasks varied slightly from those shown 
here. Correct responses are indicated with purple boxes
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score by averaging responses to all 42 activities (mini-
mum: 1, maximum: 6).7 Reliability of the overall SAQ 
was acceptable (α = 0.70) though lower than prior work 
using adolescents (Peterson et  al., 2020, α = 0.82). Next, 
we made an expanded feminine-stereotyped activities 
score and a masculine-stereotyped activities score by 
taking the mean of the 10 feminine-stereotyped activi-
ties plus the 12 additional fiber arts tasks (minimum: 1, 
maximum: 6, α = 0.65) and the 10 masculine-stereotyped 
activities (minimum: 1, maximum: 6, α = 0.51).8 The reli-
ability of each of these subscales was lower than prior 
studies (Signorella et al., 1986 found α = 0.77 for the femi-
nine-stereotyped subscale and α = 0.79 for the masculine-
stereotyped subscale).

We also created three childhood spatial activities scores 
that reflected both duration and intensity information for 
each of the childhood activities. First, we multiplied the 
intensity response for each activity (1 = never partici-
pated to 6 = participated more than once a week) by the 
duration response (0 = never participated to 6 = partici-
pated for 6 or more years) to yield a new score between 
0 and 36.9 Then, we took the mean of the new item-level 
scores to create a childhood spatial activities score for 
each child (minimum 0, maximum 36). We also created 
an expanded childhood feminine-stereotyped activity 
score and a childhood masculine-stereotyped activity 
score by following the same procedure for these subsets 
of items. Reliability for the overall childhood SAQ was 
similar to the current SAQ (α = 0.68), as was the reliabil-
ity for the feminine-stereotyped subscale (α = 0.69) and 
the masculine-stereotyped subscale (α = 0.66).

Results
Missing data and data transformations
We anticipated that there could be missing data, because 
a participant chose to skip a question, ran out of time on 
timed measures, or chose to end the session early. For 

the cognitive tasks, a non-response or an “I don’t know” 
response (Wordsum task only) was scored as incorrect. 
For cognitive tasks where an incorrect response resulted 
in a subtraction of points (mental rotation task, paper 
folding task), a non-response counted as a 0. We planned 
to exclude participants who had 50 percent or more of 
responses on the SAQ measure missing but no partici-
pants met this condition. We examined the data for nor-
mality and skewness and made transformations if there 
were serious violations of normality. Responses to the 
knot reasoning task were not normally distributed, so 
we performed an arcsine transformation on this score. 
We also standardized all measures before conducting 
inferential analyses. We checked for outliers (± 3 stand-
ard deviations away from the mean, Fein et al., 2022) and 
excluded participants’ data for a given task if they were 
an outlier. Eight participants were outliers on at least one 
task.10

Preliminary analyses
We report descriptive statistics on all measures overall 
and by gender (Table 2). Next, we looked at the correla-
tions among the cognitive measures and spatial activities 
scores (Table 3).

Reliability and validity of knot reasoning measure  First, 
we examined the internal reliability and item discrimina-
tion of the knot reasoning measure in a second sample. 
We ran 1PL and 2PL models with the guessing param-
eter set to 0.25 for the backwards reasoning and different 
materials items and 0.50 for the pulling items (Appendix 
B, Table 9). The 1PL and 2PL models did not significantly 
differ in their fit (X2(52) = 61.58, p = 0.171), indicating 
that, unlike Study 1, the 2PL model did not explain the 
data better. Overall scale reliability was α = 0.80, which 
was lower than Study 1 (α = 0.88). Reliability was around 
0.80 for participants who were two standard deviations 
below and one standard deviation above the mean.

Next, we assessed the convergent and divergent valid-
ity of the knot reasoning task by examining the correla-
tions between the knot reasoning task and previously 
used cognitive measures (mental rotation task, paper 
folding task, bending task, Wordsum Plus vocabulary 
task) (Table 3). Similar to prior work, the mental rotation 
task, paper folding task, and bending task were signifi-
cantly positively correlated with one another (e.g., Atit 
et al., 2013). The new knot reasoning task was also signif-
icantly positively correlated with the other spatial tasks 

7  In order to facilitate comparisons to prior work, we also ran all of the 
models that include the overall spatial activities score with the original 30 
items and report these in Appendix D. Reliability for the original SAQ was 
similar (overall α = .67, feminine-stereotyped items α = .45). Results were 
similar to those reported in the main text, though notably gender no longer 
predicted overall SAQ score when using the original 30 items.
8  Two prior studies (Peterson et al., 2020; Signorella et al., 1986) took a dif-
ferent approach and summed the responses for all activities included in the 
original SAQ (minimum score of 30, maximum score of 180) to make a total 
activities score, as well as creating masculine- and feminine-stereotyped 
activities scores (minimum score of 10, maximum score of 60). Another 
study (Nazareth et  al., 2013) gave 1 point for each masculine-stereotyped 
activity that participants endorsed (range from 0 to 40) and 1 point for each 
“other” (feminine-stereotyped + neutral) activity that participants endorsed 
(range from 0 to 41).
9  If any participants responded something other than “Never” for child-
hood frequency, but then responded “Never” for childhood intensity, we 
treated this as a “Never” for frequency. This was the case for two items 
across two participants.

10  There was one outlier on the bending task, one on the Wordsum task, 
one on all spatial activities except for childhood masculine-stereotyped spa-
tial activities, two on current masculine-stereotyped spatial activities, two 
on current feminine-stereotyped spatial activities, and one on both current 
and childhood feminine-stereotyped spatial activities.
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(0.33 < r < 0.59, ps < 0.001). The verbal control measure 
(Wordsum Plus vocabulary task) was significantly, posi-
tively correlated with three of the spatial skills measures 
(mental rotation task, paper folding task, knot reasoning 
task, 0.28 < r < 0.29, ps < 0.002).

Relation between existing spatial skills measures and knot 
reasoning task  We hypothesized that participants’ 
bending and paper folding task performance would 
uniquely predict their performance on the knot reason-

ing task because all three measure non-rigid spatial skills. 
However, performance on the mental rotation task and 
paper folding task, but not the bending task, significantly 
predicted performance on the knot reasoning task in a 
simultaneous regression (Table 4, Model 1: mental rota-
tion: β = 0.26 SE 0.08, p = 0.001; paper folding: β = 0.39, 
SE 0.08, p < 0.001). Further, the same pattern held when we 
included age and gender as covariates (Table 4, Models 2 
and 3—for model 3, only men and women were included 
in the model). We then checked whether our data rep-

Table 3  Correlations among the cognitive and activities scores

MRT Mental rotation task, PFT paper folding task, BT bending task, KRT knot reasoning task (possible range: 0–1) and subscales, BR backwards reasoning, DM different 
materials, P Pulling, WS Wordsum Plus, SAQ Spatial Activities Questionnaire, SAQ masculine Spatial Activities Questionnaire Masculine-Stereotyped Items, SAQ feminine 
Spatial Activities Questionnaire Masculine-Stereotyped Items, C-SAQ Childhood Spatial Activities Questionnaire, C-SAQ masculine Childhood Spatial Activities 
Questionnaire Masculine-Stereotyped Items, C-SAQ feminine Childhood Spatial Activities Questionnaire Feminine-Stereotyped Items

***p < .001, **p < .01, *p < .05

1 2 3 4 5 6 7 8 9 10 11 12 13

1. MRT

2. PFT .53***

3. BT .31*** .47***

4. KRT .54*** .59*** .33***

5. KRT—BR .46*** .52*** .32*** .87***

6. KRT—DM .36*** .42*** .39*** .62*** .39***

7. KRT—P .38*** .39*** .13 .73*** .34*** .39***

8. WS .28** .28** .04 .29*** .33*** .22** .07

9. SAQ − .10 .00 − .02 − .12 − .11 .04 − .14 .01

10. SAQ masculine − .01 − .05 .00 − .07 − .02 .00 − .12 .13 .36***

11. SAQ feminine − .18* .05 .05 .01 .02 .13 − .07 − .07 .69*** − .13

12. C-SAQ .05 .11 .16 .05 .02 .13 .04 .05 .51*** .19* .37***

13. C-SAQ masculine .15 .08 .11 .01 − .04 .16 .00 .12 .20* .70*** − .25** .35***

14. C-SAQ feminine − .19* − .01 .05 .00 − .05 .06 .03 − .14 .43*** − .22** .66*** .69*** − .24**

Table 4  Simultaneous regression with knot reasoning task (arcsine-transformed) predicted by other cognitive tasks

MRT Mental rotation task—standardized, PFT paper folding task—standardized, BT bending task—standardized, KRT knot reasoning task—arcsine-transformed and 
standardized, WS Wordsum Plus—standardized

**p < .01, ***p < .001

Cognitive measures only Cognitive measures and demographics Cognitive measures and 
demographics—only men and 
women

Model 1
(n = 144)

Model 2
(n = 144)

Model 3
(n = 136)

Variable β (SE) β (SE) β (SE)

MRT .26 (.08)*** .26(.08)** .30 (.08)***

PFT .38 (.08)*** .38 (.08)*** .40 (.08)***

BT .05 (.08) .06 (.08) .05 (.08)

WS .11 (.07) .11 (.07) .10 (.07)

Age .03 (.02) .04 (.02)

Gender − .10 (.15)

R-squared 40.48 41.14 44.08

F-stat (df ) 23.64***
(4, 139)

19.29***
(5, 138)

16.95***
(6, 129)
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licated Atit et  al.’s (2013) finding that bending task per-
formance was predicted by paper folding, but not men-
tal rotation performance, which it did (mental rotation: 
β = 0.08 SE 0.09, p = 0.377, paper folding: β = 0.42 SE 0.08, 
p < 0.001).

Next we conducted simultaneous regressions with each 
item type from the knot reasoning task modeled sepa-
rately, including age and gender as covariates (Table  5). 
The backwards reasoning and pulling items showed the 
same pattern as the overall knot reasoning task (Table 5, 
Models 1, 2, 5, 6). However, the different materials items 
exhibited a pattern consistent with our prediction, where 
paper folding and bending, but not mental rotation, pre-
dicted knot reasoning performance (Table  5, Models 3 
and 4).

Relations among gender, spatial skills, and spatial activi-
ties engagement  To test whether gender related to spa-
tial skills performance and engagement in spatial activi-
ties, we conducted a Welch’s between-groups t-test for 
each cognitive measure comparing men and women’s 
performance with a Benjamini Hochberg correction 
for five comparisons. Consistent with prior research 
(e.g., Lauer et  al., 2019) and our predictions, we found 
that men outperformed women on the mental rotation 
task (t(116.39) = −  4.50, corrected p < 0.001, d = 0.78). 
Unexpectedly, men performed significantly better on 
the Wordsum Plus and paper folding tasks than women 
after correction for multiple comparisons (Wordsum: 
t(113.15) = −  2.50, corrected p = 0.034, d = 0.44; paper 

folding: t(118.32) = − 2.11, corrected p = 0.047, d = 0.36).11 
We did not have a priori predictions about gendered pat-
terns of performance on the bending and knot reasoning 
tasks, because performance on these tasks by gender had 
not been tested previously. There was no gender difference 
in performance on the bending task (t(124.77) = −  1.40, 
corrected p = 0.164, d = 0.24) but men outperformed 
women on the knot reasoning task (t(121.15) = −  2.25, 
corrected p = 0.044, d = 0.39) (Fig. 3).12

Next, we examined gender differences and similarities 
in current and childhood spatial activities engagement, 
again using a Benjamini–Hochberg correction for 6 com-
parisons. Women reported significantly greater overall 
current spatial activities engagement (t(120.94) = 2.40, 
corrected p = 0.021, d = −  0.41), but there was not a 
significant difference for childhood spatial activities 
(t(123.57) = 1.74, corrected p = 0.084, d = − 0.30). In align-
ment with prior work (Doyle et al., 2012; Nazareth et al., 
2013) and our prediction, men reported greater partici-
pation in masculine-stereotyped activities than women 

Table 5  Simultaneous regression with three item types from knot reasoning task (arcsine-transformed) predicted by other cognitive 
tasks

Only men and women were included in models 2, 4, and 6

MRT Mental rotation task—standardized, PFT paper folding task—standardized, BT bending task—standardized, KRT knot reasoning task—arcsine-transformed and 
standardized, WS Wordsum Plus—standardized.

Backwards 
reasoning items

Backwards 
reasoning items

Different 
materials items

Different materials items Pulling items Pulling items

Model 1
(n = 144)

Model 2
(n = 136)

Model 3
(n = 144)

Model 4 (n = 136) Model 5
(n = 144)

Model 6
(n = 136)

Variable β (SE) β (SE) β (SE) β (SE) β (SE) β (SE)

MRT .22 (.08)** .24 (.09)** .15 (.09) .18 (.10) .26 (.09)** .29 (.10)**

PFT .31 (.09)*** .34 (.09)*** .21 (.10)* .21 (.10)* .32 (.10)** .30 (.10)**

BT .07 (.08) .06 (.09) .24 (.09)** .25 (.10)* − .12 (.09) − .11 (.10)

WS .17 (.08)* .16 (.08)* .13 (.08) .15 (.09) − .09 (.08) − .11 (.09)

Age .04 (.03) .03 (.03) .00 (.03)

Gender − .05 (.16) − .21 (.18) − .06 (.18)

R-squared 32.58 36.48 25.32 26.68 20.09 20.75

F-stat (df) 16.79***
(4, 139)

12.35***
(6, 129)

11.78***
(4, 139)

7.83***
(6, 129)

8.73***
(4, 139)

5.63***
(6, 129)

11  Given this surprising finding, we ran supplemental analyses to check that 
the gender differences in task performance could be explained by men being 
older than women in our sample. We ran five regressions with age and gen-
der (only men and women) predicting performance on each cognitive meas-
ure and found that age was not a significant predictor. Gender remained a 
significant predictor for the mental rotation, paper folding, Wordsum Plus, 
and knot reasoning tasks.
12  We did not know how many participants would identify as non-binary 
in our sample, and we anticipated that this number would be substantially 
smaller than the number of participants identifying as men or women. We 
planned to run Welch’s between-groups t-tests comparing non-binary par-
ticipants and women, and non-binary participants and men if we had 10 or 
more participants identifying as non-binary; however, we did not meet this 
threshold.
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currently (t(70.04) = − 4.90, corrected p < 0.001, d = 0.98) 
and in childhood (t(62.36) = −  5.52, corrected p < 0.001, 
d = 1.13). Also consistent with our predictions, women 
reported greater participation in feminine-stereotyped 
activities than men currently (t(132.69) = 8.90, corrected 
p < 0.001, d = −  1.45) and in childhood (t(135.52) = 8.59, 
corrected p < 0.001, d = − 1.40) (Fig. 4).

Does spatial activities engagement relate to spatial skills 
and  mediate gender differences in  spatial skills?  To 
examine whether spatial activities engagement relates 
to spatial skills and mediates gender differences in spa-
tial skills, we ran a structural equation model using the 
R package lavaan with gender and overall SAQ score 
predicting performance on all five cognitive skills meas-
ures (Fig. 5). This model only included participants who 
identified as men or women. Gender predicted overall 
SAQ (β = −  0.32, SE 0.14, p = 0.022), such that women 
reported higher overall SAQ than men. We hypothesized 
that greater current engagement in spatial activities 
(overall) would be positively associated with paper fold-
ing performance (replicating Peterson et al., 2020); how-

ever, this was not the case (β = 0.05, SE 0.11, p = 0.625). 
Overall SAQ scores were also not associated with bend-
ing performance (β = − 0.05, SE 0.10, p = 0.634) or knot 
reasoning performance (β = −  0.13, SE 0.11, p = 0.239), 
relationships that had not been tested previously.

Gender predicted participants’ performance on the 
mental rotation task (β = 0.77, SE 0.17, p < 0.001), the 
paper folding task (β = 0.40, SE 0.18, p = 0.022), the knot 
reasoning task (β = 0.34, SE 0.17, p = 0.047), and the 
Wordsum Plus task (β = 0.47, SE 0.16, p = 0.004); men 
outperformed women on these tasks, while accounting 
for current spatial activities. We next ran three structural 
equation models with the backwards reasoning, differ-
ent materials, and pulling items modeled separately. The 
backwards reasoning items showed the same pattern of 
results as the overall knot reasoning task. However, gen-
der no longer predicted performance on the different 
materials and pulling subscales of the knot reasoning task 
while accounting for current spatial activities (different 
materials: β = 0.19, SE 0.17, p = 0.271, pulling: β = 0.17, 
SE 0.18, p = 0.333; Appendix D, Figs. 17, 18 and 19).

Fig. 3  Performance on cognitive measures by gender—men and women. Note. Stars represent p values from Benjamini–Hochberg correction, 
*p < .05, **p < .01, ***p < .001. MRT Mental rotation task, PFT paper folding task, BT bending task, KRT knot reasoning task, WS Wordsum Plus task
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Next, we explored the relationship among current gen-
der-stereotyped spatial activities, gender, and the cogni-
tive tasks by running a structural equation model with 
gender, current expanded feminine-stereotyped spatial 
activities, and current masculine-stereotyped spatial 
activities predicting the cognitive skills measures (Fig. 6). 
Again, men outperformed women on all cognitive tasks 
(0.001 < p < 0.046). We hypothesized that greater current 
engagement in masculine-stereotyped spatial activities, 
but not feminine-stereotyped spatial activities, would be 
positively associated with mental rotation performance 
(replicating Nazareth et  al., 2013). However, masculine-
stereotyped spatial activities were significantly, nega-
tively associated with mental rotation performance, while 
accounting for participant gender (β = −  0.37, SE 0.16, 
p = 0.023). Men showed better performance on the men-
tal rotation task than women (β = 1.05, SE 0.22, p < 0.001), 
so we further hypothesized that the relationship between 
gender and mental rotation performance would be medi-
ated by current masculine-stereotyped spatial activity 

engagement (consistent with Nazareth et  al., 2013). We 
tested the indirect effect using bias-corrected bootstrap 
estimation with 1,000 iterations and considered effects 
to be significant if the 95% confidence interval did not 
include zero. We found a significant indirect effect, but 
again in the opposite direction than expected (β = − 0.19, 
95% CI  [− 0.35, − 0.05]).

Second, we hypothesized that current engagement 
in the expanded feminine-stereotyped activities would 
predict participants’ performance on the paper folding, 
bending and knot reasoning tasks, but not their perfor-
mance on the rigid mental rotation task. Feminine-ste-
reotyped activities predicted performance on the paper 
folding task alone, accounting for participant gender 
(β = 0.43, SE 0.14, p = 0.002), and there was a significant 
indirect effect from gender to feminine-stereotyped 
activities to paper folding (β = −  0.37, 95% CI  [−  0.66, 
−  0.11]). Surprisingly, masculine-stereotyped activities 
predicted performance on the knot reasoning task—
higher endorsement of masculine-stereotyped activities 

Fig. 4  Responses to current and childhood spatial activities by gender—men and women. Note. Stars represent p-values from Benjamini–
Hochberg correction, *p < .05, **p < .01, ***p < .001. SAQ Spatial Activities Questionnaire, SAQ masculine Spatial Activities Questionnaire 
Masculine-Stereotyped Items, SAQ feminine Spatial Activities Questionnaire Masculine-Stereotyped Items, C-SAQ Childhood Spatial Activities 
Questionnaire, C-SAQ masculine Childhood Spatial Activities Questionnaire Masculine-Stereotyped Items, C-SAQ feminine Childhood Spatial 
Activities Questionnaire Feminine-Stereotyped Items
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was associated with lower knot reasoning task perfor-
mance (β = −  0.34, SE 0.17, p = 0.047) and there was a 
significant indirect effect from gender to masculine-
stereotyped activities to knot reasoning task perfor-
mance (β = − 0.17, 95% CI  [− 0.36, − 0.03]).

When we ran models with each type of knot rea-
soning item separately, feminine-stereotyped activi-
ties predicted performance on both the paper folding 
task and the backwards reasoning items (β = 0.31, 
SE 0.13, p = 0.020). Further, there was a significant 
indirect effect from gender to feminine-stereotyped 

Gender

SAQ
PFT

WS

MRT

BT

KRT

-.31*
.77***

.40*

.47**

Gender

0 = Women

1 = Men

.34*

Fig. 5  Structural equation model with gender and overall SAQ 
predicting cognitive measures. Note. MRT Mental rotation task—
standardized, PFT paper folding task—standardized, BT bending 
task—standardized, KRT knot reasoning task—arcsine-transformed 
and standardized, WS Wordsum Plus—standardized. Solid lines 
indicate significant paths, and dashed lines indicate nonsignificant 
paths. Significant paths are labeled with the path coefficients. *p < .05, 
**p < .01, ***p < .001

Gender

PFT

WS

MRT

BT

KRT

SAQ-Fem

SAQ-Masc

-.87***

.50***
1.05***

.89***

.76**

.62**

.43**

-.37*

-.34*

Gender

0 = Women

1 = Men

.45*

Fig. 6  Structural equation model with gender and gendered SAQ predicting cognitive measures. Note. MRT Mental rotation task—standardized, 
PFT paper folding task—standardized, BT bending task—standardized, KRT knot reasoning task—arcsine-transformed and standardized, WS 
Wordsum Plus—standardized. Solid lines indicate significant paths, and dashed lines indicate nonsignificant paths. Significant paths are labeled 
with the path coefficients. *p < .05, **p < .01, ***p < .001

Gender

PFT

WS

MRT

BT

KRT

-1.18***

.85***
1.00***

.64**

.72**

.49*

.23*

Child 

SAQ-Fem

Child 

SAQ-Masc

Gender

0 = Women

1 = Men

Fig. 7  Structural equation model with gender and childhood 
gendered SAQ predicting cognitive measures. Note. MRT Mental 
rotation task—standardized, PFT paper folding task—standardized, 
BT bending task—standardized, KRT knot reasoning task—
arcsine-transformed and standardized, WS Wordsum Plus—
standardized. Solid lines indicate significant paths, and dashed 
lines indicate nonsignificant paths. Significant paths are labeled 
with the path coefficients. *p < .05, **p < .01, ***p < .001



Page 17 of 39Bennett‑Pierre et al. Cognitive Research: Principles and Implications           (2025) 10:13 	

activities to backwards reasoning performance, mean-
ing that women who did more feminine-stereotyped 
activities did better on the backwards reasoning items 
(β = −  0.27, 95% CI  [−  0.52, −  0.06], Appendix D, 
Fig.  20). The patterns for the different materials and 
pulling items were similar to the model with overall 
knot reasoning task performance, but there was no 
longer a significant direct effect of gender on pulling 
task performance (Appendix D, Figs. 21 and 22).

Finally, we ran a model with gender, childhood 
expanded feminine-stereotyped spatial activities, 
and childhood masculine-stereotyped spatial activi-
ties predicting the cognitive skills measures (Fig.  7). 
We did not have an a priori hypothesis about the role 
of childhood spatial activities participation in par-
ticipants’ spatial skills performance. Accounting for 
gender, childhood feminine-stereotyped spatial activi-
ties significantly predicted performance on the paper 
folding task (β = 0.23, SE 0.11, p = 0.039; Fig.  7). The 
indirect effect from gender to childhood feminine-ste-
reotyped spatial activities to paper folding task perfor-
mance was also significant (β = − 0.27, 95% CI  [− 0.54, 
−  0.01]. We found the same pattern when modeling 
each type of knot reasoning item separately, except 
there was no longer a significant effect of gender on 
the different materials and pulling subscales (Appen-
dix D, Figs. 23, 24 and 25).

Do spatial skills differ by  college major?  Given prior 
work showing gender differences in STEM college major 
choice (Tian et al., 2023), we checked the percentage of 
men and women who reported being STEM majors as 
undergraduates: 61% of men and 51% of women were 
STEM majors, which was not a statistically significant 
difference (t(115.56) = −  1.13, p = 0.262, d = 0.20). In 
our study, unlike prior work, the percentage of men and 
women pursuing math-intensive STEM majors was also 
similar (n = 9 men, 27% of men; n = 12 women, 29% of 

women).13 Next, we looked descriptively at performance 
on each cognitive task by major type (Table  6). Finally, 
we ran a MANOVA with major as a categorical variable 
(math-intensive STEM, non-math-intensive STEM, and 
non-STEM) predicting performance on the four spatial 
measures, and found that contrary to our prediction, per-
formance did not significantly differ by major (ps > 0.05; 
Fig. 8).

Discussion
Across two studies, we created and validated a measure 
of non-rigid, ductile spatial skills based on knot reason-
ing. As we predicted, performance on the knot reason-
ing measure was significantly, positively correlated with 
existing measures of spatial skill (mental rotation, paper 
folding, bending). However, contrary to our predictions, 
we did not find support for a straightforward continuum 
of non-rigid to rigid spatial skills. Exploratory analyses 
suggest that the different item types in the knot reason-
ing task might function differently. Using two analytic 
approaches, we replicated prior work showing that men 
outperformed women on the mental rotation task, and, 
somewhat surprisingly, found the same pattern for the 
other spatial skills except bending. We also examined 
whether spatial activities engagement would mediate 
the relationship between gender and spatial skills per-
formance. Unlike prior work, we found an inconsistent 
mediation effect, with men who reported greater engage-
ment in masculine-stereotyped spatial activities having 
lower mental rotation and knot reasoning task perfor-
mance. Engagement in feminine-stereotyped spatial 
activities mediated the relationship between gender and 
paper folding performance, with women who reported 
doing more feminine-stereotyped spatial activities hav-
ing higher paper folding performance. While we did not 
find a similar indirect effect when examining the knot 

Table 6  Descriptive statistics for cognitive scores by major type

MRT Mental rotation task, PFT paper folding task, BT bending task, KRT knot reasoning task, WS Wordsum Plus

All participants
(n = 147)

Non-STEM majors
(n = 64)

Non-math-intensive STEM 
majors
(n = 56)

Math-
intensive 
STEM majors
(n = 23)

Variables M (SD) M (SD) M (SD) M (SD)

MRT 19.31 (11.05) 18.03 (11.34) 18.88 (10.62) 23.87 (10.60)

PFT 10.86 (3.97) 10.93 (4.07) 10.47 (3.85) 11.91 (3.10)

BT .73 (.13) .74 (.11) .72 (.13) .75 (.12)

KRT .84 (.10) .84 (.11) .83 (.10) .88 (.07)

WS .68 (.15) .67 (.13) .69 (.15) .66 (.18)

13  We also ran an ANOVA to check that age did not significantly differ by 
major, and found that it did not (F(2, 140) = 1.37, p = .258, η2 = .02).
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reasoning task as a whole, exploratory analyses showed 
that feminine-stereotyped spatial activities mediated the 
relationship between gender and performance on the 
backwards reasoning items specifically. Although math-
intensive majors had higher mean scores on the spatial 
skills measures than other majors, spatial skills did not 
significantly differ among math-intensive STEM, non-
math-intensive STEM, and non-STEM majors.

Understanding the structure and variety of spatial skills
The current studies expand our toolkit for measuring 
spatial skills to include non-rigid, ductile transforma-
tions in non-planar materials. We replicated Atit et  al.’s 
(2013) finding that paper folding but not mental rotation 
predicted bending task performance in a simultaneous 
regression. Extending on Atit et al.’s (2013) work, we first 
found that the knot reasoning task, like the bending task, 
was also significantly, positively correlated with exist-
ing spatial skills measures. We expected bending would 
be most closely related to knot reasoning because both 
tasks require thinking about non-rigid, ductile transfor-
mations. However, we found that the mental rotation 
(a rigid spatial skill) and paper folding tasks (a brittle, 

non-rigid spatial skill) but not the bending task (another 
non-rigid, ductile spatial skill) predicted performance 
on the knot task in a simultaneous regression. There are 
several possible explanations for these patterns. First, 
bending is an intermediate step of folding, which could 
explain an overlap between bending and folding but not 
an overlap between bending and knot reasoning. Second, 
the paper folding and bending tasks share surface and 
task features: Both involve imagining the transformation 
of a flat, planar object (a square piece of paper and a rec-
tangular plastic sheet) and the movement of one or two 
points (holes, a star and circle) on the object. One future 
direction could be to test the bending task with another 
already existing (e.g., the DAT) or new measure of folding 
that shares fewer task features. Conversely, future work 
could create a knot reasoning measure with task struc-
ture aligned to the paper folding and bending tasks (e.g., 
identifying the left–right position between two points 
on a string when it is knotted versus unknotted). A third 
possible explanation lies in the static-to-dynamic dimen-
sion proposed by Newcombe and Shipley (2015). When 
we ran three separate regressions, with each subscale of 
the knot reasoning task predicted by mental rotation, 

Fig. 8  Performance on cognitive measures by major type. Note. MRT Mental rotation task, PFT paper folding task, BT bending task, KRT knot 
reasoning task, WS Wordsum Plus
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paper folding, and bending, we found that the different 
materials subscale was predicted by paper folding and 
bending (but not mental rotation), as we initially hypoth-
esized. However, the backwards reasoning and pulling 
subscales showed the same pattern as the overall knot 
reasoning task: They were predicted by mental rotation 
and paper folding but not bending. We suggest that the 
backwards reasoning and pulling subscales of the knot 
reasoning task may rely on the same dynamic reason-
ing that the mental rotation and paper folding tasks do. 
The different materials subscale, on the other hand, could 
be solved with a pattern-matching strategy, which could 
explain why the mental rotation task does not predict 
performance on this subscale. In other words, we must 
consider the static-to-dynamic continuum in addition 
to the rigid-to-non-rigid continuum when assessing the 
relationships among spatial skills. Creating and test-
ing additional measures of continuous planar and string 
measures would allow us to further test these conceptual 
dimensions, using, for example, a confirmatory factor 
analytic approach (CFA). A current lack of measurement 
tools—particularly for non-rigid spatial skills—hampers 
our ability to move toward a comprehensive understand-
ing of spatial thinking: Without an adequate number of 
measures, our factor analytic approaches will be under-
identified (as pointed out by Hegarty & Waller, 2005).

Gender and spatial skills
Turning to gender differences and similarities in spatial 
skills, we partially replicated prior work. We conducted 
both pairwise contrasts and structural equation mod-
eling to test whether men and women differed in their 
cognitive task performance. We replicated prior work 
(e.g., Lauer et al., 2019), showing that men outperformed 
women on the mental rotation task. However, contrary 
to our predictions and prior research (e.g., Harris et al., 
2013), we found that men outperformed women on the 
paper folding task. We also report a novel finding that 
there were generally not gender differences in perfor-
mance on the bending task in either analysis approach, 
and that men outperformed women on the knot reason-
ing task. Again, we were surprised by the significant gen-
der difference in non-rigid spatial skill performance given 
prior work on paper folding and a preexisting hypothesis 
that the rigid versus non-rigid distinction could be an 
organizing factor for gender differences in spatial skill 
(e.g., Harris et al., 2013). It is important to note that men 
in our study also outperformed women on our verbal 
measure, with an effect size similar to the male advan-
tage in the bending and knot reasoning tasks, in contrast 
to prior studies showing either no gender difference or a 
female advantage in verbal skills (e.g., Hyde & Linn, 1988; 
Lietz, 2006). This suggests that men in our sample may 

have been generally higher-achieving than women across 
domains. Therefore, we are cautious about over-inter-
preting gender differences in performance on the non-
rigid spatial skills measures, especially given the large 
body of prior work that does not show differences in the 
paper folding task. Future work should try to replicate 
the gendered patterns of performance that we found in 
the non-rigid spatial tasks.

Gender and spatial activities experience
Consistent with prior research and our predictions, 
masculine- and feminine-stereotyped spatial activi-
ties showed greater endorsement by men and women, 
respectively (Munns et al., 2022; Newcombe et al., 1983; 
Peterson et al., 2020; Signorella et al., 1986). Given possi-
ble changes in activity popularity over time, recent work 
has both investigated current frequencies of the original 
activities included in the Spatial Activities Questionnaire 
and added navigational and computer-related activities 
(Munns et  al., 2022). In our sample, we found a some-
what lower range of frequency in current spatial activi-
ties than Munns et  al., 2022 (present study: 1.01–2.77, 
where 1 indicated never engaging in the activity and 6 
indicated engaging in the activity more than once a week; 
Munns et  al. (2022): 1.05–4.79). Notably, in our study, 
participants did report engaging in the twelve additional 
fiber arts activities (item means: 1.01 to 2.77, all 12 items 
above 1), suggesting that these activities reflect meaning-
ful variability in spatial exposure.

The interplay among gender, gendered spatial activities 
experience, and spatial skills
Once we considered gender and spatial activities jointly, 
we found novel relationships among gender, gender-
stereotyped spatial activities, and spatial skills. First, we 
found that women reported engaging in more spatial 
activities overall than men, contrary to our prediction 
that there would be no difference. However, we added 
items to the feminine-stereotyped subscale and women 
reported engaging in significantly more feminine-ste-
reotyped activities than men. When we replicated our 
analysis with only the original 30 spatial activities, which 
had an equal number of feminine- and masculine-stereo-
typed spatial skills, the gender difference in overall spatial 
activities engagement went away.

More interestingly, we found that current engagement 
in masculine-stereotyped spatial activities mediated the 
relationship between gender and mental rotation per-
formance. Although prior work has found this indirect 
effect (Nazareth et al., 2013), in our sample it went in the 
opposite direction: Men who reported engaging in more 
masculine-stereotyped spatial activities had lower men-
tal rotation task scores. At the same time, men tended to 
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do better on the mental rotation task than women and 
tended to report engaging in more masculine-stereo-
typed spatial activities than women, consistent with prior 
work. Thus, in our study, masculine-stereotyped spatial 
activities exerted a suppression effect on the relation 
between being a man and having higher mental rotation 
performance (also referred to as inconsistent mediation). 
One possible explanation is that the tasks included in the 
masculine-stereotyped activities subscale reflect norma-
tive activities from a different time period, and that men’s 
current advantage in mental rotation could be driven by 
a different set of masculine-stereotyped spatial activi-
ties that are now more common and more predictive 
of spatial skill. For example, a recent study showed that 
men endorsed engaging in computer games at high fre-
quency (Munns et al., 2022). One complementary possi-
bility is that newer activities (e.g., video games) have also 
displaced time once spent on the activities measured in 
the original spatial activities scale (e.g., football). While a 
change in masculine-stereotyped spatial activities might 
explain a lack of a mediation effect among gender, mas-
culine-stereotyped spatial activities, and mental rotation 
task performance, it does not entirely explain the incon-
sistent mediation. More research is needed to understand 
potential historical changes in the frequency of specific 
masculine-stereotyped activities and their relations to 
spatial skills.

We also found two novel significant indirect effects. 
First, contrary to our predictions, masculine-stereo-
typed current spatial activities mediated the relationship 
between gender and knot reasoning task score. Similar to 
the mental rotation task, men who reported engaging in 
more masculine-stereotyped spatial activities had lower 
knot reasoning task performance. We are not certain why 
this inconsistent mediation exists, but could be aligned 
with the unexpected relationship we found between the 
mental rotation and knot reasoning tasks.

Second, consistent with our predictions, feminine-ste-
reotyped current and childhood spatial activities medi-
ated the relationship between gender and paper folding 
task score. Women who reported engaging in more 
feminine-stereotyped spatial activities had higher paper 
folding performance. Further, when we modeled each 
subscale of the knot reasoning task separately, we found 
a similar mediation for the backwards reasoning items. 
Notably, the relationships between feminine-stereotyped 
activities and paper folding and the backwards reason-
ing items were the only significant, positive relationships 
between activities and skills. The majority of the activi-
ties in the feminine-stereotyped subscale were fiber arts, 
though the paper folding mediation still held when we 
examined only the original 10 items. Newcombe et  al. 
(1983) also found that several fiber arts activities were 

significantly, positively correlated with performance 
on another measure of paper folding (DAT). Although 
most prior work has focused on the role of masculine-
stereotyped spatial activities on spatial skill, our findings 
suggest that future work should investigate feminine-
stereotyped spatial activities—specifically fiber arts—as 
avenues for improving spatial skill.

STEM major choice and spatial skills
Finally, we did not find that major was significantly 
related to performance on the spatial skills measures, 
contrary to our expectations and prior work (Tian et al., 
2023). However, we had a relatively small number of 
math-intensive STEM majors in our sample (n = 23). 
Directionally, math-intensive STEM majors did have 
higher performance on the four spatial skills, especially 
the mental rotation task. It is possible that in a larger 
sample with a more even distribution of major types, sig-
nificant differences in spatial skills performance would 
emerge.

One intriguing future direction would be to examine 
the relation between specific spatial skills and STEM 
majors categorized at a more fine-grained level. Other 
researchers have proposed that non-rigid spatial skills 
could be uniquely important for STEM fields focused on 
non-rigid phenomena, such as geology, atmospheric sci-
ences, and oceanography (e.g., McNeal & Petcovic, 2020). 
Future work could test whether students in STEM fields 
focused on non-rigid phenomena have better non-rigid 
spatial skills than students in other STEM fields. Another 
approach would be to compare STEM experts’ perfor-
mance on an expanded suite of rigid and non-rigid spatial 
tasks, similar to Resnick and Shipley (2013). Although 
expert studies do not allow us to determine causality, 
it would be a useful first empirical investigation of the 
claim that some STEM (and potentially arts) fields rely 
on specifically non-rigid spatial skills.

Limitations
Our conclusions are limited by several design and sam-
ple limitations. First, compared with existing spatial 
skills measures (the mental rotation task, paper folding 
task, and bending task), performance on the knot rea-
soning measure was relatively high, especially in the in-
person sample for Study 2. Notably, the knot reasoning 
task was the only spatial skill measure that did not have 
a time limit. Given prior work showing that time limits 
can shift participants’ responses on the mental rotation 
task (Voyer et  al., 1995), future work could add a time 
limit to better match the format of other spatial skills 
measures. Further, to decrease the length of the measure, 
future researchers could consider dropping some of the 
items with near ceiling performance. The IRT analyses 
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suggested that the knot reasoning task may skew toward 
“easier” items, so future work could also explore adding 
more challenging items.

Second, we have identified the rigid versus non-rigid 
and static versus dynamic continua as important dimen-
sions to explore going forward. Although the studies 
reported here help advance the investigation of these 
constructs, our design lacked a sufficient number of spa-
tial skills measures to explicitly test the structure of spa-
tial skills using a CFA approach.

Third, we recognize that our analyses of the role of 
gender in spatial skills and spatial activities exposure are 
limited to men and women. We actively recruited non-
binary participants to help address the lack of research 
on spatial skills and gender outside of the binary. To our 
knowledge, transgender people (including non-binary 
people) are not well reflected in the current literature on 
gender and spatial skills, although researchers have stud-
ied transgender men’s spatial skills (e.g., Peragine et  al., 
2022). We planned to run inferential statistics with non-
binary participants as a separate group if we had at least 
ten non-binary participants. Although we did not reach 
this threshold, we included non-binary participants in 
our other analyses, and reported descriptive statistics for 
non-binary participants as a group. We hope that this can 
serve as a first step toward future work that could focus 
more explicitly on transgender people’s spatial skills, 
including people who do not identify within the gender 
binary. Additionally, we did not try to disentangle gender 
and sex in either of our samples—we asked participants 
to report their gender identity only. Therefore, we did 
not differentiate between transgender and cisgender men 
and women. Building off of existing work on the role of 
gender and activational sex hormones on mental rotation 
skill (Peragine et al., 2022), future work could study both 
gender and sex to further understand the roles of hor-
mones, environment, and socialization on spatial activi-
ties engagement and spatial skills.

Finally, our sample was US-based, and, in the case of 
Study 2, primarily undergraduate students. On the one 
hand, our sample is similar to many prior studies focused 
on spatial activities engagement in adults. The original 
Spatial Activities Questionnaire studies by Newcombe 
et al. (1983) and Signorella et al., (1986), as well as Naza-
reth et al. (2013), Munns et al. (2022) study, and the stud-
ies reported here all sampled undergraduate students 
in the USA. However, our findings and those of Munns 
et al. (2022) suggest that even within US college students 
there has been both change and consistency in gendered 
activity endorsement over a forty-year period. It is possi-
ble that endorsement of different spatial activities would 
vary if we sampled different age groups at different points 
in time, as well as sampled from non-college-educated, 

or non-US samples more generally. We suggest that 
attempts to incorporate additional spatial activities and 
examine their frequency in different time and cultural 
contexts could help future researchers better understand 
variation in spatial concept exposure and its potential 
impact on spatial skills.

Conclusion
In conclusion, the present studies move us a step closer 
to having tools to measure the breadth of spatial skills. 
The knot reasoning task is a reliable and valid measure 
of adults’ non-rigid, ductile spatial reasoning. Our find-
ings suggest that future work to develop measurement 
of non-rigid spatial skills in particular would allow us to 
better test the structure of spatial skills. Finally, we show 
initial evidence for the role of feminine-stereotyped spa-
tial activities, including fiber arts activities, in explaining 
spatial skills performance.

Open practices statement
Data and materials are available on Open Science Frame-
work (OSF) at this link: https://​osf.​io/​x9uqe/?​view_​
only=​84f43​a20dc​f8487​38e9f​70f2c​aff17​c1. Neither study 
reported here were preregistered.

Appendix A: Instructions for knot reasoning task
Backwards reasoning
“In this test you are to imagine the knotting and unknot-
ting of rope. For each problem there is a target image 
(above) that shows a single step of a knot. The photo-
graphs below will be steps of knots that you will evalu-
ate based on the instructions. You will indicate your 
answers by selecting the photograph that matches the 
instructions. Some of the images will be knots tied with 
one rope, others will be knots tied with two ropes. Some 
knots will be tied to an object, while others will be free-
standing. For the following questions, indicate which 
photograph shows the step directly before the target pho-
tograph. I’ll be seated over there doing some work. Please 
click >> to go to the next page.”

Different materials
“In this test, you are to imagine the knotting and unknot-
ting of rope. In each problem there is a target image 
(above) that shows a single knot. The photographs below 
will be knots made of different materials. You will indi-
cate your answers by selecting the photograph that 
matches the instructions. Some of the images will be 
knots tied with one rope, others will be knots tied with 
two ropes.  For the following questions, indicate which 
photograph below shows  the same knot as the target 

https://osf.io/x9uqe/?view_only=84f43a20dcf848738e9f70f2caff17c1
https://osf.io/x9uqe/?view_only=84f43a20dcf848738e9f70f2caff17c1
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photograph. I’ll be seated over there doing some work. 
Please click >> to go to the next page.”

Pulling
“In this test, you are to imagine the knotting and unknot-
ting of rope. In each problem there is a target image that 
shows a single knot. One end of the rope will be circled 
and have an arrow next to it. For these questions, imag-
ine pulling the circled end in the direction of the arrow. 
Indicate ‘yes’ if the knot will come apart or ‘no’ if the knot 
will not come apart. Some of the images will be knots 
tied with one rope, others will be knots tied with 2 ropes. 
Some knots will be tied to an object, while others will be 

freestanding. If there is another end to the rope, imagine 
that it is held in place. If there is another object, imagine 
it is stationary and does not move. You may see the same 
knot more than once with different circles and arrows. I’ll 
be seated over there doing some work. Please click >> to 
go to the next page.”

Appendix B: Item response theory tables 
and figures
See Tables 7, 8, 9 and Figs. 9, 10, 11, 12.     

Table 7  Study 1: item response theory 2PL model—item-level information about knot reasoning task (full—73 items)

Item Proportion correct Standard deviation Discrimination parameter 
(a)

Difficulty parameter (b) Guessing 
parameter 
(g)

BR_1 .59 .49 1.31 .15 .25

BR_2 .74 .44 .97 − .76 .25

BR_3 .50 .50 .51 1.45 .25

BR_4 .43 .50 .61 2.03 .25

BR_5 .42 .49 2.98 .70 .25

BR_6 .79 .41 1.00 − 1.10 .25

BR_7 .73 .44 1.21 − .62 .25

BR_8 .60 .49 1.90 .15 .25

BR_9 .37 .48 − .51 − 3.47 .25

BR_10 .63 .48 1.22 − .05 .25

BR_11 .80 .40 1.41 − .93 .25

BR_12 .63 .48 3.76 − .03 .25

BR_13 .71 .45 1.77 − .39 .25

BR_14 .66 .47 1.93 − .14 .25

BR_15 .72 .45 1.93 − .39 .25

BR_16 .73 .44 1.42 − .57 .25

BR_17 .55 .50 1.99 .31 .25

BR_18 .71 .46 1.29 − .43 .25

BR_19 .74 .44 1.72 − .52 .25

BR_20 .52 .50 .33 1.79 .25

BR_21 .62 .49 1.51 .01 .25

BR_22 .57 .50 1.37 .32 .25

BR_23 .27 .44 − 1.03 − 3.97 .25

BR_24 .39 .49 .58 2.67 .25

BR_25 .42 .49 1.08 1.47 .25

BR_26 .58 .49 1.80 .21 .25

BR_27 .67 .47 1.73 − .25 .25

BR_28 .47 .50 1.34 .89 .25

DM_1 .13 .33 .37 29.07 .25

DM_2 .79 .41 1.53 − .87 .25

DM_3 .97 .17 .91 − 3.99 .25

DM_4 .98 .13 3.33 − 2.38 .25
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Table 7  (continued)

Item Proportion correct Standard deviation Discrimination parameter 
(a)

Difficulty parameter (b) Guessing 
parameter 
(g)

DM_5 .48 .50 .48 1.78 .25

DM_6 .96 .19 1.14 − 3.13 .25

DM_7 .96 .19 2.98 − 1.88 .25

DM_8 .88 .32 1.34 − 1.64 .25

DM_9 .82 .38 .29 − 4.11 .25

DM_10 .96 .19 1.60 − 2.55 .25

DM_11 .80 .40 1.11 − 1.10 .25

DM_12 .94 .25 2.07 − 1.80 .25

DM_13 .91 .28 1.25 − 2.06 .25

DM_14 .99 .12 1.80 − 3.08 .25

DM_15 .44 .50 1.21 1.09 .25

DM_16 .50 .50 − .09 − 7.85 .25

DM_17 .68 .47 .87 − .41 .25

DM_18 .73 .45 1.09 − .64 .25

DM_19 .13 .34 .16 66.76 .25

P_1 .94 .24 1.23 − 2.01 .50

P_2 .18 .38 − .29 − 38.23 .50

P_3 .91 .28 2.84 − 1.12 .50

P_4 .86 .35 1.23 − 1.00 .50

P_5 .83 .38 1.38 − .63 .50

P_6 .87 .33 1.37 − 1.07 .50

P_7 .86 .35 1.35 − .94 .50

P_8 .85 .36 1.37 − .75 .50

P_9 .90 .31 2.04 − 1.04 .50

P_10 .91 .29 3.10 − 1.05 .50

P_11 .92 .27 .92 − 2.09 .50

P_12 .92 .26 1.48 − 1.53 .50

P_13 .66 .47 .96 .94 .50

P_14 .53 .50 2.32 1.85 .50

P_15 .95 .22 1.92 − 1.68 .50

P_16 .95 .23 5.24 − 1.28 .50

P_17 .83 .38 2.15 − .46 .50

P_18 .82 .38 1.49 − .59 .50

P_19 .82 .38 .29 − 2.04 .50

P_20 .76 .43 1.37 − .13 .50

P_21 .72 .45 1.22 .27 .50

P_22 .92 .28 1.76 − 1.34 .50

P_23 .71 .45 1.48 .22 .50

P_24 .60 .49 1.26 1.28 .50

P_25 .89 .32 1.55 − 1.09 .50

P_26 .87 .33 2.04 − .93 .50

This table uses the following abbreviations for each item type: backwards reasoning (BR), b) different materials (DM), and c) pulling (P)
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Table 8  Study 1: item response theory 2PL model—item-level information about knot reasoning task (shortened—54 items)

Item Proportion correct Standard deviation Discrimination parameter 
(a)

Difficulty parameter (b) Guessing 
parameter 
(g)

BR_1 .59 .49 1.20 .16 .25

BR_5 .42 .49 2.97 .71 .25

BR_7 .73 .44 1.17 − .63 .25

BR_8 .60 .49 1.84 .15 .25

BR_10 .63 .48 1.23 − .05 .25

BR_11 .80 .40 1.43 − .93 .25

BR_12 .63 .48 4.29 − .02 .25

BR_13 .71 .45 1.70 − .40 .25

BR_14 .66 .47 1.95 − .14 .25

BR_15 .72 .45 1.94 − .38 .25

BR_16 .73 .44 1.41 − .57 .25

BR_17 .55 .50 2.04 .31 .25

BR_18 .71 .46 1.26 − .44 .25

BR_19 .74 .44 1.68 − .52 .25

BR_21 .62 .49 1.51 .01 .25

BR_22 .57 .50 1.35 .32 .25

BR_25 .42 .49 1.11 1.45 .25

BR_26 .58 .49 1.75 .21 .25

BR_27 .67 .47 1.70 − .25 .25

BR_28 .47 .50 1.38 .88 .25

DM_2 .79 .41 1.53 − .87 .25

DM_4 .98 .13 3.09 − 2.42 .25

DM_6 .96 .19 1.14 − 3.14 .25

DM_7 .96 .19 2.88 − 1.92 .25

DM_8 .88 .32 1.31 − 1.67 .25

DM_10 .96 .19 1.61 − 2.55 .25

DM_11 .80 .40 1.10 − 1.11 .25

DM_12 .94 .25 2.12 − 1.79 .25

DM_13 .91 .28 1.22 − 2.09 .25

DM_14 .99 .12 1.82 − 3.06 .25

DM_15 .44 .50 1.23 1.09 .25

DM_18 .73 .45 1.10 − .64 .25

P_1 .94 .24 1.23 − 2.01 .50

P_3 .91 .28 2.85 − 1.13 .50

P_4 .86 .35 1.18 − 1.02 .50

P_5 .83 .38 1.37 − .64 .50

P_6 .87 .33 1.43 − 1.05 .50

P_7 .86 .35 1.28 − .97 .50

P_8 .85 .36 1.34 − .76 .50

P_9 .90 .31 1.93 − 1.07 .50

P_10 .91 .29 3.24 − 1.05 .50

P_12 .92 .26 1.50 − 1.53 .50

P_14 .53 .50 4.02 1.64 .50

P_15 .95 .22 1.81 − 1.75 .50

P_16 .95 .23 4.98 − 1.30 .50

P_17 .83 .38 2.03 − .47 .50

P_18 .82 .38 1.46 − .60 .50

P_20 .76 .43 1.43 − .13 .50
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Table 8  (continued)

Item Proportion correct Standard deviation Discrimination parameter 
(a)

Difficulty parameter (b) Guessing 
parameter 
(g)

P_21 .72 .45 1.23 .27 .50

P_22 .92 .28 1.74 − 1.36 .50

P_23 .71 .45 1.55 .22 .50

P_24 .60 .49 1.23 1.30 .50

P_25 .89 .32 1.54 − 1.10 .50

P_26 .87 .33 1.97 − .94 .50

This table uses the following abbreviations for each item type: backwards reasoning (BR), b) different materials (DM), and c) pulling (P)

Table 9  Study 2: item response theory 1PL model—item-level information about knot reasoning task (shortened—54 items)

Item Proportion correct Standard deviation Discrimination parameter 
(a)

Difficulty parameter (b) Guessing 
parameter 
(g)

BR_1 .67 .47 1 − .27 .25

BR_5 .67 .47 1 − .23 .25

BR_7 .87 .34 1 − 1.93 .25

BR_8 .75 .44 1 − .87 .25

BR_10 .76 .43 1 − .97 .25

BR_11 .91 .28 1 − 2.43 .25

BR_12 .84 .37 1 − 1.60 .25

BR_13 .86 .35 1 − 1.78 .25

BR_14 .73 .45 1 − .75 .25

BR_15 .84 .36 1 − 1.69 .25

BR_16 .86 .34 1 − 1.87 .25

BR_17 .66 .48 1 − .31 .25

BR_18 .87 .34 1 − 1.88 .25

BR_19 .86 .34 1 − 1.82 .25

BR_21 .85 .36 1 − 1.75 .25

BR_22 .68 .47 1 − .33 .25

BR_25 .43 .50 1 1.42 .25

BR_26 .75 .44 1 − .84 .25

BR_27 .82 .39 1 − 1.36 .25

BR_28 .53 .50 1 .65 .25

DM_2 .88 .33 1 − 1.97 .25

DM_4 .99 .08 1 − 5.28 .25

DM_6 .97 .16 1 − 3.81 .25

DM_7 .98 .14 1 − 4.14 .25

DM_8 .98 .14 1 − 4.13 .25

DM_10 .99 .12 1 − 4.56 .25

DM_11 .86 .34 1 − 1.87 .25

DM_12 .97 .16 1 − 3.82 .25

DM_13 .95 .23 1 − 3.05 .25

DM_14 1.00 NA NA NA NA

DM_15 .56 .50 1 .52 .25

DM_18 .91 .28 1 − 2.43 .25

P_1 .98 .14 1 − 3.70 .50
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Table 9  (continued)

Item Proportion correct Standard deviation Discrimination parameter 
(a)

Difficulty parameter (b) Guessing 
parameter 
(g)

P_3 .95 .21 1 − 2.71 .50

P_4 .84 .36 1 − .92 .50

P_5 .86 .34 1 − 1.24 .50

P_6 .92 .27 1 − 1.94 .50

P_7 .86 .35 1 − 1.24 .50

P_8 .86 .35 1 − 1.18 .50

P_9 .95 .21 1 − 2.65 .50

P_10 .92 .27 1 − 1.97 .50

P_12 .95 .21 1 − 2.64 .50

P_14 .65 .48 1 1.32 .50

P_15 .98 .14 1 − 3.66 .50

P_16 .94 .24 1 − 2.37 .50

P_17 .74 .44 1 − .06 .50

P_18 .82 .38 1 − .69 .50

P_20 .93 .26 1 − 2.09 .50

P_21 .73 .44 1 .30 .50

P_22 .93 .25 1 − 2.24 .50

P_23 .82 .38 1 .− .65 .50

P_24 .64 .48 1 .92 .50

P_25 .89 .31 1 1.43 .50

P_26 .93 .26 1 − 2.12 .50

This table uses the following abbreviations for each item type: backwards reasoning (BR), b) different materials (DM), and c) pulling (P)

NA not applicable (not included in IRT models due to zero variance in performance on this item)



Page 27 of 39Bennett‑Pierre et al. Cognitive Research: Principles and Implications           (2025) 10:13 	

Fig. 9  Study 1 standard error plots for 73-item and 54-item 2PL models—knot reasoning task. Note. This figure shows the standard error plots for a 
the 2PL model 73-item knot reasoning task from Study 1 and b the 2PL model 54-item knot reasoning task from Study 1
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Fig. 10  Study 1 IRT 2PL model item characteristic curves. Note. This figure shows the item characteristic curves for each item in the a full 73-item 
knot reasoning task from Study 1 and b shortened 54-item knot reasoning task from Study 1

Fig. 11  Study 2 1PL model standard error plot for knot reasoning task. Note. This figure shows the standard error plot for the 1PL model 
of the 54-item knot reasoning task from Study 2
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Appendix C: Spatial activities questionnaire items

Neutral Masculine-
stereotyped

Feminine-
stereotyped

New Fiber Arts 
Items

Bowling Tackle Football Figure Skating Crochet (without 
seams)

Softball Baseball Baton Twirling 
(with tossing 
in air)

Embroidery, 
needlepoint (with 
pattern)

Tennis—serve 
and volley; 
place shots

Target-shooting 
(pistol or rifle)

Gymnastics Knit (single-color 
pattern)

Racquetball Building model 
trains or racing 
car sets

Ballet (with pir‑
ouettes, turns 
with spotting)

Sew (clothes 
and other items)

Ping-Pong 
(table tennis)

Making or fixing 
radios, stereos

Embroidery, 
needlepoint 
not follow‑
ing printed 
pattern

Macramé

Volleyball Building go-
carts or soap‑
box cars

Crochet (pieces 
needing seams)

Rug hooking

Dodgeball Carpentry Knitting multi-
color patterns

Make friendship 
bracelets

Diving Electrical repairs Making patch‑
work quilts

Weave (e.g., 
with a loom)

Painting (in 3-D 
perspective)

Car repair Sketching 
clothes designs

Braid hair

Drawing (in 3-D 
perspective)

Touch Football Interior deco‑
rating (planning 
furniture, colors, 
decoration, etc. 
for room)

Make lace

Spin yarn

Dye fabric

Appendix D: Supplemental analyses of spatial 
activities questionnaire—30 items
In order to facilitate comparisons to prior work, we reana-
lyzed our Spatial Activities Questionnaire (SAQ) and 
childhood SAQ using the 30 items that were the same as 
prior studies (Signorella et al., 1986). In the main text, we 
added 12 fiber-arts-related items to the original 30-item 
SAQ, totaling 42 items. Because our new items were all 
part of the feminine-stereotyped subscale, this reanalysis 
using the original 30 items changed the overall scale and 
the feminine-stereotyped subscale, but not the mascu-
line-stereotyped subscale. Descriptive statistics for the 
original 30-item SAQ and childhood SAQ are reported 
in Table 10, and correlations among these scales and cog-
nitive measures are reported in Table  11. Gender differ-
ences in these measures are depicted in Fig. 13.

Using the original 30-item scale, there was not a sig-
nificant difference in overall current SAQ or childhood 
SAQ for men versus women when we used a Benjamini–
Hochberg correction for multiple comparisons (current: 
t(105.81) = − 0.75, corrected p = 0.455, d = 0.13; childhood: 
t(110.04) = − 1.42, corrected p = 0.191, d = 0.25). When we 
looked at only the original 10 feminine-stereotyped items, 
we again found that women reported engaging in these 
activities significantly more often than men (current: 
t(132.39) = 4.01, corrected p < 0.001, d = − 0.66; childhood: 
t(131.57) = 6.68, corrected p < 0.001, d = − 1.05).

When we ran the SEMs with the 30-item SAQ, gender 
no longer predicted overall SAQ (Model D.2, Fig.  14). 
Otherwise, we found the same pattern for the other cog-
nitive measures, where gender predicted performance 
on the mental rotation task, paper folding task, knot rea-
soning task, and Wordsum task (0.025 < p < 0.001), but 
not the bending task (β = 0.21, SE = 0.16, p = 0.191). In 
Model D.3 (Fig. 15), we found a similar pattern as when 

Fig. 12  Study 2 item characteristic curves. Note. This figure shows the item characteristic curves for the 1PL model of the 54-item knot reasoning 
task from Study 2
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we ran the model with the expanded SAQ. However, 
unlike the model with the expanded SAQ, in the model 
using the 30-item SAQ, men did not significantly out-
perform women on the bending task (β = 0.36, SE = 0.20, 
p = 0.068), though the direction and size of the effect 
were similar. Like the model with the expanded SAQ, 
masculine-stereotyped current spatial activities were 
negatively associated with mental rotation task perfor-
mance (β = −  0.38, SE = 0.16, p = 0.020) and the indirect 
effect was significant (β = − 0.19, 95% CI [− 0.38, − 0.06]). 
Further, feminine-stereotyped current spatial activities 
were again positively associated with paper folding task 
performance (β = 0.37, SE = 0.14, p = 0.007) and the indi-
rect effect was significant (β = −  0.16, 95% CI [−  0.31, 
−  0.03]). Unlike the model with the expanded SAQ, we 
did not see that masculine-stereotyped spatial skills were 
significantly related to performance on the knot reason-
ing task (β = −  0.33, SE = 0.17, p = 0.059), though again, 
the direction and magnitude of the effect were similar to 
our main analyses.

In Model D.4 (Fig.  16), using the 30-item childhood 
SAQ, we found some similarities and some differences 
from the pattern of results in the main text. First, we 
found that there was no longer a significant direct effect 
of gender on Wordsum performance (β = 0.39, SE = 0.21, 
p = 0.056), though the effect was similar in magnitude and 
direction. Next, we found that feminine-stereotyped spa-
tial activities in childhood predicted paper folding task 
performance, which is the same as our main text results 
with the expanded SAQ (β = 0.28, SE = 0.10, p = 0.006). In 
addition, this model showed that childhood feminine-ste-
reotyped spatial activities significantly predicted bending 
task performance (β = 0.21, SE = 0.10, p = 0.025), a path 
that was not significant in our main analyses. Feminine-
stereotyped spatial activities mediated the relationship 
between gender and paper folding task (β = −  0.24, 95% 
CI [− 0.43, − 0.06]) and bending task (β = − 0.18, 95% CI 
[− 0.36, − 0.02]) (Tables 10, 11 and Figs. 13, 14, 15, 16, 17, 
18, 19, 20, 21, 22, 23, 24, 25).   
            

Table 10  Descriptive statistics for activities scores

SAQ Spatial Activities Questionnaire, SAQ feminine Spatial Activities Questionnaire Feminine-Stereotyped Items, C-SAQ Childhood Spatial Activities Questionnaire, 
C-SAQ feminine Childhood Spatial Activities Questionnaire Feminine-Stereotyped Items

All participants (n = 147) Men
(n = 56)

Women
(n = 82)

Non-binary 
people 
(n = 9)

Variables M (SD) M (SD) M (SD) M (SD)

SAQ (30 items) 1.37 (.26) 1.40 (.28) 1.36 (.25) 1.29 (.26)

SAQ feminine (10 items) 1.26 (.29) 1.14 (.21) 1.31 (.28) 1.44 (.49)

C-SAQ (30 items) 3.50 (1.95) 3.80 (2.03) 3.31 (1.89) 3.39 (1.90)

C-SAQ feminine (10 items) 2.08 (2.25) .79 (1.27) 2.81 (2.25) 3.33 (3.33)

Table 11  Correlations among the cognitive and activities scores—30 items

***p < .001, **p < .01, *p < .05

MRT Mental rotation task, PFT paper folding task, BT bending task, KRT knot reasoning task, WS Wordsum Plus, SAQ Spatial Activities Questionnaire, SAQ masculine 
Spatial Activities Questionnaire Masculine-Stereotyped Items, SAQ feminine Spatial Activities Questionnaire Feminine-Stereotyped Items, C-SAQ Childhood Spatial 
Activities Questionnaire, C-SAQ masculine Childhood Spatial Activities Questionnaire Masculine-Stereotyped Items, C-SAQ feminine Childhood Spatial Activities 
Questionnaire Feminine-Stereotyped Items

1 2 3 4 5 6 7 8 9 10

1. MRT

2. PFT .53***

3. BT .31*** .47***

4. KRT .54*** .59*** .33***

5. WS .28** .28** .04 .29***

6. SAQ (30 items) − .02 − .01 − .05 − .13 .02

7. SAQ masculine − .01 − .05 .00 − .07 .13 .57***

8. SAQ feminine (10 item) .00 .14 .10 .05 .02 .51*** − .04

9. C-SAQ (30 items) .14 .14 .18* .06 .08 .50*** .35*** .22**

10. C-SAQ masculine .15 .08 .11 .01 .12 .39*** .70*** − .13 .56***

11. C-SAQ feminine (10 item) − .03 .13 .10 .05 − .06 .29*** − .15 .59*** .49*** − .17*
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Fig. 13  Responses to current and childhood spatial activities (30 items) by gender—men and women. Note. Stars represent p values 
from Benjamini–Hochberg correction, *p < .05, **p < .01, ***p < .001

Gender

SAQ
PFT

WS

MRT

BT

KRT

.79***

.39*

.46**

Gender

0 = Women

1 = Men

.40*

Fig. 14  Structural equation model with gender and overall SAQ (30 
items) predicting cognitive measures

Gender

PFT

WS

MRT

BT

KRT

SAQ-Fem

SAQ-Masc

-.43***

.50***
1.03***

.67***

.62**

.53**

.37**

-.37*

Gender

0 = Women

1 = Men

Fig. 15  Structural equation model with gender and gendered SAQ 
(30 items) predicting cognitive measures
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Gender

PFT

WS

MRT

BT

KRT

-.86***

.85***
1.00***

.61**

.63**

.28**

Child 

SAQ-Fem

Child 

SAQ-Masc

Gender

0 = Women

1 = Men

.21*

Fig. 16  Structural equation model with gender and childhood 
gendered SAQ (30 items) predicting cognitive measures

Gender

SAQ
PFT

WS

MRT

BT

K.BR

-.31*
.77***

.40*

.47**

Gender

0 = Women

1 = Men

.37*

Fig. 17  Structural equation model with gender and SAQ predicting 
cognitive measures—backwards reasoning items separately

Gender

SAQ
PFT

WS

MRT

BT

K.DM

-.31*
.77***

.40*

.47**

Gender

0 = Women

1 = Men

Fig. 18  Structural equation model with gender and SAQ predicting 
cognitive measures—different materials items separately

Gender

SAQ
PFT

WS

MRT

BT

K.P

-.31*
.77***

.40*

.47**

Gender

0 = Women

1 = Men

Fig. 19  Structural equation model with gender and SAQ predicting 
cognitive measures—pulling items separately
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Gender

PFT

WS

MRT

BT

K.BR

SAQ-Fem

SAQ-Masc

-.87***

.50***
1.05***

.89***

.80**

.62**

.43**

-.37*

Gender

0 = Women

1 = Men

.45*

.31*

Fig. 20  Structural equation model with gender and gendered SAQ predicting cognitive measures—backwards reasoning items separately

PFT

WS

MRT

BT

K.DM

Gender

SAQ-Fem

SAQ-Masc

-.87***

.50***
1.05***

.89***

.52*

.62**

.43**

-.37*

-.35*

Gender

0 = Women

1 = Men

.45*

Fig. 21  Structural equation model with gender and gendered SAQ predicting cognitive measures—different materials items separately
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Gender

PFT

WS

MRT

BT

K.P

SAQ-Fem

SAQ-Masc

-.87***

.50***
1.05***

.89***

.62**

.43**

-.37*

-.35*

Gender

0 = Women

1 = Men

.45*

Fig. 22  Structural equation model with gender and gendered SAQ predicting cognitive measures—pulling items separately

Gender

PFT

WS

MRT

BT

K.BR

-1.18***

.85***
1.00***

.64**

.73**

.49*

.23*

Child 

SAQ-Fem

Child 

SAQ-Masc

Gender

0 = Women

1 = Men

Fig. 23  Structural equation model with gender and childhood 
gendered SAQ predicting cognitive measures—backwards reasoning 
items separately

Gender

PFT

WS

MRT

BT

K.BR

-1.18***

.85***
1.00***

.64**

.73**

.49*

.23*

Child 

SAQ-Fem

Child 

SAQ-Masc

Gender

0 = Women

1 = Men

Fig. 24  Structural equation model with gender and childhood 
gendered SAQ predicting cognitive measures—different materials 
items separately
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Appendix E: Major coding scheme (adapted 
from Tian et al., 2023)
See Table 12.

Based on our coding criterion, Health Professions and 
Related Clinical Sciences should be categorized as a 
non-STEM field of study because 9% of the major pro-
grams within this field were considered as STEM pro-
grams by DHS. However, several prior studies on college 
major choices grouped Health Professions with typical 
STEM fields of studies (Perez-Felkner et  al., 2017). We 
then referred to the American Freshmen survey (Eagan 
et  al., 2017), which reported data that were statistically 
weighted to reflect characteristics of approximately 1.5 
million college freshmen entering 4-year colleges across 
the USA in the fall of 2016. The survey showed that nearly 
half of college freshmen who intended to purse a major 
within the field of health professions indicated nursing 
or therapy as their intended major, neither of which was 
considered as a STEM major by DHS. Therefore, we cate-
gorized Health Professions and Related Clinical Sciences 
as a non-STEM field of study.

Among the 35 fields of study that were included in the 
SECCYD dataset, 24 fields were considered as non-STEM 
fields, and 11 were considered as STEM fields. Within 
STEM fields, we further categorized each field of study 
into (1) math-intensive fields or (2) non-math-intensive 
fields (see Table 13 below), based on math-intensiveness 
coding of college majors in prior research (Goldman & 
Hewitt, 1976).

For each participant, we coded each of their fields 
of study based on the above-described scheme: First 
determine whether the field of study is a STEM or 
non-STEM field of study; then, if the field of study is 
a STEM one, further determine whether the field of 
study is math-intensive or non-math-intensive. For par-
ticipants choosing multiple fields of study, each field of 
study was coded separately, and these participants were 
categorized based on their most math-intensive major 
(math-intensiveness: math-intensive STEM > non-
math-intensive STEM > non-STEM).

For participants who wrote in their field of study, we 
first searched for the written major program name in 
the 2010 NCES CIP list and the corresponding field 
of study. We referred to the program description if 
the name was ambiguous (e.g., “piano performance” is 
coded as program “Keyboard Instruments” and field 
“Visual and Performing Arts”). Then, we coded the field 
of study using the same scheme as described above. 
Three new fields, which are not in the SECCYD dataset, 
were added to the current coding scheme: “Engineer-
ing/Engineering-Related Technologies/Technicians” 
(STEM and math-intensive), “Precision Production” 
(non-STEM), “Transportation and Materials Moving” 
(non-STEM).

Additionally, Table 14 that may be helpful for the math-
intensive versus non-math-intensive choice is given.

Notes for this coding:
1. if participant has “undecided” or “DUS,” leave it 

blank.
2. Nursing/health professions = 0.
3. for math-intensive v. non-math-intensive coding, 

biochemistry = 0, bioengineering = 1.
4. pharm.d = 1 for both layers of coding.

Gender

PFT

WS

MRT

BT

K.P

-1.18***

.85***
1.00***

.64**

.49*

.23*

Child 

SAQ-Fem

Child 

SAQ-Masc

Gender

0 = Women

1 = Men

Fig. 25  Structural equation model with gender and childhood 
gendered SAQ predicting cognitive measures—pulling items 
separately
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Table 12  Categorization of STEM or non-STEM field of study

*The total number of major programs in each field of study was calculated according to the NCES CIP list. The number of STEM major programs in each field of study 
was calculated according to the DHS STEM Program List

Field of study (in SECCYD) Total number of 
major programs*

Number of STEM 
major programs*

Proportion of 
STEM programs

Category

Philosophy and religious studies 14 0 0.00 Non-STEM

Area, ethnic, cultural, and gender studies 46 0 0.00

Public administration and social service professions 12 0 0.00

Theology and religious vocations 17 0 0.00

Construction 26 0 0.00

Visual and performing arts 64 0 0.00

English language and literature 13 0 0.00

Family and consumer sciences/human sciences 34 0 0.00

Foreign languages, literature, and linguistics 82 0 0.00

History 9 0 0.00

Legal professions and studies 21 0 0.00

Liberal arts and sciences, general studies and humanities 4 0 0.00

Library science 6 0 0.00

Mechanic and repair technologies/technicians 38 0 0.00

Parks, recreation, leisure, fitness studies 12 0 0.00

Personal and culinary services 30 0 0.00

Education 100 3 0.03

Business, management, marketing, and related support services 94 4 0.04

Communication, journalism, and related programs 23 1 0.04

Security and protective services 34 2 0.06

Communications technologies/technicians and support services 15 1 0.07

Health professions and related clinical sciences 237 20 0.08

Architecture and related services 11 1 0.09

Social sciences 32 3 0.09

Psychology 27 10 0.37 STEM

Agriculture, agriculture operations, and related sciences 62 23 0.37

Multi-/interdisciplinary studies 32 13 0.41

Natural resources and conservation 22 9 0.41

Computer and information sciences and support services 30 26 0.87

Physical sciences 43 43 1.00

Biological and biomedical sciences 89 89 1.00

Science technologies/technicians 9 9 1.00

Engineering 53 53 1.00

Mathematics and statistics 17 17 1.00

Military technology 27 27 1.00



Page 37 of 39Bennett‑Pierre et al. Cognitive Research: Principles and Implications           (2025) 10:13 	

Acknowledgements
We acknowledge Clare Nicholls, Holly Chayes, Canada Montgomery, Rose 
Kaplan-Kelly, and Ross Griebenow for being willing to talk with us about their 
areas of expertise in relation to this project, and we thank Emily D’Antonio, 
Jammie Letona, Jamie-Nicole Luistro, Hannah Feinberg, and Dabin Yim for 
their work on study materials and data collection.

Author contributions
GBP, EG, TS, and NN conceptualized and designed the projects, GBP com‑
pleted data collection and analysis, GBP and EG interpreted data, GBP was 
a major contributor in writing the manuscript, and all authors read and 
approved the final manuscript.

Funding
This work was supported by NSF ECR-1760144, James S. McDonnell Founda‑
tion Award #220020546, and a Learning Sciences Exchange Fellowship from 
New America to Elizabeth A. Gunderson and a Temple University Public Policy 
Lab Fellowship to Grace Bennett-Pierre. This project was not preregistered. 
Data, analysis scripts, and materials are available on OSF (https://​osf.​io/​x9uqe/?​
view_​only=​84f43​a20dc​f8487​38e9f​70f2c​aff17​c1).

Declarations

Ethics approval and consent to participate
Participants gave informed consent, and the study was approved by the 
Temple University Institutional Review Board (215-707-3390). All data are 
presented in aggregate.

Table 13  Math-intensiveness of STEM fields of study

Field of study (in SECCYD) Math-intensiveness

Psychology Non-math-intensive STEM

Agriculture, agriculture operations, and related sciences

Multi-/interdisciplinary studies

Natural resources and conservation

Biological and biomedical sciences

Science technologies/technicians

Military technology

Computer and information sciences and support services Math-intensive STEM

Physical sciences

Engineering

Mathematics and statistics

Table 14  Composition of science–nonscience categories

Many major fields which clearly belong in these categories were omitted because they contained too few students (n < 60)

1
Fine arts

2
Humanities

3
Social Science

4
Biological Science

5
Physical Science

Art, Studio English Agricultural Economics 
and Business Manage‑
ment

Animal Science Applied Mechanics and Engineering Science

Dance French Anthropology Bacteriology Applied Physics and Informational Sciences

Design History Child Development Biochemistry Chemistry

Drama English and
American Literature

Comparative Cultures Biological Science Engineering, Lower Division

Music Spanish Economics Biology Electrical Engineering

Paint/Sculpture
and Graphic Art

Environmental Planning 
and Management

Dietetics Information and Computer Sciences

Theater Home Economics Food Science Mathematics

Individual group Kinesiology Mathematics and Computer Science

International Relations Physiology Physics

Political Science Plant Science Prepharmaceutics

Precriminology Prenursing

Prepsychology Wildlife Fisheries Biology

Psychology Zoology

Social Science

Sociology
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