
ABSTRACT 

GLIMCHER, SHELLEY ANNE. Development of a Tactile-Based Spatial Thinking Assessment 

using a Hand-Held, Multi-Object Manipulative Puzzle. (Under the direction of Dr. Aaron C. 

Clark). 

 

Spatial thinking abilities had been studied for over 60 years yet the opportunity existed to 

develop a new assessment for this construct involving the incorporation of a dynamic component 

using a manipulative object to better mimic real-world spatial tasks and to integrate 

technological advances to go beyond traditional paper-pencil tests readily available for testing 

levels of the construct.  Participants (N = 32) solicited for this dissertation study were students 

enrolled in an introductory technical graphics course that were willing to complete traditional 

approaches to evaluate spatial thinking and to attempt a spatial task that required object 

manipulation.  For the study, participants completed a quartet of psychometric assessments 

followed by attempting to find solutions for five Soma Figure puzzles.  The puzzle attempts were 

videotaped that allowed for a content analysis methodology to further collect information on the 

spatial thinking process participants preferred when developing a spatial solution. 

The research project verified that it was possible to identify levels of intrinsic and 

extrinsic factors of spatial thinking ability with traditional psychometric assessments.  The 

resulting correlations between the spatial thinking instruments were consistent with those found 

in previous literature and verified speculated relationships.  However, the results of these 

traditional assessments did not predict success in the solving of the Soma Figure puzzles task 

highlighting a disconnect between standard spatial thinking assessment methods and an 

individual’s ability to develop a spatial solution with a hand-held manipulative object akin to a 

real-world spatial problem.  The tactile-based dynamic spatial thinking assessment as developed 

did not directly align with the intended extrinsic-dynamic category demonstrating the difficulties 



encountered in the development of new spatial assessments that incorporate a multi-component 

manipulative objects for use in a classroom setting.  A content analysis methodology was used to 

examine the videotaped Soma Figure puzzle attempts and found evidence that supported the use 

of holistic and analytical cognitive selection strategies to solve the dynamic task.  Additionally, 

specific characteristics such as starting sequence preference and attempt length were determined 

and correlated to successful and unsuccessful Soma Puzzle attempts demonstrating the 

importance of qualitative aspects in the evaluation of spatial thinking tasks that would not be 

observed if only quantitative assessment approaches were employed to determine spatial 

thinking levels as in many previous psychometric spatial thinking instruments.  The collected 

time data from the Soma Figure puzzle attempts was used to suggest a tangible dynamic spatial 

thinking intervention with appropriate scaffolding designed for use in a technical graphics 

classroom to help build tactile-based spatial thinking ability skills.  While the developed 

assessment did not align as expected with the traditional spatial thinking paper-pencil evaluation 

approaches, the demonstration of the presence of intrinsic and extrinsic factors as well as 

multiple cognitive selection strategies suggested that this dynamic approach with a hand-held 

manipulative object might give a more comprehensive understanding of an individual’s spatial 

thinking ability levels needed for solving increasingly challenging spatial problems in design and 

in every day life. 
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CHAPTER 1: INTRODUCTION 

Introduction 

“When you want to know how things really work, study them when they're coming apart.” 

~William Gibson (2011) 

There has been well over 60-years of empirical research on the educational and 

occupational significance of spatial thinking abilities and their connection to a variety of STEM-

based fields (Wai, Lubinski, & Benbow, 2009).  Strong spatial thinking abilities have long been 

positively associated with technically-oriented fields associated with STEM such as engineering 

(e.g., Alias, Black, & Gray, 2002; Sorby, 2009; Lin, 2016; Duesbury, 1996; Sorby, 2007), 

technical graphics (e.g., Marunić & Glažar, 2014; Ernst, Lane & Clark, 2015; Branoff, 2000; 

Adanez & Velasco, 2004), physics (e.g., Kozhevnikov, Motes, and Hegarty, 2007), biology (e.g., 

Rochford, 1985), geology (e.g., Kali & Orion, 1996; Orion, Ben-Chaim, & Kali, 1997) and 

chemistry (e.g., Wu & Shah, 2004; Small & Morton, 1983; Talley, 1973). 

While consensus for the definition of spatial thinking does not exist (Hegarty & Waller, 

2005; Sorby, 1999), there is agreement that this construct is a distinct, important, independent 

ability from verbal and mathematical cognitive abilities (Cooper & Mumaw, 1985; Carroll, 1993; 

Wai et al., 2009).  Many different frameworks and organizational structures for spatial thinking 

had been previously proposed in literature (Buckley, Seery, & Canty, 2017; Carroll, 1993; 

Chatterjee, 2008; Linn & Peterson, 1985; Lohman, 1988; McGee, 1979; Newcombe & Shipley, 

2015; Schneider & McGrew, 2018; Tartre, 1990; Uttal et al., 2013) but a common theme among 

the studies was dividing the spatial thinking construct into a various number of factors (e.g. 

spatial visualization, mental rotation, spatial orientation), an idea supported by factor analysis 

studies (Carroll, 1993; Yilmaz, 2017).  Even with differences in the suggested hypothetical 
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number of factors associated with the spatial thinking construct, a general consensus supported 

the alignment of the various factors within a four-category spatial thinking framework outlined 

by Newcombe and Shipley (2015), expanded from Chatterjee (2008), Uttal et al., (2013), and 

Atit, Shipley, and Tikoff (2013).  Since the majority of currently available spatial thinking 

instruments employed at the university-level were paper-pencil-based psychometric tests 

involving transformations of 2-D objects to examine a specific factor associated within the broad 

spatial thinking domain,   an opportunity existed to instead explore an object-centered, tactile-

based dynamic assessment better mimicking the application of spatial thinking skills in the real 

world (Newcombe, 2018).   

The expanded understanding of the importance of spatial thinking abilities to STEM 

fields (see Wai et al., 2009), increased integration of technological advances in design-related 

software such as computer-aided design and/or tools like 3-D printers (Ernst et al. 2015; 

Wilczynski, 2015), and the shift towards increased incorporation of hands-on learning 

opportunities in engineering education (Telenko et al., 2016) were all items providing underlying 

support for the development of more robust tactile-based spatial thinking assessments.  The need 

remains for innovative, creative, problem-solvers with high spatial thinking abilities leading to 

an increasing need of a method to identify these individuals (Wai et al., 2009), especially in the 

fields of engineering, technical graphics, and design (Buckley et al., 2017).  Based on extensive 

previous research detailing the evolution of the understanding of the complexity of spatial 

thinking (see examples such as Buckley et al., 2017; or Schneider & McGrew, 2018; or 

Newcombe, 2018) and the availability of new technologies, the time has arrived to develop novel 

assessment methods to aid in the identification of high spatial thinkers and furthermore 
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encourage these persons to enter and remain in STEM fields to solve tomorrow’s difficult 

technological challenges. 

Spatial Thinking  

With the evolution of the definition of spatial thinking explored in the expanded literature 

search, this research project focused on the definition provided by Sutton and Allen (2011, p. 5) 

that described spatial thinking ability as “the performance on tasks that require: (a) mental 

rotation of objects; (b) the ability to understand how objects appear in different positions; and (c) 

the ability to conceptualize how objects relate to each other in space”.  The classification of 

spatial thinking abilities or specific factors by levels and/or demographics using psychometric 

assessments and the development of numerous training methods to improve this malleable 

ability, had a long and extensive history in higher education research as evidenced by a host of 

meta-analyses into spatial thinking abilities (see Linn & Peterson, 1985; Maeda & Yoon, 2013; 

Uttal et al., 2013; Voyer, Voyer & Bryden, 1995; Wang, Cohen, & Carr, 2014).  

There was consensus that the factors and assessments associated with the spatial thinking 

construct could generally be divided into one of four main categories dependent upon whether 

interaction occurred with a single or multiple object(s) and the presence or absence of movement 

(Chatterjee, 2008; Newcombe & Shipley, 2015; Uttal et al., 2013).  This framework divided 

spatial thinking factors and associated assessments into the following broad categories: Intrinsic-

Static, Intrinsic-Dynamic, Extrinsic-Static, and Extrinsic-Dynamic (Newcombe & Shipley, 

2015).  Intrinsic referred to the shape and part-based representations of a single object (e.g., 

object orientation or size) whereas extrinsic referred to relations among objects or objects with 

their environment (Newcombe & Shipley, 2015; Uttal et al., 2013).  The static-dynamic 

distinction referred to the absence or presence of movement of single or multiple parts 
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respectively (Chatterjee, 2008; Buckley et al., 2017).  A lack of development of tactile-based 

assessments using multiple objects in a dynamic fashion to examine spatial thinking abilities 

existed, indicating that there might be relevant spatial thinking abilities applicable in design work 

not currently captured through the use of widely available paper-pencil instruments (Newcombe, 

2018).   

In addition to classifying a person’s spatial thinking ability level, interest remained in 

identifying and understanding the cognitive selection strategy or rather an individual’s preferred 

method of processing information to solve spatial problems (Kozhevnikov, 2007).  Previous 

research hypothesized that individuals process spatial information in one of two ways when 

solving a spatial-based task; either analytically (i.e., partial, piece-by-piece) or holistically (as a 

whole) with the preference and capability to exhibit strategy flexibility directly related to a 

person’s inherent level of spatial thinking ability (Khooshabeh & Hegarty, 2010; Shepard & 

Metzler, 1971; Nazareth, 2015; Khooshabeh, Hegarty, & Shipley, 2013).  The type of cognitive 

strategy selected may depend on task complexity and/or task familiarity with this dichotomy of 

analytical/holistic strategies valid for intrinsic spatial tasks like mental rotation as well as 

extrinsic spatial tasks involving orientation/navigation (Nazareth, Odean, & Pruden, 2017; 

Khooshabeh et al., 2013; Gluck & Fitting, 2003). 

Rationale 

With the current emphasis in society on testing and assessment (Benavot & Köseleci, 

2015) along with changes in university-level engineering curriculum to align with revised 

accreditation definitions regarding design (Fergus, 2018), combined with increasing availability 

of 3-D based technologies with broad usage in the development of assistive technologies and 

universal design (Knochel, Hsiao, & Pittenger, 2018), a need existed to continue exploration into 
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different methods to assess spatial thinking abilities relevant to engineering design.  Previous 

research emphasized identification of high-level of spatial thinking individuals (Wai et al., 2009) 

as they might have the potential capabilities to develop increasingly complex spatially-based 

engineering design solutions.  To date, the vast majority of spatial thinking instruments 

employed in academic research remain paper-pencil-based psychometric tests involving 

transformations of 2-D objects (Newcombe, 2018).  These 2-D based instruments were often 

employed in conjunction with a spatial training exercise to quantitatively demonstrate potential 

gains in spatial thinking abilities.  

A lack of development of tactile-based assessments using multiple objects in a dynamic 

fashion to examine spatial thinking abilities currently existed, indicating that there might be 

relevant spatial thinking abilities applicable in design work not captured through the use of 

widely available paper-pencil instruments (Newcombe, 2018).  This suggested the opportunity 

for the creation of different assessment methods to fill this knowledge gap.  Newly developed 

spatial thinking assessments ought to focus on items such as object-based manipulatives 

(Newcombe, 2018; Hegarty, 2010; National Research Council, 2006) that better imitated real-

world spatial thinking skills and potentially allowed for the evaluation of proficiencies difficult 

to capture with traditional 2-D assessment methods.   

The organization of spatial thinking factors and assessments into four categories allowed 

for clearer identification in deficiencies in the spatial thinking research area, revealing the most 

prominent opportunities for new work existed in the ‘Extrinsic-Dynamic’ category (Newcombe 

& Shipley, 2015; Uttal et al., 2013).  A major limitation in the development of extrinsic-dynamic 

assessments had been how to ‘scale-down’ a method that could be completed in an indoor 

classroom-like setting rather than a vast outdoor environment (Hegarty & Waller, 2004; 
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Kozhevnikov & Hegarty, 2001).  This research project aimed in part to expand understanding of 

this extrinsic-dynamic grouping and strived towards the development of a tactile-based 

assessment method to better examine encompassing factors not captured with current 

psychometric instruments.  This work might drive the understanding of an individual’s spatial 

thinking ability directly related to activities that feature increasingly prominent hands-on active 

learning opportunities in engineering education through items such as cornerstone or capstone 

courses, problem- or project-based learning experiences embedded in a course setting, or 

designettes (Telenko et al., 2016). 

Methods currently used to examine and determine cognitive selection strategy include: 

self-assessments (e.g. Moè, Meneghetti, & Cadinu, 2009, Blough & Slavin, 1987; Lohman & 

Kyllonen, 1983), response time on a spatial thinking assessment (Goldstein, Haldane, & 

Mitchell, 1990), eye tracking software (e.g., Nazareth et al., 2017; Odean, Nazareth, & Pruden, 

2015; Hegarty, 1992), and spatial language (Boone & Hegarty, 2017; Pruden, Levine & 

Huttenlocher, 2011) each with their own pros and cons.  While there was increasing interest in 

the incorporation of more eye-tracking methods in spatial thinking research, this method lacked 

robustness in data analysis due to technical limitations in data interpretation, required physical 

constraint in movement while wearing the apparatus, and was not able to evaluate multiple 

objects (Nazareth, 2015) making this approach not compatible with a potential extrinsic-dynamic 

spatial thinking task as designed for this study.  Abbasi, Burkhardt, and Denis (2009) completed 

a study with a Soma Cube-like manipulative task and suggested observing the part order 

placement as how participants fiddled with the parts (e.g. rotation of the piece in a hand) allowed 

for elucidation of cognitive selection strategy preferences.  This idea paved the way for the use 
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of a content analysis methodology to gain information regarding how participants used different 

approaches with a dynamic-based multi-object manipulate spatial thinking task.  

There was support in the research literature for gaps in the development of spatial 

thinking assessments that incorporated a manipulative object (Newcombe, 2018), opportunities 

for the creation of spatial thinking assessments appropriate for the extrinsic-dynamic framework 

category (Newcombe & Shipley, 2015), and continued examination of cognitive selection 

strategy with tasks mimicking real-world experiences (Kozhevnikov, 2007).  These literature 

gaps led to the this research project that aimed to investigate the development of an extrinsic-

dynamic, tactile-based spatial thinking assessment using a hand-held manipulative object with 

the ability for the examination of preferred cognitive selection strategies and identification of 

spatial thinking level abilities of individuals beyond traditional paper-pencil assessments.  The 

development of these more robust methods to evaluate spatial thinking paralleled shifts in 

engineering education with increased use of 3-D technologies (Ernst et al., 2015). 

Problem Statement 

The intent of this research project was to develop and assess a tactile-based, dynamic 

spatial thinking task capable of aligning with the extrinsic-dynamic category of spatial thinking 

using an object-centered approach with a hand-held manipulative appropriate for use with a 

young adult population enrolled in an entry-level graphic communication course at a major 

Southeastern Tier 1 research university.  Results from this research might allow for an increasing 

understanding of spatial thinking ability levels and approaches or interventions to include in a 

classroom setting to help facilitate spatial thinking gains.  Without this research, traditional 

spatial thinking testing methods might continue to overlook aspects of this construct potentially 
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important for success in developing solutions to increasingly complex engineering design 

problems.   

Research Questions 

 The hypotheses for this research project centered around determining a distinction between 

intrinsic and extrinsic spatial thinking abilities with psychometric assessments, development of a 

tactile-based spatial thinking assessment theoretically appropriate for the extrinsic-dynamic 

category of Newcombe and Shipley’s (2015) spatial thinking framework, finding evidence for 

cognitive selection strategies when solving hand-held manipulative puzzles, and the development 

of an intervention with appropriate scaffolding for use in a technical graphics classroom.  The 

psychometric assessments chosen for this research study included the Mental Rotations Test 

(MRT; revised version by Peters et al., 1995), Tinkering Self Efficacy Assessment (TSE; 

Mamaril, Usher, Li, Economy, & Kennedy, 2016), Spatial Ability Self-Report Scale (SASRS; 

Turgut, 2015), and Santa Barbara Sense of Direction Scale (SBSOD; Hegarty, Richardson, 

Montello, Lovelace, & Subbiah, 2002).  The hand-held manipulative object chosen for this study 

was a Soma Figure and various shape iterations using the same seven puzzle parts. 

Research Questions: Phase 1 

1.0  Is it possible to distinguish between the hypothesized intrinsic and extrinsic factors of spatial 

thinking from traditional 2-D psychometric assessments? 

1.1  What correlations exist between the various combinations of the quartet of 

psychometric assessments? 

1.2  Can subjects be identified as having “high” or “low” spatial thinking depending on 

intrinsic and extrinsic factors? 
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Research Questions: Phase 2 

2.0  Does the tactile-based Soma Figure puzzles spatial thinking assessment correlate to an 

extrinsic and/or intrinsic category of spatial thinking? 

2.1  What correlations exist between combined overall solving time and specific shape 

solving time to the quartet of Phase 1 assessments? 

2.2  Do the specific Soma shapes based on solving time load on an intrinsic or extrinsic 

factor of spatial thinking? 

3.0  If evidence exists to support cognitive selections strategies using a content analysis 

methodology, how does this relate to an intrinsic and/or extrinsic categorization? 

3.1  Does this change when examining solvers versus non-solvers? 

4.0  Is it possible to rank order the Soma Figures by difficulty level based on completion time to 

help create a tactile-based spatial thinking intervention with appropriate scaffolding? 

Methodology 

 This research first examined the evolution of what constitutes spatial thinking and the 

development of various spatial thinking assessments to measure the different facets of this 

construct though the literature review process.  Gaps in spatial thinking research were identified 

as a lack of assessments in the extrinsic-dynamic category of Newcombe and Shipley’s (2015) 

framework, opportunities to expand on spatial thinking research involving object manipulation 

(Newcombe, 2018), and the lack of assessments mimicking cognitive approaches taken to solve 

everyday spatial thinking problems.  Along with university faculty, the overall concept for a 

tactile-based spatial thinking assessment method involving various Soma Figures was devised 

and paired with traditional spatial thinking assessments.  The data collection in this research 

project contained two distinct phases of increasing complexity relying on a combination of 
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quantitative and qualitative data analysis methods.  The methods as described below were 

reviewed and approved by the North Carolina State University Institutional Review Board prior 

to any solicitation for study participants. 

 Potential participants in the research project were solicited to as a group by the researcher 

in all of the introductory level technical graphics courses in the Fall 2019 semester at North 

Carolina State University.  Interested participants (over 60 students) provided contact 

information for a follow-up e-mail to set-up an individual research session.  Subjects were 

enrolled in the study on a rolling basis over a two-week period until the minimum sample size 

was reached.  Demographic information for every enrolled subject was collected prior to the start 

of the two data collection phases of this research project.  Details regarding all of these above 

and following methods are available in chapter three. 

 Phase 1 was comprised of a quartet of psychometric assessments including the Mental 

Rotation Test (MRT; Peters et al., 1995), Tinkering Self Efficacy Assessment (TSE; Mamaril, et 

al., 2016), Spatial Ability Self-Report Scale (SASRS; by Turgut, 2015), and the Santa Barbara 

Sense of Direction Scale (SBSOD; Hegarty et al., 2002).  These assessments provided baseline 

information about an individual’s spatial thinking ability as it had been traditionally tested and 

allowed for quantitative statistical analyses (parametric and non-parametric as appropriate) to 

examine correlations between the instruments, a factor analysis to delineate if it is possible to 

separate intrinsic versus extrinsic factors, and to determine spatial ability levels of the various 

individuals.  The results from the analyzed Phase 1 data are provided in chapter 4. 

 Using a Randomized Complete Block Design, Phase 2 of the research study was 

comprised of participants that attempted to solve five different Soma Figure puzzles under timed 

conditions with the intention of developing a new tactile-based spatial thinking assessment 
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aligning with the extrinsic-dynamic category.  The Soma Figure puzzles were selected along 

with technical graphics faculty based on familiarity, likeness to shapes on previous 2-D 

psychometric spatial thinking tests, and similarity to forms used in introductory technical 

sketching exercises.  The solving attempt time results were correlated to Phase 1 assessments and 

examined for evidence for underlying extrinsic and/or intrinsic factors to determine the spatial 

thinking category for this assessment.  The results from the analyzed Phase 2 data are presented 

in chapter four.  

 The Soma Figure solving attempts were videotaped for a content analysis methodology to 

determine number and length of attempts, preference for attempt starting pieces, solving 

sequence where applicable, and evidence supporting cognitive selection strategies.  Lastly, non-

parametric analyses were used to rank order the Soma Figures based on solving time to 

determine if an order existed that would appropriately scaffold the figures by difficulty for an 

intervention intended for students in a technical graphics classroom.  Data collection for Phases 1 

and 2 was completed in a single 80-minute (maximum) session per participant.  Each of the 32 

participants was compensated for their time at the end of their data collection period.   

 The collected quantitative data was analyzed with appropriate calculations using the web-

based Statcrunch statistical client, STATA/SE 15, or in some cases by hand using Excel if a large 

sample approximation was required or to calculate confidence intervals of correlation 

coefficients.  The specific statistical analyses used are outline in the chapter three methodology 

section.   

Limitations and Assumptions 

To set boundaries and expectations required certain assumptions as in any research 

project.  First, it was assumed that it was indeed possible to develop an extrinsic-dynamic spatial 
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thinking assessment that could be attempted in a classroom-like setting within a reasonable time 

frame.  In the same vein, replication of the study methods from one participant to another was 

assumed to be possible even if the research study might be administered in various spaces or at 

different times of the day.  Second, it was presumed that the selected participant sample 

reasonably represented the population in a university-level introductory technical graphics course 

for whom this research was intended to help, but not necessarily representative of all 

undergraduate students in engineering or otherwise at a land-grant public university.  Third, it 

was expected that participants were working to the best of their ability on timed portions of the 

data collection and did not have high levels of apathy due to illness, underlying stress, or 

intentional aloofness.  It was not possible to neither predict nor control a participant’s mood, 

alertness, disinterest, nor half-heartedness towards completing any of the instruments or attempts 

at any Soma Figures.  Active participation was evaluated with collected video data if there were 

significant doubts regarding effort.  Lastly, specific assumptions with various statistical tests 

were included in the Chapter 3 methodology section as needed (e.g. assuming normal 

distributions for collected instrument data).   

Limitations 

Limitations in the following categories existed requiring acknowledgement and 

discussion: participant population selection, sample size, Soma Figure selection and subsequent 

presentation, as well as with the content analysis methodology.  Although there was evidence for 

using spatial thinking assessments with students in a technical graphics course (see Marunić, & 

Glažar, 2014), the population used in this study was a convenience sample and subjects might 

have had various exposure to experiences, projects, or interventions aimed to increase spatial 

thinking ability like those activities outlined in Uttal et al., (2013).  All participants interested 



 

 

13 

and able to meet during the data collection time were enrolled in the study limiting the ability to 

have used a stratified sampling technique for demographic items of potential interest like gender.  

The population estimates for the power analysis were taken from results from a similar study 

performed by Abbasi (2010) with a Soma-like cube but that study did not use an exactly identical 

Soma parts as this study and was completed with a graduate student population.  This indicated 

that the sample size calculation would need revisiting once data collection began to check the 

population parameters estimate assumption.  While only five Soma Figures were selected for this 

research project, many others existed that might help better distinguish between high- and low-

levels of spatial thinking abilities or better align with an intrinsic and/or extrinsic category.  It 

was not viable to test tens or hundreds of different Soma Figures to determine the ideal 

combinations due to limitations in time and participant willingness.  While this study took place 

mid-semester of an introductory technical graphics class, some participants might still be 

uncomfortable with translating the main features of the Soma Figure as shown in a 2-D isometric 

orientation to a 3-D model.   

While there was confidence in the overall study methods, even with the assumptions and 

limitations of this research study, as the literature review backed the assessments selected and the 

outlined study design.  The opportunity existed to complete a project that would contribute to the 

growing body of knowledge in spatial thinking and help with the development of a wider variety 

of assessments in the future. 

Definition of Terms 

Spatial thinking: “the performance on tasks that require: (a) mental rotation of objects; (b) the 

ability to understand how objects appear in different positions; and (c) the ability to 
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conceptualize how objects relate to each other in space” from Sutton and Allen (2011, 

p.5). 

Intrinsic-Static: Coding the spatial features of objects including their size and arrangement of 

their parts; their configurations (Chatterjee, 2008; Newcombe & Shipley, 2015). 

Intrinsic-Dynamic: Transforming the spatial coding of objects, including rotation, cross-

sectioning, folding, plastic deformations (Chatterjee, 2008; Newcombe & Shipley, 2015). 

Extrinsic-Static: Coding the spatial location of objects relative to other objects or to a reference 

frame (Chatterjee, 2008; Newcombe & Shipley, 2015). 

Extrinsic-Dynamic: Transforming the inter-relations of objects as one or more of them moves, 

including the viewer (Chatterjee, 2008; Newcombe & Shipley, 2015). 

Soma Figure: A form created using all seven Soma pieces.   The forms used in this research 

project are available in Appendix B.  A comprehensive listing of possible forms is 

available online:  

 https://www.fam-bundgaard.dk/SOMA/FIGURES/FIGURES.HTM 

Soma Pieces: As shown in Figure 1.1, the seven irregular puzzle pieces used to construct a cube 

shape or other various forms.  The pieces were originally developed by Piet Hein in 1933. 

https://www.fam-bundgaard.dk/SOMA/FIGURES/FIGURES.HTM
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Figure 1.1: The seven Soma pieces shown in isometric configurations (Gardner, 1959). 

 

Mental Rotation Test (MRT): A psychometric assessment developed by Vandenberg & Kuse 

(1978) to test mental rotation abilities of spatial thinking.  Updated by Peters et al., 

(1995).  The revised copy by Peters et al. (1995) is available in Appendix D. 

Tinkering Self Efficacy (TSE) Assessment: A survey-based assessment developed by Mamaril et 

al. (2016) to examine the connection between spatial thinking ability and self-efficacy of 

engineering students.  The TSE Assessment can be found in Appendix E. 

Spatial Ability Self-Report Scale (SASRS) Assessment: A survey-based assessment developed by 

Turgut (2015) to evaluate spatial abilities that examines three major areas of spatial 

cognition - object manipulation spatial ability, spatial navigation ability, and visual 

memory.  The items included in the SASRS Assessment are available in Appendix F.   
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Santa Barbara Sense of Direction (SBSOD) Scale Assessment:  A survey-based assessment 

developed by Hegarty et al. (2002) to evaluate large-scale spatial abilities in the 

navigation area of spatial cognition.  The items included in the SBSOD Assessment are 

available in Appendix G. 

Cognitive Selection Strategy: An individual's preferential method of processing information to 

solve spatial problems (Kozhevnikov, 2007) with the main strategies being ‘Analytical’ 

or ‘Holistic’. 

 Analytical Method: A cognitive selection strategy where individuals focus on only a piece of an 

object at a time and then mentally rotate each piece in turn to mentally rotate an object 

(Khooshabeh et al., 2013); also referred to as the “Piecemeal” method. 

Holistic Method: A cognitive selection strategy where individuals focus on an object as a whole 

without needing decomposition to pieces and is noted as the “ideal” strategy 

(Khooshabeh & Hegarty, 2010); also referred to as the “Global” method. 

Summary 

With greater emphasis on the development of innovative solutions to solve technological 

challenges, increasing skills necessary for complex problem-solving highlighted the need to 

study tactile spatial thinking ability levels and potential gains.  This research study served to 

provide the groundwork necessary for development and examination of a new manipulative 

object, tactile-based spatial thinking assessment within Newcombe and Shipley’s (2015) 

extrinsic-category of spatial thinking framework that provided the opportunity to examine 

evidence of cognitive selection strategy while giving a measure of spatial thinking levels for 

individuals in an undergraduate introductory technical graphics course at a Tier 1 Southeastern 

Research University.  Majority of previous attempts to study spatial thinking employed 2-D 



 

 

17 

psychometric assessments as noted in Uttal et al. (2013).  These traditional assessments were 

integrated into this study for comparison purposes to demonstrate potential connections to the 

tactile assessment centered on solving various Soma Figures in a controlled environment.  The 

assessment described and implemented in this study aligned with curriculum shifts in 

engineering education involving the increasing addition of hands-on projects and use of 3-D 

technologies (Telenko, et al, 2016; Ernst et al., 2015).  This new type of tactile-based spatial 

thinking assessment might become part of a battery of instruments to help identify strengths and 

weaknesses of undergraduate engineering students leading to a tailor-designed intervention 

strategy to help individuals develop or improve necessary skills.  This might ultimately help 

produce more well-rounded, better-prepared engineers for increasingly complex design problems 

in both industry and research.  The following Chapters provide an in-depth literature review of 

spatial thinking research, complete methods, results, and conclusions.   
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CHAPTER 2: LITERATURE REVIEW 

Introduction 

 “The qualities which make for greatness in scientists and engineers are of a 

different kind; ability to think abstractly and analytically together with skill in 

visualizing spatial relations in two or three dimensions, . . . All these qualities, 

which are vitally important in almost all branches of science and engineering, are 

measured by appropriate tests of spatial ability.” 
 

- I. M. Smith (1964, p. 300) 

 This chapter served to provide information about the importance and development of 

spatial thinking assessments in general and with respect to technical graphics.  While a clear 

consensus definition of spatial thinking did not exist, extensive previous literature and research 

suggested that multiple factors contribute to the construct with a host of psychometric tests 

developed to attempt to quantify spatial thinking ability levels.  The literature review section was 

intended to describe the identification those various factors as spatial thinking research 

progressed as well as the evolution of categorization, outlined associated instruments and 

methods to test various aspects of the ability, and identification of where opportunities existed 

for further spatial thinking research based on increasingly available technological options and 

understanding of the construct.  A framework developed by Newcombe and Shipley (2015) 

categorized spatial thinking into four distinct areas described in detail along with how this 

grouping related to previous research as well as opportunities to expand knowledge in this 

already broad field.  Previous research important to the development of the study methods were 

presented including a study by Abbasi (2010) using a similar hand-held manipulative that 

provided population estimates for a power analysis and subsequent sample size calculations.  

This literature review section finished with a discussion of ethical considerations, limitations, 

and assumption.  The literature search was accomplished through the use of scholarly materials 
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available through academic search engines with access to the materials (articles, dissertations, 

theses, electronic books) via the NC State University library system. 

Importance of Spatial Thinking Assessments 

 In 1957, a trio of publications laid the groundwork for the interest and development of 

spatial thinking assessments to identify individuals with high cognitive ability.  Super and 

Bachrach (1957) published Scientific Careers, a National Science Foundation report that 

identified attributes necessary in successful scientists and engineers including spatial ability, 

mathematical ability, as well as persistence as each had a critical role.  The idea was that if these 

traits, such as spatial ability, could be identified through assessments then energy and resources 

could be dedicated to nurturing individuals with potential technical gains coming in the form of 

scientific and technological advancement.  Additional publications by Cronbach (1957) and 

Paterson (1957) emphasized the importance of tailoring educational interventions and 

opportunities according to individual abilities, again calling for the nurturing of specific talents, 

an idea since echoed in later work by Wai et al. (2009).  From these publications the era of 

standardized assessments and longitudinal testing of mathematical, verbal, and spatial abilities 

began with the original intent to identify intellectually talented youth and determine whether 

these individuals entered and then remained in STEM fields as they progressed through 

academic endeavors and into careers.   

 While mathematical and verbal cognitive testing infiltrated all levels of the educational 

system (think End-of-Grade testing or the SAT), the same could not be claimed for spatial 

thinking and evaluation of this important ability.  Why even test for spatial thinking abilities?  

There was evidence supporting that spatial thinking skills were a better predictor of later 

mathematical performance than vocabulary or early mathematical measures highlighting the 
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need for the development of spatial assessments across a wide spectrum of ages (e.g., Farmer, 

Gerretson, & Lassak, 2003; Verdine, Irwin, Golinkoff, Hirsh-Pasek, 2014; Wolfgang, Stannard, 

Jones, 2001).  Earlier identification of spatial thinking ability levels permitted the selection of the 

most appropriate trainings and interventions for each individual to appropriately enhance their 

innate abilities.  As recently as 2010, the National Science Board noted that rather than just focus 

on verbal and math skills, searches for potential STEM talent ought to expand to include spatial 

thinking ability again highlighting the need for assessment methods available for a wide variety 

of populations (National Science Board, 2010).  Based on longitudinal studies and previous 

research, Wai et al. (2009) outlined three major generalizations to support development of 

assessments to test spatial thinking:  

1. Spatial thinking ability was an important characteristic among adolescents that achieved 

advanced education and occupational credentials in STEM fields. 

2. Spatial thinking ability was an important factor not just for intellectual gifted individuals, 

but also played a role in educational and occupational outcomes in the general 

population. 

3. Contemporary talent searches overlooked many intellectually talented individuals by 

restricting selection criteria to mathematical and verbal abilities.  

This last generalization applied directly to this research study, as one of the major aims was to 

develop a novel assessment administered differently than the typical paper-pencil instruments 

used in talent searches and traditional classroom settings. 

Originally, it was widely assumed that spatial thinking ability was a static, innate 

attribute that differed for each individual but remained constant over time.  However, a recent 

meta-analysis of spatial training interventions by Uttal et al. (2013) clearly demonstrated gains in 
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spatial thinking ability through the use of various interventions ranging from the formal training 

available through the study of technical graphics (e.g., Asoodeh, 1993; Connolly, 2007; Ernst & 

Clark, 2009; Marunić, & Glažar, 2014; Sorby, 2007; Spangler, 1994; Turner, 1997), to play with 

inherently spatial objects such as blocks (e.g., Cockburn, 1995; Day, Engelhardt, Maxwell, & 

Bolig, 1997; Gibbon, 2007; Longstreth & Alcorn, 1990), to informal experiences that used 

virtual reality and/or video games (e.g., Larson et al., 1999; Rafi, Samsudin, & Said, 2008; 

Miller, 1995; Basak, Boot, Voss, & Kramer, 2008; Cherney, 2008; De Lisi & Wolford, 2002; 

Okagaki & Frensch, 1994; Sims & Mayer, 2002; Terlecki, Newcombe, & Little, 2008) and even 

to a variety of athletic endeavors (e.g., Ozel, Larue, & Molinaro, 2002; Sridevi, Sitamma, & Rao, 

1995; Goulet, Talbot, Drouin, & Trudel, 1988).  Hawes, Tepylo, and Moss (2015) explored how 

spatial thinking could be improved through practice and targeted their study on examining 

interventions designed for children that could be integrated into a classroom setting, such as 

construction play with wooden blocks or Legos (e.g., Casey et al., 2008; Nath & Szucs, 2014), 

puzzle play with jigsaw puzzles or tangrams (e.g., Levine, Ratcliff, Huttenlocher, & Cannon, 

2012; Verdine, Troseth, Hodapp, Dykens, 2008), drawing tasks such development of 2-D 

geometric designs (e.g., Tzuriel & Egozi, 2010), and paper folding like with origami (Taylor & 

Hutton, 2013; Cakmak, Isiksal, & Koc, 2014).  For adult learners, Sorby (2009) presented a pre- 

and post-paper-pencil spatial assessment showing gains in spatial ability levels after students 

participated in a technical graphics course involving technical drawing and mastering topics such 

as orthographic and isometric projections.  Many different experiences, opportunities, and 

practices were available that might help individuals improve spatial thinking skills indicating that 

a single correct way to develop spatial thinking ability skills did not exist.  This paved the way 
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for the continued development of a wide variety of spatial assessments to complement the 

various methods used to study spatial thinking abilities and potential gains.  

Recent research by Newcombe (2018, p. 535) specifically stated, “Despite the fact that 

we have had hundreds of spatial tests, we have not exhaustively or rigorously explored object-

centered spatial skills” again highlighting the current need to keep developing more robust 

testing options for spatial thinking ability.  Many developed spatial thinking assessments relied 

on static paper-pencil evaluation, especially for adult learners, leaving ample room for 

development of assessments with a dynamic component that incorporated manipulation of an 

object.  This shift in assessment style might potentially help to identify individuals with high 

spatial abilities previously overlooked with traditional spatial thinking instruments.  

Lean and Clements (1981) compiled a list of categories that students with poor spatial 

thinking skills might encounter difficulties with including: translations, reflections, rotations, 

dilations, and expansions.  Having the ability to mentally rotate objects and manipulate 

geometric shapes formed the basis of being able to communicate graphically, an increasingly 

important skill in STEM fields to clearly communicate design intent (Ernst et al., 2015) 

suggesting that students with difficulties in spatial thinking skills might also have trouble 

creating formal documentation often required with engineering design projects.  As Uttal’s et al. 

(2013) meta-analysis provided support for spatial thinking ability being malleable and 

improvable with interventions, further suggested that deficiencies like those listed by Lean and 

Clements (1981) could be mitigated with proper identification of an individual’s spatial thinking 

ability level and then selection of appropriate spatial interventions.  For example, Sorby (2009) 

sought to create experiences to enhance spatial thinking through the use of technical graphics 

content that inherently included switching between 2-D and 3-D views, sectioning of objects, 
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and standard as well as auxiliary views all of which specifically helped to build skills relating to 

the spatial concepts of translations, reflections, and rotations.  Additionally in the realm of 

technical graphics, course activities related to design such as freehand sketching and computer-

aided design increased spatial abilities (Lord, 1985; Martín-Dorta, Saorin & Contero, 2008; 

Onyancha, Derov, & Kinsey, 2009; Rafi et al., 2006) by again giving individuals relevant 

experiences to help in the challenging areas outlined by Lean and Clements (1981).  Lin (2016) 

suggested that these types of studies that focused on technical graphics topics as valid 

intervention methods gave credence to the idea that this material ought to be further integrated 

into engineering design coursework to not only improve spatial thinking skills, but also mitigate 

potential problem areas that would hinder graphical communication (Lin, 2016).   

While strong spatial thinking skills were associated with success in the STEM fields in a 

plethora of previous research (e.g., Buckley et al., 2017; Sorby et al., 2018; Wai et al., 2009; 

Sorby & Baartmans, 2000; Ernst, Williams, Clark, & Kelly, 2017), individuals might be spatially 

‘smart’ in different ways that currently eluded capture and quantification with readily available 

2-D spatial thinking instruments.  Spatial thinking had extensive roots in abstract fields to help 

individuals understand difficult concepts as seen in areas such as chemistry (Bodner & Guay, 

1997; Talley, 1973; Wu & Shah, 2004; Small & Morton, 1983), physics (Kozhevnikov et al., 

2007), mathematics (Bosnyak & Nagy-Kondor, 2008), engineering (e.g., Alias et al., 2002, 

Sorby, 2009, Lin, 2016; Duesbury, 1996; Sorby, 2007) and technical graphics (e.g., Marunić, & 

Glažar, 2014; Ernst et al., 2015; Branoff, 2000; Adanez & Velasco, 2004) among others.  

Furthermore, previous research had demonstrated that these diverse STEM fields required 

different or multiple approaches to spatial thinking (Wai et al., 2009) indicating a need to tailor 
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how this ability was measured combined with the development of domain appropriate 

interventions.   

For example, the concept of chirality was central to organic chemistry meaning that 

chemists needed the ability to understand how molecules existed in a 3-D space using mental 

imagery since it was (currently) difficult to directly examine a molecule in its native state.  So, 

organic chemistry instruction greatly relied on 2-D printed images in textbooks, requiring mental 

transformation to be performed by students as they learned the abstract material (Abraham, 

Varghese, & Tang, 2010).  Since these mental transformations could be difficult for entry-level 

organic chemistry students, instructors often encouraged students to obtain and use a set of 

readily available molecule-building kits that allowed a student to physically construct and 

manipulate representative models.  This tactile method was shown in previous research as an 

effective way to teach domain-specific spatial skills in organic chemistry (Small & Morton, 

1983; Gabel & Sherwood, 1980; Talley, 1973).  This tactile approach to help build domain-

specific spatial thinking skills might be translated to other fields and replicated with domain-

appropriate manipulative objects. 

On a different end but similar note, an engineer might approach design through a 

tinkering methodology where they hold, feel, rotate, and experiment with an object(s) directly to 

gain an understanding of the object’s shape, characteristics, orientation, and location with the 

environment (Tseng & Yang, 2011).  The engineer might have strong spatial-thinking skills that 

relied on a tactile component not captured through current 2-D spatial ability instruments.  By 

definition, tinkering was the “action of working with your hands to take apart, assemble, or 

explore equipment, materials, and tools.” (Richardson, 2008) and would fall under the category 

of active learning where individuals were engaged with materials rather than attempting to learn 
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passively like in a lecture-based course (Prince, 2004).  Tinkering with tangibles was an easy 

way to engage into a design problem (Jermann, Zufferey, & Dillenbourg, 2008) and was 

identified as lacking in current spatial thinking assessments.  With this shift toward active 

learning along with team-based problem solving (Telenko et al., 2016) that gave additional 

opportunities for tinkering and increased incorporation of tactile spatial thinking skills, supported 

the urgency to develop an assessment aligning with this spatial thinking ability (Wilczynski, 

2015; Smith, Sheppard, Johnson, & Johnson, 2005; Tsang, Van Haneghan, Johnson, Newman, 

Van Eck, 2001).  A longitudinal study by Shea, Lubinski, and Benbow (2001) suggested a 

correlation between spatially-gifted individuals and not just high grades in science and math 

courses but also high marks in vocational coursework found in CTE-fields and with hobbies 

centered around building and/or tinkering.  This suggested the importance of a hands-on 

component in the development of high levels of spatial thinking skills useful in STEM domains 

including engineering design and technical graphics.  In semi-formal interviews with working 

engineers and university-level engineering instructors regarding spatial thinking, Hsi et al. 

(1997) revealed general support for not only innate spatial thinking abilities, but also observation 

from professionals that a hands-on tinkering approach was a valid way to gain and/or increase 

spatial thinking skills that further suggested additional study of this phenomenon.   

The idea of using tangible objects to increase domain-specific spatial thinking ability was 

not a novel idea as discussed above, but few spatial thinking assessments actually incorporated a 

tangible, manipulative object that encouraged tinkering providing an opportunity for projects like 

this to contribute to this gap in the literature.  Piet Hein’s 7-piece Soma Cube (Gardner, 1958) 

relied on different combinations of irregular shapes to create common forms.  This item was 

specifically noted by McClure (2002) as a prime example of a 3-D assembly object that required 
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the user to make connections, combinations, find alternatives, problem solve, use spatial thinking 

ability, and explore variety within unity (the ability to make the same form in different ways) 

providing strong support for the idea that a Soma Cube might be an appropriate manipulative to 

use in a tactile spatial thinking study for the technical graphics domain. 

As noted in Newcombe and Shipley (2015), the study of between-object spatial thinking 

skills had been largely neglected as the focus of spatial thinking had long been on paper-pencil 

assessments with normative questions that lend themselves to easy and quick quantification in 

the fields of cognitive science and neuroscience.  Ernst et al. (2015) echoed the need for more 

research into testing and assessing spatial thinking as curriculums shifted to incorporate 3-D 

modeling, 3-D printing, increased levels of image processing and simulation such as with VR, 

and increased prevalence of these items in careers related to STEM fields.  Previous work by Ho, 

Eastman, and Catrambone (2006) suggested a connection between 2-D and 3-D spatial skills did 

indeed exist based on experiments in a gaming environment.  Therefore when exploring a new 3-

D tactile-based method to examine spatial thinking, it was important to check for correlations to 

previous 2-D psychometric instruments which was done in this research study.  Eventually, a 3-

D tactile-based spatial thinking instrument might be used in conjunction with 2-D instruments to 

assess cognitive gains in dynamic interventions (e.g., hands-on cornerstone or capstone design 

projects) at the university level.   

Tinkering was defined as a branch of making that emphasized creative, improvisational 

problem solving using open-ended design principles to construct objects or installations using a 

wide variety of tools to develop a personally meaningful idea (Bevan, Gutwill, Petrich, & 

Wilkinson, 2015).  The shift from traditional lecture-based classes to deliver technical 

knowledge to more widespread incorporation of problem-based learning and design experiences 
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that involved more tinkering-like activities in university-level engineering programs illustrated 

the shift to incorporate a wider variety of tactile experiences (Telenko et al., 2016).  Thus, there 

ought to be a parallel development of assessment methods to determine gains in spatial ability 

better aligned with current pedagogical methods being employed in the classroom setting 

expanding from assessments currently geared towards the evaluation of team effectiveness and 

dynamics (Hirshfield & Koretsky, 2017).  A dynamic assessment might better capture spatial 

thinking gains in dynamic interventions.  Solving spatial problems such as the Soma Figure 

puzzles involved visualizing and manipulating a wide variety of spatial information including 

different shapes, configurations and their alternatives, understanding of the relative locations 

with respect to multiple object, and how these could all change during the problem solving 

process (Atit et al., 2013) making this simple task that encouraged tinkering an ideal candidate 

for the development of a 3-D spatial thinking dynamic assessment suitable for adult learners. 

So, how might students that excel in activities that more align with tinkering be tested for 

spatial thinking ability in a more familiar fashion than the traditional paper-pencil 

assessments?  Was there a link between confidence in tinkering and spatial thinking ability?  Did 

a correlation exist between standard 2-D static assessments and a tactile-dynamic assessment?  

Was it possible to elucidate flexibility in solving strategies to give a more complete view of 

spatial ability?  Was it possible to devise a tactile-based intervention with appropriate 

scaffolding?  These were a sample of the questions explored within this research project that 

aimed to develop a dynamic, tactile spatial assessment protocol suitable for use in conjunction 

with current static psychometric methods to better evaluate an individual’s spatial ability in a 

more exhaustive manner. 
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Spatial Cognition 

Three types of spatial cognition were described by Newcombe (2018): Navigation in 

terms of location and movement tracking on a large scale, object manipulation of items that fit in 

a hand that involved some type of a transformation, and symbolic which might involve language, 

analogy, and/or gesture among others representations such as maps.  This expanded upon 

previous work where Newcombe, Uttal, & Sauter (2013) identified the two domains of spatial 

skills as navigation and tool design.  These categories stemmed from distinguishing between 

large-scale and small-scale spatial abilities and their respective frames of reference (Schneider & 

McGrew, 2018).   

Spatial Cognition: Navigation 

Navigation referred to the ability to move bodies through space, understand the spatial 

relationships of static and dynamic bodies, and was a skill with distinct evolutionary roots 

(Newcombe et al., 2013; McGarvey, Luo, & Hawes, 2018; Newcombe, 2018).  This large-scale 

spatial ability involved an egocentric spatial transformation meaning that a person’s internal 

perspective or frame of reference changed in regards to the environment but the relationship with 

the objects did not change (Schneider & McGrew, 2018; Hegarty & Waller, 2004; Newcombe et 

al., 2013; Wang et al., 2014).  The ability to navigate permitted people to locate a new place, to 

maintain a sense of direction and location, to make the connection that a 3-D space could be 

represented with a 2-D map, and gain awareness to use landmarks to further orient themselves 

(McGarvey et al., 2018; Hegarty, 2010; Newcombe et al., 2013; Wolbers & Hegarty, 2010; 

Yilmaz, 2017).   

The three main types of spatial knowledge associated with objective measures of large-

scale spatial ability include: landmark, route, and survey knowledge (Siegel & White, 1975; 
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Montello, 1998; Hegarty, Burte, & Boone, 2018).  Landmark knowledge referred to knowing 

about discrete objects that were present in an environment such as recognizing a particular 

monument at a specific intersection.  Route knowledge referred to knowing a sequence of 

landmarks and actions associated with them, like having to turn left onto a one-way street when 

you came to the intersection with a particular monument.  Survey knowledge referred to an 

individual’s understanding of the layout of the environment, including distance and direction 

between landmarks, and potential routes of travel including short cuts that were not otherwise 

familiar.  The advent of technology had made the process of navigation significantly easier, but 

only in recent years affordable global positioning systems had become readily available, an 

underlying reason for the lack of research into this spatial cognitive area compared to object 

manipulation and symbolic spatial cognition areas (Newcombe, 2018).  Additionally, studies 

involving fMRI to better pinpoint the area of the brain responsible for navigation were not 

currently possible due to technical limitations and the lack of sensitive mobile instrumentation 

available for field-testing (Newcombe, 2018).  

Evidence existed that large-scale spatial abilities such as navigation were distinct from 

small-scale spatial abilities (Lorenz & Neisser, 1986; Hegarty & Waller, 2004; Newcombe et al., 

2013; Wang et al., 2014).  Research by Kozhevnikov and Hegarty (2001) employed a novel 

spatial thinking test to show that an individual’s object manipulation ability did not reflect their 

spatial orientation ability suggesting that while difficult, it was possible to develop independent 

assessments for perspective-taking strategies associated with the spatial cognition area of 

navigation.  This meant that testing an individual’s ability to navigate a cityscape did not 

necessarily correlate to that same individual’s ability to solve a simple spatial puzzle like a Soma 

Cube.  There was evidence from neuroscience investigations that items like mental rotation that 
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fall under the object-manipulation category and perspective-taking category under navigation 

had distinct neural bases indicating these items were supported by different brain areas 

depending on the spatial task (Chatterjee, 2008).  Additionally, most people could evaluate their 

own navigation abilities fairly well, so self-reported assessments of large-scale spatial abilities 

had shown as reasonable predictors of objective measures (Hegarty et al., 2002; Hegarty et al., 

2018).  Besides difficulty in creating assessments, a major issue plaguing the study of large-scale 

spatial abilities dealt with the potential ability of individuals to shift strategies in navigation tasks 

(e.g. from route knowledge to survey knowledge or from an egocentric to allocentric frame of 

reference) paralleling issues in solving small-scale spatial tasks detailed later.  Hegarty et al. 

(2018) suggested that the difference in individual large-scale spatial ability might stem from 

flexibility to switch between strategies and hence the enhanced ability to select of the type of 

knowledge or frame of reference that best applies to the particular situation.  This concept of 

cognitive strategy selection was explored in this research with regards to object manipulation.  

Spatial Cognition: Symbolic 

The topic of symbolic spatial tools was a more active research area with a number of 

studies focusing on the use of spatial language (Newcombe, 2018; Pruden et al. 2011; Gibson, 

Congdon, & Levine, 2015) as well as gesture (Ping, Golden-Meadow, & Beilock, 2014; 

Trofatter, Kontra, Beilock, & Goldin-Meadow, 2015) and their subsequent impact on the 

development of spatial thinking.  Many individuals did not explore an environment merely by 

visual observation, but rather by interpreting a combinations of different inputs such as visual 

cues, self-awareness of body location, and sensory information such as touch (Warren, Rothman, 

Schnapp, & Ericson, 2017).  Research by Pruden et al. (2011) explored the connection between 

spatial language and the development of spatial thinking abilities in children demonstrating the 
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benefits of incorporating higher rates of spatial words at a young age by caregivers while also 

highlighting a significant gender differences in that adults tended to use more spatial words with 

boys than girls.  Also, research supported the observation that the sheer number of spatial 

utterances in a child’s vocabulary correlated to their spatial ability and performance on spatial 

tasks (Miller, Vlach, & Simmering, 2017).  Spatial words helped to teach more complex 

mathematical concepts to children such as how to interpret angle size (Gibson et al., 2015) 

making the case for the increased inclusion of spatial-based language purposely incorporated into 

curricula.  A number of limitations and challenges existed when examining the connection 

between spatial thought and language (Newcombe et al., 2013) including the concept of linearity 

where words were given one-at-a-time in a sequence, so only one spatial relation could be 

described at a time (Newcombe & Huttenlocher, 2000).  Additionally, difficulty in 

communicating multiple locations might present a challenge for a person to enumerate and 

subsequently equally difficult for a listener to completely process (Brunyé, Rapp, & Taylor, 

2008).  While the opportunity existed to examine the spatial language of adults when it comes to 

solving a spatial task, that was not a specific goal of this research project but potential a future 

addition to the research methods. 

Gesture was defined as the movement of hands across a space that helped to express 

spatial relations at least as well as language with the engagement of the motor system 

encouraging higher rates of learning of concepts that included abstract scientific ideas 

(Newcombe, 2018).  Gestures could represent different objects, locations, directions, size or 

positions, and show motion but were typically constrained to representing only two of these 

elements simultaneously (due to having only two hands) and often required supporting language 

to clearly communicate an idea (Newcombe et al., 2013).  Individual differences in spatial and 
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verbal abilities were associated with differences in gesture production (Alibali, 2005).  For 

example, it was shown that individuals with high spatial ability but difficulty verbalizing 

thoughts, were more likely to gesture (Hostetter & Alibali, 2007).  It was suggested that gesture 

might help reveal different spatial strategies that an individual was using to solve a spatial task 

(Kita, Danziger, & Stolz, 2001) highlighting this phenomenon as an item of potential interest 

when aiming to develop a tactile-based spatial assessment.  With the increasing development and 

availability of technology aiming to bridge the gap of human-computer interaction, van den 

Hoven and Mazalek (2011) first defined the concept of Tangible Gesture Interaction that 

combined the communicative gesture with manipulation of the physical world leading to the 

development of items like the Tangible Gesture Interaction Frameworks (TGIF) to describe how 

objects were physically manipulated (Angelini, Lalanne, Hoven, Khaled, & Mugellini, 2015).  

Interestingly, as compared to children, adults tended to use significantly more spontaneous 

gestures when communicating spatial information (Sauter, Uttal, Alman, Goldin-Meadow, & 

Levine, 2012) further indicating potential examination of this symbolic spatial tool if/when 

considering the incorporation of a talk out-loud method to describe solving of a spatial task.  The 

availability of video recording equipment and digital processing capabilities were no longer a 

major limitation to examining gesture as it might have been in past studies. 

Much of the development of spatial cognition that occurred past the preschool years was 

largely attributed to interaction with symbolic systems (Newcombe et al., 2013).  In addition to 

language and gesture, the act of sketching whether it was maps, diagrams, or simple 2-D 

representations, could be included in this symbolic category of spatial cognition (Jee et al., 2014; 

Newcombe, 2018).  Newcombe et al. (2013) noted there was already extensive research with 

children and their understanding of the symbolic relations between maps, photographs, scale 
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models, and their representative spaces (DeLoache, 1987; Loewenstein & Gentner, 2005; Blades 

& Cooke, 1994; Vosmik & Presson, 2004; Huttenlocher, Vasilyeva, Newcombe, & Duffy, 2008; 

Liben & Downs, 1993; Liben, Kastens & Stevenson, 2002; Uttal, Fisher, & Taylor, 2006; Davies 

& Uttal, 2007).  The inclusion of a method to capture symbolic spatial cognition factors ought to 

be considered when designing spatial assessments as this might give a more comprehensive 

understanding of how individuals approach and solve spatial tasks. 

Spatial Cognition: Object Manipulation 

The vast majority of spatial cognition work occurred in the area of object manipulation 

(stemming from the interest in intelligence testing previously mentioned) due to the ability to 

validate spatial instruments manipulated into a common format (e.g., multiple-choice questions 

on paper) with administration possible under practical limitations such as material availability 

and time constraints (Newcombe, 2018).  This area of spatial cognition included research into 

topics like mental rotation, mental transformation, cross-sectioning, bending, folding, and 

patterns; all of which had psychometric tests available to examine differences in spatial thinking 

ability levels between individuals.  These psychometric assessments often focused on within-

object skills such as the rotation or slicing of a single object but not on between-object spatial 

skills (Newcombe et al., 2013) meaning they did not necessarily test the spatial abilities 

necessary for every day tasks.  The ability to identify and categorize this area of spatial cognition 

remained a priority as a plethora of research had already connected high thinking ability with 

future success in STEM fields (Newcombe, 2018; Wai et al., 2009).  As opposed to navigation, 

object manipulation fell into the small-scale spatial ability category as it involved allocentric or 

object-based transformation (Schneider & McGrew, 2018).  This area of cognitive thinking was 
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examined in far more detail later in this document with a discussion on nomenclature, theory 

development, framework for this research, and common spatial thinking assessments. 

Spatial Cognition: Limitations 

Even with the thousands of psychometric tests developed, Newcombe (2018) pointed out 

three serious limitations when studying spatial cognition:  

1. The difficulty in separating the underlying factors even when using factor analysis 

and hence comparing the validity of competing assessments.  

2. No systematic way of evaluating the types of spatial skills used by people in 

everyday life; the lack of tactile components. 

3. Spatial testing not keeping up with the latest technology available or relying to 

heavily on outdated technology meaning whole areas of spatial skills might 

currently be completely overlooked. 

These first two issues were echoed by Yilmaz (2017) while examining the development 

of tools to measure spatial ability.  Factor analyses studies for the same instrument could come to 

statistically valid different conclusions.  For example, see Ernst et al.’s (2017) factor analysis of 

the complete Purdue Spatial Visualization Test: Rotations (PSVT:R) versus that of Maeda, 

Yoon, Kim-Kang, and Imbrie (2013) to see the disagreement in the number of underlying factors 

associated with a widely-used spatial thinking assessment.  Parsing through the pencil-paper 

spatial thinking assessments, one might notice that many of the instruments used objects not 

necessarily familiar to the average person.  This unfamiliarity might be acceptable unless the 

information could be interpreted in different ways.  Branoff (2000) demonstrated this 

phenomenon with a PSVT:R-like object and asked if whether an object shown was a 3-D object 

or a 2-D pattern as the answer might not be entirely clear to a person unfamiliar with isometric 
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projection theory, a topic introduced in technical graphics instruction and used extensively to 

communicate design.  

Branoff (2000) validated that converting the PSVT:R from isometric pictorials to 

trimetric pictorials of common objects was possible indicating that assessments might be 

modified to better mimic real-world situations, an idea expanded on by Ernst et al. (2015).  Even 

so, pictorial conversions still did not test spatial thinking abilities in a manner that truly 

mimicked real-world spatial dilemmas people encountered on a regular basis like how to best 

pack a suitcase, a trunk of a car, or even a dishwasher.  This suggested that an opportunity 

existed to develop an assessment focusing on combining multiple objects to fit or create a certain 

form, that made a manipulative with many different forms like a Soma Figure an ideal candidate 

for a tactile-based assessment. 

Schneider and McGrew (2018) concurred that the advent of new technology such as 

virtual environments would give additional opportunities to study and develop assessment 

methods to examine an individual’s spatial ability in a more complete manner.  While still fairly 

rudimentary and limited to participants in a very controlled environment and only for use with 

single objects, the use of eye tracking hardware was available for use in conjunction with spatial 

assessments (e.g., Nazareth, 2015; Nazareth et al., 2017).  Even with the increasing availability 

of technological advances such as VR and eye-tracking, serious work still needed to be done in 

the development of algorithms to translate motion captured to data suitable for statistical analysis 

(Angelini et al., 2015).   This discussion of spatial cognition served to segue into a discussion on 

spatial thinking - how it was defined, why it was important, how it was tested, where were the 

gaps in knowledge, and how did this particular research add to the growing body of literature to 

identify individuals spatial thinking ability level using a novel assessment method.   
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Defining Spatial Thinking 

Spatial thinking was recognized as a distinct component of intellectual ability 

independent of verbal and mathematical cognitive abilities (Cooper & Mumaw, 1985; Carroll, 

1993; Wai, et al., 2009).  While there was not consensus as to what exactly constitutes the 

concept of spatial thinking (Hegarty & Waller, 2005; Sorby 1999), there were a variety of ways 

researchers attempted to better define this broad topic.  Linn and Petersen (1985, p. 1482) 

defined spatial ability as “skill in representing, transforming, generating, and recalling symbolic, 

non-linguistic information”.  Lohman (1993, p.3) defined spatial ability as “the ability to 

generate, retain, retrieve, and transform well-structured visual images”.  Gaughran (2002, p.3) 

provided yet another iteration of the definition of spatial ability as, “the ability to visualize, 

manipulate and interrelate real or imaginary configurations in space”.  Sorby (1999) defined 

spatial ability from a different perspective as the, “innate ability to visualize that a person has 

before any formal training has occurred” insinuating the malleability of this cognitive ability 

later shown in a meta-analysis of spatial tasks by Uttal et al. (2013).  Seery, Buckley, and 

Delahunty (2015, p.2) expanded Sorby’s (1999) definition to define spatial thinking ability as, 

“the current level of ability which describes a person’s holistic capacity within the domain of 

spatial ability, after education of training specifically designed to develop spatial ability has 

taken place”.  Lastly, Sutton and Allen (2011, p.5) described spatial ability as “the performance 

on tasks that require: (a) mental rotation of objects; (b) the ability to understand how objects 

appear in different positions; and (c) the ability to conceptualize how objects relate to each other 

in space”.  This definition by Sutton and Allen (2011) best described the spatial task presented 

later in this research.   
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 Along with the evolving definitions, D’Oliveira (2004) outlined four issues plaguing the 

development of creating a common definition of spatial thinking:  

1. The use of identical names for different components of spatial thinking and 

conversely the different names for the same descriptions. 

2. The number of underlying components or factors of spatial ability varied from 

two to ten or even more depending on the researcher. 

3. Factor names were inconsistent across authors and even at times within the work 

of the same author leading to clarity issues. 

4. There was confusion among researchers regarding spatial ability tests and what 

factor/construct they were intending to assess.   

 Additionally, upon reviewing spatial thinking literature, this author noted there might be 

issues with consensus with factor analysis results for the same spatial thinking assessment and 

postulated that one driving reason might be the use of different populations at the collegiate level 

with varying exposure to design experiences that inherently had a spatial aspect to them.  This 

echoed thoughts by Newcombe (2018) regarding factor analysis validity issues.   

 Developing a complete framework for spatial thinking had long been an area of interest 

with increasingly complicated models presented in the literature as the understanding of spatial 

ability expanded.  For starters, McGee (1979, 1979b) first concluded that there were two main 

factors: Spatial Visualization and Spatial Orientation.  McGee defined spatial visualization as the 

ability to imagine manipulating, rotating, twisting, or inverting objects mentally and then spatial 

orientation as the ability to imagine the appearance of an object from different perspectives but 

noted difficulties in completely separating these factors.  Other earlier frameworks like Linn and 

Peterson (1985) suggested that spatial thinking ability was not a unitary construct but rather a 
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combination of sub-skills like using maps, solving geometry-based questions, and the ability to 

recognize 2-D representation of 3-D objects.  The break down of spatial ability into multiple sub-

sections was backed by factor analysis studies (Carroll, 1993; Yilmaz, 2017).  Tartre (1990) 

expanded on work by McGee (1979) to propose a pyramidal classification scheme as shown in 

Figure 2.1 recreated from Sorby (1999) that divided spatial thinking into spatial visualization and 

spatial orientation factors, paralleling the object manipulation and navigation categories of 

spatial cognition later proposed by Newcombe (2018).  Tartre (1990) continued to break down 

spatial visualization into separate factors of mental rotation and mental transformation.  Sorby 

(1999) clarified that mental rotation referred to the ability to transform an entire object in space 

whereas mental transformation referred to transforming only part of the object in space.  This 

designation by Sorby (1999) aligned with future work examining whether individuals preferred a 

holistic or analytical strategy when solving spatial tasks. 

 

Figure 2.1: Hierarchical arrangement of spatial thinking proposed by Tartre (1990) recreated 

from Sorby (1999). 

 

In a different review, Lohman (1988) outlined three major spatial ability factors: Spatial 

Visualization, Spatial Orientation, and Speeded Rotation.  While the first two factors echoed 

McGee’s (1979) definitions, speeded rotation referred to how quickly a subject could discern 

whether an object was simply rotated or rotated and simultaneously reflected.  In yet another 
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vein, Maier (1994) divided spatial thinking into five distinct factors: Spatial perception, spatial 

visualization, mental rotations, spatial relations, and spatial orientation.  Carroll (1993) 

conducted a factor review of spatial ability studies and concluded five major factors exist: Spatial 

Visualization, Spatial Relations, Closure Speed, Flexibility of Closure, and Perceptual Speed as 

seen in Figure 2.2.  Echoing McGee (1979), Carroll (1993) outlined spatial visualization as, “the 

processes of apprehending, encoding, and mental manipulation of 3-D spatial forms” which has 

been a popular definition in the development of a host of spatial tests to examine this specific 

factor. 

 

Figure 2.2: Carroll's (1993) description of spatial ability, recreated. 

 

 While the name of Carroll’s (1993) factors might differ, the category of ‘spatial relations’ 

was identical to Lohman’s (1988) ‘speeded rotation’, highlighting the issue of nomenclature in 

spatial thinking research identified by D’Oliveira (2004).  Closure speed referred to the ability to 

access spatial representations available in long-term memory when given incomplete or obscured 

cues for the given representation (Carroll, 1993).  Flexibility of closure dealt with the ability to 

find a specific hidden pattern or figures in a bigger complex pattern (Carroll, 1993).  The 

perceptual speed factor involved finding a given configuration in a mess of distracting material a 

la “Where’s Waldo” (Carroll, 1993).   Ilić and Đukić (2017) and Maresch (2014) summarized the 



 

 

40 

early work in spatial thinking abilities commonalities with the factors identified and studied by 

authors already mentioned as well as some others not discussed with a modified version created 

and shown in Table 2.1.  As time progressed and assessments were developed and analyzed, the 

frameworks for spatial thinking became increasingly complex encouraging the further 

development of new spatial thinking assessments. 

Table 2.1: Early research into spatial thinking ability factors.  Modified from Maresch (2014) 

and Ilić and Đukić (2017). 

 

 A recent relatively comprehensive framework for spatial ability could be found within the 

Visual Processing (Gv) domain of Cattell-Horn-Carroll (CHC) theory (Schneider & McGrew, 

2018) with the authors noting a new wave of spatial thinking research on the horizon due to a 

renewed interest in the area that would likely lead to yet further revision.  CHC theory examined 

dimensions of intelligence stemming from the practice of using psychometric tests in 

combination with factor analyses to measure individual differences and root out meaningful 
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correlations (Spearman, 1904; Carroll, 1993; Schneider & McGrew, 2018).  Graphically, CHC 

theory followed a hierarchical structure with general intelligence divided into broad abilities that 

were further broken down into narrow abilities as shown in a modified partial hierarchical 

representation in Figure 2.3 (Schneider & McGrew, 2018).  In CHC theory only specific abilities 

associated with each narrow ability could be directly measured and the upper level (narrow, 

broad, and general) were inferred depending on observed relationships among the specific 

abilities.  The idea that spatial thinking abilities could be broken down into subsets was discussed 

above giving support for a hierarchical framework to examine spatial thinking.    

 

Figure 2.3: Modified partial hierarchical representation of CHC Theory. 

 

Currently, CHC theory had expanded to include at least 17 broad domains shown Table 

2.2 below.  Each broad domain contained a host of narrow domains and it was possible for 

overlap between broad domains.  Spatial thinking had been categorized under the Visual 

Processing (Gv) broad domain, where this discussion will mostly focus.  Visual Processing was 

defined as, “the ability to make use of simulated mental imagery to solve problems - perceiving, 

discriminating, manipulating, and recalling nonlinguistic images in the ‘mind’s eye’,” and was 

one of the most studied domains but had not always been at the forefront of intelligence testing 

(Schneider & McGrew, 2018).  There was some ambiguity as to the level of overlap between the 

Visual Processing (Gv) and Fluid Reasoning (Gf) domains (Carroll, 1993; Schneider & McGrew, 

2018).  Fluid Reasoning was defined as, “the use of deliberate and controlled procedures (often 

requiring focused attention) to solve novel, ‘on-the-spot’ problems that could not be solved by 
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using previously learned habits, schemas, or scripts” and was considered a hallmark of 

intelligence (Schneider & McGrew, 2018).  Confirmatory factor analyses suggested fluid 

reasoning tests could be separated into verbal, spatial/figural, and numerical/quantitative factors 

meaning that if an individual perhaps already had high Gv ability, they would excel at any test 

for the Gf domain focusing on spatial/figural facets.  This type of overlap between domains had 

already been seen in spatial assessments with the root cause hypothesis being that individuals 

might employ a variety of strategies to solve the tasks in spatial tests (Gluck & Fitting, 2003; 

Hegarty, 2010; Kyllonen, Lohman & Woltz, 1984) but this type of information could be difficult 

to collect and assess with standard paper-pencil assessments.   

Table 2.2: CHC Broad Domains listed from Schneider and McGrew (2018). 

 

Hegarty (2010) suggested two broad strategies (holistic and analytical) with Kyllonen et 

al. (1984) pointing to the best performers on visualization tests had the ability to switch between 
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cognitive selection strategies as appropriate for the spatial task at hand.  This flexibility to adapt 

spatial strategies to best fit a spatial task was also noted by Hegarty et al. (2018) as the potential 

item that distinguished between individuals with high versus low large-scale spatial ability 

aptitudes.  In regards to CHC theory, Schneider & McGrew (2018) suggested that when 

individuals used a holistic approach they operated in the Gv domain and conversely when an 

analytical strategy was employed, they operated in the Gf domain.  More research was needed to 

examine this possibility and if it was possible to clearly distinguish the two broad abilities.  The 

use of a spatial puzzle in an assessment might be an interesting potential way to bridge the gap 

between the Gv and Gf domains and allow for the study of cognitive selection strategies used in 

spatial thinking tasks.  

 Within the Gv domain, CHC recognized twelve narrow abilities akin to factors in earlier 

research frameworks to define spatial thinking (Schneider & McGrew, 2018).  These were listed 

in Table 2.3 with summarized definitions.  Of particular interest of this research was the narrow 

topic of ‘visualization’ (Vz), identified as the core ability of Gv.  Vz demonstrated the strongest 

correlation to a general intelligence factor as it required complicated, multistep mental 

transformations of stimuli and was often used as a proxy for the broad Gv domain (Schneider & 

McGrew, 2018).  These narrow factors were mostly identified through factor analysis studies 

where spatial factors were analyzed from paper-pencil-based psychometric tests giving a starting 

point for further expansion of the framework (Buckley et al., 2017). 
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Table 2.3: Visual processing narrow abilities in CHC Intelligence Theory (Schneider & 

McGrew, 2018). 

 

Buckley et al. (2017) noticed that earlier versions of the CHC theory by Schneider and 

McGrew (2012) omitted discerning between static and dynamic spatial abilities.  Since the 

assessments used to identify the factors were static paper-pencil instruments, there was no 

opportunity for the inclusion of dynamic factors leading to the possibility of expansion of the 

CHC Gv domain.  The lack of research with dynamic, or relational aspects of objects was also 

noted by Chatterjee (2008), indicating an area in spatial thinking not fully explored in the past 

decade with potential exploration in future studies.  In the latest version of the CHC theory 

(Schneider & McGrew, 2018), the distinction between static and dynamic spatial abilities was 
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included as a discussion but no narrow dynamic-based factors were added under the broad Gv 

domain.  Support for the concepts of both static and dynamic spatial thinking was supported in 

literature using exploratory and confirmatory factor analyses with a diverse cohort (Hunt, 

Pellegrino, Frick, Farr, & Alderton, 1988; Pellegrino, Hunt, Abate, & Farr, 1987; Uttal, et al., 

2013; Newcombe & Shipley, 2015) with the key concept as the presence or absence of 

movement in the assessment.  Paper-pencil-based assessments were examples of instruments to 

statically test spatial abilities and the intended factors do correspond to those narrow domains 

listed in the CHC Gv domain, but other studies uncovered different factors with moving stimuli 

(Schneider & McGrew, 2018; Larson, 1996; Buckley et al., 2017).   

Based on Larson’s work (1996), Buckley et al. (2017) proposed a trio of unique dynamic 

factors: directional judgment, speed judgment, and movement detection but noted that it might 

be very difficult to isolate and specifically test these factors in terms of spatial reasoning due to 

the likely engagement of other cognitive systems such as motor control during 

assessments.  Many spatial reasoning assessments that were intended as dynamic in nature 

focused on the use of simulation software or a virtual reality environment rather than a tactile 

approach, that made the development of this assessment a novel approach to attempt to examine 

dynamic spatial thinking abilities.  Since the potential existed for additional variance to be 

interjected into a tactile assessment (like the aforementioned motor control), it was important to 

make comparisons from the data collected from this research to at least one validated spatial 

thinking instrument extensively used in spatial thinking research. 

With addition of the partition of static/dynamic spatial thinking and examining current 

research, Buckley et al. (2017) proposed that the Gv domain from CHC theory expanded to 

contain as many as 25 factors as seen in Figure 2.4.  This expansion would permit better 
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exploration of spatial ability in the context of engineering education and the recent focus on the 

integration of dynamic, hands-on, problem-based instructional methods (Telenko et al., 2016).  

In this iteration, Buckley et al. (2017) included what they refer to as ‘dichotomous factors’; 

factors such as visual memory, serial perceptual integration, and spatial scanning that crossed 

both the static and dynamic sub-domains.  Additionally, the CHC theory by Schneider and 

McGrew (2018) named Perceptual Illusions as a single narrow factor in the Gv domain but 

research suggested (Coren, Girgus, Erlichman, & Hakstian, 1976; Carroll, 1993) this might be a 

combination of five unique illusion factors: shape and direction, size contrast, overestimation, 

underestimation, frame of reference that was taken into account in Buckley et al.’s (2017) 

expanded visual processing framework.  The definitions for these additional factors were found 

in Table 2.4 of this document.   

 

Figure 2.4: Expanded CHC theory factor structure for Visual Processing reproduced from 

Buckley et al. (2017). 
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Table 2.4: Additional proposed factors in the visual processing framework compiled from Buckley et al. (2017). 
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Buckley et al. (2017) suggested the need existed for the development of a, “single robust 

measurement instrument [which] would elicit a holistic profile of a person’s level of spatial 

ability” as this could greatly help with the creation of tailored spatial thinking interventions with 

the ability to be directly incorporated into engineering education, potentially aiding student 

success.  Sorby’s (2009) detailed technical graphics based intervention with a suggested duration 

of two hours of targeted training per spatial factor was specifically cited as an example of 

translating CHC theory to practice in a practical manner (Buckley et al., 2017).  This research 

study aimed to fill a gap in spatial thinking literature with the development of a dynamic-based 

assessment intended to better elucidate an individual’s spatial thinking ability level and 

potentially examine their cognitive selection strategy.  Now that the history of spatial thinking 

research was presented, the following section described the spatial thinking framework selected 

for this research study. 

Spatial Thinking Framework 

As discussed in the previous section, there were numerous theoretical frameworks 

available in the literature with regard to spatial thinking ability, which could make it onerous to 

choose only one for spatial thinking research project.  The distinction between static-dynamic 

spatial thinking domains was recognized (Uttal et al., 2013; Newcombe & Shipley, 2015; 

Chatterjee, 2008) and required a deeper discussion on how this designation could potentially be 

exploited to develop a different type of assessment method for spatial thinking.  Beyond the 

static-dynamic categorization, a number of further studies (notably Kozhevnikov & Hegarty, 

2001; Huttenlocher & Presson, 1973; Hegarty, Montello, Richardson, Ishikawa, & Lovelace, 

2006, Kozhevnikov, Motes, Rasch, & Blajenkova, 2006) suggested an intrinsic-extrinsic 

dichotomy in spatial thinking forming the basis of the framework that used for this study.  The 
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intrinsic-extrinsic classification was alluded to in previous literature (Hegarty & Waller, 2004; 

Kozhevnikov et al., 2006; Newcombe, 2018) when examining object-based manipulations and 

egocentric perspective transformations (like in navigation) providing additional support for this 

dichotomy as part of a spatial thinking framework. 

Uttal et al. (2013) defined intrinsic as referring to defining distinguishing characteristics 

of a single object without consideration of the object’s surroundings.  Whereas, Uttal et al. 

(2013) defined extrinsic as referring to any spatial activity that determined relations among 

objects in a group (such as a puzzle) or the relative position of objects to each other (such as in 

geosciences).  Newcombe and Shipley (2015) defined intrinsic as the shape and part-based 

representations of a single object and extrinsic as the relations among objects as well as between 

objects and frames of reference, echoing Uttal et al. (2013).  Intrinsic characteristics included 

object orientation, object size, arrangement of constituent non-moving parts, as well as 

transformations of a single object such as bending, rotation, or scaling, and relating 2-D with 3-D 

views like those found in technical graphics (Newcombe & Shipley, 2015; Akit et al., 

2013).  Extrinsic characteristics included location relative to other objects or reference frames 

(allocentric or egocentric).  If you took a bowl of fruit as an example, we could distinguish an 

apple from a pear from an orange based on intrinsic characteristics (different shapes, colors, 

and/or sizes).  We could describe the spatial relations between the various fruits (how they were 

stacked or arranged) or the location of the fruit bowl in the context of the environment (e.g., the 

fruit bowl was on the counter) due to extrinsic characteristics.  Scale was the deciding factor as 

to what was defined as intrinsic or extrinsic in any particular situation as objects could exist at 

different spatial scales (e.g., a cell, a plant, a greenhouse, a forest, a planet, etc.) with the 

possibility to code intrinsic and extrinsic aspects complementary and continuously (Newcombe 
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& Shipley, 2015).  This meant that while the extrinsic category might often associate with large-

scale navigation, the possibility did exist to develop an extrinsic task on a smaller scale that 

would be less challenging to implement in a classroom-type of environment making the 

development of an extrinsic-dynamic spatial thinking assessment like the one suggested in this 

study possible.   

Uttal et al. (2013) delineated the difference between static and dynamic actions in that 

dynamic strategies required interaction with the stimulus.  Chatterjee (2008) combed the 

literature in psychology, linguistics, and neuroscience to also propose and support the intrinsic 

and extrinsic processes of spatial thinking, but established the clear differences between static 

and dynamic spatial representations depended on if the object was subjected to motion or there 

were multiple moving parts that were spatially related leading to the four-category framework 

for spatial thinking proposed by Newcombe and Shipley (2015).   

Newcombe and Shipley’s (2015) framework was derived from many aspects of spatial 

thinking from the past century and attempted to reconcile previous spatial-based literature from 

the fields of linguistics and cognitive science with newly developed neuroscience medical 

imaging studies regarding development (e.g., Chatterjee, 2008; Kozhevnikov & Hegarty, 2001; 

Huttenlocher & Presson, 1973; Kozhevnikov et al., 2006; Hegarty et al., 2006; Kozhevnikov, 

Hegarty, & Mayer, 2002; Kozhevnikov, Kosslyn, & Shephard, 2005).  This led to the proposal of 

a quartet of categories that served as a way to organize concepts important to spatial thinking and 

better identify assessment areas lacking attention.  In this framework, spatial thinking factors and 

associated assessments were divided into four broad categories: Intrinsic-Static, Intrinsic-

Dynamic, Extrinsic-Static, and Extrinsic-Dynamic (Newcombe & Shipley, 2015).  The abilities 

under ‘spatial visualization’ as defined by CHC theory (Schneider & McGrew, 2012) mirrored 
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the intrinsic categories of the framework by Newcombe and Shipley (2015) and included factors 

such as mental rotation, mental folding, relative changes of a single object in space, mental 

transformations of patterns, and manipulation of objects such as deformation.  Likewise, the 

abilities under spatial orientation aligned with the extrinsic categories of the spatial thinking 

framework (Newcombe & Shipley, 2015) and included determining relationships between 

different objects (location), identifying objects from various angles without confusion, and 

perceiving and comparing spatial patterns.  Definitions below were provided for each category in 

the framework for spatial thinking outlined by Newcombe and Shipley (2015), expanded from 

Chatterjee (2008): 

1. Intrinsic-static: coding the spatial features of objects including their size and 

arrangement of their parts; their configurations. 

2. Intrinsic-dynamic: transforming the spatial coding of objects, including rotation, 

cross-sectioning, folding, plastic deformations. 

3. Extrinsic-static: Coding the spatial location of objects relative to other objects or 

to a reference frame. 

4. Extrinsic-dynamic: Transforming the inter-relations of objects as one or more of 

them moves, including the viewer. 

In this instance the term “coding” referred to the object(s) being merely described while 

remaining stationary whereas “transforming” referred to some sort of movement or action of the 

object.  Newcombe and Shipley (2015) believed that these four categories could encompass the 

vast literature currently available covering spatial thinking topics echoing the categorization 

done by Uttal et al. (2013) in their meta-analysis of spatial training tasks and interventions.  

Uttal’s et al. (2013) examination of spatial training literature found five distinct factors that could 
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fit into one of the four categories: disembedding (intrinsic-static), spatial visualization (intrinsic-

dynamic), mental rotation (intrinsic-dynamic), spatial perception (extrinsic-static), and 

perspective taking (extrinsic-dynamic).  Newcombe and Shipley (2015) modified the 

reconstructed Table 2.5 from Uttal et al. (2013) to demonstrate these five categories, examples of 

spatial assessments in each category (note, not an all-inclusive list), and ties to previous attempts 

to define factors in spatial thinking.  The potential existed for expansion in each of these 

categories with newly developed spatial assessments and subsequently developed spatial training 

tasks or interventions. 

The vast majority of assessments mentioned in Table 2.5 involved a paper-pencil 

approach used in traditional psychometric tests, demonstrated a general lack of any dynamic 

components, and were difficult to use when attempting to assess cognitive selection 

strategies.  However, knowing which psychometric test was associated with what category of 

spatial thinking allows for direct comparisons via correlations when examining new types of 

spatial assessments to determine if the developed assessment aligned with the intended category. 
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Table 2.5: Spatial training categories from meta-analysis by Uttal et al., (2013) as presented in Newcombe and Shipley (2015). 
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 Intrinsic-Static Spatial Thinking 

 Intrinsic-static spatial thinking was the simplest of the four categories, that involved the 

description or classification of objects based on items such as size, shape, or location.  For 

example, refer to the photograph of a basic block with a cutout in Figure 2.5 below.  An 

intrinsic-static type of question might ask an individual to examine the block in the image and 

then tell about the color, general shape, and/or speculate on the size.  There was no motion of the 

object and it was not possible to locate the object relative to any particular environment or 

another object.  Research had demonstrated that being able to identify geometric forms was 

related to early spatial skill development in children (Verdine, Bunger, Athanasopoulou, 

Golinkoff, & Hirsh-Pasek, 2017) suggesting that assessments geared for the intrinsic-spatial 

category might be appropriate for all age groups. 

 
Figure 2.5: Wooden child's block, photograph by author. 
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The Embedded Figure Test (EFT) stemmed from work by Gottschaldt (1926) was noted 

as a type of spatial assessment associated with intrinsic-static spatial thinking (Uttal et al., 2013).  

In this type of assessment, participants were given both simple figures and complex figures and it 

was up to the participant to determine if a certain simple figure(s) were embedded in a complex 

figure.  A factor-analysis on various EFT tests by Milne & Szczerbinski (2009) suggested that 

individual differences on the EFT that associated with the disembedding factor also observed a 

positive correlation to participant intelligence.  Recent work linked the EFT to the fluid 

intelligence domain (Gf; Duncan, 2013), noted in CHC theory as linked to visual processing (Gv; 

Schneider & McGrew, 2018).  The Group Embedded Figures Test (G-EFT) by Witkin (1971) 

was the most widely known of the EFT test variations with a sample question shown in Figure 

2.9.  The G-EFT figures are copyrighted protected, but Huygelier, Van der Hallen, Wagemans, 

de-Wit, and Chamberlain (2018) created a question for illustration purposes that showed a 

sample G-EFT-type of embedding question on the left versus their developed L-EFT on the right 

available for viewing in their research paper.  The shapes labeled ‘A’ and ‘F’ represented simple 

figures whereas the remainder were considered complex figures.  The intrinsic-static spatial 

thinking category contained affiliated established instruments and protocols allowing for the 

study of various factors, such as disembedding, but assessment from this category alone did not 

provide a complete view of an individual’s spatial abilities. 

Intrinsic-Dynamic Spatial Thinking 

The vast majority of spatial thinking research in this past century occurred in the 

intrinsic-dynamic category of Newcombe and Shipley’s (2015) framework with a wide variety 

and availability of psychometric assessments with easy administration to large populations that 

led to quantitative-based data directly collected for statistical analyses.  Many of these 
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instruments required the ability to predict transformations of 2-D representations of 3-D objects 

but did not involve a tactile component.  Uttal et al. (2013) determined that the two major sub-

categories that stemmed from the intrinsic-dynamic designation were spatial visualization and 

mental rotation.  Spatial visualization further divided into factors of bending, breaking, and 

folding whereas mental rotation focused solely on the factor of rotating.  Newcombe and Shipley 

(2015) identified spatial skills in the intrinsic-dynamic category that included the ability to 

visualize 3-D from 2-D (such as from an orthographic to isometric representation in technical 

graphics), to visualize spatial relations inside an object (such as a cross-section, another technical 

graphics topic), to visualize how an object will change over time (e.g., deformation), or to 

visualize an object after a series of transformations (e.g. rotations which could easily be 

demonstrated with a CAD-based program extensively used in engineering design 

work).  Examples of intrinsic-dynamic spatial thinking-based items were well illustrated through 

examination of various spatial assessments.  These intrinsic-dynamic assessments often were 

employed to help validate potential gains in spatial thinking due to interventions or spatial 

training exercises with extensive details available in Uttal et al.’s (2013) meta-analysis.  

I-D Spatial Thinking: Spatial Visualization 

 As discussed prior, no clear universal definition of spatial visualization existed in spatial 

thinking literature.  Carroll (1993) defined spatial visualization as, “the processes of 

apprehending, encoding, and mental manipulation of 3-D spatial forms” aligning with the 

definitions outlined for both intrinsic and dynamic above.  While many spatial visualization 

assessments exist, the ones that dominated spatial thinking literature for this sub-category 

included: Purdue Spatial Visualization Test (PSVT): Visualizations (Guay, 1977), Paper Folding 

Test (Ekstrom, Dermen, & Harman, 1976), Mental Cutting Test (CEEB Special Aptitude Test in 
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Spatial Relations, 1939), Cross Sections Test (Cohen & Hegarty, 2012), and Minnesota Paper 

Form Board Test (Quasha & Likert, 1937).  This was not an all-inclusive list as numerous other 

intrinsic-dynamic spatial visualization assessments existed but one item in common of those 

listed was that none included the use of an actual model to manipulate by hand, but again relied 

on pencil-paper administration or presentation of assessment items in 2-D on a computer screen 

with a single correct multiple-choice answer.  While these types of assessments might readily be 

administered to a diverse population en masse, that did not necessarily validate assessment 

methods in the intrinsic-dynamic category as the most comprehensive options to gain insight into 

an individual’s spatial thinking ability.  Convenient might not equal correct in overall evaluation 

of spatial thinking abilities. 

 The Purdue Spatial Visualization Test: Visualizations (PSVT:V, Guay, 1977) contained 

24-items where the viewer needed to determine the correct viewing position based on the glass-

box theory of orthographic projection.  A discussion of glass-box theory would be found in many 

technical graphics textbooks, such as Bertoline, Wiebe, Miller, and Nasman (2005).  A version 

of the PSVT:V test adapted from an unpublished Visualization of Views test by Guay was 

publically available for download on the Spatial Intelligence and Learning Center (SILC) 

website courtesy of Dr. Mary Hegarty.  For items in this PSVT:V assessment, subjects were 

given an object in the center of a box and then the same object from a new viewing position 

underneath the original orientation.  For the assessment, students were to inspect the object in the 

new viewing position, then imagined moving themselves around the hypothetical glass box to 

determine the location of the viewing position of the bottom object, and then selected an answer 

by circling that particular corner.  Figure 2.6 showed a sample question on the left and then a 

solved sample question on the right.  While part of the Purdue Spatial Visualization Test Battery, 
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this ‘Visualizations’ assessment was rarely used in practice compared to the ‘Rotations’ 

assessment discussed in the following section.  One instance of this particular assessment used in 

practice was work by Towle et al. (2005) that examined a proposed correlation between spatial 

ability and self-efficacy in engineering students from multiple disciplines.  This psychometric 

assessment was considered, but not chosen as a measure for intrinsic-spatial thinking in the 

proposed research study due to a number of reasons including the lack of research available for 

comparison purposes (as noted by Dr. Hegarty) and participants potential unfamiliarity with 

glass box theory that might or might not been presented in an introductory technical graphics 

course by the time of data collection. 

 

Figure 2.6: Guay's Visualization of Viewpoints assessment sample questions. 

 

Ekstrom et al. (1976) created a “Manual for Kit of Factor-Referenced Cognitive Tests” 

that contained a host of psychometric assessments including a section focused on visualization.  

Items in this set included assessments like the Form Board Test, Paper Folding Test, and Surface 

Development Test, all of which were identified as aligning with the intrinsic-dynamic category 

of spatial thinking.  The Foam Board Test required individuals to combine various 2-D shapes to 
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create a more complex figure (Ekstrom et al., 1976) similar to the child’s game of Tangram.  In 

the Paper Folding Test (Ekstrom et al., 1976), individuals needed to visualize how a hole punch 

would appear given a fold line on a piece of paper.  For this assessment, people were given two 

images, one showing the fold line and one showing the location of the hold punch on the folded 

paper.  The individuals then had to select from five options the answer with location of the 

matching hole punch relative to the fold line. 

Atit et al. (2013) developed a different instrument, termed the ‘Non-rigid Bending test’ to 

assess differences between rigid (rotation) and non-rigid (bending, breaking, folding) mental 

transformations while noting a lack of studies on how people visualize complex non-rigid 

transformations occurring in the real-world such as a car crash.  The majority of non-rigid testing 

came from the concept of mental folding classified as belonging to the intrinsic category of 

spatial thinking.  Conversely, a lack of non-rigid testing in terms of breaking existed in literature.  

Atit et al. (2013) deemed for non-rigid breaking to align with the extrinsic category of spatial 

thinking since the consideration of multiple objects was required.  It was this type of reasoning 

with the non-rigid concept of breaking that gave support for the hypothesis that a manipulative 

object like a Soma Figure requiring construction might align with the extrinsic-dynamic 

category.  Atit’s et al. (2013) results suggested that spatial thinking skills that involved 

‘breaking’ and ‘folding’ were not related due to this extrinsic-intrinsic dichotomy.   

I-D Spatial Thinking: Mental Rotation 

The spatial thinking mental rotation factor was defined by Shepard and Metzler (1971) as 

the ability to mentally rotate 2-D or 3-D objects.  Mental rotation was the other identified sub-

factor of intrinsic-dynamic spatial thinking category with a number of assessments dedicated to 

studying and quantifying this concept including the Cube Comparisons Test (Ekstrom et al., 
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1976), Card Rotations Test (Ekstrom et al., 1976), PSVT: Rotations (Guay, 1977), and Mental 

Rotation Test (Vandenberg & Kuse, 1978).  The MRT was the intrinsic-dynamic assessment 

selected for use in this research project and discussed in greater detail than other well-known 

mental rotation assessments in a following section. 

The Cube Comparisons and Card Rotations Tests (Ekstrom et al., 1976) were designed to 

test the factor of spatial orientation and were part of a large battery of psychometric tests 

designed to examine 23 different aptitudes with administration appropriate for populations from 

teenage years through college age individuals.  It should be noted that the definition of spatial 

orientation used by Ekstrom et al. (1976, p. 149) was “the ability to perceive spatial patterns or to 

maintain orientation with respect to objects in space” and noted Carroll’s (1993) definition, 

“spatial orientation requires only mental rotation of the configuration” as a way to separate this 

construct from visualization that was examined in the previous section.  These nomenclature 

issues in spatial thinking research were again highlighted with the discrepancies in these 

definitions. 

The Cube Comparison Test involved participants examining two drawings of a cube and 

determining if the cubes were identical.  In this intrinsic-dynamic assessment, subjects were 

penalized for incorrect answers to discourage guessing and rather focused on accuracy in the 

allotted time frame for completion.  Hegarty and Waller (2004) used this assessment in 

conjunction with a factor analysis to show that the results loaded on the factor of mental rotation. 

The Card Rotation test centered on the ability for an individual to mentally complete a 

single rotation of a 2-D figure and was one of the simplest intrinsic-static spatial assessments 

available for adult learners (Ekstrom et al., 1976; Hegarty & Waller, 2004). It would be 

recommended to find the instructional guide by Ekstrom et al. (1976) that showed the assessment 
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item format with a singular object to the left and then options to be marked ‘Same’ (S) or 

‘Different’ (D) for eight transformation options to the right.  Hegarty and Waller (2004) 

confirmed through factor analysis that the Card Rotation Test loaded on the construct of mental 

rotation as opposed to perspective taking when examining a two-factor model of spatial thinking.   

The Purdue Spatial Visualization Test: Rotations (PSVT:R) was originally developed as a 

30-item questionnaire (Guay, 1977) to assess spatial thinking ability level.  The directions for the 

instrument directed students to study a rotation of an object ‘A’, then apply that rotation to a 

different object ‘B’, and select the correct orientation of the rotated different object ‘B’ from five 

choices (Bodner & Guay, 1997).  The PSVT:R assessment had a 25-minute time limit and had 

also been digitized and presented in alternative ways to help mitigate issues with interpreting 

isometric projections (Branoff, 2000).  The order of items on the PSVT:R was typically not 

randomized, but presented as one image per page.  Example questions from the PSVT:R often 

were added into technical graphics textbooks such as Bertoline et al. (2005). 

 This particular test had been used extensively in technical graphics and engineering 

classes to assess spatial thinking ability (Branoff, 2000; Ernst et al., 2015; Marunić & Glažar, 

2014) however recent research provided evidence leading to questioning whether the PSVT:R 

tested only the single construct of mental rotation (Ernst et al., 2017).  In contrast, the research 

by Maeda and Yoon (2013) supported a one-factor model measuring the intended construct but 

used a different population than the study by Ernst et al. (2017).  While this spatial thinking test 

might continue being used as a baseline assessment in technical graphics and engineering 

courses to test gains in spatial training initiatives like those described in Uttal et al. (2013), it was 

not used for comparison measures in this research due to the number of factors tested 

discrepancy issue in recent research. 
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Developed in the late 1970s, the Mental Rotations Test (MRT, Vandenberg & Kuse, 

1978) was a 20-item inventory based on work by Shepard and Metzler (1971) that required 

individuals to select correct rotations of an orthographic object with the tallied score of correctly 

selected rotations correlated to spatial thinking ability.  Due to physical deterioration due to 

excessive photocopying, Peters et al. (1995) created a redrawn 24-item version of the MRT using 

CAD that now was the commonly administered paper-pencil version of the assessment.  The 

MRT was a known benchmark instrument to assess spatial thinking ability that made it a strong 

candidate for inclusion into this work.  The MRT assessment was the basis for the tangible block 

study of spatial thinking ability of children by Hawes, LeFevre, Xu, and Bruce (2015).  The 

MRT had been used in conjunction with an adult tangible object study using a Soma-like Cube 

(Abbasi et al., 2009).  Marunić and Glažar, (2014) noted that the MRT had been used extensively 

as an assessment to demonstrate gains from technical graphics interventions.  The MRT had been 

administered as both a timed and untimed assessment in previous literature.  In the timed 

versions, individuals were permitted 3 minutes to complete the first 12 items, followed by a 4-

minute rest period, then 3 more minutes to complete the last 12 items (Peters et. al., 1995).  

Fisher, Meredith, and Gray (2018) adjusted the time to 11 minutes total to accommodate when 

participants did not mark directly on the test booklet but a separate sheet of paper.  There were 

multiple ways of scoring the MRT that required consideration in this project.  Some researchers 

(such as Vandenberg & Kuse, 1978; Peters et. al., 1995, Boone & Hegarty, 2017) gave one point 

only for a completely correct item whereas others gave one point for partial credit and two points 

for completely correct items (Nazareth, 2015; Fisher et al., 2018) indicating that it was important 

to note scoring before comparisons were made to studies that used the MRT.  Additionally, 

Boone & Hegarty (2017) suggested that the traditionally administered paper-pencil MRT might 
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give insight into preferred spatial solution strategies that could be evaluated based on the time 

required to finish the MRT while also giving a measure of mental rotation ability that made this 

assessment an ideal candidate when the idea of spatial flexibility in cognitive selection strategy 

was examined. 

Interestingly, Vandenberg and Kuse (1978) not only compared the MRT to other spatial 

tests available at that time finding it statistically equivalent but noted it was more difficult to 

solve these inventory items verbally and attributed that difference to gender.  Traditionally these 

different results due to demographics had been interpreted as males having higher levels of 

spatial thinking ability than females with this conclusion repetitively voiced in a number of older 

studies into spatial thinking ability that examined the construct as related to gender (e.g., Linn & 

Peterson, 1985; Geary, Gilger, & Elliott-Miller, 1992; Hedges & Nowell, 1995; Masters & 

Sanders, 1993; Voyer et al., 1995).  This proposed gender difference was re-examined using a 

factor analysis by Voyer and Saunders (2004) and it was concluded that the observed difference 

was not due to inherently different spatial thinking ability levels due to gender, but rather was a 

reflection of differences in reluctance and propensity to guess when taking the MRT with 

females being more reluctant to guess.  This suggested an issue with the method of delivery of 

paper-pencil exams and cautioned against judgments regarding spatial thinking ability with 

respect to gender without examining assessment administration, especially if the test was 

administered under a time constraint.  Recent work by Fisher et al. (2018) that examined sex 

differences in mental rotation ability using the MRT also concluded that the male advantage did 

not actually exist but rather was an artifact of how the test was administered in a paper-pencil 

format.  This difference in MRT scoring between genders could be eliminated by shifting the 

methodology to more realistic stimuli such as transitioning from orthographic representations to 
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photographs, or 2-D representations on paper to 3-D representations that could be physically 

manipulated by hand, or by removal of the time restriction (Fisher et al., 2018).  This echoed 

previous work by Gentaz and Hatwell (1995) that demonstrated that manual rotation of objects 

was not different due to gender while laying groundwork for the development of a tactile-based 

spatial assessment.  It was postulated that the use of realistic conditions might better allow for 

individuals to choose a preferred analytical (preferred by females) or holistic (preferred by 

males) approach that better mimicked real-world mental rotation skills (Gallagher & De Lisi, 

1994; Boone & Hegarty, 2017; Fisher et al., 2018).  This further suggested that tactile-based 

spatial tasks might help disprove perceived differences in spatial ability by gender and ought to 

be a factor considered in experimental design.  

The MRT test was selected as the intrinsic-dynamic spatial thinking assessment for 

comparison purposes in this research study.  Besides the ample research studies that used the 

MRT in the past to assess spatial ability, it had also been used in conjunction with Soma-like 

puzzles in past research by Abbasi et al. (2009) with a graduate student population (ages 23 - 

39).  Abbasi et al. (2009) reported a positive correlation between the MRT and the ability to 

develop a cube solution with the Soma-like pieces, but did not provide a complete statistical 

analysis in their write-up so it was not possible to comment on whether this was a significant 

correlation.   

Extrinsic-Static Spatial Thinking 

 The extrinsic-static spatial thinking category paralleled the intrinsic-state spatial thinking 

category with the major difference being the location of objects relative to other objects or to a 

reference frame were now considered.  The objects in this category remain stationary regardless 

of scale.  In literature, this category of spatial thinking often aligned with the spatial orientation 
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factor based on McGee’s (1979) definition of spatial orientation as the ability to imagine the 

appearance of objects from different orientations/perspectives of the observer.  While some 

previous studies suggested that extrinsic-static spatial orientation factor was distinguishable from 

the intrinsic-dynamic spatial visualization factor (Guilford & Zimmerman, 1948; McGee, 1979; 

Thurstone, 1950), other studies found these factors to be highly correlated (Borich & Bauman, 

1972; Goldberg & Meredith, 1975; Price & Eliot, 1975).  There was not enough research to 

soundly conclude whether the correlation did or did not exist between extrinsic-static 

assessments and the intrinsic-dynamic spatial visualization factor.  Some examples of extrinsic-

static spatial thinking psychometric tests included the Rod and Frame test (Witkin, Dyk, 

Faterson, Goodenough, & Karp, 1962) and the Water-Level Task (Piaget & Inhelder, 1958). 

On the other hand, conclusions could be made regarding extrinsic-static assessments and 

the intrinsic-dynamic mental rotation factor.  Using a battery of psychometric paper-pencil 

spatial tests, Hegarty and Waller (2004) suggested that intrinsic-dynamic mental rotation 

assessments such as the Card Rotations (Ekstrom et al., 1976), Cube Comparisons (Ekstrom et 

al., 1976), and MRT (Vandenberg & Kuse, 1978) loaded on a different factor than extrinsic-

static perspective-taking assessments such as a revised Object Perspective Test derived from 

Kozhevnikov and Hegarty (2001), the City Perspective Test (Hegarty et al., 2002) and Campus 

Building Perspective Task (Hegarty et al., 2002) but the factors were highly correlated.  Hegarty 

and Waller (2004) postulated that the difference between intrinsic-dynamic and extrinsic-static 

spatial thinking abilities was rooted in the ability to make object-based transformations 

(changing the position of objects in an environment while maintaining your own orientation) 

versus egocentric spatial transformations (imagining how the environment looks when you 

change your orientation).  An important finding in Hegarty and Waller’s (2004) study was that it 
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was possible to create a paper-pencil perspective-taking instrument that mimicked perspective 

taking in a large-scale space indicating that extrinsic-spatial assessments were not limited to only 

navigational tasks that required ample space for administration, but it was possible for extrinsic 

test administration in a classroom setting.   

Extrinsic-Dynamic Spatial Thinking 

 Currently extrinsic-dynamic spatial thinking assessments were found mostly in the field 

of geoscience with none developed specifically for use within a technical graphics classroom.  

There was little evidence for the development of any extrinsic-dynamic spatial thinking 

assessments to evaluate gains in spatial thinking ability from a dynamic instructional setting that 

focused on design, such as a hands-on cornerstone or capstone project, that might improve tactile 

spatial thinking abilities.  Using tactile skills to solve a spatial problem like a Soma Figure 

puzzle, involved not only visualizing orientation of single part, but also the manipulation of a 

multitude of spatial information that included shapes, configurations, relationship between 

objects, and how these items fitted together to form a whole specified form.  As discussed above, 

the ‘Non-rigid Bending’ instrument by Atit et al. (2013) examined intrinsic-dynamic spatial 

thinking assessments but also noted that the concept of ‘breaking’ leaned towards extrinsic 

spatial thinking as a viewer had to associate how all the pieces fit together to make a mental 

image.  When the Soma Figure shapes were disassembled they could be considered ‘broken’ and 

hence categorized in the extrinsic domain of spatial thinking.  Since interaction was necessary 

with the Soma Figures (stimulus), the tasks involving putting together shapes would be 

considered dynamic.  There had not been previous research focusing solely on the use of Soma 

Figures for the development of a potential extrinsic-dynamic spatial thinking assessment making 

this a unique development in the vast arena of spatial assessments.  It should be noted that this 
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developed assessment might ultimately not align with the extrinsic-dynamic category post-

analysis, but regardless would give feedback about how to go about creating future assessments 

for this category for use with different populations of interest. 

Tactile Spatial Thinking Assessments 

The use of tangible objects, such as blocks, to assess spatial thinking had been embraced 

for young children lacking literacy skills but not necessarily for adults.  For example, Hawes et 

al. (2015) used blocks modeled after objects presented in the Mental Cutting Test to demonstrate 

steady growth in the mental rotation factor of spatial thinking from the age of 4 to 8 with 

participant gender not a significant factor.  Blocks had also been used to examine the types of 

spatial language used between child and caregiver under varying play-based situations (Ferrara, 

Hirsh-Pasek, Newcombe, Golinkoff, & Lam, 2011) driving the development of a Spatial 

Language Coding System (Cannon et al., 2007).  Lin (2016) examined the use of an engineering 

design activity and suggested based on pre- and post administration of the Mental Cutting Test 

that these types of active-learning activities led to increases in spatial thinking.  As convenient as 

the traditional 2-D psychometric spatial visualization tests were to administer and score, humans 

live in a 3-D world and interact with a 3-D environment and assessments ought to be developed 

that reflect this reality.  Many of the previously developed instruments such as the PSVT:R 

assessment relied on the use of unfamiliar objects in isometric (rather than perspective) 

projections which might be an influential underlying variable when measuring spatial thinking 

that led to skewed scores demonstrating a clear limitation that might occur with some 2-D non-

tactile based assessments (Branoff, 2000). 

Hawes et al. (2015) outlined four deficiencies in traditional spatial thinking tests for 

young children to provide support for the use of tactile objects in the study of spatial thinking 
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that included: inappropriate time constraints, difficulty in understanding the concept of mirror 

differences, needing to select more than one correct answer, and the level of difficulty of the 

rotations that provided adequate challenge for most adults (Hoyek, Collet, Fargier, & Guillot, 

2011).  Additionally, the administration of paper-pencil tests might be difficult for young 

children as they might lack the literacy, fine motor skills, as well as patience and interest to 

complete this type of assessment that further made the case for the need and use of tangible 

spatial thinking tasks (Frick, Hansen, & Newcombe, 2013).  While these difficulties were 

highlighted for children, a number of adults might have similar difficulties if they lacked literacy 

skills underscoring the need for a tangible block-based test developed for adults.  Fisher et al. 

(2018) examined the issue of time constraints in regards to the MRT finding that differences in 

spatial thinking ability generally attributed to gender were no longer observed with the time 

constraint removed.  Additionally when using a tactile version of the MRT, the gender difference 

was eliminated in the study by Fisher et al. (2018) providing further support for the development 

of more tactile-based spatial thinking assessments that might be independent of gender as a 

compounding factor.  STEM studies focused on how to teach stereochemical concepts in organic 

chemistry in higher education courses (Abraham et al., 2010) documented issues with 

comprehending mirror differences which due to the complexity of the material, highlighted how 

this issue applied to an adult population rather than a young population.  Different ways to score 

the MRT (Peters et al., 1995) already noted as a widely used instrument in technical graphics and 

engineering domains, suggested that an issue existed when individuals needed to select more 

than one answer in a psychometric assessment.  In the intrinsic-dynamic MRT instrument where 

two correct answers corresponded to each item, some studies gave one point for completely 

correct answers (e.g. Vandenberg & Kuse, 1978; Peters et al., 1995; Boone & Hegarty, 2017) 
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whereas others gave one point for a partially correct answer and two points for a completely 

correct answer (e.g., Nazareth, 2015; Fisher et al., 2018).  Inconsistency in scoring might skew 

the result interpretation and ought to be a consideration in data analysis. 

While it was a reasonable assumption that the majority of university-level students had 

developed the literacy levels and fine motor skills required for a traditional 2-D psychometric 

assessment, individuals with recognized disorders might still struggle with these 

items.  Individuals with conditions such as high-functioning autism or ADHD might experience 

handwriting difficulties as observed across all grade levels K-12 (Mayes, Breaux, Calhoun, & 

Frye, 2017; Racine, Majnemer, Shevell, & Snider, 2008; Kushki, Chau, & Anagnostou, 

2011).  Pitcher, Piek, & Hay (2003) demonstrated significant differences in fine and gross motor 

skills between adolescent males with and without ADHD.  Research by Stray et al., (2013) 

suggested that moderate-to-severe motor inhibition problems do in fact carry over to adulthood 

but might clinically present as a painful symptom due to childhood issues with mobility rather 

than a readily visible difference in movement.  These issues might carry over further into 

academic endeavors at the university-level and potentially affected performance on a paper-

pencil based assessment.  It was postulated that inherent difficulties might be exacerbated under 

timed conditions with no corrections granted for any cognitive disabilities as research did show 

that testing accommodations (such as extended time) did have a moderate to large effect on test 

scores (Elliott, Kratochwill, & McKevitt, 2001).  The deficiencies outlined by Hawes et al. 

(2015) for children leading to the development of block-based assessments reasonably 

extrapolated to adult learners that provided an additional argument for the development of a 

tactile-based spatial thinking assessment for individuals in a university-setting. 
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The idea that real-life tactile spatial experiences might positively contribute to spatial 

thinking prowess was not a novel idea (Deno, 1995), as evidenced by a number of questionnaires 

developed in the past to help researchers better explain underlying contributing factors that 

contributed to inherently differing levels of spatial thinking ability. For example, Newcombe, 

Bandura, and Taylor (1983) developed an 81-item spatial activity scale to measure spatial 

experiences of adolescents and adults that was positively correlated to an individual’s spatial 

ability; an idea validated by works such as Signorella, Krupa, Jamison, and Lyons (1986) as well 

as Quaiser-Pohl and Lehmann (2002).  Some items on the survey were deemed ‘masculine’ (e.g., 

football, carpentry), others ‘neutral’ (e.g., bowling, photography), as well as ‘feminine’ (e.g., 

ballet, gymnastics).  Nazareth (2015) used this spatial activity experience survey with a scale 

ranging from 1 (never participated) to 6 (participated more than once per week) and found a 

positive correlation between the spatial assessment results and the number of masculine spatial 

activities that indicated real-life experiences might influence spatial thinking ability and it might 

be beneficial to collect some sort of information regarding tactile interests when administering 

spatial thinking assessments.  With the incorporation of more hands-on dynamic learning 

experiences in educational settings, an assessment to examine gains in dynamic spatial thinking 

tasks had yet to be developed. 

Tinkering Self Efficacy Assessment 

 When presenting a battery of spatial thinking ability assessments, including questions 

that examine an individual’s life experiences might help give a better overall understanding of a 

person’s innate spatial thinking ability.  Tinkering could be defined as a playful and iterative 

approach to solve problems through thinking, contemplating, and experimenting with given 

objects, tasks, or ideas (Martinez & Stager, 2013).  Petrich, Wilkinson, and Bevan (2013) 
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explained that tinkering inherently supported multiple dimensions of learning including: student 

engagement, initiative and intentionality, social scaffolding, and development of understanding 

while centering on creative, improvisational problem solving.  With tinkering, the purpose of the 

project might shift depending on latest insights and development of new solutions, meaning that 

end point was often unknown, paralleling exploratory practices in STEM fields (Bevan, Petrich, 

& Wilkinson, 2014).  Papert (1993) noted that the process of physically constructing an object 

was an effective method for individuals to develop, as well as demonstrate understanding.  While 

this research had an end goal (solve the Soma Figure puzzle), due to the availability of multiple 

valid pathways to derive a solution, potential to play with the various pieces, and engagement 

with physically constructing an object, suggested examining for the existence of a correlation 

between tinkering and the developed tactile spatial thinking assessment. 

Self-efficacy was defined as one’s belief in one’s ability to succeed in specific situations 

or accomplish a task (Bandura, 1977).  The level of self-efficacy for a given task was influenced 

by other task-specific concepts including motivation, outcome expectancy, and anxiety or self-

doubt toward the task (Pintrich & Schunk, 2002; Carberry, Lee, & Ohland, 2010). An 

individual’s confidence might play a part in believing they were capable to solve a spatial task 

like those proposed in this research study.  While developing self-efficacy in spatial thinking 

ability was not the focus of this research project, the construct did provide a bridge to studying a 

connection between tinkering and spatial thinking.  Combining these ideas, Mamaril et al. (2016) 

developed a 5-item Tinkering Self Efficacy Assessment Likert-style survey based upon previous 

research by Schreuders, Mannon, & Rutherford (2009), ABET program learning outcomes, and 

Baker, Krause, and Purzer (2008).  This TSE Assessment was administered as part of a battery of 

instruments to examine connections between spatial thinking ability and self-efficacy of 
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engineering students that included specifically examining tinkering self-efficacy in first-year 

engineering students (Richardson, 2008), a sample population relatively similar to this research 

study.  In Minear, Lutz, Clements, and Cowen (2016) the TSE Assessment was determined to be 

positively correlated to the PSVT:R (an intrinsic-dynamic spatial thinking measure) and SBST (a 

self-report scale on environmental spatial abilities in line with extrinsic-static spatial thinking 

concepts) as well as scales of design, math self-efficacy, and tinkering/design experience 

suggesting that the TSE Assessment might be used in conjunction with other established spatial 

thinking instruments in future studies. 

To be clear, while the TSE instrument had not been used in conjunction with the MRT 

test, based on previous research results it was anticipated that a positive correlation between TSE 

and spatial thinking ability might exist.  Appendix E contains the five-item TSE assessment as 

given to study participants using the original wording by Mamaril et al. (2016).  

Spatial Ability Self-Report Scale Assessment 

 As noted previously, individuals could often evaluate their own spatial thinking abilities 

making way for the incorporation of various self-report scales into spatial thinking research 

(Hegarty et al., 2018).  While these self-report scales were typically administered in a paper-

pencil fashion, this type of assessment could easily compliment other spatial thinking tests with 

testing possible for the existence of correlations.  The type of feedback gained from self-report 

scales might also help to quickly determine what types of spatial thinking trainings might be 

useful for a particular individual.  Sense of direction (SOD) self-measures had been used in prior 

research when trying to assess navigational spatial thinking ability, as people often know if they 

are “good” or “bad” with their own orientation (Kozlowski & Bryant, 1977; Bryant, 1982, 

Lorenz & Neisser, 1986; Takeuchi, 1992; Vandenberg, Kuse, & Vogler, 1985).  Other self-
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reporting spatial ability scales included the Santa Barbara Sense of Direction Scale (SBSOD) by 

Hegarty et al. (2002), the Philadelphia Spatial Ability Scale (PSAS) by Hegarty, Crookes, Dara-

Abrams, and Shipley (2010) and the Spatial Ability Self-Report Scale (SASRS) by Turgut, 

(2015). 

The validated Spatial Ability Self-Report Scale (SASRS) was developed by Turgut 

(2015) to specifically evaluate the spatial thinking abilities of an undergraduate student 

population and was shown to load on three separate factors: Object Manipulation Spatial Ability 

(OMSA), Spatial Navigation Ability (SNA), and Visual Memory (VM).  The OMSA factor dealt 

with mental rotation, mental folding, spatial relations and visualization as compared to the SNA 

factor that incorporated mental mapping, navigational ability, and spatial location (Turgut, 2015) 

covering two of the three main areas of spatial cognition outlined by Newcombe (2018).  The 

VM factor stems from research by Hauptman (2010) that emphasized VM as a core ability for 

constructing or manipulating and remembering visual stimuli such as a person’s face (Turgut, 

2015).  After reviewing spatial thinking ability research (namely Blajenkova, Kozhevnikov, & 

Motes, 2006; Hegarty, 2010; Hegarty et al., 2002; Kozhevnikov & Hegarty, 2001; McGee, 1979; 

Wolbers & Hegarty, 2010) along with the self-reported Santa Barbara Sense of Direction Scale 

(SBSOD) by Hegarty et al. (2002) and Object-Spatial Imagery Questionnaire (OSIQ) by 

Blajenkova et al. (2006), Turgut (2015) developed an initial list of 30 items from which the final 

form of the SASRS was developed after consultation with other spatial thinking ability 

experts.  The final form of the SASRS contained 18-items with two negative statements that 

were rated on a 5-point Likert Scale as shown organized by the three factors in Table 2.6.  The 

assessment as given to participants in this research study is available in Appendix F. 
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Table 2.6: SASRS items for each factor (Turgut, 2015). 

 

 Since the SASRS scale covered both small-scale and large-scale spatial constructs, this 

made it particularly useful for comparisons to known spatial assessments to evaluate potential 

correlations when trying to distinguish between different spatial thinking framework 

categories.  For example, Turgut (2015) determined that the OMSA factor of the SASRS was 

significantly correlated to the Mental Rotations Test (Peters et al., 1995) but not to the SNA or 

VM factors.  This signified that the OMSA factor might load on an intrinsic rather than an 
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extrinsic factor in Newcombe and Shipley’s (2015) framework and made it a complimentary 

assessment to the MRT in a research study.  Given the parallels drawn between the object-

manipulation category of spatial cognition described by Newcombe (2018) and the intrinsic-

static category of spatial thinking (Uttal et al., 2013; Newcombe & Shipley, 2015) this 

correlation between the OMSA and MRT was theoretically expected even prior to the factor 

analysis completed by Turgut (2015) positively linking these two items.   

While not specifically shown by Turgut (2015), it was postulated that the SNA and VM 

factors might correlate to an extrinsic-based test like the SBSOD which did not correlated to 

intrinsic-based G-EFT or MRT spatial thinking tests (Hegarty et al, 2002).  With one factor of 

the SASRS shown to correlate to a intrinsic-dynamic spatial thinking assessment combined with 

another factor of the SASRS hypothesized to relate to an extrinsic-state assessment suggested 

that the SASRS instrument was a particularly useful addition to the research methods to help 

determine whether or not this developed assessment aligned with the intended category of 

Newcombe and Shipley’s (2015) spatial thinking framework. 

With previous research by Kozhevnikov and Hegarty (2001) demonstrating that an 

individual’s object manipulation ability did not reflect navigation ability, it might be interesting 

to see which factor(s), if any, of the SASRS were correlated to a newly developed spatial 

assessment task.  Did the new assessment correlate with the intrinsic-based OMSA factor or the 

extrinsic SNA factor or both?  In this research, the developed task was intended to help better 

understand the extrinsic-dynamic category of spatial thinking and the existence or absence of a 

correlation to the SASRS or any of the SASRS factors might help validate exactly what category 

was studied.  Alternatively if it correlated to all factors, perhaps using Soma Figures as the base 

of a tactile assessment might be a more holistic approach to understanding spatial thinking as 
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Buckley et al. (2017) described this type of test as still needing development to expand the 

knowledge base of this construct. 

Santa Barbara Sense of Direction Scale 

 Hegarty et al. (2002) noted that psychometric tests for items falling in the navigation 

spatial cognition category are difficult to construct for administration in a small-scale more apt 

for object manipulation tasks rather than a large-scale where an individual could more easily 

change location and orientation, a hallmark of the extrinsic spatial thinking process.  To combat 

this, self-report measures were shown to be a better predictive measure of an individual’s sense 

of direction as introduced by Kozlowski and Bryant (1977) and demonstrated by Montello and 

Pick (1993), Prestopnik and Roskos-Ewoldsen (2000), Sholl (1988), Sholl, Acacio, Makar, and 

Leon (2000), and Hegarty et al. (2002).  These self-report sense-of-direction scales were only 

weakly related to psychometric spatial thinking paper-pencil tests (Bryant, 1982; Sholl, 1988; 

Takeuchi, 1992; Hegarty et al., 2002) which made the inclusion of the SBSOD in this research 

study as an extrinsic measure all the more appealing as it had been demonstrated to not correlate 

to the MRT (Hegarty et al., 2002).  While it was discussed earlier that it appeared possible to 

scale down an extrinsic-dynamic task to implement in a classroom setting, Hegarty et al. (2002) 

warned that this type of assessment still constituted operating in a small-scale figural space (as 

does reading a map) while many of the sense-of-direction scales aimed to ask questions 

regarding the environmental space that required locomotion of the individual to gain spatial 

information.  This suggested that there might be a possible disconnect in trying to match this 

extrinsic-static SBSOD task to the developed tactile-based Soma Figure assessment aimed to 

operate as an extrinsic-dynamic task.   
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 The SBSOD Scale contained 15-items and is available as presented to participants in 

Appendix G.  Hegarty et al. (2002) found that individuals based their SBSOD ratings on tasks 

such as wayfinding, maintaining orientation in a location, learning layouts, the ability to use a 

map to navigate, and giving and/or following directions.  While there had been concerns about 

individuals over-estimating or inflating their sense-of-direction abilities, Hegarty et al. (2002) 

postulated that since these skills were used on daily basis, people could associate real-life 

experiences with the SBSOD items, and there were real disadvantages to having poor navigation 

skills in everyday life that people were reasonably truthful and accurate when rating their 

abilities.  The SBSOD Scale was thought to align with the extrinsic-static category of spatial 

thinking and hypothesized to align with the SASRS – SNA portion to give two extrinsic-based 

measures for this research study.  It was unknown how well a spatial task with a manipulative 

object might correlate to the SBSOD and this research was the first to explore if that connection 

did or did not exist. 

Factor Analysis and Tactile-Based Spatial Thinking Assessments 

 Linking traditional psychometric assessments to tactile-based approaches using an 

exploratory factor analysis procedure had been done in previous research (e.g. Decker, 2010; 

Roberts, Stankov, Pallier, & Dolph, 1997; Stankov, Seizova-Cajic, & Roberts, 2001).  Decker 

(2010) used an exploratory factor analysis to examine correlations between parts of the Dean-

Woodcock Sensory Motor Battery (Dean & Woodcock, 2003) and WJ-III assessments with 

specific cognitive tests for six cognitive abilities outlined according the CHC theory.  The 

analysis by Decker (2010) concluded that tactile measures did not appear to relate to general 

intelligence, but rather were related to specific broad abilities with evidence that supported a 

connection between tactile measures and visual-spatial thinking (Gv).  This suggested that it was 
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possible to link a tactile assessment with spatial thinking abilities, which was again attempted in 

this research study.  Stankov et al. (2001) examined the connection between eight psychometric 

tests associated with fluid intelligence (Gf), visual-spatial thinking (Gv) and auditory reception 

(Ga) with 14 tactile-kinesthetic tests using an exploratory factor analysis.  Stankov et al. (2001) 

determined that there was a tactile performance (TP) factor that was able to assess Gf and/or Gv.  

This presence of this TP factor provided support for what Halstead (1947) termed “biological 

intelligence” that was linked to complex Gf problem solving tasks that required some type of 

physical manipulation.  While this research did not set out to measure the TP factor directly or 

indirectly, knowing support for it existed gave a sense of optimism that correlations between the 

psychometric tests and the Soma Figures would be observed. 

 Exploratory factor analysis was developed by Spearman (1904, 1927) and remained a 

widely used statistical procedure in research.  Fabrigar, Wegener, MacCallum, and Strahan 

(1999) identified five major types of methodological decisions when implementing an EFA 

including: study design, appropriateness of EFA, model-fitting procedures, determining the 

number of factors, and rotation. While Fabrigar et al. (1999) suggested larger sample sizes for 

EFA, other researchers (Nunnally, 1978; Everitt, 1975) have proposed a ratio of 10 participants 

per measured variable that this study fits under.  While the maximum likelihood method of 

model-fitting was most commonly employed, it did assume multivariate normality (Fabrigar et 

al., 1999) meaning this item needed evaluation after data collection prior to further analyses.  

The scree test (Cattell, 1966; Cattell & Jaspers, 1967) was a common approach for determining 

the number of factors and used before in factor analyses of spatial thinking assessments (e.g. 

Ernst et al., 2017).  This exploratory factor analysis procedure had shown to work well when 
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there were strong common factors present in the data even in small sample sizes (Fabrigar et al., 

1999; Cattell & Vogelmann, 1977; Hakstian, Rogers, & Cattell, 1982).   

Cognitive Selection Strategies 

Determining the path an individual’s spatial thinking process uses required an additional 

aspect to this experimental design to determine if there was evidence for a participant’s preferred 

cognitive strategy selection or rather an individual’s preferential method of processing 

information to solve problems (Kozhevnikov, 2007).  Gorgorió (1998) defined spatial thinking 

processing ability to include the ‘ability to interpret spatial information’ and the ‘ability to 

communicate spatial information’.  Individuals processed spatial information one of two ways - 

globally or partially.  Global processing, or a holistic method, involved using a spatial thinking 

strategy that focused on the object(s) as a whole and was hypothesized to be the preferred 

strategy for those with high spatial abilities (Khooshabeh & Hegarty, 2010).  This holistic 

method was also the initial mental rotation process proposed by Shepard and Metzler (1971) 

used by those designated as having high spatial thinking ability levels.  Nazareth (2015) noted 

that research in mental rotation in particular was biased towards a holistic strategy as the “ideal” 

cognitive strategy, but that did not necessarily mean that was the preferred method for all real-

world, more complex situations.   

Partial processing, or an analytic method, involved a spatial thinking strategy that focused 

on only some parts of the object and subsequent deconstruction into pieces and mentally rotating 

and matching each piece (Khooshabeh et al., 2013).  This type of thinking also loaned itself to 

task decomposition and rule-based reasoning taught through instruction (Hegarty, 2010; 

Schwartz & Black, 1996; Stieff, 2007).  Often times the analytical strategy complimented the 

holistic strategy which might make it difficult to dissect the two strategies completely from each 
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other.  Nazareth (2015) suggested that those with higher levels of spatial thinking ability exhibit 

greater spatial flexibility meaning that these individuals were able to switch between holistic and 

analytical strategies based upon the demands of the task.  This concept of cognitive selection 

strategy flexibility that correlated to high spatial thinking ability was echoed in work by 

Khooshabeh et al. (2013).  It had been suggested that strategy selection and assessment 

administration issues (Fisher et al., 2018) might be an underlying factor in differences in spatial 

assessment outcomes rather than the initially proposed factor of gender (Boone & Hegarty, 

2017).   

Testing whether an individual approached a spatial task holistically or analytically has 

been examined in multiple ways including self-reports, eye tracking software, verbal think out-

loud approach, and quantitative analysis of spatial assessments.  For example, previous studies 

used response times as a function of the angular disparity between two compared objects as a 

way to determine whether rotations occurred holistically or via an analytical strategy 

(Khooshabeh et al., 2013; Lin, 2016).  Nazareth et al. (2017) employed eye-tracking software in 

conjunction with spatial assessments and used basic algorithms to analyze eye moment to 

determine the strategy favored.  It should be noted that there are some major drawbacks to using 

eye-tracking software including difficulty in collecting accurate gaze data, deviations in raw data 

processing, finding abnormalities in large data sets, more complex statistical interpretations, and 

inconsistencies in results interpretation (Nazareth, 2015).  Not to mention the inability of the eye-

tracking software to track multiple objects made this type of data collection device inappropriate 

for this research study at this time.  In general while valuable, eye-tracking methods required 

major improvements before this technique could be used widespread in spatial thinking research 

and to examine dynamic relationships between multiple objects. 
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Additionally, a verbal think-aloud approach was also recently proposed by Boone and 

Hegarty (2017) to help better determine spatial solution strategies rather than relying solely on 

interpreting strategies from self-reports or based on patterns of response times.  The capturing of 

utterances during a spatial task had been done previously (e.g., Gorgorio, 1998; Ferrara et al., 

2011; Tenbrick & Taylor, 2015; Pruden et al., 2011; Levine, Huttenlocher, Taylor, & Langrock, 

1999; Verdine et al., 2018) setting the precedence for inclusion of these methods to study spatial 

thinking strategies.  Tenbrink and Taylor (2015) noted a theme in problem solving literature in 

that think-aloud protocols were often successful when looking to examine how individuals 

identify problems, what operators were required to solve them, and how the operators were 

sequentially used to develop a suitable solution guided by an individual’s experience (e.g., 

Newell & Simon, 1972; Chi, Glaser & Rees, 1982; Ericsson & Simon, 1984; Chi, Bassok, Lewis, 

Reimann & Glaser, 1989; Ritter & Larkin, 1994).  Other previous work also suggested that 

problem solving was enhanced when verbalization was included as part of the solution 

development as it required more depth of thought (Chi et al., 1989; Bielaczyc, Pirolli, & Brown, 

1995; Neuman & Schwarz, 1998; Tenbrink & Taylor, 2015).  While this research did not include 

a discourse analysis in the methods, previous work had clearly demonstrated gains in 

understanding spatial thinking though a qualitative discourse analysis, a conventional data 

collection technique that analyzed generated text from a particular theoretical reference frame 

(Cheek, 2004).  The University of Chicago Spatial Language Coding system (SLCS; Cannon, 

Levine, & Huttenlocher, 2007) systematically evaluated spatial utterances, which had the 

flexibility for further adaptation to study items like cognitive strategy flexibility in future spatial 

thinking research.  The SLCS breaks down spatial discourse as outlined in a codebook into eight 

major domains: Spatial Dimensions, Shapes, Locations and Directions, Orientations and 
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Transformations, Continuous Amount, Deictics, Spatial Features and Properties, and Patterns 

(Cannon et al., 2007).  Not every domain might be applicable for each study and it was possible 

to add additional words to each category highlighting the flexibility of the coding system to 

adapt to a wide variety of studies but the premise of counting utterances remains the same.  As 

solving time was a major variable examined in this research study, a think-aloud protocol could 

greatly skew those collected times as participants might take more time to verbalize their 

approach than necessary or encountered difficulties explaining what or why they were handling a 

part in a certain manner making this useful technique inappropriate for this particular study but 

potentially extremely useful in future iterations of this study to examine cognitive selection 

strategies. 

Other researchers relied on self-report questionnaires to help deduce spatial strategies 

used when developing spatial-based solutions.  For example, Moe et al. (2009) devised a six-

item Likert-based questionnaire outlined in Table 2.7 to issue in conjunction with the MRT 

spatial assessment to determine whether participants used a holistic (items 1, 2, 4, 6) or analytical 

(items 3, 5) strategy to answer test items. 

Table 2.7: Spatial Solution Strategies Questionnaire (Moe et al., 2009) 

 

This Spatial Solutions Strategies Questionnaire (Moe et al., 2009) was employed in more 

recent studies such as by Lin (2016) to examine the influence of design training on spatial 
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abilities performance.  Lin’s (2016) findings suggested that individuals with exposure to a design 

experience were more likely to employ a holistic strategy as they exhibited higher spatial 

abilities through the training whereas those in a non-design control group exhibited lower spatial 

ability and were more likely to employ the analytical strategy.  This suggested that it might be 

beneficial to have an understanding of participants’ self efficacy when it came to topics such as 

engineering design or hands-on tinkering as there might be an underlying correlation that was not 

specifically related to any spatial training exercises but rather life experiences that might affect 

preferred cognitive selection strategy.  This drew the cognitive selection strategy back to the TSE 

assessment suggesting that the tactile self-efficacy levels might help predict the type of cognitive 

selection strategy behavior observed as the various puzzle attempts were analyzed.  Participants 

in this research study did not answer the SSSQ questions as presented in Table 2.5, but this 

questionnaire provided a basic list of items to observe while creating a content analysis 

methodology to evaluate how participants managed and manipulated the various Soma parts to 

solve the desired shape.  Hegarty (2010) examined these holistic and analytical strategies used in 

conjunction with the MRT and determined the holistic items include mental rotation of whole 

objects or a perspective change and analytical method strategies involved items like counting 

blocks and direct comparison of arms for perpendicularity or parallelism.  Furthermore, Boone 

and Hegarty (2017) found that most participants reported using multiple strategies to solve items 

on the MRT, indicating that the intrinsic-dynamic MRT assessment might not purely capture just 

mental rotation ability, but also might potentially give a measure of the ability of spatial 

flexibility, which in turn was implicated in higher levels of spatial thinking ability.   

Along the same vein, in determining items to include in a content analysis methodology 

to root out evidence to support identification of a cognitive selection strategy, work by Abbasi et 
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al. (2009) needed to be revisited.  In their research, Abbasi et al. (2009) examined the order that 

subjects manipulated Soma-like pieces to create a cube during their final successful attempt.  Of 

the seven puzzle pieces, five parts were identified as “simple” and two parts were identified as 

“complex” (Abbasi et al., 2009).  Individuals able to solve the puzzle did so by placing the 

complex pieces first, rather than last, with 71% of the placement of the first three blocks being a 

complex figure (Abbasi et al., 2009).  This observation of piece placement would not be possible 

to do feasibly do as a real-time analysis, suggesting the need to videotape the various attempts of 

Soma Figures in this study to feasibly attempt and complete a content analysis methodology.  

While it might not be possible to observe spatial flexibility between the holistic and analytical 

processing as done previously with a single object and eye-tracking approach, the content 

analysis methodology employed in this research project was a step towards the development of a 

real-time analysis capable of giving insights to a participant’s preferred cognitive selection 

strategy. 

Spatial Thinking Assessments and Technical Graphics 

A history exists of using spatial thinking instruments in conjunction with technical 

graphics courses at the post-secondary level of education (Marunić & Glažar, 2014) as many of 

the skills learned in this training were directly applicable to engineering design (McGarvey et al., 

2018).  Hsi et al. (1997) noted that spatial thinking skills were instrumental in deriving design 

solutions, prototype development on paper (e.g., drawings), creation of CAD-based models, and 

to graphically communicate design ideas highlighting major reasons why technical graphics 

training was often a required topic of instruction for many engineering disciplines.  The vast 

majority of spatial thinking assessment research within introductory technical graphics courses 

utilized 2-D psychometric paper-pencil instruments, many that aligned with the intrinsic-
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dynamic category of spatial thinking, suggesting the opportunity existed for development of new 

assessments to expand work into the extrinsic-dynamic category.   

In evaluating introductory technical graphics courses geared towards engineering 

students at the university level, Meyers (2009) noted that all programs evaluated included the 

following topics within their curriculum: visualization, orthographic (multi-view) projections, 

pictorial (often isometric) projections, section views, dimensioning, and working drawings. 

While Meyers (2009) mentioned increasing use of Computer-Aided Design (CAD) software in 

technical graphics courses, Marunić and Glažar (2014) outlined how technical graphics 

education had adapted as computing technology advanced requiring students to combine 

knowledge of manipulating 2-D images with 3-D geometry to effectively use CAD systems that 

made this a focal point of today’s courses.  These technical graphics elements were widely seen 

in current 2-D based psychometric spatial thinking tests.  For example, Branoff (2000) noted the 

position of the items on the PSVT:R (Guay, 1977) were in the isometric pictorial orientation 

which might not be familiar to those without formal technical graphics training.  The Santa 

Barbara Solids Test developed by Cohen and Hegarty (2012) relied on the concept of cross-

sections, which was akin to the section views topic in technical graphics curriculum.  The MRT 

test (Vandenberg & Kuse, 1978) involved the mental rotation of objects much like a person 

could now do with the movement of a CAD-created object on a computer screen.  The Mental 

Cutting Test (CEEB, 1939) involved understanding how cross sections of an isometric object 

would appear in a principle orthographic view based on the technical graphics glass box theory, a 

common way to teach about multiview projection and outlined in textbooks such as 

Fundamentals of Graphics Communication by Bertoline, Wiebe, Hartman, & Ross (2010).  



 

 

86 

 According to Marunić and Glažar (2014), the most common spatial thinking assessments 

used in technical graphics education include: Mental Cutting Test (CEEB, 1939), Differential 

Aptitude Test: Spatial Relations (Bennett, Seashore, & Wesman, 1973), Mental Rotations Test 

(Vandenberg & Kuse, 1978), and Purdue Spatial Visualization Test: Rotations (Guay, 1977) with 

results from the DAT:SR as the most significant predictor of success in a technical graphics 

course (Bertoline & Miller, 1990).  These spatial thinking tests were generally employed to 

either establish a student’s spatial thinking ability for comparison purposes between different 

(often demographic) groups (e.g., Leopold, Gorska, & Sorby, 2001) or evaluation of a different 

variation of a spatial thinking assessment (e.g., Branoff, 2000; Ernst et al., 2015) or most often, 

as a pre-post assessment to test for gains in spatial thinking ability after a training or 

intervention.  Uttal et al.’s (2013) comprehensive meta-analysis on spatial training involving 

200+ studies gave numerous examples of testing for gains.  There were many examples of using 

technical graphics topics or courses as an intentional training method for spatial thinking and 

then using an assessment to demonstrate spatial thinking gains.  For example, work by Adanez 

and Velasco (2004) employed a timed psychometric 2-D pre/post test based on cognitive theory 

to demonstrate that technical drawing courses were an efficient and effective way to improve 

spatial visualization aptitude, a sub-factor in the intrinsic-dynamic category, with university 

students.  Samsudin, Rafi, and Hanif (2011) concluded spatial ability was malleable in high 

school students exposed to various training conditions by examining performance in multi-view 

orthographic drawing tasks pre- and post-interventions.  Asoodeh (1993) employed the MRT 

instrument (Vandenberg & Kuse, 1978) to demonstrate increased gains in spatial visualization 

skills when undergraduate students in a technical graphics course receive instructions via 

computer animations rather than static visuals.  Even outside of a technical drawing course, other 
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studies used drawing as a training method to attempt to increase spatial thinking ability in 

populations such as in medical students (Bartenstein, 1987), middle school students (Ben-Chaim, 

Lappan, & Houang, 1988), or the general population merely interested in learning how to draw 

objects realistically (Comet, 1986).  Further examples were compiled in Table 2.8 to demonstrate 

the prevalence of the use of spatial thinking assessments with technical graphics courses that 

gave support for the use of this population in this research study and highlighting the lack of 

extrinsic-dynamic spatial thinking assessments currently in use.  This gap of research in technical 

graphics spatial thinking literature, makes this research project a unique addition to a wide 

number of studies previously conducted around this construct. 
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Table 2.8: Technical graphics topics and spatial instruments. 
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Table 2.8: Technical graphics topics and spatial instruments (continued). 
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Conceptual Framework 

The debate continues with no definitive answers to what exactly is spatial thinking as 

each study came to similar, yet different conclusions, leading to further confusion and additional 

questions.  Beyond that, Hegarty and Waller (2005) pointed out that the majority of the factor 

studies to define spatial thinking neglect dynamic spatial thinking abilities indicating a need to 

expand how spatial thinking assessments were developed and administered.  This provided 

additional underlying support for the creation of a different, more inclusive method to examine 

spatial thinking that led to this research project.  

The framework for this research project was derived from Newcombe and Shipley’s 

(2015) work that divides spatial thinking into four distinct categories: intrinsic-static, intrinsic-

dynamic, extrinsic-static, and extrinsic-dynamic with the goal of developing an assessment 

method falling into the last category that lacked assessments geared towards a university-level 

population in technical graphics.  For the assessment to align with that category, it needed to 

contain dynamic movement (e.g. rotation), multiple objects, and a focus on how the objects were 

related to each other.  Other hallmarks of extrinsically categorized spatial thinking activities were 

being able to perceive and compare spatial patterns and describe the transforming of the inter-

relations (Ekstrom et al., 1976; Chatterjee, 2008; Newcombe & Shipley, 2015).  A hand-held 

manipulative puzzle like a Soma Figure fulfilled these theoretical requirements for an assessment 

to align with the extrinsic-dynamic category of the spatial thinking framework (Newcombe & 

Shipley, 2015).  Additionally, as this project involved a hand-held puzzle, this research focused 

on the small-scale object manipulation category of spatial cognition rather than the large-scale 

navigation category as laid out by Newcombe (2018).  By examining the development of a 

spatial thinking assessment revolving around finding a solution to a 3-D puzzle with a specified 



 

 

91 

form, this was akin to solving a real-life engineering problem through a trial-and-error process 

better mimicking spatial thinking skills as applied in everyday life, a current limitation noted by 

recent spatial thinking research (Newcombe, 2018; Buckley et al., 2017; Schneider & McGrew, 

2018).   

In terms of CHC theory (Schneider & McGrew, 2018), due to the tactile component of 

this developed assessment, the thought process and approach could not be assumed limited to a 

single factor such as mental rotation but would potentially encompass multiple factors and likely 

multiple domains.  Participants would have the ability to pick up the object and manually rotate 

it in their hand, the opportunity to observe the characteristics of the object’s shapes and 

combinations, and mentally rotate the object while determining a potential solution.  This 

assessment could not be dictated as a strictly spatial task due to the tactile component that 

suggested that this might be a more encompassing approach to testing spatial thinking abilities 

that were applicable in tinkering, engineering design, and problem solving.  The addition of a 

content analysis methodology might help delineate different types of cognitive selection 

processes preferred when developing solutions requiring spatial thinking potentially giving 

further insight into elements involved in the creation of spatial thinking interventions that helped 

to build applicable real-world spatial thinking skills. 

To help in the evaluation of the developed spatial thinking assessment involving Soma 

Figures, four instruments previously discussed were incorporated into this research study.  The 

Mental Rotations Test (Vandenberg & Kuse, 1978; Peters et al., 1995) had been used previously 

to qualify individuals as having low- or high-spatial thinking ability and to evaluate gains in 

spatial thinking due to interventions in a population of university-level technical graphics 

students (e.g., Asoodeh, 1993; Gillespie, 1995; Marunić & Glažar, 2014; Sorby, 2005; Sorby & 
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Baartmans, 2000; Veurink et al, 2009).  The Tinkering Self-Efficacy Assessment (Mamaril et al., 

2016) was used to evaluate university-level students’ confidence in hands-on, often open-ended 

tasks in conjunction with 2-D psychometric spatial thinking tasks (e.g., Minear et al., 2016) and 

complemented the tactile component involved in this method.  The Spatial Ability Self-Report 

Scale (Turgut, 2015) used with university-level students loaded on three factors (Object 

Manipulation Spatial Ability, Spatial Navigation Ability, and Visual Memory) allowing for an 

evaluation of different aspects of spatial thinking (intrinsic versus extrinsic) and mirrored 

previous claims by Hegarty et al. (2018) that individuals were able to evaluate their own spatial 

thinking abilities.  Lastly, the Santa Barbara Sense of Direction Scale (Hegarty et al., 2002) was 

a self-report scale on items aligned with the extrinsic component of spatial thinking.  The 

inclusion of these instruments served to support the methods of the developed spatial thinking 

assessment in this research and determine if it aligned with the intended extrinsic-dynamic 

category, if it was possible to identify varying levels of spatial thinking ability, if there was 

support for evaluating preferred cognitive selection strategy through the use of a content analysis 

methodology, and if it was possible to construct an activity with appropriate scaffolding 

involving Soma Figures to include into a technical graphics classroom.  This project might 

demonstrate an alternative method to assess an individual’s spatial thinking ability level using 

limited materials in a reasonable time frame beyond the traditional paper-pencil 

assessment.  This research took the next step forward in a long history of spatial thinking 

research aimed at examining differences and measuring gains in spatial thinking abilities and 

reflected spatial experiences in the real three-dimensional world. 
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Ethical Considerations 

 Ethical considerations for this research were minimal as there was no attempt to trick 

participants or the involvement of false or untrue statements.  The paper-pencil instruments did 

not contain misleading items nor were intended to induce a high-stress response.  The questions 

in the TSE, SASRS, and SBSOD assessments contained verbiage at a level appropriate for 

university-level students and did not require any additional explanation of 

nomenclature.  Participants typically had been exposed to Likert-like surveys by the time they 

reached university-level coursework, so there was little concern of the format causing unforeseen 

difficulties.  The assessments were given and taken in an office or conference room with typical 

furnishing expected for that environment (table or desk with chair) with standard instruments 

(paper and pencil) in a temperature-controlled university building so the risk-level of the 

research environment would mimic that of a standard classroom used for a lecture, not a 

laboratory, course.   

The experimental procedure itself did not pose any extraordinary risks to 

participants.  The environment was the same as for the paper-pencil assessments but participants 

were actively engaged with the Soma Figures and moved around more, as they needed to shift 

perspectives.  Participants might experience transient frustration if they were unable to solve one 

of the Soma Puzzles as quickly as they anticipated, but there was no reward for finding a solution 

and no punishment for not finding a solution.  The outcome of the experiment had no bearing on 

any of their course grades nor noted on any type of academic record.  The physical risk that came 

with participating was not anticipated to be higher than in a typical classroom environment.  

Students manipulated lightweight Soma puzzle pieces that even if dropped, would not cause 

catastrophic damage to a foot or toe even if they wore open-toed shoes.  Participants were 
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videotaped to verify completion time, determine block selection, and observe evidence for 

cognitive selection strategy.  This method of surveillance was visible and implemented with 

participant knowledge in accordance with IRB regulations.  All collected data and digital files 

were stored appropriately in a secure location, held for an appropriate length of time, and 

analyzed accordingly as to not violate any university ethical regulations. 

 One important ethical consideration to note was that some participants might potentially 

have been former students in a previously taught course in a different department in a prior 

academic year.  Participation in this research had no bearing on any previously earned grades or 

course credit.  As much care to remove researcher bias was important, highlighting the 

importance of using proper statistical sampling methods to select participants and subsequent 

administration of the research protocol in a consistent manner.  Data collection and storage was 

in line with current university policies and participant identities stayed confidential.  The results 

of this research would not have bearing on participants’ ability to take future coursework nor 

trigger any automatic academic interventions.  The research results were used for this 

dissertation and any subsequent articles submitted to recognized academic-based presentations, 

conferences, symposiums, and/or journals. 

Summary 

As demonstrated through this review, the field of spatial thinking and related assessment 

measures might be quite broad but opportunities remain to expand the domain, particularly in the 

study of object-manipulation (Newcombe, 2018) and the spatial thinking extrinsic-dynamic 

category (Newcombe & Shipley, 2015, Buckley et al., 2017).  The vast majority of previous 

instruments designed to evaluate spatial thinking abilities lacked a tactile component, indicating 

a potential important aspect to this ability readily omitted.  Solving spatial problems such as the 
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Soma Figure puzzles involved visualizing and manipulating a wide class of spatial information 

including shapes, configurations, understanding the relative locations, and how these could 

change during the problem solving process (Atit et al., 2013) that made this simple task an ideal 

candidate for the development of a tactile-based spatial thinking dynamic assessment suitable for 

adult learners.  The following chapter outlined how this study will use Soma Figures as a hand-

held multi-object manipulative along with established 2-D psychometric instruments, self-

assessments, and a content analysis methodology to investigate the development of an extrinsic-

dynamic spatial thinking assessment for use with university-level students enrolled in a technical 

graphics course. 
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CHAPTER 3: METHODOLOGY 

Introduction 

This research project contained two distinct phases to investigate the assessment of a new 

tactile spatial thinking abilities assessment using Soma Figures involving quantitative and 

qualitative methods.  Phase 1 began with the collection of demographic data and then 

administration of a quartet of established paper-pencil instruments previously employed to assess 

students’ mental rotation abilities, environmental orientation abilities, tinkering self-efficacy, and 

a self-report of spatial thinking abilities that provided baseline information regarding spatial 

thinking ability level.  This first phase served to verify correlations in previous spatial thinking 

ability research between the selected instruments and to facilitate an exploratory factor analysis 

to determine if there was evidence for both intrinsic and extrinsic factors.  Phase 1 data was used 

to categorize subjects’ intrinsic and extrinsic spatial thinking abilities.  Phase 2 involved 

participants attempting to solve a variety of Soma Figures resulting in quantitative time data for 

correlation and factor analysis as well as qualitative data for a content analysis methodology to 

assess spatial thinking abilities.  Additionally, a non-parametric data analysis based on solving 

times of the Soma Figures might yield information useful for development of a tactile-based 

training exercise designed for use in a technical graphics or design coursework to help with the 

building of tactile spatial thinking ability.  This section served to outline information such as the 

population used, the specific methods for each phase, and the subsequent statistical analyses 

required to test the appropriate hypotheses based on research questions. 

Population and Sampling 

The population targeted was university-level students currently enrolled in an 

introductory technical graphics course at a Southeastern Tier 1 Research University.  While the 
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course was open to the entire student body, the majority of students enrolled in the introductory 

technical graphics course were traditionally engineering pre-majors or majors with a minority of 

enrollees in technical education and a small fraction in other disciplines.  The population in this 

course was targeted due to the historical use of psychometric tests to examine spatial thinking 

ability levels and gains due to technical graphics study (for a review, see Marunić & Glažar, 

2014), but also because any training exercise developed through this research was specifically 

intended to serve this group of students.  At the institution where this research was performed, 

routinely over 300 students enroll to take the introductory technical graphics course every 

semester giving a reasonable-sized population to solicit for volunteers, sample from volunteers, 

and collect the necessary amount of data for analysis.  The population in this investigation was 

not representative of all university students, but a specific subset of the collegiate population that 

these research results might be most applicable towards and further developed to serve in the 

future.   

This research was not seeking to increase or improve spatial thinking ability, but rather 

examined a different way to evaluate tactile spatial thinking as it was hypothesized that various 

participants, or even particular sub-groups, might perform differently than expected as compared 

to traditional 2-D psychometric assessment methods.  In this research study, a pre- and post-

assessment were unnecessary since gains due to an intervention were not the focus of the 

research project.  This permitted implementation of the multiple phases at any time within the 

semester framework of the course using the same population of students.  The data was collected 

at the middle of the semester in a two-week time period so all participants had some exposure 

and practice with technical graphics concepts but were not necessarily completely proficient with 

all of the course materials.  Since this course had a common midterm examination across 



 

 

98 

sections, collecting data around this time period ensured that all participants had reached the 

same point in the course materials.  While the three different instructors had their own paces and 

teaching methods, a set amount of material had to be covered prior to the midterm exam.   

Traditionally, the majority of the student population in the entry-level technical graphics 

course had been upwards of 75% male with a varying racial profile, but collected demographic 

data from previous years at the university where this research was conducted showed that the 

majority (>50%) of students identify as Caucasian (Ernst et al., 2017).  Due to the relative 

homogeneity of the sample population, examination of potential factors such as gender, race, 

major, and year of study required the use a stratified sampling technique to select participants 

across the multiple sections of the introductory technical graphics course to examine these items.  

However, a major limitation to this desired stratified sampling method to test potential 

demographic differences was the willingness of participants to volunteer to enroll in the research 

study.  To meet the required number of participants based on power calculations, all students that 

volunteered to participate and set-up a meeting with the researcher were permitted to enroll 

regardless of their gender, race, major, or year of study.  Demographic data was collected from 

each subject and examined post-data collection to determine if it was possible to examine any of 

these factors studied in previous research. 

An additional issue to mitigate was exposure to different instructional styles through out 

the semester that might have led to different levels of understanding of technical graphics 

material which was known to increase spatial thinking abilities (for a review, see Marunić & 

Glažar, 2014).  Participants were solicited to as a group in each of the six introductory technical 

graphics sections with return visits to five of the sections for a second call for willing volunteers. 

The sixth section could not be visited for a second solicitation because of the administration of a 
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midterm exam and proposed timing of the data collection.  The recruitment script is available in 

Appendix A along with the IRB materials.  Efforts were taken by the researcher to block by the 

three course instructors with participants enrolling from each section but ultimately this was 

reliant upon participant willingness and availability combined with the available data collection 

times that depended on availability of the researcher and space to administer the research study.  

No student in the introductory graphics course that was interested in enrolling in the study was 

turned away unless they were under 18 years old in accordance with the IRB restrictions.   

Detailed power calculations to determine the appropriate sample size necessary for the 

research study were based on population parameter estimates from dissertation work by Abbasi 

(2010) that focused on spatial thinking research with a modified Soma Cube puzzle.  Phases 1 

and 2 used identical participant populations due to the sequential administration of the research 

study materials with the power calculations revisited after the start of data collection when the 

assumptions made were examined for correctness. 

Participants were not identified by neither name nor student ID number but assigned a 

number in the form of 10XX in the order in which they completed Phases 1 and 2.  For example, 

the 1st participant was assigned 1001 and the 15th participant was assigned 1015.  The 

spreadsheet document matching participants to their study numbers was housed on a university-

approved Google Drive account and only accessible to those as outlined on the submitted IRB.  

In accordance with IRB guidelines, participants were permitted to opt out of the study at any 

time and the potential for this attrition was taken into consideration when determining necessary 

sample sizes as best as possible. 
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Spatial Thinking Instruments 

 In addition to collecting demographic data, this research utilized four spatial thinking 

instruments to help categorize overall spatial thinking ability level, determine confidence in 

tinkering ability, and to test for a distinction between intrinsic versus extrinsic spatial thinking 

abilities.  Phase 1 of this research project involved participants completing a quartet of 

assessments including the Mental Rotation Test (Vandenberg & Kuse, 1978; Peters et al., 1995), 

Spatial Ability Self-Report Scale Assessment (Turgut, 2015), Tinkering Self-Efficacy 

Assessment (Mamaril et al., 2016), and Santa Barbara Sense of Direction Assessment (Hegarty 

et al., 2002) prior to the individuals interacting with any of the chosen Soma Figure puzzles. 

Mental Rotation Test Assessment 

While multiple versions of the Mental Rotation Test (MRT) existed, this research used 

the 24-question revised iteration of the assessment recreated by Peters et al. (1995) to eliminate 

errors that occurred due to over-photocopying of earlier copies of the original assessment by 

Vandenberg and Kuse (1978).  The redrawn MRT instrument was designed to give a measure of 

the mental rotation ability factor which was classified as belonging to the intrinsic-dynamic 

category of Newcombe and Shipley’s (2015) spatial thinking framework.  There was a set time 

limit for instrument completion as set by the original work by Vandenberg and Kuse (1978) with 

the administration specifics described later in this chapter.  In the assessment, participants were 

given a block-like item on the left and needed to select two identical items out of four 

possibilities on the right.  The full assessment as given to participants is available in Appendix D. 

Spatial Ability Self-Report Scale 

 The second instrument included in the Phase 1 portion of this study was the Spatial 

Ability Self-Report Scale (SASRS) developed by Turgut (2015) to evaluate the overall spatial 
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thinking abilities of undergraduate students.  The SASRS was an 18-item, 5-point Likert-scale-

based assessment shown to contain survey items relating to three factors: Object Manipulation 

Spatial Ability (OMSA), Spatial Navigation Ability (SNA), and Visual Memory (VM).  The 

OMSA factor associated with the intrinsic-dynamic category of spatial thinking, whereas in 

contrast the SNA factor associated with the extrinsic-dynamic category, and the VM factor 

aligned most closely with the intrinsic-static category of Newcombe and Shipley’s (2015) spatial 

thinking framework.  The 18-items as presented to subjects are available in Appendix F.  The 

SASRS assessment was useful because of the flexibility it brought to correlation studies.  The 

entire assessment was examined for overall self-reported spatial thinking levels and each of the 

three factors were examined independently in statistical analyses to determine if they should be 

used for further analyses.  To demonstrate this flexibility, Turgut (2015) showed that only the 

OMSA factor positively correlated to the MRT.  The overall score from the SASRS and the three 

component scores were used to help determine which category of spatial thinking this newly 

developed assessment best aligned. 

Tinkering Self-Efficacy Assessment 

The Tinkering Self-Efficacy (TSE) Assessment was a 5-item Likert-style survey 

developed and validated by Mamaril et al. (2016) derived from previous research by Schreuders 

et al. (2009), ABET program learning outcomes, and results from Baker et al. (2008).   Minear et 

al. (2016) employed this Tinkering Self-Efficacy Assessment while examining connections 

between spatial thinking ability and available self-efficacy instruments currently developed for 

engineering students.  The 5-item TSE Assessment used a 6-point scale ranging from 1 = 

“Completely Uncertain” to 6 = “Completely Certain” and is available as given to participants in 

Appendix E.  The wording was kept identical, but Mamaril et al. (2016) noted that it was 
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possible to replace certain words to better fit the context being examined.  In this case, there was 

consideration to replace the word “machines” with “puzzles” in TSE - 1 and TSE - 2 to better 

reflect work with solving the Soma Figures rather than a more complex machine like perhaps a 

car engine, lawn mower, or construction equipment.  Ultimately the wording was unchanged.   

Santa Barbara Sense of Direction Scale 

 The final psychometric assessment included in this research study was the Santa Barbara 

Sense of Direction (SBSOD) Scale Assessment, a 15-item Likert-style survey developed and 

validated by Hegarty et al. (2002) and is available as given to participants in Appendix G.  The 

items in this assessment used a 7-point scale ranging from 1 = “strongly disagree” to 7 = 

“strongly agree” with roughly half of the items requiring reverse coding when scoring.  In this 

study, the 1-to-7 scale was set to match the previous assessments in this research with lower 

numbers indicating a negative connotation and larger numbers a positive connotation.  This was 

a minor modification from the original assessment to abate confusion with inverse scales 

between the SASRS, TSE, and SBSOD assessments that participants might not have noticed if 

they did not read the directions regarding the scale closely.  The inversion of the appropriate 

questions was completed prior to any analyses.   

Research Design 

 While Phase 1 consisted of spatial thinking ability assessment administration in a 

consistent order, Phase 2 required a specific experimental design for subsequent proper statistical 

analyses.  In Phase 1, the instruments were administered in the same order to each participant: 

MRT, SASRS, TSE, and SBSOD with no randomization of order of assessments or in the order 

of the instrument items.  Phase 2 required a Randomized Complete Block Design (RCBD) of the 
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order of the various Soma Figure puzzles that were selected for participants to attempt to solve.  

The randomization order for each Subject for Phase 2 is available in Appendix H.   

Phase 1: Instrument Administration Design 

 Phase 1 involved the administration of instruments and did not involve any 

randomization.  The assessments were provided to all participants in the same order every time: 

MRT, TSE, SASRS, and SBSOD with only the MRT as timed.  These paper-pencil instruments 

were provided to participants as a single packet that they were able to directly marked answers 

on.  There was no randomization of any of the items in any of the four assessments so the item 

ordering was the same as in previous research studies.  The number of participants depended on 

the sample size calculated for Phase 2 as Phase 1 was administered concurrently.  The power 

analysis for Phase 2 was completed prior to data collection and outlined in the following section.  

See Appendices D, E, F, and G for full versions of the instruments in the order as given to 

participants. 

Phase 2: Power Analysis and Randomized Complete Block Design 

Outcomes of Phase 2 included determining if the task was an extrinsically and/or 

intrinsically-based assessment based on quantitative statistical analyses to Phase 1 collected data 

combined with a qualitative content analysis examining part selection and manipulation as well 

as the order of the difficulty of the Soma Figures as to facilitate the design of a tactile-based 

intervention appropriate for a technical graphics course.  While Soma Cubes were utilized 

extensively in intrinsic motivation research (e.g., Deci, 1972; Herba, 2009), these studies did not 

report the specific Soma Figure solving times nor descriptive statistics useful for completing a 

power calculation necessary for sample size calculations for this research project.  The study 

most closely aligned with this proposed project was completed by Abbasi (2009) using a 
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modified Soma Cube with a graduate student population, but the article itself did not include any 

statistical information regarding the actual solving time of the puzzle.  However, Abbasi’s (2010) 

dissertation did in fact include the descriptive statistics for completion time for a modified Soma 

Cube that sufficed for use in initial power calculations to determine the necessary minimum 

sample size for this study.  For a sample size of 17 graduate students, the mean solving time of 

the modified Soma Cube was 231 seconds, with a standard deviation of 168 seconds, and a range 

of 21 to 514 seconds (Abbasi, 2010).  While these numbers were useful for a baseline sample 

size calculation, this number required review and possible recalculation after the data collection 

process for this project began because Abbasi et al. (2009) and Abbasi (2010) did not use an 

identical hand-held manipulate to the Soma Cube used in this study.  For this research study, a 

relatively conservative potential difference of 150 seconds (25% of the allotted time) was 

selected for the power analysis calculation to determine the sample size necessary for Phase 2.  

The reason for this specific time difference was two-fold.  First, it was desired to create a tactile-

based Soma Figure intervention with appropriate scaffolding of difficulty.  Based on the standard 

deviation of slightly more than 150 seconds in Abbasi’s (2010) research, it was thought that 

forms that were clearly different would show little overlap in their bell curves when the time data 

was compared side-by-side for the two shapes.  While it might not be possible to delineate the 

exact ordering of the assessment using a Rank-based non-parametric analysis, the 150-interval 

was assumed to at the very least separate the easiest from the hardest puzzle given the 600-

second time constraints of the attempts.  Second, as Felder and Brent (2003) keenly pointed out, 

the best way for a skill to be developed was through practice and this boost in learning could be 

done even in as few as five-minutes in the classroom setting through short active learning 

exercises.  This suggested that for a tactile spatial thinking active learning exercise with a Soma 
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Figure, shapes that took roughly five minutes should be sought for inclusion for this type of 

activity.  A 150-second time difference centered around the 300-second mark would help 

identify shapes that were not solved too quickly for it to be an ineffective experience, but not too 

difficult where the experience would majorly cut into class time dedicated for course material 

presentation.  An equation for determining a sample size for a specific difference could be found 

in many university-level statistics textbook such as Devore (2000) that was consulted for this 

research project. 

Setting α = 0.05 for Type I error and β = 0.2 for Type II error, and wanting to detect a 

potential difference of 150 seconds, the power calculation for sample size for Phase 2 using a 

parametric statistical analysis was as follows. 

𝑛 ≥
2 ∗ σ2 ∗ (𝑍𝛼 + 𝑍1−𝛽)

2

∆2
=

2 ∗ 1682 ∗ (1.96 + 0.842)2

1502
= 19.7 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠 

However, as a non-parametric analysis of the collected data might be necessary to order 

the difficulty of the Soma Figures, adjustments to get the correct sample size for the desired 

power needed to be considered.  Lehmann and Romano (2006) outlined that a 15% adjustment 

(increase) to the sample-size derived from power calculations for a parametric analysis was 

appropriate when determining the number of subjects required when planning the use of a non-

parametric statistical analysis.  In this instance, a 15% increase translated to 22.65 subjects or 

rather a minimum of 23 subjects needed to determine a 150-second solving time difference 

between various Soma Figures.  Ideally, given there were six sections of roughly 60 students in 

each introductory engineering graphic class section, at least 4 participants ought to come from 

each section to mitigate instructor instructional styles, but as noted previously participants 

availability and willingness might not align perfectly with researcher and space availability 

during the designated data collection periods.  Anticipating that some subjects might opt to not 
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continue their participation in the research study, enrollment aimed to enroll six participants per 

section giving a potential sample size of up to 36 participants, also noted in the IRB materials 

regarding the potential number of volunteers to enroll in the study.  This maximum number of 36 

participants allowed for a reasonable amount of researcher/administration error or participant 

attrition while maintaining a minimum number of participants as required for future statistical 

analyses.  Additionally, a sample size of at least 30 participants would simplify statistical 

analyses of Phase 1 and 2 as it would be possible and appropriate to use large-sample 

approximation techniques in certain data analyses situations. 

 The next consideration for the Phase 2 research design was the selection of the various 

Soma Figures for the participants to attempt to solve.  The Soma Cube was selected based on its 

use in previous research (Abbasi et al., 2009; Abbasi, 2010), general familiarity (Gardner, 1958), 

and the sheer number of potential ways (240) to solve the shape (Gardner, 1958).  Four other 

additional Soma Figures were selected with experienced technical graphics educators based on 

similarities to forms observed in previous spatial thinking assessments such as the PSVT:R 

(Guay, 1977), similarities to shapes drawn in an introductory technical drawing class, and 

likeness to items modeled in a technical graphics curriculum with a CAD-based modeling 

program.  The number of solutions varied per Soma Figure and might potentially influence the 

shape’s perceived difficulty.  All five Soma Figures selected for Phase 2 were shown in Figure 

3.1.  From this point forward the Soma Figures will be referred to as (left to right): Soma Cube, 

Soma Staircase, Soma Steps, Soma Tunnel, Soma Bathtub or by their shortened name of Cube, 

Staircase, Steps, Tunnel, Bathtub.  The term ‘Soma Figure’ will refer to any generic shape made 

with the 7 blocks.  Orthographic projections of each of the Soma Figures are available in 

Appendix B. 
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Figure 3.1: Soma Figures (L to R) Cube, Staircase, Steps, Tunnel, Bathtub. 

 

The five selected Soma Figures were presented to participants in a Randomized Complete 

Block Design (RCBD) format with the Soma Figure as the treatment and the participant as the 

Block.  A sample of the RCBD format was shown in Table 3.1 for the first five participants.  The 

full randomization of the five Soma Figures was completed using Random.org, a web-based 

validated randomizer, with the full randomization for each subject available in Appendix H. 

 Every participant had the opportunity to attempt each of the Soma Figure puzzles with a 

time limit of 10 minutes (600 seconds) for each form.  This specific time limit stemmed from 

Deci’s (1972) intrinsic motivation work that used Soma Figures as part of a study with 

undergraduate students.  Ten-minutes was determined as the time where participants began to 

exhibit increased frustration if they were unable to solve a puzzle (Deci, 1972), which was not a 

goal of this research study but an item to attempt to mitigate if possible. While Deci (1972) 

showed solutions to subjects at the 10-minute mark, that was not the case with this research 

study due to time limitations and as to not suggest possible solution methods for subsequent 

puzzles yet attempted.  Based on the range of solving times in Abbasi’s (2010) study with an 

upper limit of 514 seconds, also suggested that the 600 second limit was reasonable for this 

research project.  Participants were not permitted to switch or select the attempt order of the 

Soma Figures and this was monitored throughout the data collection sessions. 
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Table 3.1: Sample RCBD for five participants. 

 

Procedures 

To eliminate potential distractions, individuals enrolled in the study met with the 

researcher one-on-one for a combined Phase 1 and Phase 2 session that lasted up to 80-minutes if 

the participant required the full time to attempt each Soma Figure puzzle and to complete the 

four paper-pencil assessments.  

The researcher was responsible keeping track of timing in all aspects of the research, 

providing materials with set-ups as necessary, collecting data and observations on appropriate 

report forms, as well as for the video recording of Phase 2 needed for a content analysis.  The 

research project administration environment was similar to that of a college exam as the testing 

room was quiet with the only communication occurring between the subject and researcher as 

necessary.  Various conference room spaces were used in the researcher’s building as the 

researcher did not have a dedicated office space on campus and it was necessary to schedule 

space around university-scheduled events such as classes or departmental meetings.  In each 

case, the conference rooms were private with a closed door to minimize outside noise 

interference and allow the subject to concentrate on the task at hand.   

Prior to any data collection, participants reviewed an informed consent form with the 

researcher and had the opportunity to ask any questions prior to signing the document.  The 

researcher collected a fully-signed copy of the informed consent document and all participants 
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were offered a copy for their records.  Appendix A contains all IRB-related materials including 

the informed consent document for this research project. 

Data was collected in IRB-approved research packets containing all of the paper-pencil 

psychometric assessments as well as a data-recording sheet for Phase 2 included in Appendix C.  

In timed portions of the research, the recorded time was rounded to the nearest whole second, as 

that was the appropriate precision for this research study.  All observations were recorded in the 

space designated on the data reporting form with additional comments placed on the back sheet 

with transcription as necessary to a Google Drive document.  All procedures were completed in 

accordance with IRB guidelines and collected data was only available to those individuals listed 

on the IRB.   

Phase 1: Instrument Administration  

 A designated participant number was placed in the upper right hand corner of each data 

collection packet by the researcher and on all packet pages prior to data collection.  The cover 

pages for the Phase 1 instrument packet was a demographic data collection sheet that asked 

participants to provide information such as gender, field of study (engineering vs. non-

engineering), first-generation status, and year of study with the option given to not answer any 

demographic items.  The four instruments used in Phase 1 were administered in this combined 

one-sided packet to each participant in the following order: MRT, TSE, SASRS, and SBSOD.  A 

time limit existed for the MRT with participants free to immediately start the other three 

instruments following the allotted time for the MRT.  The maximum amount of time to complete 

all three Phase 1 assessments for each participant was 25 minutes.  At the completion of Phase 1, 

participants immediately proceeded to Phase 2.   
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MRT Assessment Administration 

While the MRT existed in a digital format, for this research it was administered as a two-

part, paper-pencil version with a 10-minute time limit as defined by Vandenberg and Kuse 

(1978).  A cover page with instructions as laid out by Peters et al. (1995) was included with 

participants given the opportunity to study sample items and attempt practice problems before 

the timed assessment began.  The first 12-items on the MRT were allotted 3 minutes, followed 

by a 4-minute rest, and the second 12-items were allotted an additional 3 minutes (Vandenberg & 

Kuse, 1978).  Each page contained 6 items and participants were able to mark directly on the 

assessment packet, as each participant had their own data collection packet.  The order of the 

questions was as presented by Peters et al. (1995) and not randomized for administration to each 

subject.  A copy of the MRT Assessment as used in this research study (Peters et al., 1995) is 

available in Appendix D.  The MRT was scored for the number of partially and totally correct 

responses with the tabulated data transcribed from the data collection packets to an electronic 

spreadsheet housed on a University-approved Google Drive account. 

TSE Assessment Administration 

The TSE Assessment was administered as a single-page, paper-pencil assessment to 

participants immediately following the MRT in the same data collection packet.  The time limit 

to complete the assessment was approximately 2 minutes (roughly 3 minutes per question) but 

participants were permitted to move on the next assessment immediately following TSE 

completion.  Participant number was marked in the upper right hand corner by the researcher but 

no other identifying marks were made.  A copy of the TSE assessment as presented to subjects is 

available in Appendix E.  The collected data was transcribed to an electronic spreadsheet housed 

on a University-approved Google Drive account for tabulation and further data analysis.     
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SASRS Assessment Administration 

The SASRS was administered as a single-page assessment to participants directly 

following completion of the TSE instrument.  Participants marked their responses directly on the 

single-page survey sheet.  There was no set time limit by Turgut (2015) for the SASRS 

evaluation, but given the short length of the survey items a reasonable time limit to complete this 

questionnaire was determined to be in the 7 to 8 minutes range (roughly 3 items per minute). 

Besides the participant number marked in the upper right hand corner, the researcher made no 

other identifying marks on the SASRS instrument sheet.  A copy of the SASRS assessment as 

presented to participants is available in Appendix F.  The collected information was transcribed 

to an electronic spreadsheet housed on a University-approved Google Drive account for 

tabulation and further analysis. 

SBSOD Assessment Administration 

 The SBSOD was the final psychometric test administered in the data collection packet.  

The SBSOD was presented as a single-page, paper-pencil assessment where participants could 

directly record their answers.  The time limit to complete the assessment was approximately 6-7 

minutes (roughly 2 minutes per question).  While the specific amount of time spent on the 

SASRS/TSE/SBSOD assessments was not set, the overall time limit to complete these three 

assessments was 17 minutes total.  Participant number was marked in the upper right hand corner 

of the SBSOD but the researcher made no other identifying marks.  A copy of the assessment as 

presented to subjects is available in Appendix G.  The collected data was transcribed to an 

electronic spreadsheet housed on a University-approved Google Drive account for tabulation and 

further data analysis.   
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Phase 2: Soma Figure Puzzle Administration 

Participants were presented with a set of seven Soma pieces all of the same color/material 

to attempt to solve each of the selected Soma Figure shapes in the order predefined by the RCB 

experimental design for Phase 2.  One potential foreseen implementation issue was that if the 

Soma pieces were presented in a random pile, some participants might inadvertently receive an 

unintended clue as to how to solve a shape quickly.  To eliminate this potential issue, the Soma 

pieces were set flat by the researcher in the same generic order on a sheet of paper prior to the 

start of each trial.  The order template is shown in Figure 3.2 with the Soma pieces displayed in 

an isometric orientation.  The flat shapes were placed with their front view towards the 

participant and for stability reasons, the complex pieces were placed with their right side facing 

the participant.  This allowed for a standardized set-up for all attempts for each participant 

regardless of the puzzle shape.  There were no changes to the starting template between Soma 

Figure attempts or between participants. 

 

Figure 3.2: Soma pieces experimental starting template. 
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 The cards from the “Block by Block” game did have the solutions on the reverse side as 

shown in Figure 3.3.  To eliminate the possibility of participants peeking at the answer they were 

watched closely and participants were not permitted to touch the cards during the administration 

of the Phase 2 potion of the research study.  Each participant had the five cards prearranged in 

the correct randomization order by the researcher prior to the start of any attempts to help 

facilitate the flow of the study and stay within the designated time limit for Phase 2.  Each 

participant had an unobstructed area to work in with the only restriction to keep the Soma parts 

within the recording area of the video camera.  If necessary, the researcher moved the camera to 

ensure the attempts were being adequately captured for the qualitative content analysis.  The 

participants were not required to keep the Soma parts on the template sheet and were given the 

freedom to switch body positions as they deemed necessary to remain comfortable.  Participants 

were permitted to stretch between the different Soma Figures as needed. 

 

Figure 3.3: Sample solution to the Soma Cube. 

 

The toppling of blocks could be noisy on a hard surface like a desk, but having the 

template sheet remain underneath through out the attempt helped with this issue.  The researcher 

kept track of time to complete each Soma Figure with the Stopwatch feature on an iPhone Series 
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7.0 with the time rounded to the nearest whole second.  Time was also verified via analysis of the 

videotape during data analysis after the data collection period.  Participants were instructed when 

to start and the researcher observed the entire attempt with observations recorded in the data 

collection packet.  When a solution was found to a Soma Figure, the time was paused and the 

correctness of the solution double-checked before the time was recorded and the subject 

proceeded to the following shape or concluded the Phase 2 research section.  If the solution was 

incorrect upon inspection, the participant was allowed to continue on with the attempt with the 

time resumed until the correct solution or the time limit for the attempt reached.  

There was a 10-minute (600 second) time limit to solve each Soma Figure aligning with 

work by Deci (1972) and a 1-minute break between Soma Figures for set-up purposes.  

Participants were not permitted to see the stopwatch as to limit undue anxiety or stress that might 

arise when trying to complete the puzzle in the allotted time frame.  It was explained to each 

participant that regardless of the ‘success’ of solving a puzzle, the researcher was getting 

important data just by watching how the subject attempted to develop a solution.  There was no 

punishment for not finishing any (or all) puzzles and no reward for solving any (or all) puzzles 

during the designated Phase 2 data collection period.    

All of the attempts for each of the Soma Figures were videotaped for a content analysis.  

Previous research (Abbasi et al., 2009) suggested that participants that were more successful in 

solving a Soma Cube-like spatial task were more likely to start solutions using complex pieces 

(like the Corner or Twist Soma pieces) and might give more of an understanding of the 

participant’s cognitive selection strategy.  The order of the starting pieces was determined 

through a video content analysis of each attempt for each participant for all Soma Figures fit for 

this evaluation.  Beyond confirming attempt and solving times in case of a stopwatch 
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malfunction (such as with user error), the video recording served to capture qualitative items 

such as boundary violations, traps that make the solving the puzzle impossible, and cube 

counting; all items that might give information about high and low spatial thinkers, whether the 

assessment aligns with the intrinsic-dynamic or extrinsic dynamic category of spatial thinking 

(Newcombe & Shipley, 2015) or an idea of preferred cognitive selection strategy.  The video 

was camera positioned on the tabletop where participants were attempting to solve the Soma 

Figures and angled in a fashion using a tripod to focus only on the participant’s hands and the 

Soma parts.  Efforts were made to not record any participant faces with the video camera set-up 

shown to each participant prior to them signing the informed consent form.   Every participant 

was asked about identifying hand tattoos as per privacy concerns outlined in the IRB prior to 

signing the informed consent document in a conscious effort to maintain participant privacy.  

The video recording equipment including the camera, tripod, micro-USB, and micro-USB 

adaptor were borrowed from the university library.  All collected video files were uploaded to 

and stored on a University-approved Google drive account.  Prior to equipment return to the 

University library, the micro-USB card was reformatted in accordance with the IRB to maintain 

participant’s privacy.   

Data Analysis 

Phase 1: Instrument Data Analysis 

The data collected for the MRT, TSE, SASRS (including sub-factors), and SBSOD were 

first tallied for each participant as described below and then checked for normality before further 

analyses.  Previous work with the TSE items and spatial thinking instruments suggested that a 

positive correlation exists between the TSE and MRT (Mamaril et al., 2016; Minear et al., 2016).  

Turgut (2015) demonstrated that the OMSA questions of the SASRS were positively correlated 
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to the MRT (Peters et al., 1995; Vandenberg & Kuse, 1978) and postulated that the SNA portion 

of the SNA might be related to the SBSOD assessment (Hegarty et al., 2002).  It was anticipated 

that results from this study confirmed those found in previous spatial thinking literature.  

Directions regarding scoring of the various assessments were included in the following sections. 

MRT Assessment Scoring  

After completion, the number of correct answers was tallied for each participant and 

descriptive statistics calculated for all research participants.  The intended scoring by 

Vandenberg & Kuse (1978) gave only one point for completely correct answers (for a potential 

total of 24 point) but more recent studies (Nazareth, 2015; Fisher et al., 2018) shifted to a giving 

1-point for partially correct answers and 2-points for completely correct items (for a potential 

total of 48 points).  This second way of scoring (up to 48 points) was used to tally the points for 

the completely correct answers in line with the intention of Vandenberg & Kuse (1978) and also 

to tally points with partially correct answers as done by others with the intention to determine if 

the new way led to noteworthy increases in scores or correlations to other assessments. 

TSE Assessment Scoring 

The TSE Assessment was a Likert-based survey assessment with the overall score for 

each individual calculated by simply tallying the ability scores for the five items (Mamaril et al., 

2016).  Descriptive statistics were calculated as appropriate (i.e. item means) and then the tallied 

data was used in subsequent statistical analyses.  The TSE might correlate to zero, one, or all of 

the other assessments and might give additional insight as to life experiences of the subjects that 

might contribute to the development of tactile spatial thinking ability skills. 
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SASRS Assessment Scoring 

 The SASRS assessment scoring was as simple as the tallying procedure used for 

TSE.  There were some negative items in the assessment that required flipped scores prior to 

tallying the survey responses for each participant (see ‘*’ negative items in Table 3.2).  While the 

overall score was tabulated, the SASRS assessment was known to load on three factors: Object 

Manipulation Spatial Ability (SASRS – OMSA), Spatial Navigation Ability (SASRS – SNA) 

and Visual Memory (VM) as noted by Turgut (2015).  The survey items in the SASRS 

associated with each of the three factors were listed in Table 3.2 permitting the tabulation of 

factor scores for each participant for use in analyses to examine differences in intrinsic versus 

extrinsic characteristics.  It was hypothesized that the SASRS – OMSA factor associated with the 

intrinsic-dynamic category of spatial thinking, whereas the SASRS – SNA factor associated with 

the extrinsic-dynamic category, and the SASRS – VM factor dealt more with the intrinsic-static 

category that meant each of these areas needed to be checked against the other instruments to see 

if this hypothesis held true.  Turgut (2015) noted in previous work that the SASRS – OMSA 

factor correlated to the MRT (Vandenberg & Kuse, 1978) but the other two sub-factors did not.  

The correlation of the SASRS to the TSE Assessment was unknown prior to this research study.  

Turgut (2015) hypothesized that the SASRS – SNA component might correlate to the SBSOD.  

Examination of these correlations were directly related to the first research question of this 

project as to whether it was possible to distinguish between intrinsic and extrinsic spatial 

thinking ability using paper-pencil psychometric assessments. 
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Table 3.2: SASRS items by factor. 

 

SBSOD Assessment Scoring 

 The SBSOD assessment scoring required additional work to flip the scale of certain items 

so the scores aligned with previous research (Hegarty et al., 2002).  In this instance, the items 

flipped were numbers 2, 6, 8, 10, 11, 12, 13, and 15 to accommodate the reverse of the Likert-

scale for consistency across all psychometric assessments in this research project.  Descriptive 

statistics were calculated for each participant as appropriate and then used in the subsequent 

statistical analyses.  Hegarty et al., (2002) noted that the SBSOD was more highly correlated 

with spatial knowledge that come from direct experience which suggested that it might relate to 

the TSE Assessment that was based on participant’s tinkering experiences. 

Instrument Correlations 

A multitude of Null and Alternative hypotheses existed to examine correlations between 

the Phase 1 assessments using the correlation coefficient (r) as seen in Table 3.3.  It was assumed 

that the data collected from the MRT, TSE, SASRS, and SBSOD instruments followed a normal 

distribution for a large sample size with this being graphically and numerically examined prior to 

analyses using Statcrunch software.  Assuming normality, it was appropriate to use Pearson’s 

correlation coefficient to test the relationship between the various assessments.  However, if the 

normality assumption was violated, then it was appropriate to use the non-parametric 

Spearman’s Rank-Order analysis to find the correlation coefficient (rs).   
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Table 3.3: Phase 1 correlations requiring examination. 

 

 While all of the primary correlations were initially examined, it was also necessary to 

potential relationships to the sub-factors of the SASRS too.  The hypotheses took the general 

form as shown below. 

General Null and Alternative hypotheses forms:  

Ho: There was no correlation between scores on Assessment #1 and Assessment #2 as 

 shown by the correlation coefficient confidence interval 

Ha: There was a correlation between scores on Assessment #1 and Assessment #2 as 

shown  by the correlation coefficient confidence interval 

In line with current guidelines set forth by the American Statistical Association Statement 

on p-values and Statistical Significance (Wasserstein & Lasar, 2016), the p-value was not 

calculated for the correlation coefficient nor were claims made about “statistical significance”.  

Wasserstein, Schirm, and Lazar’s (2019) most recent article called for a halt of the practice of 

denoting a result as “statistically significant” as p-values do not, “reveal the plausibility, 

presence, truth, or importance of an association or effect.  Therefore, a label of statistical 

significance does not mean or imply that an association or effect is highly probable, real, true, or 

important” (p.2).  Stopping use of the term “statistically significant” had overwhelming support 
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from statisticians (e.g., Wasserstein et al., 2019; Hurlbert, Levine, & Utts, 2019; Amrhein, 

Greenland, & McShane, 2019) but also concerns particularly from the medical field (Ioannidis, 

2019) as to how to denote results of importance clearly.  With this being a very recent 

development on how statistical results were reported, it was unknown how this recommendation 

will be instituted in engineering education. 

Instead of reporting a single a p-value, this analysis instead examined the confidence 

interval (CI) of the correlation coefficient as denoted in the null and alternative hypotheses, 

which allowed for interpretations to be made regarding the precision, strength, and direction of 

the correlation.  The four steps involved with construction a confidence interval for a Pearson 

correlation coefficient were outlined in literature as (e.g. Glass & Hopkins, 1996; Fan & 

Thompson, 2001): 

1. Transform r to Zr (Fisher Z transformation) 

2. Compute σz: 𝜎𝑧 =
1

(𝑛−3)0.5  where n: number of rates 

3. Obtain CI for Zρ: Zr ± 1.645σz (for 90% CI) 

4. Transform lower and upper limits back to Pearson r 

 The Fisher Z transformation was completed using built-in formula capabilities in 

Microsoft Excel for all correlation confidence interval calculations.  The methods to construct a 

confidence interval for the non-parametric Spearman’s correlation coefficient was similar to the 

above process and outlined by Ruscio (2008).  The four steps involved in this non-parametric 

situation were as follows with the σz estimated from Fieller, Hartley, and Pearson (1957): 

1. Transform rs
 to Zsr (Fisher Z transformation) 

2. Compute σzs: 𝜎𝑧𝑠 = √
1.06

𝑛−3
  where n: number of rates  



 

 

121 

3. Obtain CI for Zρs: Zrs ± 1.697σzs (for 90% CI).  The 1.697 comes from the t-

distribution with df = N – 2 

4. Transform lower and upper limits back to Spearman’s rs 

 Interpretation of the confidence interval included examination of the upper and lower 

limits and their practical implications regardless if the interval contained the null value.  After 

this interpretation, a decision was made to accept or reject the null hypotheses for the 

correlations and whether the data suggests that the correlations did or did not exist. 

Factor Analysis 

 Aligning with research goals, it was necessary to determine if the MRT, SASRS, and 

SBSOD instruments aligned with an intrinsic and/or extrinsic factor.  The MRT was previously 

categorized as an intrinsic-dynamic assessment (Newcombe & Shipley, 2015; Uttal et al., 2013), 

the SASRS was hypothesized to contain both intrinsic and extrinsic items in the SASRS – 

OMSA items and SASRS – SNA items respectively (Turgut, 2015), and while the SBSOD by 

Hegarty et al. (2002) was promoted as study of environmental spatial ability, this was noted by 

Newcombe (2018) to fall into the navigation category of spatial cognition which dealt with 

extrinsic-based situations and hence the extrinsic category.  A positive correlation between the 

MRT and the SASRS – OMSA was demonstrated by Turgut (2015) that suggested that these 

align in the same spatial thinking category: intrinsic-dynamic.  Additionally, Hegarty et al. 

(2002) only found evidence of a weak correlation (r = 0.08) between the MRT and SBSOD that 

indicated that these two instruments measured a different component of spatial thinking ability 

that further suggested that these assessments could be categorized in Newcombe & Shipley’s 

(2015) framework as intrinsic-dynamic and extrinsic-static respectively.  
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 To look at this intrinsic-extrinsic distinction, an exploratory factor analysis (EFA) was 

performed to determine if the assessments loaded on a single or multiple factors.  According to 

Brown (2014), “factor analysis has become one of the most widely used multivariate statistical 

procedures in applied research endeavors across a multitude of domains”, meaning that it had 

become a common procedure especially when examining connections between psychometric 

assessments of multi-item instruments (Floyd & Widaman, 1995).  An EFA was selected over a 

confirmatory factor analysis (EFA) because not all of the relationships were determined between 

the MRT, SASRS, and SBSOD in previous literature. It was anticipated that two factors might be 

present, one intrinsic, one extrinsic.  To avoid issues that arise with missing data, only data from 

participants that completed all of Phase 1 were included in this analysis.   

 While Hegarty et al. (2002) demonstrated a low correlation (r = 0.08) between the MRT 

and SBSOD assessments, that was not enough evidence to clearly state that the intrinsic and 

extrinsic factors were uncorrelated meaning that an oblique rotation would be more appropriate 

than an orthogonal rotation (Brown, 2015).  If however, the extrinsic and intrinsic factors were 

truly uncorrelated, an oblique rotation solution would essentially be the same as an orthogonal 

rotation solution (Brown, 2014). The software package used to complete the Factor Analysis was 

STATA/SE 15 available through the Virtual Computing Lab at the university. 

 This EFA analysis allowed the researcher to take the correlation analysis one step further 

with the results helping to determine if a clear delineation between the two categories existed and 

if so, help determine whether the tactile spatial thinking assessment implemented in Phase 2 

aligned with either the intrinsic or extrinsic category in the spatial thinking framework or 

possibly a combination of the categories.   
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Phase 2: Data Analysis: Overview 

There were three main components to the Phase 2 data analysis.  The first part involved 

looking at the various correlations between the psychometric tests in Phase 1 and results from 

Phase 2 as well as involving an exploratory factor analysis to determine if the Soma-figure based 

tactile thinking assessment belonged in the intrinsic and/or extrinsic category of the spatial 

thinking framework (Newcombe & Shipley, 2015).  Second, the order in which participants used 

the Soma blocks to construct a solution potentially was determined to give insight to preferred 

cognitive selection strategies, determined methods employed by high versus low spatial thinking 

abilities, and gave evidence demonstrating intrinsic or extrinsic characteristics not captured in 

solving time data or correlations to psychometric assessment from Phase 1.  Lastly, two 

complimentary rank-order based parametric analyses determined first if a difference existed 

between any of the Soma Figures based on completion time average for each shape and if so, to 

rank the order of difficulty of the Soma Figures based on completion time.  This ordering was 

useful in helping to develop and design a potential tactile-based spatial intervention with 

appropriate scaffolding with implementation potential in entry technical graphics or introductory 

engineering coursework.  Additionally, depending on sample demographics, specific items such 

as gender, ethnicity, first-generation status, or year of study were examined with correlation 

analyses. 

Soma Figures and Instrument Correlations 

This section of data analysis involved upwards of 30 correlation analyses to determine if 

a relationship existed between the completion time to solve the Soma Figure puzzles (up to five 

individual puzzles and overall time) and the Phase 1 instruments (four main scale, three to five 

subscales dependent on Phase 1 results).  Prior to determining which correlation coefficient 
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(Pearson’s or Spearman’s) was appropriate for confidence interval construction, the data of 

interest was tested for normality.  The null and alternative hypotheses would follow the general 

form: 

Hypothesis 6 (generic): 

Ho: There was no correlation between <Soma Figure> time and <Instrument> 

Ha: A correlation existed between <Soma Figure> time and <Instrument>  

As in Phase 1 and in line with good statistical practices, instead of calculating a p-value, 

this analysis examined the confidence interval (CI) of the correlation coefficient allowing for 

interpretations to be made regarding the precision, strength, and direction of the correlation.  A 

90% confidence interval was chosen due to the relatively small sample size and was deemed 

appropriate, as this was developmental research lacking literature values to check results against.  

The steps for calculating confidence intervals for Pearson’s or Spearman’s correlation coefficient 

were outlined above in the ‘Instrument Correlations’ of the Phase 1 data analysis and not 

repeated in this section. In determining whether to accept or reject the Null hypothesis, the 

confidence intervals bounds were examined in terms of their practical implications regardless if 

the null value was included. 

 While the results were unknown, it was hypothesized that students with higher scores on 

the MRT and/or TSE and/or SASRS might have lower Soma Puzzle completion times leading to 

negative correlations between the items.  It was unknown whether these correlations had any 

practical significance prior to the data analysis.   

Exploratory Factor Analysis 

 A research goal of this project was to determine whether the developed tactile-based 

spatial thinking assessment belonged in the intrinsic and/or extrinsic category of the spatial 
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ability framework outlined by Newcombe and Shipley (2015).  Based the EFA from Phase 1, the 

psychometric assessments that were affiliated with an intrinsic category versus those aligning 

with an extrinsic category were determined with potentially multiple measures for each factor.  

In this instance, the number of factors was unknown leading to results from the Soma Figure 

attempts evaluated with a combination of correlation analyses as well as an exploratory factor 

analysis.  Carroll (1993) noted that the relationship between tactile measures and cognitive 

abilities such as spatial thinking was unclear; indicating a gap in the literature needing addressed 

making this a relevant addition to the research project.  This developed assessment might show 

alignment with the extrinsic factor, intrinsic factor, or perhaps both.  The hypothesis was that this 

tactile-based Soma Figure assessment would most closely align with the extrinsic category of the 

framework.  The EFA was completed with the aid of the STATA/SE 15 statistical software 

package available for use through the University.   

Non-Parametric Analyses 

The completion time to solve the various Soma Figures was collected during Phase 2 of 

this research project with the participants not privy to watching the clock, as they were to work at 

their own natural pace resulting in reasonably wide ranges of solving times for each shape.  To 

combat skewedness of the solving times, a pair of non-parametric analyses based on rank order 

were selected to examine the possibility of ordering the Soma Figures based on difficulty that 

would be useful in the future design of a tactile-based spatial intervention.  First, a Friedman’s 

Test for Ranks determined if there was any significant difference in solving time between any of 

the five Soma Figures.  This was followed with a Page Test for Ordered Alternatives to test a 

data suggested ordered ranking of the Soma Figures.  This investigation served to provide 

answers to Research Question 4.0 of this dissertation study. 
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Friedman’s Test for Ranks 

The Friedman’s Test for ranks is a non-parametric analysis similar to a parametric 

ANOVA test but eliminated the need for the data to follow any particular distribution such as the 

Normal Distribution (Higgins, 2003); particularly important if the collected solving time data did 

not check for normality for any of the shapes.  The use of a RCBD with mutually independent 

blocks (participants) and continuous data (seconds) converted to ordinal rankings were major 

requirements to use this statistical analysis and were met with the developed protocol for Phase 2 

(Higgins, 2003).  The ability to differentiate between the different shapes using this type of 

analysis laid the foundation for inclusion and analysis of different Soma Figures in future 

research under varying conditions. If no time difference(s) were detected through this analysis, 

then the order of Soma Figures used for this study would not matter in a future implementable 

exercise.  Translating this idea into a Null and Alternative hypothesis gave the following 

statements: 

Hypothesis 4: 

Ho: The time required to solve any Soma Figure was the same 

Ha: A difference in time to develop a solution existed between at least two Soma Figures 

 Anticipating that at least one participant would have a tied rank (for instance, if a 

participant could not solve two puzzles and were given a default time of 600 seconds twice) 

indicated that the analysis needed to account for a “ties correction” when calculating the 

Friedman test statistic, Fr.  In this case, a treatment corresponded to the different Soma Figures 

that participants attempt to solve.  The equation to determine Fr was as follows, noting the ties 

correction (Richardson, 2010). 

  𝐹𝑟 =
𝑛(𝑘−1)[∑

𝑅𝑖
2

𝑛
𝑘
𝑖=1 −𝐶𝐹]

∑ 𝑟𝑖𝑗
2 −𝐶𝐹

   and  𝐶𝐹 =
1

4
∗ 𝑛𝑘(𝑘 + 1)2 
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Where,  

n = number of subjects 

k = number of treatments (in this case, five) 

Ri = Sum of the ranks from the treatment, i 

rij = Rank corresponding to individual j in column i 

CF = Ties correction (equation given below) 

 Statcrunch, a web-based statistical program was chosen to perform the Friedman Test for 

Ranks with the results copied to the data calculations sheet as it was determined that the large 

sample approximation would be appropriate based on the sample size.  Fahoome and 

Sawilowsky (2000) suggested a minimum sample size of 13 (for α = 0.05) for the large-sample 

approximation, which was clearly passed, based on the minimum sample size of 23 participants 

calculated earlier.  In this case, the critical values were approximated using the Chi-squared 

distribution with four (k - 1 = 5 - 1 = 4) degrees of freedom.  If there was a high probability that 

the null hypothesis was not supported, then the claim could be made that a difference does exist 

followed by a suggested ordering of difficulty and testing of that specific ordering. 

Page Test for Ordered Alternatives 

Depending on the outcome of the previous statistical analysis with the Friedman’s Test 

for Ranks, the next analysis would answer whether it was possible to rank order the difficulty 

levels of Soma Figures utilizing the non-parametric Page Test for Ordered Alternatives.  The 

Page Test could be implemented because the data was collected satisfying the condition of 

coming from a Randomized Complete Block Design (Higgins, 2003).  While the null hypothesis 

would be the same as for the non-parametric Friedman’s Test, the alternative hypothesis was 
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dependent on ordering the Soma Figures from least to most difficult as a function of time.  The 

general hypothesis for the Page Test was as follows: 

Hypothesis 5: 

Ho: The time required to solve any Soma Figure is the same. 

Ha: An ordered ranking based on time between the Soma Figures exists.   

 The alternative hypothesis required revision based on the outcomes from the collected 

data and a suggested order stated.  The ordering might be obvious, but without a statistical 

analysis it would not be possible to claim with any certainty exact that the ordering was correct.  

A sample alternative hypothesis might look something like this: 

Ha (sample): The time to solve the Cube < Staircase < Steps < Tunnel < Bathtub 

For a detailed description of the equations and modifications used for the Page test under 

these circumstances of tied ranks, refer to the paper by Best, Rayner, & Thas (2008) discussing 

Nonparametric Tests from RCBD experiments with ties.  A statistical program such as R might 

be used to perform the Page test, but in this particular case, it was reasonable to use a large-

sample approximation in the data analysis.   

Fahoome and Sawilowsky (2000) suggested that when there are more than four 

‘treatment’ groups used (in this case, five different Soma Figures), the minimum number of 

participants needed for the large-sample analysis at α = 0.05 was 11, α = 0.01 was 18.  Given the 

projected number of subjects in Phase 2 might be as high as 36, this sample size condition 

outlined by Fahoome & Sawilowsky (2000) was met allowing for simplification of the Page Test 

calculations with the resulting critical value found from a normal distribution.  The specific 

equations used for this large-sample approximation statistical method were outlined in Fahoome 

and Sawilowsky (2000, p. 263).  The resulting information from the non-parametric analyses 
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informed the creation of a tactile-based intervention using the Soma Figures in a manner with 

appropriate scaffolding for increasing difficulty.  While Stringer (1975) previously used Soma 

Figures in technical sketching exercises to help develop spatial thinking ability in a technical 

graphics classroom, examination of the interventions in Uttal et al.’s (2013) meta-analysis did 

not list any training studies specifically using Soma Figures suggesting the opportunity for a 

structured intervention constructed around this tactile, manipulative puzzle that might benefit 

individuals with high and low spatial abilities. 

Content Analysis  

 With the majority of the analyses in this research study thus far in the quantitative realm, 

there was also a qualitative portion to this research study focused on the use of a content analysis 

methodology to describe the transforming of the inter-relations of the different Soma parts.  In 

this instance, the study examined part selection order with an emphasis on the starting part 

combination, the number of attempts taken by each subject along with each attempt length, and 

identification of solving issues not otherwise captured by observing part manipulation.  Abbasi et 

al. (2009) and Abbasi (2010) completed a similar analysis with a modified Soma Cube and 

examined the number of total attempts, which part was selected first, as well as the sequence of 

only the successful attempt by analyzing video recorded solving attempts.  Abbasi et al. (2009) 

and Abbasi (2010) found that participants with a higher MRT score were more likely to select a 

complex part to start solving the modified Soma Cube.  In this research project, the distinction 

between flat and complex objects was that a flat object could be extruded from a single 

outline.  Complex parts required more than one extrusion from an outline to complete the item.  

While Abbasi (2009, 2010) only focused on a single puzzle, this research employed various 

puzzles that might require different approaches for solution development.  In this research 



 

 

130 

project the following items were analyzed and tallied via video analysis for all appropriate Soma 

Figures aligning with a content analysis methodology:  

 How many total attempts were needed to develop a solution? 

 What was the length of each attempt? 

 What was the first combination of parts placed in each attempt?  

 What was the sequence in the successful attempt? 

 To accomplish this transcription of the Soma Figure attempts, a codebook was created 

and available in Appendix M.  Codes were assigned to the various Soma parts, codes made for 

part transformation purposes (such as addition or subtraction), codes created for part 

combinations, and adaptable Shape-specific codes as appropriate.  Examples for the codes were 

available in the codebook to aid interpretation of the descriptive symbols. 

 While videotaped attempts were available, there was not a formal “tangible gesture” 

analysis using the Tangible Gesture Interaction Framework (TGIF) developed by Angelini et al. 

(2015) due to difficulties in delineating between move, hold, touch, and combinations while 

manipulating the Soma parts in hand.  The next step to enhance this content analysis might 

include the use of the TGIF approach to relate the interaction between the individual and the 

Soma Figure puzzle to spatial thinking abilities and cognitive selection strategy. 

Soma Figures and Demographic Correlations 

Additionally, dependent on the demographics of the study population, it might be 

possible to consider the examination of additional demographic factors as an important 

underlying factor of this research with this section inserted with the correlation analysis section.  

Previous research indicated items like gender (e.g., Maeda & Yoon, 2013; Voyer et al., 1995; 

Linn & Peterson, 1985; Nazareth, Herrera, & Pruden, 2013), ethnicity (e.g., Jahoda, 1980; 
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Nunez, Corti, & Retschitzki, 1998; Ault & John, 2010), early spatial activity experience 

(Nazareth, 2015; Shepard & Metzler, 1971; Newcombe et al., 1983; Quaiser-Pohl & Lehmann, 

2002), and first-generation status (Segil, Sullivan, Meyers, Reamon, & Forbes, 2016; Figgess & 

Fogarty, 2018) might be a significant or contributing factor when examining spatial thinking 

abilities.  Even with the sample size for this study of up to 36 participants, it might not be 

possible to statistically test any of the above mentioned factors (besides possibly gender) as this 

study was primarily concerned with meeting the minimum number of participants for the 

exploratory study than explore differences between specific demographic groups.  If possible, the 

demographic categories were examined to see if their Soma Figure solving times correlated to 

scores on the MRT, TSE, SASRS, and/or SBSOD.  Based on these results, additional testing 

might be warranted if the effects were deemed large enough to consider in later statistical 

models. 

For example, let’s say the researcher wanted to explore if “Gender” was an underlying 

factor for the MRT results.  The following paragraph outlined how this item might be analyzed.  

First, the raw data would be separated according to gender.  Second, sample group statistics such 

as mean and standard deviation would be calculated as well as graphing the distribution to 

determine if the data follows an approximately normal curve.  Third, null and alternative 

hypotheses would be set such as: 

Hypothesis 7 (generic): 

Ho: μ(males) = μ(females).  No difference in mean. 

Ha: μ(males) ≠ μ(females).  A significant difference in mean existed due to gender 

Fourth, a confidence interval for the difference was constructed and then interpreted for 

practical significance.  This type of statistical calculation could easily be completed using a 
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software program such as the web-based Statcrunch client.  This multi-step process could be 

repeated for a variety of collected data and demographic factors.  Additionally, if more than two 

categories exist for a demographic (such as with ethnicity) and it was possible to perform a 

statistical analysis, then a one-way ANOVA test should be considered for a statistical analysis.  

Participant Compensation 

 Participants were compensated with Target gift cards in $5 increments for their time in 

this research study based on a prorated scale for tasks performed as participants could choose to 

withdraw at any time and for any reason.  This proration was intended to discourage participants 

to enroll in the study, answer a single question on the first assessment and then be compensated 

the entire study amount.  Phases 1 and 2 were administered sequentially in a single session that 

took as long as 80-minutes if the maximum time was needed to complete the four assessments 

and attempt all five of the puzzles.  The participants were compensated up to $25 for completion 

of all tasks for this portion of the research project with the pay out levels as outlined in Table 3.4.  

The researcher independently funded this study as other funding was not available through the 

department or college at the time of data collection. 

Table 3.4: Participant compensation. 

 

Study Limitations 

 As with any new research method, there were limitations in the approach requiring 

acknowledgement.  In this research project limitations fell into the following categories: 
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participant population selection, sample size, Soma Figure selection and subsequent presentation, 

and triangulation of the content analysis. 

In this research, the study population technically was classified under the category of a 

convenience sample meaning the results from the collected data might not be applicable to the 

wider desired population of engineering students making this a notable limitation.  While the 

participants all were enrolled in the same level of an introductory technical graphics course, their 

personal experiences (formal and informal) with projects and/or interventions (such as Project 

Lead the Way in high school, also see Uttal et al., 2013) already influencing and potentially 

improving their spatial thinking ability might lead to skewed time-based results when using a 

hands-on manipulative puzzle.  Some subjects might have played with Soma puzzles before or 

had other manipulative puzzle experiences that gave them a higher sense of familiarity than 

others to this type of apparatus.  This led to not only potentially increased confidence in their 

ability to develop a solution, but also an elevated baseline understanding of the different shape 

orientations and combinations that might make developing a solution notably easier as they 

already had a mental approach in place before touching any of the puzzle pieces.  It was not 

possible to neither predict nor control a participant’s mood, alertness, disinterest, nor half-

heartedness towards completing any of the instruments or attempts at any Soma shapes.  Also, 

participant frustration was a difficult item to quantify if participants struggled to find a solution 

and how to determine if the feeling propagated through manipulation of the various Soma parts 

in subsequent attempts.  One way to combat this was to give participants verbal encouragement 

between the different Soma Figure attempts and to allow the participants to vent any particular 

frustration with a certain shape (which was recorded as part of the handwritten observations).  

Also participants were reminded that for this research, while finding the solution did feel 
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inherently great, the researcher was gaining a tremendous amount of information just by 

observing their approach so even if they did not solve the Soma Figure, it was still a data 

collection “win”.   

A lack of a pilot study for this project meant that there could potentially be issues 

regarding the power analysis to determine sample size.  The population estimates were derived 

from a similar study (Abbasi, 2010) but the sample size was still relatively small (N=17), the 

task was similar but not identical, and the population was graduate students not undergraduate 

students.  Due to the lack of studies similar to this one in literature that disclosed these necessary 

population parameters, it was difficult to state with certainty if the sample size calculation was 

reasonable as it might ultimately be too small to determine significant differences or too large 

indicating resources and time were not efficiently used.  This limitation indicated that the data 

analysis ought to be ongoing as the data was collected to see if the estimates for the population 

estimates data in Abbasi’s (2010) study were mirrored and/or if the 150-second assumption was 

reasonable before determining if a revision of the sample size was necessary to observe a 

statistically valid difference between Soma Figure forms.  This issue was considered when 

submitting documents to the IRB with a study sample size of 30-36 potential participants given 

on the forms.  It would be difficult to increase the same size much higher than 36 due to the data 

collection time limitation and funding limitations to pay additional participants. 

The Soma Figures selected for the Phase 2 of the project were only a very small 

subsample of potential forms created with the standard seven Soma pieces.  While care was 

taken to select Soma shapes reflective of use in previous research (see Abbasi et al., 2009), 

similar to shapes seen in introductory level technical graphics classes, and were associated with 

everyday objects (like a bathtub or stairs), many other shapes exist that might ultimately help 
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better distinguish between high- and low-level spatial thinking abilities and intrinsic versus 

extrinsic abilities.  As this research project was at an exploratory level, it was not viable to test 

tens or hundreds of different Soma Shapes to determine the ideal combinations to best answer 

the research questions and still create an intervention with appropriate scaffolding.  Time 

limitations as well as the issue of willingness of subjects to participate in an ongoing study were 

major factors considered in the study design.  Due to limitations with the IRB, adding different 

shapes after the research began was not an option but a wider variety of Soma Figures might be 

considered in future iterations of the described methods.   

Another limitation was that the Soma Figures participants were to attempt to solve were 

presented in an isometric orientation to participants that might have varying levels of comfort 

with interpreting structures in this format.  The isometric orientation was a standard way to show 

a 3-D object on 2-D media and this topic would have been covered in introductory technical 

graphic class by the middle of the semester, previous research (Branoff, 2000) cautioned that 

unfamiliarity of this orientation was a concern in 2-D psychometric spatial thinking instruments 

like the PSVT:R.   

While technology allowed the various attempts captured in a digital format making a 

content analysis methodology possible, this led to a variety of potential difficulties.  The 

opportunities existed for researcher error in handling the equipment (e.g. a missed ‘Start 

recording’ if the button was not pressed down enough), or power supply issues that limited 

camera placement options.  Regarding the handling of the parts, there were two major 

limitations: the mirror-image twist items were difficult to discern from each other and subjects 

that had larger hands might hold multiple parts in each hand making it difficult to determine 

exactly which piece they were attempting to place, especially if the participants were moving 
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quickly.  Also, a limitation existed in the determination of what was the end of the attempt and 

what constituted the beginning of a new attempt.  In most cases participants dissembled the 

attempt and started over, but instances did exist where a thought was abandoned and a new 

approach started leaving a small window open for researcher interpretation.  While the researcher 

did watch each attempt twice to double check part ordering and attempt lengths, there was a 

limitation in not having additional triangulation from another researcher.   

Summary 

 This devised methods relied on previous spatial thinking research to develop a new 

tactile-based assessment centered around a hand-held manipulative Soma Puzzle intended to 

align with the extrinsic-dynamic spatial thinking category.  The methods included a host of 

previous validated psychometric assessments in conjunction with parametric/non-parametric 

statistical analyses to evaluate the tactile-based assessment.  A lack of pilot study data left 

questions regarding feasibility and necessary adjustments after the start of data collection, but a 

similar study completed successfully by Abbasi (2010) gave confidence to the rationale behind 

how this project was designed and implemented.  This chapter contained detailed experimental 

research methods with rationale, power analysis for required population size, and instructions on 

how to complete the quantitative and qualitative analyses with the collected data.  Up to 36 

subjects were targeted for study inclusion to complete a host of spatial-thinking-related 

instruments for Phase 1 and then attempted to solve various Soma Figures in Phase 2 with the 

intention of the researcher to investigate results for evidence supporting a potential alignment to 

the extrinsic-dynamic spatial thinking category.    
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CHAPTER 4: RESULTS 

Revised Power Calculations 

 Upon data collection following the methods outlines in Chapter 3, the power calculations 

were revisited for appropriateness after ten subjects completed Phases 1 and 2 of the research 

project.  The original power analysis calculation used a 150-second differential (25% of the 

allotted time to solve the puzzle) for the initial calculation of 20 subjects, or 23 subjects for a 

non-parametric analysis.  The initial collected data set indicated that a 150-second difference was 

too large to detect potential differences between the different Soma Figures needed to explore 

ordering based on difficulty during the analysis.  Rather, a 120-second differential was more 

appropriate based on a preliminary analysis leading to a minimum sample population size of 30-

participants necessary to complete both phases of the research project.  This increase was 

permissible under the IRB as it was originally noted that the study might need 30-36 participants 

taking into account the possibility that some participants might start, but not complete, the study.  

The minimum sample size of 30 was large enough to not need a correction for non-parametric 

analyses as large-sample approximations were appropriate based on critical population values by 

Fahoome and Sawilowsky (2000). The number of total study participants ultimately enrolled was 

32 participants with all of them completing all aspects of Phase 1 and Phase 2.  

Participant Demographics 

 In total, overall 300 potential subjects in the introductory technical graphics courses were 

solicited to participate in the study with 77 volunteers willing to be further contacted for study 

enrollment.  In all, 34 subjects made arrangements to participate in the study with 32 enrolling 

and completing both phases of the research project.  The two individuals that did not participate 

did not appear for their timeslot, did not reschedule, and were not assigned subject numbers.   
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 The demographic breakdown of the participants is shown in Table 4.1.  The majority of 

the subjects were Caucasian, non-Hispanic males, predominantly in the first half of their 

collegiate career studying various engineering disciplines.  With a sample size of 32, it might not 

be possible to look specifically at items like first generation status, race, or ethnicity in further 

analyses, but gender might be further examined as a factor. 

Table 4.1: Participant Demographic Information. 

 

Phase 1: Assessment Results 

 All 32 enrolled research participants completed the four assessments that comprised 

Phase 1 of the research study.  The raw response data of assessments for each subject was made 

available in Appendix J.  The descriptive statistics from the assessments including the two main 

subsets of the SASRS of interest were detailed in Table 4.2.   
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Table 4.2: Phase 1 Assessment Descriptive Statistics. 

 

The MRT was scored in a traditional all-or-none approach as well as using a partial method (1 

point per correct answer) as seen in the detailed information in Appendix J.  While the details 

were not included here, the average score difference between the groups did not impact the Phase 

1 correlation results, so only the traditional scoring method was used for the reported analyses 

that follow that involve the MRT assessment.   

Normality  

 Prior to any correlation analyses for Phase 1, tests for normality were carried out for the 

collected data using multiple techniques.  First, normal probability plots were constructed from 

the data to examine linear relationships.  These plots were made available for each assessment in 

Appendix K.  Specifics about calculations and plot construction for this technique were available 

in Filliben (1975).  Filliben (1975) demonstrated that the computationally convenient correlation 

coefficient could be examined as a test statistic when determining if a normal distribution was 

appropriate to use with a small sample size of 3 to 100.  Filliben’s (1975) work also provided a 

table allowing for interpretation of a p-value at different levels of significance based on the 

correlation coefficient.  This allowed for estimation of p-value levels for this study as show in 

Table 4.3.  Based on this approach, at a 0.05 level of significance, the normal distribution 

assumption held true for each assessment.  It ought to be noted that the SBSOD data ought to be 

examined again in the future with a larger data set. 



 

 

140 

 The Shapiro-Wilk test was a standard test for Normality and could be computed using 

statistical programs.  For a discussion of this technique see Shapiro and Wilk (1965) and 

applicable charts in Pearson and Hartley (1972).  This normality-checking technique was 

tabulated using the web-based client Statcrunch with the results summarized in Table 4.3 below.  

These results again confirm, that at even at a less conservative 0.10 level of significance, it was 

appropriate to use a Normal distribution to analyze the data set collected for Phase 1.  It should 

be noted that the SBSOD test had a lower p-value again suggesting that future studies including 

this assessment should use a larger sample size to see if this normality assumption remained 

valid.  Previous studies that used the SBSOD test including Hegarty et al. (2002), Turgut (2015), 

Hegarty et al. (2010) and Burte and Montello (2017) made no specific notes of the collected data 

following a normal distribution but a histogram of data in Burte and Montello (2017) did suggest 

that the SBSOD data did follow a normal distribution for a large data set providing supporting 

evidence for use of this distribution in this research analysis.   

Table 4.3: Normality Analysis for Phase 1 Data. 

 

Correlation Analyses  

 Research Question 1.1 of this study asks what correlations exist between the various 

combinations of the quartet of psychometric assessment.  This information gave necessary 

background information to support Research Question 1.0 in the following Exploratory Factor 

Analysis Section.  Previous research postulated correlations existed between the various 

assessments, many of which were verified in this research study.  It had been hypothesized that 
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the MRT and SASRS – OMSA factor align with an intrinsic component of spatial thinking 

where as the SBSOD and SASRS – SNA factor align with an extrinsic component of spatial 

thinking.  Prior to this research, the alignment of the TSE to an intrinsic or extrinsic factor of 

spatial thinking was unknown.  Table 4.4 summarized the 90% confidence intervals for the 

parametric Pearson correlation coefficient linking various pairs of assessments as well as to the 

subcomponent of the SASRS assessment.  There was no supporting evidence for correlations of 

the SASRS – VM factor to the MRT, TSE, nor SBSOD indicating that with 90% confidence this 

item does not appear to measure spatial thinking in an intrinsic nor extrinsic capacity and did not 

make a meaningful contribution to Phase 1 results in regards to the research questions of this 

investigation and hence was not continued to be specifically included in Phase 1 results. 

 Correlations that confirmed previous conclusions with 90% confidence included a 

positive weak/medium correlation of the MRT to the TSE (Mamaril et al., 2016; Minear et al., 

2016) as well as the MRT to the SASRS (Turgut, 2015) including the SASRS - OMSA factor 

(Turgut, 2015).  Also, the lack of correlation between the MRT and SBSOD was consistent with 

findings by Hegarty et al. (2002).  Additionally, Turgut (2015) hypothesized a correlation existed 

between the SASRS – SNA factor and the SBSOD that was confirmed as a medium/strong 

correlation with 90% confidence based on the collected data for this research project.  While this 

relationship between extrinsically-based SBSOD and SASRS – SNA factor had been suggested, 

prior to this research it had not been reported in spatial thinking literature. 
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Table 4.4: Phase 1 Assessments Correlation Analysis. 

 

 The TSE had not been previously compared to the SASRS or the SBSOD in spatial 

thinking literature.  Hegarty et al. (2002) noted that the SBSOD was highly correlated with 

spatial knowledge coming from direct experience and it was anticipated a correlation might 

exists to the TSE before data analysis.  With 90% confidence, no correlation was demonstrated 

between the TSE and SBSOD nor SASRS – SNA factor but it does appear that a correlation with 

the MRT, SASRS, and SASRS – OMSA existed suggesting that tinkering self-efficacy might 

relate more closely with intrinsic based assessments than extrinsically-based assessments.  The 

presence of correlations did support using the TSE in conjunction with the MRT and SASRS 

when examining spatial thinking in future studies. 

 While some of the particular correlations had been identified previously, the pairing as 

well as lack of correlations between certain items supported the hypothesis of being able to 
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distinguish between the intrinsic and extrinsic factors of the spatial thinking construct from 

traditional 2-D psychometric assessments.  In particular, the lack of correlation between the 

intrinsic-based MRT assessment and extrinsic-based SBSOD assessment (confirming results by 

Hegarty et al., (2002)), lack of supporting evidence for a correlation between the intrinsic MRT 

with the extrinsic SASRS – SNA factor or intrinsic SASRS – OMSA factor with the extrinsic 

SBSOD, supported the presence of two separate factors tested using the psychometric 

assessments aligning with the intrinsic and extrinsic categories respectively in Newcombe and 

Shipley’s (2015) spatial thinking framework.  The correlation results suggested that the MRT 

and SASRS – OMSA factor were psychometric items that aligned with the intrinsic category of 

spatial thinking whereas the SBSOD and SASRS – SNA were psychometric items that aligned 

with the extrinsic category of spatial thinking.  The collected data suggested that the SASRS did 

indeed measure two different categories of spatial thinking as expected based on hypotheses by 

Turgut (2015).  These results supported the use of an exploratory factor analysis to further 

examine the presence of the hypothesized separate intrinsic and extrinsic factors that could be 

measured in 2-D traditional psychometric assessments that were important in fully describing an 

individual’s spatial thinking ability. 

 Prior to the exploratory factor analysis to examine support for separation of the intrinsic 

and extrinsic factor, the scoring of the MRT was explored further to determine if the traditional 

scoring method was greatly affected by the fact that not all participants completed all items of 

the timed assessment.  By knowing the number of questions skipped by each participant as was 

noted during the tabulation process, it was possible to calculate a percentage correct score for the 

MRT that aimed to eliminate the time-restricted issue and scored participants on inherent spatial 

thinking ability rather than a combination of spatial thinking ability and time.  Early in the data 
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collection process it was observed that participants that appeared to have trouble finishing the 

MRT did not necessarily translate to affecting the success rate in solving puzzles giving credence 

to check this item in the Phase 1 analysis before further correlation analyses.   

  As seen in Figure 4.1, there were a few instances of participants scoring under 30 on the 

MRT but answering over 90% of the questions they attempted correctly.  As anticipated, 

participants that scored high on the test as traditionally scored answered a high percentage of 

questions correctly, but it was those high percentage correct with lower scores in the upper left-

hand quadrant that might prove more interesting in further analysis as these subjects might have 

been pegged in previous research as having “low” spatial thinking abilities.   

 
Figure 4.1: Plot of Percentage MRT items answered correctly versus MRT Traditional Scoring. 

 

 The percentage correct MRT data did not appear to follow a normal curve but did appear 

to be monotonic suggesting the use of non-parametric Spearman’s coefficient when examining 

relationships of this scaled variable to other assessments.  The Q-Q plot demonstrating this curve 

was available with other normality plots in Appendix K.  The 90% CI of the Spearman 
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correlation results as shown in Table 4.5 did not conclusively suggest that evaluating the MRT in 

this fashion provided evidence for more prominent correlations than seen using the traditional 

MRT scoring method.   

Table 4.5: MRT Percentage data CI Intervals for Spearman Correlation Coefficients. 

 

 With 90% confidence, the same positive relationship was observed between the MRT 

percentage data and the TSE, SASRS, SASRS – OMSA just as in the above analysis but not as 

strong.  From this point forward, there was not sufficient evidence to use the MRT percentage in 

place of the traditional scoring methods. 

Exploratory Factor Analysis 

 To examine for evidence of separate intrinsic and extrinsic spatial thinking factors from 

the traditional 2-D psychometric assessments used in Phase 1, an Exploratory Factor Analysis 

(EFA) was performed using STATA/SE 15.  Conceptually, the hypothesis was that the MRT and 

SASRS – OMSA items loaded on one factor (thought to be intrinsic) whereas the SBSOD and 

SASRS – SNA items loaded on a different factor (thought to be extrinsic) as outlined above 

based on the correlation analysis.  An EFA was chosen over a confirmatory factor analysis 

because links between the SBSOD and the SASRS (including sub-components) had yet to be 

addressed in literature so it was not possible to set the number of factor before running the 

statistical evaluation.  Table 4.6 shows the results of the EFA and the number of factors present.  
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Based on the Eigenvalues over or close to the value of 1 (noted with ‘*’), it was clear that there 

were two distinct underlying factors as hypothesized when examining the MRT, SASRS – 

OMSA, SASRS – SNA, and SBSOD scores together in an EFA.  The third and fourth factors 

were not important in the context of this research study based on their considerably lower 

Eigenvalues. 

Table 4.6: Phase 1 Exploratory Factor Analysis. 

 

 Table 4.7 outlined the factor loadings for each of the variables, the different assessments 

in this case.  The values over 0.4 were denoted with a ‘*’ as these were the relations that were 

viewed as important in this analysis.  Based on these results, the SBSOD and the SASRS – SNA 

results loaded on Factor 1 whereas the MRT and the SASRS – OMSA results loaded on Factor 2.  

These results echoed the positive correlations seen in between these pairs of data in the earlier 

correlation coefficient analysis.  Based on the variables loading on Factor 1, this research 

suggested that Factor 1 appeared to relate to the extrinsic component of spatial thinking ability.  

In a complimentary interpretation, based on the variables loading on Factor 2, these results 

suggested that Factor 2 appeared to relate to the intrinsic component of spatial thinking ability.   

Table 4.7: EFA Factor Loadings. 
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 Based on the EFA analysis of the four sets of collected psychometric data, answering 

Research Question 1.0, it did appear possible to distinguish between the hypothesized intrinsic 

and extrinsic factors of spatial thinking from traditional 2-D psychometric assessments.  

Evidence for this distinction now permitted the determination of subjects having high or low 

spatial thinking depending on intrinsic or extrinsic characteristics. 

Classification of Spatial Thinking Ability 

 As there were not clear-cut standard definitions as to what constitutes a “high” versus 

“low” spatial thinking ability based on the test scores from the MRT, SASRS, or SBSOD, the 

determination for these distinctions were made for this specific sample population based on the 

collected data.  Based on the EFA, an ‘Intrinsic’ score was determined by combining the MRT 

and SASRS – OMSA scores and likewise, an ‘Extrinsic’ score was calculated by tabulating the 

SBSOD and SASRS – SNA scores together for each subject (see Appendix L for values).  The 

Intrinsic versus Extrinsic scores were plotted for each subject as seen in Figure 4.2.  It ought to 

be noted that subjects 1007 and 1016 had the same Intrinsic and Extrinsic scores and appeared as 

a single data point in the graph.  The line in Figure 4.2 represented the median score of 85 points 

for the Extrinsic score.  The median for the Intrinsic score was 71.5 points, with scores in pink 

above and blue below the median.  
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Figure 4.2: Extrinsic Scores versus Intrinsic Scores Graph. 

 

 The subjects were assigned to one of four groups depending location to the median scores 

for Intrinsic and Extrinsic.  The four categories were ‘Low Intrinsic – Low Extrinsic’, ‘ Low 

Intrinsic – High Extrinsic’, ‘High Intrinsic – Low Extrinsic’, and ‘High Intrinsic – High 

Extrinsic’.  The particular values for the category boundaries were applicable to this particular 

data set and might not hold in subsequent research projects with more participants.  Table 4.8 

showed the division of the participants into one of the four Intrinsic-Extrinsic ability categories 

based on the psychometric assessments from Phase 1.  There was not an equal split of 8 subjects 

in each quadrant, but there was a split of half above and half below for each main category.  This 

information could be used in subsequent comparisons to see if the suggested spatial thinking 

ability levels from Phase 1 were related to behaviors and/or successes observed in Phase 2. 

  



 

 

149 

Table 4.8: Intrinsic and Extrinsic Categories for Study Participants. 

 

 While the median splits used to separate the categories were given above, the average 

Intrinsic and Extrinsic scores are given in Table 4.9 for each situation.  The range for the 

Intrinsic score was 39 to 90 and the Extrinsic score was 41 to 111 with nearly a 20-point 

differential between the high versus low intrinsic or high versus low extrinsic.  

Table 4.9: Intrinsic and Extrinsic Category Averages. 

 

 These results serve to answer Research Question 1.2 in that the subjects could be 

identified as having low or high spatial thinking depending on intrinsic and extrinsic factors.  

These category designations were used in Phase 2 analysis to further help determine which 

category of spatial thinking of Newcombe and Shipley’s (2015) framework this tactile-based 

assessment might belong. 
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Demographic Comparison 

 It was noted earlier that it might be possible to examine gender differences with regards 

to the psychometric assessments.  This comparison had previously before for spatial thinking 

assessments like the MRT (e.g., Vandenberg & Kuse, 1978; Voyer & Saunders, 2004; Fisher et 

al., 2018).  The raw data averages upon inspection, but without any statistical analysis, suggested 

that males might have higher scores on the psychometric assessments than females.  To test this 

hypothesis, two-sample t-test 90% Confidence Intervals were constructed for the differences 

between the gender groups for each assessment using the web-based Statcrunch client with the 

results tabulated in Table 4.10.  

Table 4.10: Differences in Male and Female Psychometric Assessment Scores. 

 

 These results suggest that with 90% confidence, it could be claimed that there was not a 

difference due to gender in any of the psychometric assessments in this study population.  While 

this result might not hold for a larger sample size upon inspection of the positive skewedness of 

the confidence intervals around zero, that suggested that gender difference ought to be re-

evaluated in future studies.  However, for this particular research study, gender did not appear to 

be a significant underlying factor when testing spatial thinking ability using traditionally used 

psychometric assessments indicating that this factor did not need further examination in this 

study analysis.  This demographic gender analysis concluded the results of Phase 1 of this 

research study.   
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Results Recap 

 In total, 32 subjects completed all portions of Phase 1 in this research study.  The number 

of subjects in the study was increased due to revision of power analysis calculations after data 

collection began but remained within IRB allowances.  The data collected for the various 

psychometric assessments was tabulated and checked for normality with the results supporting 

the use of the Pearson’s Correlation Coefficient in comparison studies.  Confidence intervals for 

the correlation coefficient were constructed for each pairwise comparison of the different 

psychometric assessments as well as sub-sections of the SASRS.  The results of these 90% 

confidence intervals suggested various positive correlations, validating relationships previously 

seen in literature as well as providing evidence that linked the SASRS and the SBSOD 

assessments.  An EFA on the psychometric assessments suggested the presence of both an 

intrinsic and extrinsic underlying variables.  Having support for this distinction allowed for the 

study participants to be categorized based on Intrinsic and Extrinsic spatial thinking abilities.  

Lastly, the data was checked for evidence of differences due to gender with a statistical analysis 

supporting no difference present in this small-sized study population. 

Phase 2: Soma Figure Puzzle Results 

 Phase 2 of this research project involved the participants attempting to solve five Soma 

Figure puzzles including the Cube, Bathtub, Steps, Staircase, and Tunnel shapes in a random 

order (see Appendix H).  Isometric and orthographic projection images of the various Soma 

Figures were available in Appendix B for reference.  As outlined in the Methods section, for 

each attempt participants strived to develop a correct solution for a particular form.  The attempts 

ended with either correct construction of the desired Soma Figure or when the subject reached 

the predetermined 10-minute time limit.  Each of the 32 participants attempted all five Soma 
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Figures with varying results presented in the subsequent section.  This portion of the results 

section will discuss the results of Phase 2 including an overview of the collected data, 

examination of potential learning gains with each attempt, correlations to Phase 1 psychometric 

assessments as well as exploratory factor analyses, detailed results from each Soma shape, a 

content analysis to describe the transforming of solution development attempts, examination of 

part handling in regards to predicting success, addressing connections to intrinsic and extrinsic 

spatial thinking, and differences between successful and unsuccessful participants. 

Data and Descriptive Statistics 

 The complete results of the overall attempt times for each of the Soma Figures for each 

enrolled subject from the Phase 2 data collection were shown in Table 4.11.  The 600-second 

times indicated that the subject was stopped in their attempt due to reaching the cut-off time as 

described in the methods and the participant did not develop a solution for that particular form.  

On average, participants completed between two to three Soma Figures, with four participants 

unable to develop any solutions, and only two subjects that solved all five puzzles.  Based on the 

completion rates shown in Table 4.11, it was determined that the time data collected from the 

Staircase shape was not beneficial for statistical analysis.  With only two subjects completing the 

Staircase, it did not make practical sense to include this Soma Figure in subsequent quantitative 

analyses.  From this point forward in the results section, the time from the Staircase shape was 

omitted in all other calculations, correlations, and/or comparisons requiring a quantitative 

approach.  The difficulties with the Staircase shape was examined in a qualitative part of the 

content analysis section as specific observations were noted during data collection that loaned 

themselves to general themes that might be seen in future studies using Soma Figures.  The data 

from the four remaining shapes (Cube, Steps, Tunnel, and Bathtub) were first used to determine 
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if there was evidence for learning gains as the subjects’ progressed through the five rounds of 

attempts to develop solutions for the various Soma Figures. 

Table 4.11: Soma Figure Raw Data Collection Times. 

 

Soma Puzzle Order Completion Rates 

 There was a concern about participants making learning gains in how to manipulate the 

Soma puzzle pieces as they progressed from the first to last figure.  The randomization of a 
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RCBD might help combat this potential issue as strategies that might help solve certain objects 

would not always immediately applied to the following figure (for example, techniques to solve 

the Tunnel might not apply well to the Bathtub form).  To examine whether there was clear 

evidence of learning gains present, the number of times the puzzles were completed versus not 

completed were examined for each of the five rounds regardless of shape.  There were a total of 

128 attempts between the four shapes (recall that the Staircase figure was not being used in 

calculations). The tallied information for the completion rates for each round of attempts was 

shown in Table 4.12 below. 

Table 4.12: Soma Puzzle Completion Rate Comparison. 

 

 A paired two-sample t-test was performed to examine if there was a difference between 

the completed and not completed attempts for each round with the null hypothesis as no 

difference existed between the two categories indicating no learning gains occurred.  The 

alternative hypothesis was that a difference does existed between the two groups suggesting that 

learning gains were present.  The resulting 90% confidence interval for the difference was -3.05 

to 6.25 with a p-value of 0.504 providing support for the null hypothesis.  Based on this data, 

there did not appear to be clear learning gains with increasing rounds.  This would however be 

worthwhile to visit in future studies involving the use of Soma Figures.  With the descriptive 

statistics completed and determining with 90% confidence that learning gains were not present, 
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the analysis continued on to examine correlations between the psychometric assessments of 

Phase 1 and the time data collected from the various puzzle attempts from Phase 2. 

Correlations to Traditional Psychometric Assessments 

 This section served to answer a subcomponent of Research Question 2 by examining 

correlations between the Phase 1 assessments and the overall solving time and then shape-

specific solving times.  In each case, 90% confidence intervals for either the Pearson or 

Spearman correlation coefficient were calculated and reported as outlined in the Methods 

section.   

Overall Solving Time 

 The total time for the Cube, Steps, Bathtub and Tunnel shapes was tabulated and first 

checked for normality to determine if a parametric or non-parametric analysis was required for 

the correlation analysis.  Using the web-based Statcrunch software client to examine the Overall 

Time data, the Shapiro-Wilk goodness-of-fit test had a p-value of 0.0416 and the Q-Q plot (see 

Appendix K) for the data and showed a monotonic curve suggesting the use of a non-parametric 

Spearman’s correlation coefficient for analysis involving the Overall Solving Time response 

variable.  For this analysis, all times were included in the Spearman correlation coefficient 

confidence intervals as otherwise only seven subjects solved all four of the analyzed shapes.  

There were four subjects that were unable to solve any puzzles but they were not omitted 

because qualitative evidence (video recording and note taking during data collection) 

demonstrated that the subjects were actively trying to develop solutions at their own speed even 

if they ultimately ended up being unsuccessful in every attempt.  Table 4.13 reported the 90% 

confidence intervals for the Spearman’s correlation coefficient for the various assessments 

compared to the Overall Solving Time. 



 

 

156 

Table 4.13: Phase 1 Assessments and Overall Time Correlations. 

 

 With 90% confidence, it could be stated that a negative correlation existed between the 

MRT and the Overall Time indicating that subjects with higher MRT scores needed less time to 

develop solutions to the various Soma puzzles.  Given the MRT’s score association with the 

intrinsic factor of spatial thinking from the Phase 1 results, this correlation result that linked the 

MRT score with Overall Time suggested that there might be an intrinsic component to this 

tactile-based assessment.  While the intention was to develop an extrinsic-based tactile 

assessment, it was hypothesized that this assessment as developed might show evidence for 

intrinsic and extrinsic characteristics.   

 Unsurprisingly, the Overall Time was strongly negatively correlated to the number of 

puzzles solved (rs = -0.950 with 90% CI of -0.973 < rs < -0.910).  Additionally, the number of 

puzzles completed only correlated to the MRT score and no other psychometric assessment (rs = 

0.419 with 90% CI of 0.122 <rs < 0.647) suggesting that not only was there evidence for an 

intrinsic component but perhaps, the dynamic component of the MRT might be the overarching 

connection to this dynamic assessment.  The results suggested further study to uncover 

underlying factors relating to successful attempts for each Soma Figure, which was a focus of the 
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subsequent content analysis of Phase 2.  Since strong evidence did not appear to exist that linked 

the Overall Time to the scores of either extrinsic-based assessment (SBSOD or SASRS – SNA), 

the next step was to examine the correlations at the individual Soma Figure level to determine if 

evidence for the extrinsic factor did or did not potentially exist.  It was possible that there might 

be marked differences between macro and micro-level examinations since each shape had it’s 

own constraints and difficulties in determining a correct solution. 

Individual Soma Figure Shape Correlation Analyses 

 Four of the Soma Figure puzzles were analyzed in detail to see if correlations existed to 

the Phase 1 assessments and for evidence that supported a connection to the intrinsic or extrinsic 

factor of spatial thinking.  Unlike in the Overall Time analysis above, the Non-Solvers were 

removed for the data analysis of each individual shape.  While the Soma Cube had a >70% 

success rate, the other shapes had lower success rates that led to a drastic skewing of the data if 

the unsuccessful attempts were left ‘as is’ for analysis.  With a larger data set or extending 

allowed solving time for more than 10-minutes in future studies, it might not be necessary to 

remove the Non-Solvers for this type of analysis. 

Soma Cube Analysis 

 The Soma Cube was the first puzzle chosen for discussion as it had the highest solving 

rate and had been used more in previous studies (Deci, 1972; Gardner, 1959; Abbasi et al., 2009; 

Abbasi, 2010).  With the highest solving rate of all of the Soma Figures (upwards of 70%) in this 

study and an average solving time under 5-minutes, the Soma Cube was the most likely Soma 

Figure candidate for use as an independent class-wise activity or as the lead puzzle in a more 

detailed tactile intervention.  In total, 23 participants found a solution for the Soma Cube within 

the 10-minute time limit.  The solving times did not follow a normal distribution (Shapiro-Wilk 
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goodness-of-fit p-value of 0.0623, Q-Q plot available in Appendix K) indicating that the Soma 

Cube statistical calculations required a non-parametric approach.  Table 4.14 showed the 90% 

confidence intervals of Spearman’s correlation coefficients relating Soma Cube solving time to 

the Phase 1 assessments.  

Table 4.14: Cube Solving Time and Phase 1 Assessment Correlations. 

 

 While it could not be stated with 90% certainty, there did appear to potentially be a 

negative correlation between the Soma Cube solving time and the SBSOD suggesting that 

individuals with higher extrinsic spatial thinking ability might be able to solve this particular 

shape faster.  This potential extrinsic link was not seen in the overall data correlations to the 

Phase 1 assessments but ought to be checked for each of the shapes as they might show variety in 

the levels of different types of spatial thinking required.  Also unlike the overall analysis, there 

did not appear to be a clear correlation suggested between Soma Cube solving time and the 

intrinsic MRT or SASRS – OMSA.  Based on the Overall Solving Time correlations and Soma 

Cube solving time correlations to the Phase 1 assessments, there was a suggestion of the 

presence both intrinsic and extrinsic factors in the developed tactile hand-held object 

manipulative based spatial thinking assessments indicating that it might not cleanly fit into a 
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spatial thinking framework category as outlined by Newcombe and Shipley as originally 

anticipated (2015).   

Soma Steps Analysis 

 The Soma Steps shape was similar to the Soma Cube as the forms shared the same basic 

3-unit high feature for half of the shape.  While not as high of a completion rate as the Soma 

Cube shape, 17 participants (53%) were able to develop a solution for the Soma Steps shape 

within the 10-minute time limit.  The solving times did appear to follow a normal distribution 

(Shapiro-Wilk goodness-of-fit p-value of 0.5497, Q-Q plot available in Appendix K) indicating 

that the Soma Steps statistical calculations could use a parametric approach.  Table 4.15 showed 

the 90% confidence intervals of Pearson’s correlation coefficients relating the Soma Steps 

solving time to the Phase 1 assessments. 

Table 4.15: Steps Solving Time and Phase 1 Assessment Correlations. 

 

 With 90% confidence, the correlation results suggested a negative correlation between 

the intrinsic-based MRT and SASRS – OMSA indicating that participants with stronger intrinsic 

spatial thinking abilities might have a decreased solving time for the Soma Steps shape.  

Surprisingly, there appeared to be a positive correlation between the extrinsic SASRS – SNA 
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item and potentially a positive correlation to the extrinsic SBSOD suggesting that individuals 

with higher extrinsic abilities took longer to solve the Soma Steps shape.  These results differed 

than those of the Soma Cube and again suggested a closer examination into how participants 

might solve this shape through the use of a content analysis methodology.  The correlation 

analysis from the Soma Steps solving time to Phase 1 assessments appeared to suggest both an 

intrinsic and extrinsic factor were involved.  Unlike the Soma Cube, the Soma Step correlation 

confidence intervals suggested that there might be a possible link between the Soma Steps and 

TSE meaning that tinkering experience might lead to shorter solving times suggesting checking 

the manipulation of the pieces and how this might differ from other Soma Figures.  

Soma Bathtub Analysis 

 The Soma Bathtub shape differed from the Soma Cube and Soma Steps shapes in that 

participants had to take into consideration negative space in the middle of the object while 

developing a solution.  In total, 16 participants solved the bathtub shape giving a completion rate 

of an even 50%.  The solving times for the Soma Bathtub did appear to follow a normal 

distribution (Shapiro-Wilk goodness-of-fit p-value of 0.1011, Q-Q plot available in Appendix K) 

indicating that the bathtub statistical calculations could use a parametric approach for this study 

but the p-value did strongly suggest review of this assumption in any future studies.  Table 4.16 

showed the 90% confidence intervals of Pearson’s correlation coefficients relating the Soma 

Bathtub solving time to the Phase 1 assessments. 
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Table 4.16: Bathtub Solving Time and Phase 1 Assessment Correlations. 

 

 The Soma Bathtub results were more similar to those of the Soma Steps than of the Soma 

Cube previously discussed.  While it could not be stated with 90% confidence, the correlation 

results suggested a possible negative correlation between the intrinsic-based MRT and SASRS – 

OMSA items indicating that participants with stronger intrinsic spatial thinking ability might 

have a decreased solving time for the Soma Bathtub shape.  Like with the Soma Steps, the 

correlation data suggested with 90% certainty a positive correlation between the extrinsic 

SBSOD and SASRS – SNA items indicating that participants with higher extrinsic spatial 

thinking abilities took longer to solve the Soma Bathtub shape.  Again evidence appeared to 

support the presence of both an intrinsic and extrinsic contribution but it was not in the direction 

as originally hypothesized, which made examination of potential cognitive selection strategies 

increasingly important.  It was also possible that some Soma Figures required more intrinsic or 

extrinsic thinking than others that led to the discrepancies and themes seen through the analysis 

of the three Soma Figures thus far.   
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Soma Tunnel Analysis 

 The Soma Tunnel shape required participants to take into consideration a negative space 

like in the Bathtub shape, except this time the empty space occurred in a vertical orientation that 

led to many participants utilizing a different building technique.  Rather than construct the shape 

as a whole, many participants chose to first attempt to construct each side and then bridge the 

sides with a top piece(s).  It was hypothesized that this difference in construction techniques 

might reveal more about cognitive selection strategy, again offered support for a more in-depth 

analysis.  The Soma Tunnel had the lowest completion rate of the four analyzed shapes with only 

12 participants (37.5%) developing a solution during the 10-minute time limit.  The solving 

times did appear to follow a normal distribution (Shapiro-Wilk goodness-of-fit p-value of 

0.9445, Q-Q plot available in Appendix K) indicating that the Soma Tunnel shape statistical 

calculations could use a parametric approach.  Table 4.17 showed the 90% confidence intervals 

of Pearson’s correlation coefficients relating the Soma Tunnel solving time to the Phase 1 

assessments.  

Table 4.17: Tunnel Solving Time and Phase 1 Assessment Correlations. 
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 As with the Soma Steps and Soma Bathtub shapes, there evidence appeared that 

suggested that both the intrinsic and extrinsic factors contributed to the solving time of the 

Tunnel shape.  In this case, with 90% confidence the data indicated a negative correlation 

between the SASRS and in particular the SASRS – OMSA suggesting that higher levels of 

intrinsic thinking ability led to lower solving times of the Soma Tunnel.  While it could not be 

stated with 90% confidence, the data did suggest that there might be a positive correlation 

between the Soma Tunnel solving time and the extrinsic-based SBSOD assessment meaning 

those with higher levels of extrinsic spatial thinking might take longer to solve the Soma Tunnel 

shape.  This potential positive correlation to an extrinsic-based assessment was observed with 

three out of the four shapes examined and was not suggested when looking at the Overall 

Solving Time correlations to the Phase 1 assessments.  This highlighted the need to look at 

results in an overall as well as a shape-specific fashion as the analyses of this research project 

continue forward as there might be evidence for both intrinsic and extrinsic factors at different 

levels.  This apparent discrepancy might depend on the Soma Figure supporting the need for a 

content analysis to help potentially explain this observed differentiation between the macro- and 

micro levels of this research study.  

Exploratory Factor Analysis 

 As in Phase 1 of this research project, an exploratory factor analysis using STATA/SE 15 

software was employed to examine how many factor(s) the four shapes (Cube, Steps, Bathtub, 

Tunnel) depended upon.  The hypothesis in the Research Question 2 was that the shapes would 

related to the extrinsic factor and/or to the intrinsic factor of spatial thinking as this assessment 

was developed with the extrinsic-dynamic category in mind.  The correlation analyses between 

the solving time for the various shapes and the Phase 1 assessments suggested that both the 
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intrinsic and extrinsic factors might be contributing but it did appear that the intrinsic factor 

might correlate to decreased solving times whereas the extrinsic factor was related to increased 

solving times for three forms.   

 As the above correlation analyses were performed for only the subjects able to solve the 

shape that suggested that two EFAs needed performed.  The first EFA only included solving time 

data for participants that solved all of the four Soma Figures so any ceiling effects potentially 

skewing the data were eliminated.  A major drawback of this EFA approach was that only seven 

participants out of 32 solved four or more Soma Figure puzzles.  MacCallum, Widaman, Zhang, 

and Hong (1999) noted that common rules of thumb regarding sample size were not valid or 

useful and factor analyses might be used with small sample sizes when communalities were high, 

factors were well determined, and computationally the solution reached a proper conversion.  

The results of the EFA for this small successful population were shown in Table 4.18. 

Table 4.18: EFA for Solvers. 

 

 In the small sample of only the participants that solved four (or more) Soma Figures, 

there clearly appeared to be two factors based on the EFA analysis and examination of the 

Eigenvalues.  One factor was hypothesized to relate to the intrinsic category and the other to the 

extrinsic category.  Examining the factor loadings for this small population as shown in Table 

4.19, revealed a split of the loading of the Soma Figures on to two different factors.   
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Table 4.19: EFA Factor Loadings for Solvers. 

 

 The EFA factor loadings suggested that the Soma Steps, Soma Tunnel, and Soma 

Bathtub loaded on the first factor but the Soma Cube loaded on a different factor.  Based on the 

correlation analysis performed prior to the EFA, it could be suggested that Factor 1 related to the 

intrinsic category whereas Factor 2 related to the extrinsic category of spatial thinking.  These 

results suggested that the Soma Figures might lean towards either an extrinsic or intrinsic 

category with this leaning shape-dependent.  To better understand this intrinsic versus extrinsic 

leaning, a content analysis might be helpful to determine if this was possibly linked to 

differences in preferences in cognitive selection strategies or due to inherent constraints with the 

forms themselves as the Soma Cube had very few obvious constraints on the orientation or 

location of certain parts whereas the other shapes had far more restrictions in where and how a 

Soma part might be placed to construct a solution. 

 Next, an EFA was performed on the solving time of the four shapes for all 28 participants 

that solved at least one Soma Figure.  Looking at the EFA in this way might show different 

distribution of the factors or clarify the results shown above.  The EFA for this sample 

population was shown in Table 4.20.  While this still might be a small sample size for an EFA, 

the results might help guide future research studies with larger sample sizes and perhaps fewer or 

different Soma Figures. 
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Table 4.20: EFA for Participants with at least one Success. 

 

 The Eigenvalues in Table 4.20 suggested that the solving times for the Soma Figures 

loaded primarily on a single factor with little evidence suggesting that two factors were present.  

This result was different than when looking only at the Solvers above, which might be in part 

due to a ceiling effect of the 600-seconds or it might be due to differences in approaches taken by 

Solvers versus Non-Solvers, again calling for additional in-depth study of solving approaches in 

a qualitative fashion.   

 The data in Table 4.21 suggested that the Soma Steps, Soma Tunnel, and Soma Bathtub 

loaded on this single factor but the Soma Cube did not.  Again, based on the correlation analyses 

and the EFA from above, these three Soma Figures appeared to load on an intrinsic factor 

whereas the Soma Cube in this case did not appear to load on any of the factors but was 

consistent with above findings of not loading on the hypothesized intrinsic factor. 

Table 4.21: Factor Loadings for participants with at least one success. 

 

 Based on this EFA, it was suggested that while the Soma Steps, Soma Tunnel, and Soma 

Bathtub shapes might still have an extrinsic component, intrinsic spatial thinking ability was the 

dominant factor in the success of solving these shapes.  These results also demonstrated a large 
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potential difference between the number of factors uncovered depending on whether time data 

from unsolved attempts was included or not.  This led to the hypothesis that perhaps a Soma 

Figure puzzle might appear as an intrinsic measure for those with low spatial thinking ability that 

preferred an analytical cognitive selection strategy where they took more of a trial-and-error 

approach to finding a solution without taking into account how the other pieces remaining might 

fit into the shape.  In contrast, a Soma Figure puzzle might present as an extrinsic measure for 

those with higher levels of spatial thinking ability or preference for a holistic cognitive selection 

strategy where the whole form was considered before the parts were placed.  It was also possible 

that the extrinsic approach took additional time as the participants were processing more 

information about the shape rather than haphazardly guessing the next step.  Some of these items 

might be possible to explore through the use of a content analysis of the videotaped attempts.  

These results from this section did suggest that thus far the developed assessment did not neatly 

align with the extrinsic-dynamic category of spatial thinking but rather might bridge the 

extrinsic-dynamic and intrinsic-dynamic categories.  

Content Analysis 

 Part of the research protocol required the videotaping of the Soma Figure puzzles as the 

participants attempted them so it would be possible to later complete a content analysis.  This 

allowed for the review of items like the number and length of attempts within the overall attempt 

time for each shape, the parts selected first for each attempt, transcribing of the order of part 

placement used to develop a solution, counting the number of attempts that were close but not 

quite correct, and traps that made the Soma Figure otherwise unsolvable.  All aspects of the 

content analysis were completed for the successful and unsuccessful solving attempts for the 

Soma Cube.  This procedure was repeated as well as for the successful solving instances of the 
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Soma Tunnel since the approach to developing a solution for this particular shape was 

significantly different than the other shapes as noted earlier in the results section.  For the other 

cases, the content analysis was abbreviated with only the number and the length of the attempts 

noted, the first two parts used to start an attempt, the solving sequence recorded, close calls to 

solving counted, and notes about potential traps were made.  A complete codebook for the 

transcription is available in Appendix M with details for how to denote the different Soma parts 

and how to define/describe single or multi-part transformations.  Additionally, there were shape 

specific notations for the Soma Cube, Soma Tunnel, and Soma Steps forms (such as starting on 

the right or left) that might be expanded in the future for use with additional Soma Figures.   

 A word on the use of the “flat”, “combo”, and “complex” notation to describe the starting 

shapes would help set the stage for part of the content analysis results as presented below.  Four 

parts were considered as simple shapes including the short-L-shaped, L-shaped, Z-shaped, and 

T-shaped pieces and the ‘Flat’ notation referred to a combination (two or three pieces) involving 

only these four pieces.  The other three parts (either Twist-shape or Corner shape) were 

categorized as complex so the ‘Complex’ notation referred to a combination involving two or 

possibly three of these particular shapes.  The ‘Combo’ notation refers to a starting combination 

that has at least one simple part and at least one complex part.  One of these three starting 

notations was made for every single attempt (n = 938) analyzed for all subjects for the Cube, 

Steps, Bathtub, and Tunnel Soma Figures.  Because different subjects had various numbers of 

attempts, the ‘Flat’, ‘Combo’, and ‘Complex’ counts were translated to percentages so the 

categories could be compared between different individuals and to the Phase 1 psychometric 

assessments. 
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 Content Analysis transcription samples for subjects were made available in Appendix N.  

The first transcription sample showed the results for a participant identified in Phase 1 as having 

high intrinsic and high extrinsic capabilities whom was able to solve all of the presented shapes, 

including the Staircase.  The second table showed the content analysis results for a participant 

unable to develop a solution for any shapes that was previously identified in Phase 1 as being an 

individual with low intrinsic and low extrinsic spatial thinking ability based on psychometric 

assessments.  This type of table was created for each of the 32 subjects that participated in the 

research study to tabulate items like the subject’s preference for starting combinations, average 

attempt length, the total number of attempts, and how often the participant came close but did not 

quite develop a correct solution. 

 The content analysis allowed for direct comparisons to be made between the different 

subjects in a quantitative manner with a particular focus on the number of attempts, which pieces 

were chosen first in each attempt, and attempt length.  The overall results from the video content 

analysis were summarized in Table 4.22.  Over the course of the research study, participants 

averaged nearly 30 attempts over the four puzzles with an average attempt length of nearly a 

minute (~55 seconds), and employed the ‘Combo’ starting combinations the most, followed by 

‘Flat’ combinations, and lastly ‘Complex’ starting combinations.  These overall results 

demonstrated that it was possible to use this content analysis technique to transcribe how 

participants approached these types of hand-held manipulative tactile problems rather than just 

examining the overall time and success rates as while convenient, these quantitative items might 

not provide a complete snapshot of an individual’s spatial thinking ability.  A variety of analyses 

followed to examine correlations between the overall content analysis results to the Phase 1 
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assessments, test differences between Solvers and Non-Solvers, and examine if the intrinsic-

extrinsic categorization from Phase 1 shed additional understanding on spatial thinking abilities.   

 First, normality of the data in Table 4.22 was checked with the Shapiro-Wilk goodness-

of-fit test using the web-based Statcrunch client and it was determined that a non-parametric 

correlation approach was necessary for the data from the ‘Complex Start’ category, average 

length of attempts items, and the number of puzzles completed column.  Since the correlations of 

this section tended to involve one or more of those items, the approaches for content analysis 

data analysis were primarily non-parametric in nature.   
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Table 4.22: Content Analysis Overall Results. 
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 This starting sequence distribution was first checked among the four different Soma 

Figures to assess as to whether any particular shape resulted in a vastly different approach or if 

the average of the approaches was reasonably similar meaning the distribution of 

Flat:Combo:Complex starting sequences was shape independent.  If the distribution did not 

depend on shape, then it was possible to examine items like solvers versus non-solvers, or 

intrinsic versus extrinsic thinkers, across the whole sample population rather than breaking down 

every calculation to the Soma Figure level.  To see if different overall approaches were taken 

between the different Soma Figures, the percentage of the various starting sequences were tallied 

for each shape with the results shown in Table 4.23.  Based on a contingency table analysis, there 

did not appear to be a noteworthy difference between the different Soma Figures meaning that 

the starting sequence distribution could be considered Soma Figure independent. 

Table 4.23: Comparison of Starting Sequence Combinations for Soma Figures. 

 

 Prior to correlations to Phase 1 assessments, a correlation analysis was performed on the 

collected content analysis data to see if any relationships or themes emerged that might help 

understand cognitive selection strategies and how they related to an intrinsic or extrinsic 

component of spatial thinking.  As Abbasi et al. (2009) hypothesized in their previous work with 

a modified Soma Cube, starting part preference might relate to the subject’s preferred cognitive 

selection strategy, which in turn might directly relate to their spatial thinking ability levels.  This 

correlation analysis began by examining how items like attempt length differed depending on 
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starting strategy in this study.  Table 4.24 showed the 90% confidence intervals for Spearman’s 

correlation coefficient for the various starting sequence types versus number of attempts, average 

attempt length, and number of puzzles successfully solved.  Since a non-parametric approach 

was necessary for this analysis, it ought to be noted that the range of the confidence interval for 

the Spearman’s correlation coefficient was wider than its parametric parallel calculation.  

Table 4.24: Content Analysis Correlations. 

 

 A Flat starting sequence suggests that with 90% confidence that participants had 

increased average length of their various attempts and also were less likely to complete as many 

Soma Figures.  As the Flat starting sequence approach was thought to associate with an 

analytical cognitive selection strategy associated with lower spatial thinking abilities, this ought 

to be checked against the intrinsic-extrinsic level categories determined for the participants based 

on their Phase 1 assessments.  The Combo starting sequence did not appear to have any 

correlations to note at the 90% confidence level suggesting that this was a middle-of-the-road 

approach and might associate with both analytical and holistic cognitive strategies but not a clear 



 

 

174 

leaning towards either.  With 90% confidence the data suggested a correlation between the use of 

a Complex starting sequence and success rate in the number completed.  While it could not be 

stated with 90% certainty, the analysis did suggest that the possible existence of a negative 

correlation between the Complex starting sequence and the total attempts and average attempt 

length indicating that this theme warranted further investigation in future studies.  As the 

Complex approach was thought to align with a holistic approach associated with high spatial 

thinking abilities, this also ought to be checked against the intrinsic-extrinsic level categories 

determined for the participants based on their Phase 1 assessments.  This analysis suggested that 

the starting sequence might be a major underlying factor in determining cognitive selection 

strategy and spatial thinking ability level, which meant that observation of how participants 

attempt the puzzles should be closely examined in any future work involving Soma Figure 

puzzles.   

 It was unknown whether the starting sequence related to high or low, intrinsic or extrinsic 

thinking.  It was hypothesized from these results that individuals with high spatial thinking 

ability (intrinsic and/or extrinsic) might have a preference for a starting sequence that led to 

increased success in solving rates.  To start examining this idea, correlations between the overall 

content analysis data and the Phase 1 assessments using a non-parametric approach were 

examined with the 90% confidence intervals for Spearman’s correlation coefficient shown in 

Table 4.25.   

 These results indicated that with 90% confidence, the intrinsic-dynamic MRT was the 

only psychometric assessment from Phase 1 to exhibit a correlation to content analysis items.  

This supported the idea that the tactile assessment contained an intrinsic component that was also 

seen in the exploratory factor analysis previously discussed.    
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Table 4.25: Phase 1 Assessments and Content Analysis Correlations. 

 

 While there were no clear correlations at 90% confidence for the TSE and SASRS to the 

content analysis overall data, it appeared that the TSE might be negatively related to the average 
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attempt length suggesting that participants with higher levels of tinkering self-efficacy might 

have lower average attempt length times.  These individuals moved on from one idea faster than 

another might.  The extrinsic SBSOD test did not clearly correlate at 90% confidence to any 

overall content analysis items, but the data did suggest that the total number of attempts might 

decrease with higher SBSOD scores and conversely the average attempt length increased with 

higher SBSOD scores.  It was postulated that one reason for this inverse relationship was that 

participants with higher extrinsic spatial thinking ability might wait to see attempts develop 

farther as they explored more of the options between the different parts and evaluated 

relationships that were possible versus not possible.  As none of these correlations were 

particularly strong, it also imparts the question as to whether it was possible to link the spatial 

thinking involved to solve a hand-held manipulative to a paper-pencil assessment or if perhaps 

additional or different traditional assessments needed added to the methods to effectively 

categorize a tactile-based assessment similar to the one in this research study.   

 The content analysis also allowed for examination between the different shapes to 

determine if there were any shape-specific differences that would have not been otherwise 

captured through the use of psychometric tests.  Cube Counting, Out of Boundaries, and 6/7 

solutions were examples of observations readily observed during the video analysis but would 

elude capture on any paper-pencil tests nor on evaluation of only solving or attempt times 

collected.  Cube counting referred to literally observing the participants count the cubes with a 

finger at least a single time during a particular Soma Figure attempt.  Out of Boundaries referred 

to the participant placing at least one shape blatantly outside the overall dimensions or readily 

violating the shape constraints of the object and then still continuing to build with the error in 

place.  If a participant placed a part that would be out of bounds and then immediately removed 
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the item, that was not counted as an obvious violation of the intention of the shape of the object.  

The 6/7 solutions metric corresponded to how many times a participant had the correct form 

using 6 of the 7 Soma parts but due to errors in construction had one part left over and unable to 

fit.  Sometimes participants would manipulate these close solutions to devise a correct solution 

or sometimes participants would find many different 6/7 solutions and still not derive the final 

form.  This additional content analysis video analysis information was compiled in Table 4.26 

for the Cube, Steps, Bathtub, and Tunnel Soma Figures.  

Table 4.26: Qualitative Content Analysis Items per Soma Figure. 

 

 Nearly half of the participants resorted to Cube counting in the Bathtub shape suggesting 

more of an analytical piece-by-piece approach that indicated participants were handling one part 

at time and using intrinsic methods (single part at a time) rather than extrinsic methods (seeing 

the object as a whole).  The idea the Soma Bathtub ‘leaned intrinsic’ was discussed earlier and 

this further supports that hypothesis.  This type of evaluation might help shed light as to why the 

Bathtub and possibly the Tunnel appeared as intrinsic leaning shapes; the way the construction 

was attempted was in line with an intrinsic-type of thinking.  With the Cube, none of the 

participants that were able to solve the Cube used the cube counting technique that indicated they 

likely took more of a holistic approach suggesting the participants had the ability to account for 

the extrinsic relationships between the different parts.  This supports the hypothesis that the Cube 

might be an extrinsic-leaning shape and served as a reminder that the inherent constraints of the 

shape might influence cognitive selection strategy. 
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 Examining the Out of Boundaries issue was easier for some shapes than others.  With the 

Cube, the 3x3x3 boundaries were very clear and if violated, it generally was not for an extended 

length of time as participants would remove the offending piece or restart the attempt.  An issue 

with evaluating the Out of Boundaries topic with the Steps was that participants might quickly 

turn the low-side to high-side and visa versa so internal Out of Bounds within the generic 3x3x4 

overall dimensions was difficult to discern.  This issue with the Steps evaluation most likely 

accounted for this shape having the lowest Out of Boundaries percentage.  This violation of the 

overall shape was very evident and easy to observe in the Bathtub and Tunnel and this ongoing 

issue might very well contributed to the decreased solving rates and increased solving time for 

these two forms.   

 The number of attempts and 6/7 solution items were checked for normality before any 

statistical analysis and not surprisingly, non-parametric approaches were necessary for statistical 

analyses.  Using the non-parametric, two-sided Mann-Whitney tests for the various combination 

of shapes for the two above variables using Statcrunch statistical software, only showed a 

reportable difference at 90% confidence with the number of attempts being higher for the 

Bathtub than the Tunnel and/or Cube shape.  All other combinations were not statistically 

different at 90% confidence suggesting that while the success rates might have been different; 

the participant effort was indeed there for each shape.   

Intrinsic vs. Extrinsic Spatial Thinking Ability 

 At the end of Phase 1, the participants were split into four categories depending on their 

intrinsic and extrinsic abilities according to the psychometric assessment results.  This splitting 

of the participants was used to examine if results from the content analysis related to perceived 
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intrinsic or extrinsic spatial thinking abilities.  Table 4.27 showed the average values from the 

content analysis for the intrinsic-extrinsic spatial thinking categories.    

Table 4.27: Intrinsic-Extrinsic categories and Content Analysis Results. 

 

 This table highlighted a potentially difference between those categorized as low versus 

high spatial thinkers when examining the differences in the starting sequence.  Those labeled as 

low intrinsic and low extrinsic appeared to prefer more Flat shapes in some manner to start (85% 

of the time) whereas those labeled as high intrinsic and high extrinsic appeared to use not as 

many Flat shapes (71% of the time) with a greater preference for the Complex pieces (29% of 

the time).  This starting type preferential difference might reflect differences in cognitive 

selection strategies indicating that it might be possible to identify individuals with higher spatial 

thinking abilities based solely on which pieces they selected to start a Soma Figure puzzle.  To 

test this idea, the intrinsic and extrinsic scores were unlinked and their relationship reassessed 

with the starting sequence type with the results shown in Table 4.28.   
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Table 4.28: Intrinsic-Extrinsic Categories and Sequence Type Correlations. 

 

 As it turns out, having a high intrinsic score related to a decrease in the use of Flat pieces 

and the increased use of Complex starting pieces.  In fact the starting sequence was only related 

to the intrinsic score regardless if it was deemed high or low.  The level of extrinsic spatial 

thinking ability surprisingly did not appear to be a major factor when it came to starting sequence 

when looking at the entire sample population.  There was still a major population split that has 

not been explored in the results thus far: whether differences existed between different levels of 

solving success.  Would using the content analysis data divided between these a low and high 

solver group show new information regarding cognitive selection strategy or a more clear 

relationship to an intrinsic or extrinsic factor? 
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Solvers versus Non-Solvers 

 This section examined differences between the Solver and Non-Solver (or poor overall 

solver) populations in this research project and differences observed in overall behavior and for 

each individual Soma Figure.  The Soma Figure with the most Non-Solvers was the Soma 

Staircase shape, which besides the stating of the raw data had not been included in the 

quantitative analyses nor content analysis prior to this point, but still warranted a discussion in 

this section as some major themes observed might serve useful in further development of tactile-

based spatial thinking assessments. 

 The Staircase was originally selected as a puzzle to attempt in this research study because 

it appeared to be similar to an object that would be drawn by an introductory technical graphics 

student that was learning about creating isometric and orthographic projection drawings.  The 

difficulty in solving the Staircase was not a foreseen issue and was surprising as the data 

collection progressed.  Of the two participants that found solutions (Subjects 1009 and 1010), 

both were identified as having high intrinsic and high extrinsic spatial thinking abilities based on 

the analysis of the Phase 1 assessments.  The other 30 participants had similar errors in 

attempting to find a solution; namely trying to construct a base made out of only flat parts, 

resistance in trying to use the Z-, L-, or T-shaped Soma parts vertically, inability to combine the 

three complex parts together appropriately, as well as many missing spaces issues where 

openings were left that were impossible to fill with the remaining puzzle pieces available.  While 

the Block-by-Block game provided a single solution that placed the three Complex parts on one 

side and the four Flat parts on the other side (this was the solution that subjects 1009 and 1010 

both used), unsuccessful participants often fell into the trap of trying to evenly distribute the 

Complex parts through out the solution they were attempting to develop.  These themes that 
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hindered construction of the Staircase shape appeared again and again and again.  The Soma 

Staircase undoubtedly caused some of the highest rates of frustrations amongst the participants 

as many were relieved when the 10-minute time limit was reached with one subject even stating, 

“I didn’t like that one”.  Future research endeavors with Soma Figures should consider not using 

the Staircase because of the difficulties in solving it or at the very least it ought to be used at the 

very end of an extended training exercise when individuals had a solid understanding of the 

various part combinations and the ability to solve other puzzles first.  The failure of the Staircase 

puzzle demonstrated why this type of research study was important before shapes were selected 

for use in an academic setting. 

 While the Staircase Figure routinely highlighted numerous Non-Solver issues, other 

shapes did also have their eccentricities.  The Soma Cube had a “T-trap” where if the T-shaped 

part was placed with the center piece in the middle of the Soma Cube, it was impossible to solve.  

Roughly 25% of the Cube Solvers fell into this trap and while many realized quickly a solution 

was impossible and started over, a few fell into the trap multiple times that most certainly led to 

a longer solution development time.  While this trap was certainly not disclosed ahead of time to 

any participant, roughly 50% of the Non-Solvers had issues with T-shape placement.  This 

suggested that the Non-Solvers were less able to see how the different parts fit together meaning 

their extrinsic spatial abilities to see relationships between parts might be lower than their Solver 

counterparts.   

 The trap of the Bathtub was subjects leaving empty spaces in places that were impossible 

to fill based on the Soma Figure shape constraints and remaining parts available.  While the 

Bathtub was already mentioned as having the most issues of the shapes with Out of Boundaries 

violations, those were often the result of this empty space issue.  This empty space trap was so 
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prevalent that all participants encountered this issue at some point during their attempt.  This 

empty space issue was most likely the underlying reason not a single Bathtub ‘Solver’ completed 

the figure in less than three attempts.  It also might contribute to participants needing to take 

more of an analytical approach as evidenced by the high rates of cube-counting (~44% of 

participants) indicative of where the participants place parts piece-by-piece in more of an 

intrinsic manner as suggested by the exploratory factor analysis and previously discussed 

correlations rather than seeing shape construction in a holistic manner. 

 The construction issue with the Tunnel was that participants had difficulty with building 

the two stands and then placing items to bridge the stands together.  While Solvers and Non-

Solvers had similar rates of Out of Boundary issues (33% and 40% respectively), none of the 

Solvers showed evidence of using a cube counting approach suggesting that for this Tunnel 

shape, participants that were successful in developing a solution took a holistic approach more in 

line with an extrinsic thought process, in other words they considered the whole shape during 

construction.   

 As mentioned earlier, it was difficult to access Out of Boundary issues with the Steps as 

participants often flipped the high and low sides of the structure by moving just a single part.  It 

was however important to note, that like the Cube and Tunnel shapes, no participants in the 

Solvers group used a cube-counting methodology with the Steps.  With this observation 

occurring in three of the four shapes analyzed as part of the content analysis, it suggested that 

Solvers tended to show an overall better understanding of the relationship of the parts to each 

other which was a hallmark of extrinsic-based thinking.  While support for this developed 

assessment falling into the extrinsic realm had mixed success in the quantitative analyses thus 

far, qualitative analyses strongly give credence to the idea that this tactile hand-held 
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manipulative object assessment did rely on participants using extrinsic spatial thinking abilities 

in practice particularly with the subjects that were identified as ‘Solvers’ for each Soma Figure. 

 With the Solver and Non-Solver distinction, it was possible to reassess relationships 

connecting the solving time of a shape and the Phase 1 assessments to see if differences existed 

between the different populations that might shed additional light on intrinsic versus extrinsic 

approaches to solution development.  To examine the differences between the assessments for 

each shape for the sample populations, a parametric two-sample, t-test was used with the 

resultant 90% confidence intervals summarized in Table 4.29 below. 

Table 4.29: Solvers versus Non-Solvers and Phase 1 Assessments. 
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 With 90% confidence, the data suggested that Solvers scored higher than Non-Solvers on 

the intrinsic-based MRT test for the Cube shape.  The way the CIs were skewed for the other 

three shapes suggested that this observation might hold true across the Solvers sample population 

but not stated with confidence.  This gave support for the conclusion of the use of a larger 

sample size to examine potential differences between Solvers and Non-Solvers in future 

research.  The TSE results did not appear to differ between the different sample populations for 

any shape indicating that it did not factor strongly into success with this population of 

participants that were enrolled in a technical graphics course.  This correlation might change if 

the sample population was not so specific and more general in study area, age, and interests.  The 

SASRS contains both an intrinsic and extrinsic component and the results suggested that with 

90% confidence there was no difference between the Solver and Non-Solver groups for any of 

the Soma Figures.  Lastly, the extrinsic-based SBSOD test did appear to be different between the 

groups for at least one shape, the Bathtub.  The results suggested with 90% confidence that 

individuals with higher extrinsic spatial thinking ability might have more success in solving the 

Bathtub shape.  However, the overwhelming lack of noteworthy differences between the scores 

from the Solvers and Non-Solvers on the Phase 1 psychometric assessments demonstrated the 

difficulties that occur when trying to link paper-pencil tests to real-world tactile spatial problems 

and further gave evidence for a disconnect between traditional testing methods and real-world 

success with a spatial task.   

 While the Phase 1 assessments showed little support for clear differences between 

Solvers and Non-Solvers for each particular Soma Figure, those categories might have been too 

restrictive as some participants had success with 4 or 5 puzzles and others with only 1 or perhaps 

none with this type of overall success rate not factored into the above analysis.  The average 
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number of Soma Figure puzzles solved was between two and three across the entire sample 

population.  Using this as average as a separator, participants that solved two or fewer puzzles 

were categorized as “low solvers” and those solving three and higher categorized as “high 

solvers”.  The Intrinsic and Extrinsic scores from Phase 1 for these two groups from the sample 

population and the main items of interest from the content analysis were checked for differences 

using a two-sample t-test and construction of 90% confidence intervals as shown in Table 4.30 

below.   

Table 4.30: Low versus High Solvers of Soma Puzzles. 

 

 While differences between Solvers and Non-Solvers for each shape were not necessarily 

readily apparent, there were clear differences between “low” and “high” Solvers in this tactile-

based spatial thinking assessment.  Surprisingly, neither the intrinsic nor the extrinsic 

measurement appeared to be different between these two groups indicating that the paper-pencil 

psychometric tests might not relate all that closely to success as was hypothesized and 

anticipated prior to this research study.  This disconnect between success in traditional 

psychometric testing and real-world spatial task solved was a major point of interest that came 

from this entire project.  The main difference between the Low and High solvers was how they 

appeared to approach solving the various Soma Figure puzzles and this might be a more realistic 
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way to assess the spatial thinking ability level of this tactile-based assessment.  With 90% 

confidence, the data suggested that Low solvers started their attempts with increased number of 

Flat combinations, used fewer Complex starting combinations, and took longer on each attempt.  

The total number of attempts was anticipated to be higher for the Low solvers due to the fact that 

they might have needed the entire 10-minute time limit to attempt at least two of the four puzzles 

included in this analysis, but the increase in the length of the attempts suggested that Low solvers 

might get fixated on a certain strategy more often and less willing to start over with a different 

approach demonstrating decreased flexibility in solving strategies.  On the other side, with 90% 

confidence, the data suggested that High solvers had a greater preference for starting with a 

Complex combination than a Flat combination and had a shorter average attempt length.  

Together the differences between the Low and High Solver groups suggested that preferences for 

different cognitive strategies that involved both intrinsic and extrinsic spatial thinking concepts 

that were difficult to capture using only traditional paper-pencil assessments were readily seen 

using a tactile-based assessment.   

Friedman’s Test for Ranks 

 To translate this research to a useful intervention exercise with proper scaffolding, the 

order the shapes ought to be presented to students needed determined.  Less difficult shapes 

might loan themselves to short active hands-on learning exercises to complement technical 

graphics or introductory engineering design course materials whereas more difficult shapes 

might require extended time not always available during the designated class meeting time.  This 

ordering determination was completed in two steps: first with a Friedman’s Test for Ranks to 

determine if any difference existed in the solving time between any of the Soma Figures, and 
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then second with the Page Test for Ordered Alternatives to determine a specific order for the 

Soma Figures.   

 The Friedman’s test for Ranks was the non-parametric equivalent of a parametric 

ANOVA statistical test.  The rankings for each subject were shown in Table O1 in Appendix O 

with all ties considered.  The null hypothesis for the Friedman’s Test for Ranks was that the 

solving time was the same for all of the Soma Figure puzzles with the alternative hypothesis as 

that at least one shape had a different solving time.  The data for all subjects was entered into the 

Statcrunch web-based client capable of running the Friedman Test taking into account ties with 

the participant designated as the block, the puzzle shape identified as the treatment, and the 

solving time reported as the response variable.  There were numerous ties at the 600-second level 

for participants that were unable to develop a solution for any particular puzzle.  The results for 

Friedman’s Test for Ranks were summarized in Table 4.31 with the suggested order of difficulty 

as Cube, Bathtub, Steps, Tunnel, and Staircase as this related to increasing solving time.  It was 

assumed that increasing solving time corresponded to puzzle difficulty and as mentioned 

previously, this was an important factor to consider when designing active learning and 

intervention exercises for use in a classroom setting.   

Table 4.31: Friedman Test for Ranks Results. 

 

 The large χ2 value and extremely small p-value supported rejection of the null hypothesis 

and strongly suggested acceptance of the alternative hypothesis that there was a solving time 
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difference between at least two of the Soma Figures.  Noted briefly, the 600-second time limit 

might lead to a resultant ceiling effect that affected the overall ordering not necessarily of the 

easiest and most difficult forms but rather the middle three shapes.  However, given that the 

Cube had the highest solving rate and only a few participants were able to solve the Staircase, the 

bookends of this ordering were as expected.  The ordering of the middle three shapes was not as 

clear and would benefit from further analysis with a larger data set.  The Friedman’s Test for 

Ranks did suggest a possible difficulty order of the Soma Figures that led to use of a Page Test 

for Ordered Alternative to check the suggested alternative hypothesis of the ordering. 

Page Test for Ordered Alternatives 

 Following the Friedman Test for Ranks, the Page Test for Ordered Alternatives allowed 

for examination of a specific rank ordering.  Since there were more than four ‘treatments’ 

(puzzles) and the number of participants was more than 18, it was reasonable to use a large-

sample approximation to complete the Page Test for Ordered Alternatives calculations (Fahoome 

& Sawilowsky, 2000).  Under this non-parametric statistical test, the null hypothesis was the 

same as the Friedman’s Test for Ranks in that there was no difference in the time needed to solve 

any of the Soma Figures.  In this instance, the alternative hypothesis tested was that the time to 

solve the Cube < Bathtub < Steps < Tunnel < Staircase.  This specific order was considered 

when completing the calculations for this large-sample approximation.  The rank order 

information and calculations for the L-statistic were available in Table O1 in Appendix O.  

Fahoome & Sawilowsky (2000) demonstrated that the population mean and standard deviation 

large-sample approximations could be calculated using the following equations. 

𝜇 =  
𝑛𝑘(𝑘 + 1)2

4
 =  

32 ∗ 5 ∗ (5 + 1)2

4
 = 1440 
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𝜎 = √
𝑛𝑘2(𝑘 + 1)(𝑘2 − 1)

144
 =  √

32 ∗ 52 ∗ (5 + 1) ∗ (52 − 1)

144
= 28.284 

The critical L-value for comparison was calculated using the equation below at 90% confidence: 

𝐿𝑐𝑟𝑖𝑡 ≥  𝜇 + 𝑧𝜎 + 0.5 = 1440 + 1.645 ∗ 28.284 + 0.5 = 1487 

 In Appendix O, the L-value calculated for the specific order of Cube < Bathtub < Steps < 

Tunnel < Staircase was 1573 which was larger than the critical value.  Hence, with a 90% level 

of confidence the suggested ordering in the alternative hypothesis could be accepted as true.  The 

Soma Cube required the least amount of time to complete that made it an excellent candidate for 

a stand-alone item during an in-class hands-on activity or as the first item in an extended 

intervention.  The Soma Staircase required the most time and given the difficulties in solving this 

shape as observed in this research study, it might not be appropriate for inclusion in a short 

exercise but rather better suited for use at the end of an extended intervention in a classroom 

setting or perhaps after many other Soma shapes were introduced first or possibly not at all.  The 

results from this section answered Research Question 4.0 in that yes, it was possible to rank 

order the Soma Figures by difficulty level based on completion time to help create a tactile-based 

spatial thinking intervention with appropriate scaffolding for use in a technical graphics 

classroom. 
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CHAPTER 5: DISCUSSION 

Introduction 

Even with numerous advances in the understanding of the spatial thinking construct over 

the past 60 years, Buckley et al. (2017) suggested the need still existed for the development of a 

“single robust measurement instrument [which] would elicit a holistic profile of a person’s level 

of spatial ability” driving the continuation of research in this already broad field.  Dynamic 

activities need dynamic assessments, a driving idea for this dissertation.  The importance of 

spatial thinking assessments had been established and reiterated in literature as expanded upon in 

the Chapter 2 Literature Review with Wai et al. (2009) outlining this spatial thinking construct as 

an important characteristic found among individuals with success in STEM fields, a factor with a 

general role in educational and occupational outcomes, and noted the possibility for the use of 

spatial thinking assessments to help with the identification of spatially-talented individuals.  In 

particular, spatial thinking research had been found extensively affiliated with technical graphics 

courses (see Marunić & Glažar, 2014) as many of the course topics loaned themselves to the 

building of spatial thinking skills such as through drawing (orthographic and isometric 

pictorials), manipulation of 2-D images to create 3-D CAD-based materials, the use of section 

views to describe the inner workings of an object or assembly, or working drawings detailing a 

design including object dimensions and/or assembly views.  With this in mind, this research 

aimed to help with the determination of spatial thinking levels of students enrolled in an 

introductory technical graphics course using a tactile assessment aimed to align with the 

extrinsic-dynamic framework category (Newcombe & Shipley, 2015) and to provide instructors 

with a research-backed activity or intervention with appropriate scaffolding for use within the 

classroom setting to help intentionally build real-world spatial thinking skills. 
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Spatial thinking remains a broad field without a singular definition but had been 

identified as an important construct of intelligence.  Even with the expansiveness of the field, 

Newcombe (2018) identified three serious current limitations in the advancement of spatial 

thinking research including the difficulty in separation of factors even with the use of advanced 

statistical factor analysis techniques, no systematic way of evaluating everyday spatial thinking 

skills, and the research field as a whole not keeping pace with technological 

advancements.  Furthermore, notable gaps in the spatial thinking assessment literature were 

identified as including the lack of object-manipulation based assessments (Newcombe, 2018), 

the lack of dynamic interactions that could be tested using traditional paper-pencil methods 

(Buckley et al., 2017), concerns about the involvement of different intelligence centers with the 

incorporation of a tactile component into an assessment (Schneider & McGrew, 2018), the 

unavailability of extrinsic assessments testing environmental knowledge in a figural space 

(Hegarty et al., 2002), and the lack of assessments in the extrinsic-dynamic category currently 

available for use in a classroom setting or elsewhere (Newcombe and Shipley, 2015).  This 

research project aimed to develop a tactile, dynamic assessment that addressed these limitations 

as well as concerns while filling literature gaps and contributing to expanding the understanding 

of how to assess spatial thinking abilities relevant to spatial problems encountered in everyday 

life. 

While McClure (2002) specifically noted that a Soma Cube as an ideal tangible 

manipulative object for studies such as this due to how the puzzle required viewers to make 

connections, combinations, find alternatives, problem solve, use spatial thinking abilities, and 

explore variety within unity (multiple valid ways to make the same form), the specific alignment 

with spatial thinking definitions had not been established.  Since this research aimed to create an 
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extrinsic-dynamic assessment, aspects of the Soma Cube (and other Soma Figures) needed to 

first be conceptually examined to show that theoretically an assessment involving this 

manipulative object would satisfy definition requirements to warrant inclusion in the desired 

spatial thinking framework category.  The dynamic aspect of a Soma Figure was simple to 

establish as the definition of dynamic as per Uttal et al. (2013) stated that dynamic strategies in 

an assessment setting simply required interaction with a stimulus.  The sheer handling of the 

various Soma Figure parts fulfilled this dynamic requirement for the desired spatial thinking 

category in Newcombe and Shipley’s (2015) framework.  Establishing that the use of Soma 

Figures theoretically aligned with the extrinsic category required more detailed examination of 

the spatial thinking literature. 

The definition put forth by Uttal et al. (2013) described extrinsic as referring to any 

spatial activity that determined relationships between objects in a group (such as a puzzle) or the 

relative position of objects to each other such as in geoscience studies.  Based on the reasoning 

by McClure (2002), a Soma Figure required the user to make these extrinsically-based 

connection and combination relationships between the various parts to construct a desired form 

hence categorizing the attempt to develop a Soma Figure solution as an extrinsic task.  

Newcombe and Shipley (2015) identified that spatial thinking abilities affiliated with the spatial 

orientation factor including determining relationships between different objects (location), 

identifying objects from different angles without confusion, as well as identifying and comparing 

spatial patterns all would lead to an extrinsic-based categorization.  While this spatial orientation 

factor was generally associated with large-scale items, Newcombe and Shipley (2015) 

determined that extrinsic features could be identified at any scale including in the figural space.  

Construction of any of the Soma Figures required the user to identify spatial relationships 
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between different parts satisfying the constraints of the specific form desired as well as to 

physically rotate the various parts to gain understanding about how the part might fit into a 

solution.  Both of these items involved with construction of a Soma Figure align with an 

extrinsic-based thought process.  As the various attempts were observed in this study, it was 

apparent that participants discovered certain spatial patterns amongst the various pieces that led 

them to use certain combination orientations during the solution attempt.  As shown in the results 

section, some of these part combination patterns greatly influenced the success rate, which would 

be an anticipated result with an extrinsic-based task.   

The definition of extrinsic-dynamic used by Newcombe and Shipley (2015) expanded 

from Chatterjee (2008) was “transforming the inter-relations of objects as one or more of them 

moves, including the viewer”.  The word transforming in this case referred to some sort of 

movement or action of the object.  During the solving attempts for the various Soma Figures, a 

change of perspective was observed for many participants as they rotated either sizable chunks of 

the solution or the starting template sheet that in turn rotated the entire solution attempt during 

examination of the attempts for evidence of holistic cognitive selection strategies.  Additionally, 

in some cases the participants physically shifted the location of their seat to gain a different 

perspective of their attempt or shifted their entire body to lean around or over the solution to gain 

a different vantage point of the solution attempt.  All of these instances of perspective changing 

in a physical manner suggested that construction of a Soma Figure would align with an extrinsic 

category of spatial thinking.  Lastly, this transforming of the inter-relations of the various Soma 

Figure parts was possible to outline as evidenced by the codebook developed and utilized for the 

content analysis portion of this research study.  Abbasi (2010) was also able to demonstrate that 

the transformation could be documented further supporting the use of the manipulative Soma 
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Figure as capable of testing extrinsic-based spatial skills.  The specific ordering of the Soma 

parts in an attempt did not necessarily give much specific information showing transformation, 

but given that codes existed to show when parts were added or subtracted at the same time, 

whether attempts were started a in a form-specific manner, or the removal-rotation-addition of a 

part already incorporated in the solution were all evidence of describing the transformations that 

were present in an assessment thought to align with the extrinsic-dynamic category of spatial 

thinking.  Even with the concerns regarding the tactile-component of the assessment influencing 

the study of spatial thinking ability, CHC theory (Schneider & McGrew, 2018) approached this 

very issue when comparing the Fluid Reasoning domain with the Visual Processing 

domain.  According to CHC Theory (Schneider & McGrew, 2018), a task with a Soma Figure 

might align more with the Fluid Reasoning domain which involved “the use of deliberate and 

controlled procedures (often required focused attention) to solve novel, ‘on-the-spot’ problems 

that could not be solved using previously used habits, schemas, or scripts” but factor analyses 

strongly suggested that those with high spatial thinking abilities in the Visual Processing 

category would excel in any Fluid Reasoning task focused on spatial/figural facets.  This 

indicated that even with the concerns of motor control, a manipulative object (like a puzzle) 

requiring fluid spatial reasoning skills and solution development still should hypothetically give 

valid information regarding the spatial thinking ability levels for the individuals.   

The spatial thinking definition provided by Sutton and Allen (2011, p.5) that outlined the 

construct as “the performance on tasks that require: (a) mental rotation of objects; (b) the ability 

to understand how objects appear in different positions; and (c) the ability to conceptualize how 

objects relate to each other in space” directly applied to an object-manipulation task involving 

the construction of a form with multiple parts.  While attempting to solve a Soma Figure required 
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motor control for actual placement of the parts, the opportunity existed for simple observation of 

the different parts and mental rotation before moving any piece into the desired orientation, 

satisfying item (a) of the definition.  Since the task was dynamic with interaction with the object, 

the Soma parts do not maintain a static position throughout the attempt giving the opportunity for 

individuals to need to understand and manipulate (manually or mentally) different part 

orientations or positions in line with item (b) given above.  Lastly, as the Soma parts needed to 

fit together to create the desired form, that made item (c) of the definition an integrated part of 

the solving attempt process.  With the dynamic, extrinsic, extrinsic-dynamic, and spatial thinking 

definitions along with the understanding of CHC theory as applied to a tactile-based Soma 

Figure assessment as used in this study, it was fully anticipated that the research results would 

clearly back the assessment development rationale through qualitative and quantitative analyses 

with it being possible to assign the developed assessment to one of Newcombe and Shipley’s 

spatial thinking framework categories, to determine spatial thinking ability levels of the 

participants, to examine cognitive selection strategies, and to develop an activity with 

appropriate scaffolding for use in a technical graphics classroom. 

Psychometric Assessments and Spatial Thinking Ability Levels 

Phase 1 of this research study involved the administration of a variety of psychometric 

assessments to identify levels of intrinsic and extrinsic-based spatial thinking abilities and to 

attempt to quantify hands-on experience through tinkering to give a more comprehensive 

approach to understanding the participant’s perceived spatial ability level.  The administration of 

the assessments was in accordance with previous research and ordered in a manner such that the 

quartet could all be completed within a 25-minute time window.  In theory, based on previous 

literature the results were anticipated to demonstrate the presence as well as absence of certain 
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correlations between the selected assessments.  Results from this research validated work by 

Turgut (2015) with linking the SASRS – OMSA portion to the MRT and expanded upon 

Turgut’s (2015) work to demonstrate a positive correlation between the SASRS – SNA and 

SBSOD that was postulated to exist but not previously tested.  The lack of a correlation between 

the MRT and SBSOD verified the result seen by Hegarty et al. (2002) and provided further 

evidence to suggest that psychometric assessments test both the intrinsic and extrinsic areas of 

spatial thinking ability and that these factors could be separately examined using traditional 

paper-pencil methods.   

Additionally, the data did suggest a correlation between the TSE, MRT, and SASRS – 

OMSA indicating that tinkering skills as inquired about in this survey might be more highly 

related to the intrinsic factor of spatial thinking ability than to the extrinsic factor.  Originally it 

was expected that the TSE would relate more to the extrinsic factor since tinkering often deals 

with the manipulation of multiple moving parts in line with the definitions of the extrinsic-

dynamic category.  In actuality, the data did not support a relationship between the TSE and 

SBSOD nor SASRS – SNA, both of which were thought to align with the extrinsic factor.  The 

reason for the disconnect between the expectations and the results regarding the TSE correlations 

might be attributed to the specific discourse used in the TSE items.  The results from the TSE 

correlations highlighted how a psychometric assessment in practice might not be related in the 

anticipated manner giving caution to combining multiple assessments together when looking to 

establish and study intrinsic versus extrinsic spatial thinking abilities. 

A strong correlation seen in the analyses was between the extrinsic-based SBSOD and 

the SASRS – SNA as hypothesized to exist by Turgut (2015) but not previously established in 

literature making this specific finding a contribution to the growing body of spatial thinking 



 

 

198 

research.  Examination and suggestion of these correlations were able to address Research 

Question 1.1 inquiring about which correlations existed between the quartet of psychometric 

assessments and gave credence to the idea that two items (MRT and SASRS – OMSA) appeared 

to align with the intrinsic category and two others (SBSOD and SASRS – SNA) with an extrinsic 

category.   

Furthermore, this intrinsic-extrinsic split was verified through the use of an exploratory 

factor analysis method that demonstrated two significant factors with the MRT and SASRS – 

OMSA loading on one factor (thought to be intrinsic) and the SBSOD and SASRS – SNA 

loading on a different factor (postulated to be extrinsic).  While, this was a relatively small 

sample size to be testing with an exploratory factor analysis, previous research had demonstrated 

that even small sample sizes were sufficient when the factors were strongly dissociated 

(MacCallum et al., 1999) indicating this split between intrinsic-extrinsic factors would certainly 

be anticipated to occur with an increased sample size in future work.  Phase 1 of this research 

project soundly answered that yes, it was possible to clearly distinguish intrinsic and extrinsic 

factors from traditional 2-D spatial thinking assessments addressing Research Question 1.0 of 

this research study.  This implied that future spatial thinking research work could use intrinsic-

dynamic tests and extrinsic-static tests as classified in the Newcombe and Shipley (2015) 

framework to quantify an intrinsic and extrinsic spatial thinking score for individuals as was 

done for the participants in this research study (see Appendix L).  While it was possible to divide 

the participants into one of four different categories (low intrinsic-low extrinsic; low intrinsic-

high extrinsic; high intrinsic-low extrinsic; high-intrinsic-high extrinsic) answering Research 

Question 1.2, the sample sizes for each category ranged only from 6 to 10 participants indicating 

that it would be difficult to show any meaningful differences between the four groups.  Some 
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participants clearly belonged in the “low intrinsic-low extrinsic” category based on their 

psychometric test scores indicating that they would be considered “low” spatial thinkers, others 

clearly belonged to the “high extrinsic-high intrinsic” category based on the paper-pencil tests, 

but the majority existed in one of the two middle groups demonstrating that it might be hard to 

succinctly delineate the spatial thinking ability levels of these individuals with a high level of 

confidence.  This highlighted how arbitrary the “low” and “high” spatial thinking labels could 

vary from study-to-study highlighting Buckley’s et al (2017) call for a more robust method to 

determine spatial thinking levels with greater clarity.  The goals of determining the various 

correlations between paper-pencil assessments, finding evidence for the intrinsic and extrinsic 

factors, and demonstrating how it was possible to potentially separate different levels of spatial 

thinking ability based on intrinsic and extrinsic factors were all met for Phase 1 of this research 

study, adding to the ever growing knowledge base of spatial thinking research. 

Tactile-Based Assessment and Spatial Thinking Ability 

The Phase 2 portion of this research project did not turn out as tidy as anticipated based 

on the Phase 1 results, but there was much gained from this exploratory spatial thinking research 

for use when developing future dynamic assessments.  The idea behind Phase 2 of this project 

was to establish connections between the newly developed tactile-based spatial thinking 

assessment with the Phase 1 traditional paper-pencil assessments and to explore if this tactile 

exercise aligned with the extrinsic-dynamic framework category of spatial thinking as outline by 

Newcombe and Shipley (2015) to address Research Question 2.0.  The thought process outlined 

in the above introduction section explained why an extrinsic category was predicted for the data 

collected in this research study using the Soma Figures.  With evidence supporting both intrinsic 

and extrinsic characteristics present, the research data from Phase 2 did not support clear 
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categorization of this tactile-based spatial thinking assessment into Newcombe and Shipley’s 

extrinsic-dynamic framework category as originally hypothesized and anticipated.   

Specific instances of support for intrinsic thinking included the negative correlation 

between the MRT and the number of shapes completed as well as the related overall solving 

time, the negative correlations between the MRT and the solving time of specific shapes (Steps, 

Tunnel, Bathtub), negative correlations between the SASRS – OMSA with the solving time of 

the specific shapes (Steps, Tunnel, and Bathtub), and evidence of the Solvers of various shapes 

(Steps, Bathtub) having higher MRT and SASRS – OMSA scores.  Specific instances of support 

for extrinsic thinking included the suspected negative correlation between the SBSOD and the 

solving time of the Cube, differences in extrinsic scores between Solvers and Non-Solvers of 

specific shapes (Bathtub), as well as positive correlations between the SBSOD and SASRS-SNA 

and specific shapes (Steps, Bathtub, and Tunnel).  More evidence for extrinsic and intrinsic 

thinking was demonstrated through the use of the content analysis methodology portion of the 

Phase 2 analyses providing additional support to the correlation results.  These types of 

correlations demonstrated that yes, it was possible to determine specific correlations between 

Soma Figure shapes and psychometric assessments addressing Research Question 2.1 in this 

study. 

The EFA for the participants able to solve 4 or more puzzles suggested the presence of 

two distinct factors with loading patterns that suggested that the Soma Cube was more influenced 

by an extrinsic factor and the other three shapes more influenced by an intrinsic factor giving 

way to the hypothesis that the puzzles might ‘lean’ towards the testing of one factor over the 

other when examining spatial thinking abilities.  For the EFA for participants able to solve at 

least one puzzle, the number of factors shifted from two to one indicating stronger support for 
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the presence of an intrinsic factor rather than two different factors particularly among those with 

difficulty developing solutions.  More research would be certainly needed to verify this 

phenomenon in future studies but the results did provide evidence for loading on both the 

intrinsic and extrinsic factors addressing Research Question 2.2 in this study.  Even with the 

results offering support for the presence of both intrinsic and extrinsic factors rather than clear 

preference for the extrinsic factor, this research was believed to be a step in the right direction in 

the development of a manipulative, multi-object, spatial thinking assessment that mimics real-

world spatial problems while addressing notable gaps in the wide body of spatial thinking 

literature. 

This research project demonstrated that the Phase 1 assessments had little overall success 

in accurately predicting how many puzzles participants were able to solve suggesting a 

disconnect between paper-pencil psychometric tests and real-world application of spatial 

skills.  While these spatial thinking tests might relate to items like entrance into STEM fields 

(Newcombe, 2018; Wai et al., 2009), they might not necessarily predict which individuals will 

become successful technical problem-solvers in an actual company or research position post-

graduation.  Real world spatial problems might differ vastly from the material taught in the 

classroom further emphasizing the need to incorporate spatial-based activities within university-

level curricula and to develop dynamic assessments to determine gains in real-world spatial skills 

not currently shown with paper-pencil psychometric assessments.  Alternatively, it was possible 

that different psychometric assessments would actually better compliment the examination of 

dynamic processes and the results might stem from not using the best available extrinsic-based 

instruments.  One such assessment that might help better establish a connection to the extrinsic 

spatial thinking factor might be the Mental Brittle Transformation test (Atit et al., 2013; Resnick 
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& Shipley, 2013) as this assessment focused on subject’s understanding of the extrinsic spatial 

concept of breaking rather than on items like spatial navigation.   

Research Question 3.0 asked whether there was evidence to support cognitive selection 

strategies through the use of a content analysis methodology and how this might relate to 

intrinsic versus extrinsic spatial thinking.  Hegarty (2010) examined cognitive selection 

strategies in relation to the intrinsic-dynamic MRT noting that evidence of holistic methods 

included rotation of whole objects or a perspective shift whereas evidence of analytical methods 

involved cube counting and comparison of arms for perpendicularity of parallelism.  Translating 

these observations to this tactile-based suggested that holistic evidence would involve seeing 

participants manually rotate the attempt in multi-part chunks or maneuvering the paper to gain a 

difference perspective.  These were items noted to relate to the extrinsic definition suggesting a 

link between a holistic approach and the extrinsic factor.  Likewise, evidence for an analytical 

method in this task would involve observation of cube counting or direct comparison by putting 

the attempt directly next to the card for comparison.  While most subjects did add one part at a 

time to the solution attempt since placement was generally done with a single hand, a holistic or 

analytical strategy referred to whether they saw the solution with a plan of how to integrate the 

different parts (holistic approach) or took more of a trial and error approach (analytical) where 

parts were placed haphazardly with the hopes that they would fit without paying attention to how 

a solution might not be feasible based on the parts yet to still place.  Based on observations of the 

puzzle solving, there was evidence for both the holistic and analytical cognitive selection 

strategies used during attempts by the participants.   

The analytical approach of cube counting was seen for all of the shapes.  With the 

exception of the Soma Bathtub shape, and two instances with the Soma Cube, subjects able to 
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solve the puzzles did not use this strategy whereas many that were not able to develop solutions 

resorted to cube counting suggesting that the analytical approach was used more readily by those 

with lower tactile spatial thinking abilities.  While participants were not allowed to pick up the 

card with the desired Soma Figure displayed, many participants would hover a piece over the 

card to make a direct comparison to check the constraints of the part versus the constraints of the 

desired shape which was indicative of an analytical approach much like checking for parallelism 

or perpendicularity in the MRT.   

The holistic approach was evident as participants routinely lifted, rotated, and set down 

entire chunks (a combination of four or more parts) while attempting to derive a solution for a 

shape.  In some cases, participants did in fact move the sheet of paper the pieces were presented 

upon or their entire bodies to gain a different perspective.  While evidence for these holistic 

items was not seen as easily as some of the analytical approaches during the solving attempts, the 

holistic approach was indeed there indicating that in response to Research Question 3.0, yes, 

evidence from the content analysis suggested both cognitive selection strategies were used by 

participants in this tactile-spatial task. 

Abbasi et al. (2009) suggested that preference for a holistic or analytical approach might 

be affiliated with the starting pieces selected in the solving attempts with more Complex parts 

linked to an holistic approach and simpler Flat parts associated with an analytical approach.  

Through the content analysis procedure it was possible to determine starting sequence preference 

for all of the subjects for each of the different Soma Figure shapes.  As expected, individuals that 

were deemed “high solvers” had a preference for Complex starting sequences over Flat starting 

sequences suggesting that those with high spatial thinking abilities might possess a greater 

preference for a holistic cognitive selection strategy in this tactile-based assessment.  
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Interestingly, those with high intrinsic scores were less likely to start with the simple Flat parts 

(negative correlation) and more likely to use Complex parts (positive correlation) whereas 

extrinsic scores showed no preference in starting sequence.  The lack of the correlation to the 

extrinsic assessments was not anticipated and again highlighted an apparent disconnect between 

psychometric assessments as success in a tactile spatial task. 

The idea of cognitive selection strategy flexibility as a hallmark trait of those with high 

spatial thinking abilities was promoted in previous studies (Kyllonen et al., 1984; Hegarty et al., 

2018; Nazareth, 2015) with Boone and Hegarty (2017) determining that the MRT might give a 

measure of spatial flexibility implicated in higher levels of spatial thinking ability.  Given that a 

negative correlation was seen in this study between the MRT to the overall solving time (which 

was directly related to the number of puzzles solved), notably higher MRT scores for solvers 

versus non-solvers for at least the Soma Cube, and a potential positive correlation to a complex 

starting sequence suggested that the MRT assessment was the best traditional psychometric 

assessment indicator for success in the tactile-based task using Soma Figures.  It was however 

unclear whether this relationship to the MRT was due to the intrinsic factor of the MRT or the 

associated dynamic factor of the MRT indicating further research needed to firmly establish 

evidence to support why this correlation was observed. 

In their research on tactile gesture analysis, Angelini et al. (2015) noted that a major 

limitation of accessing tactile approaches was the fact that people were limited to placement of 

items based on the number of appendages available to manipulate the object.  Newcombe and 

Huttenlocher (2000) described linearity as a challenge in examining the connection between 

spatial thought and language in that words were spoken one at a time in a sequence so only a 

single spatial relationship could be described at any given time.  While the idea of the tactile-
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spatial training exercise appeared to use extrinsically-based theoretical concepts as outlined in 

the introduction, in reality, this concept of linearity might explain a major limiting aspect to the 

dynamic assessment that was not envision when originally conceptually developed.  While the 

overall concept of the tactile assessment using Soma Figures centered around placing items 

together in a specified form requiring individuals to take into account the relationships of 

multiple objects, this actual construction process of each form was done part-by-part suggesting 

that while participants might view the overall shape in a holistic, extrinsic manner, every time 

they select a new part they might by default switch to an analytical, intrinsic approach as they 

determine how to effectively manage that singular piece.  Whether a particular shape leans 

intrinsically versus extrinsically appeared to depend on how many constraints were inherent in 

the shape.  For the Soma Cube, the lack of specific constraints on the orientation of any of the 

Soma pieces might help explain why this shape “leaned extrinsically” as individuals thought 

more about ‘how did a piece fit into the puzzle attempt thus far’ rather than ‘how did this piece 

satisfy the constraints imposed by the form’.  The other three shapes evaluated tended to ‘lean 

intrinsically’ possibly due to limitations on the orientation of specific parts causing individuals to 

spend more time in the analytical, intrinsic approach while checking that these spatial constraints 

were sufficiently satisfied before placement of each individual part.  This idea of the Soma 

Figures leaning towards one factor or the other was supported in the EFA analysis performed 

prior to the content analysis in examining the results from Phase 2 of this study. 

 It was hypothesized above that this linearity issue in the construction process contributed 

to the dichotomy of intrinsic and extrinsic characteristics demonstrated in this dynamic Soma 

Figure spatial thinking exercise and further highlighted the inherent difficulty in the construction 

of an extrinsic-dynamic assessment for the use in the classroom setting.  However, since this 
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Soma Figure assessment did in fact demonstrate intrinsic and extrinsic characteristics as well as 

opportunities for observation of different cognitive selection strategies with evidence supporting 

the use of a flexible approach to suit the presented shape, this dynamic tactile-based task 

appeared to set the foundation for a different class of spatial thinking assessments capable of 

giving a more comprehensive understanding of an individual’s real-world spatial thinking 

abilities.   

Even with the challenges of answering Research Questions 2.0 and 3.0, Research 

Question 4.0 inquiring about the possibility of rank ordering the Soma Figures to create an 

intervention with appropriate scaffolding was indeed demonstrated with a suggested order tested 

and verified indicating it was possible to translate this research into a viable exercise appropriate 

for inclusion into a technical graphics classroom.  The value of active learning in the classroom 

continued to increase (Telenko et al., 2016) as instructors were encouraged to create more hands-

on methods for students to help promote gains in items like spatial thinking.  The rank ordering 

demonstrated that the Soma Cube was the “easiest” shape, which was unsurprising given that it 

had the highest solving rate and lowest average solving time, suggesting that this shape was the 

most suitable for use in a stand-alone hands-on activity or as the first form presented in an 

extended intervention with appropriate scaffolding.  The Soma Staircase was deemed most 

“difficult” which again was not surprising giving the lack of success among the participants in 

solving this particular form.  This label verified that the decision to eliminate the Soma Staircase 

from the statistical analyses of the project was warranted and with a further recommendation to 

consider not incorporating this particular shape into a future study or intervention.  The success 

in constructing an ordered intervention using Soma Figures through a non-parametric analysis 

indicated that this method might be applied in future studies to create increasingly elaborate 
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tactile-based spatial tasks for university-level students in a technical graphics course as 

information was gained regarding how individuals solve manipulative puzzles.  As Uttal et al. 

(2013) demonstrated the wide variety of spatial training exercises used to develop gains in spatial 

thinking abilities in their study on construct malleability, the results from this study indicated 

that Soma Figures were a viable option for consideration for inclusion in future iterations of 

tactile-based spatial training tasks. 

Lastly, while it was hypothesized through CHC theory that a Soma Figure puzzle would 

identify as a fluid reasoning task and hence directly relate to visual processing tasks (Schneider 

& McGrew, 2018), the reality was that the motor control component might play a larger factor 

than originally anticipated and that was not possible to capture with traditional spatial thinking 

paper-pencil assessments and could not be normalized for each participant due to current 

technological limitations.  This concept of a ‘Tactile Performance’ factor was suggested by 

Stankov et al. (2001) in their study between psychometric assessments and tactile tests as well as 

suggested by Halstead as a form of “biological intelligence” that was evident with physical 

manipulation of objects.  One reason for this suspicion of underlying significant motor control 

influence was the general lack of any strong correlations between Phase 1 and any of the Phase 2 

Soma Figure shapes.  Additionally, the EFA for participants that were able to solve four or more 

puzzles showed that three factors might be at play, but only two factors were deemed significant.  

When examining the individual loadings, this third unknown factor did appear to possibly affect 

the Soma Cube, Soma Tunnel, and Soma Bathtub suggesting further examination into 

quantification of a possible tactile component with a larger sample size.   

While tactile measures did correlate in varying degrees to psychometric assessments 

(Decker, 2010; Roberts et al., 1997; Stankov et al., 2001; Dean & Woodcock, 2003), future 
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research focusing on the development of extrinsic-dynamic assessments ought to consider 

methods to help better quantify the tactile component permitting decoupled from the spatial 

thinking component of the task.  This quantification of tactile contribution might be possible in 

the future due to advances in research in areas of study like gesture analysis by Angelini et al. 

(2015) that focused on the tactile manipulation of objects.  Additionally, gesture analysis and the 

potential tactile contribution might be further evaluated in virtual reality environments as soon as 

issues with hardware, software, appropriateness for target populations, and training issues were 

addressed with this developing technology (Velev & Zlatera, 2017).  This clear decoupling of 

factors involved in spatial thinking assessments was an item specifically mentioned by 

Newcombe (2018) as an ongoing issue in spatial thinking assessment development so it was 

unsurprising that it appeared to surface in this research project by complicating analyses and 

potentially masking the true strength of correlations to previous spatial thinking literature.  

Recommendations for Future Work 

An interesting aspect of this research study occurred between Phases 1 and 2 as this was 

an opportunity to talk with the participants during the Soma part and video camera set-up with 

some participants offering information regarding their experiences with Soma-like Figures or 

personal circumstances because they were concerned about it possibly affecting the outcome.  

While it was a concern from the researcher’s side that might be a host of subjects with extensive 

experience personally playing with the Soma Figure puzzles, that was not the case as most 

participants had not attempted a puzzle like this before.  It was important to note that this 

information was not solicited from any participants by the researcher as part of the experimental 

procedures, but after consultation with faculty members information that was willingly disclosed 

was recorded under the observations section of the data report form.  One subject disclosed a 
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traumatic brain injury as a child (over ten years prior) and they remembered playing with puzzles 

akin to a Soma Cube in therapy to assess cognitive gains.  Another subject disclosed playing 

with a similar puzzle while undergoing testing for an ADHD diagnosis.  Five subjects disclosed 

participating in Project Lead the Way and participating in a Soma Cube-like exercise where they 

reverse engineered cube pieces from the solid form.  A general description of the PLTW task 

was available in Nocito-Gobel, Daniels, Collura, and Aliane (2004).  This exercise might give 

these particular participants more familiarity with the idea of finding solutions for a form but it 

did not necessarily translate to higher rates of success in this research project.  Another 

participant disclosed they were a trained John Deere technician indicating a high experience 

level with procedural knowledge and interpreting step-by-step directions, but this did not 

translate to a high-level of success in this study.  Additional disclosures about spatial ability 

prowess involved jobs participants currently or previously had that gave insight not collected 

through any of the psychometric assessments but shed light on their psychometric assessment 

scores as research had demonstrated the malleability of spatial thinking based on interventions 

and experiences (see Uttal et al., 2013).  For instance, one participant was an Army Ranger so as 

expected, the extrinsic spatial thinking score was among the highest due to training necessary for 

this sort of intense position requiring a high understanding of location and environmental 

landmarks.  Another participant disclosed that he was a trained machinist and marathon runner; it 

was no surprise that he was one of the two participants that solved all of the Soma Figures and 

was categorized in the high intrinsic-high extrinsic category based on the Phase 1 evaluations.  

While the quantitative assessments had been validated in research to give a measure of the 

spatial ability level, these studies tended to revolve around large sample sizes to determine 

statistical differences and while they reported demographic data such as gender, race, or 
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ethnicity, rarely were background stories included in the analysis and they probably were not 

collected.  There had been prior efforts to quantize experiences (e.g., Newcombe et al., 1983; 

Signorella et al., 1986; Quaiser-Pohl & Lehmann, 2002) that might lead to higher levels of 

spatial thinking ability, but these surveys still did not allow for open ended answers detailing 

information participants might feel compelled to share about their background which might give 

crucial insight into how they score on psychometric assessments.  Based on the observations 

made in this research project, a comprehensive evaluation of an individual’s spatial thinking 

ability level might need to involve a short open-ended qualitative assessment by a trained 

researcher to tease out information regarding life experiences which would be more in line with 

extensive intelligence testing by trained psychologists.  In theory, the giving of a psychometric 

assessment to the masses saved time, money, allowed for comparisons between different 

populations, and could be relatively easy to administer but when determining what intervention 

was appropriate to help develop an individualized plan to help an individual increase their spatial 

thinking ability level, there appeared to be potentially significant value in a more personalized 

approach to evaluating spatial thinking ability levels.  While this might not be feasible to 

implement with an entire sample population due to time, monetary, and personnel constraints, it 

might be most beneficial for participants that had demonstrated low spatial ability on traditional 

spatial thinking assessments combined with low levels of success in solving any tactile-based 

tasks like the one developed in this research study.  This suggestion demonstrated a way to 

expand spatial thinking research to an individualized level in the future when determining 

specifically designed spatial thinking interventions best suited for a student. 

Even with the successes and discoveries in this research study, there were multiple 

opportunities to improve the study in the future.  First and foremost, while the number of 
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participants was appropriate to make hypotheses about general themes that help distinguish 

between the different shapes and sufficient to create an ordering appropriate for an intervention 

in this study, there were simply not enough subjects to examine a number of other items such as 

specific relationships between the four varying intrinsic-extrinsic spatial thinking categories 

outlined in Phase 1 indicating that future research studies needed to include more research 

subjects.  When looking to gauge a 120-second difference, based on the standard deviation of the 

times from the collected Soma Cube data, the resulting power calculations suggested a minimum 

sample size of 54 participants, a 40% increase over the population size used in this study to see 

the same resolution.  Without having any data regarding the solving success rates neither from 

literature nor from a pilot study, it was difficult to judge as to whether the sample size was 

appropriate even with a rationale behind the time differential for the sample size calculations.  

While overall correlations and general themes were identified, testing for differences between 

groups such as the four involved in the intrinsic-extrinsic categories or between demographic 

items (like gender) were not fruitful.  While some of the differences between the groups might 

ultimately not exist, a larger sample size would not only verify that, but also help to better 

identify potentially important differences between intrinsic and extrinsic spatial thinking ability 

levels.   

This research study used five Soma Figure puzzles as again, there was a lack of data 

regarding solving times and difficulty of the forms available in previous literature.  While the 

selection of the Soma Figures was thoughtful and based on opinions from experienced technical 

graphics educators, this study would greatly benefitted from the option to eliminate or substitute 

in a different Soma Figure after it was clear that one shape in particular (Soma Staircase) was 

creating frustration amongst participants and had an extremely low solving rate.  If possible, 
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more flexibility needed to be built into the study allowing for the addition or removal of the 

Soma Figures as it was noted previously that a major limitation of this research study was only 

being able to incorporate a limited number of shapes due to IRB restrictions.  While a RCBD 

was used for Phase 2 of the design, this ought to be re-evaluated with various incomplete block 

experimental designs considered to permit the incorporation of more Soma Figures in a still 

statistically testable manner while considering participant time and researcher resources.  Based 

on this research study, it would be suggested that future work consider using only the Soma 

Cube, Soma Bathtub, and Soma Tunnel as that would give a wide range of solving success rates, 

ability to observe different building methods due to the varying inherent shape constraints, and 

shorten contact time with participants to under an hour. 

While learning gains as participants went from shape to shape were not demonstrated in 

this particular study there were two items suggested by participants as ways to improve the 

research protocol.  One participant suggested that the different pieces each be a different color so 

it would be easier to keep track of spatial relationships that worked versus those that did not.  

This would make the coding of the attempts easier as well in the content analysis methodology 

and clearly allow for the research to discern between the two Complex twist pieces.  This idea of 

different part colors was considered briefly for this project in the planning stages and there was 

work by (Hawes et al., 2015; Bruce & Hawes, 2015; Nazareth, 2015) that examined the use of a 

mental anchor with spatial thinking assessments as this idea had been demonstrated to help 

participants gain success in the solving of mental rotation tasks.  While the different color idea 

might not be implemented, the mental anchor concept was an idea that could be investigated in 

future studies to see if there were differences in cognitive selection strategies and if there was a 

shift towards an analytical approach with the constraint given for a single (or multiple parts).  
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Another participant that was unfamiliar to solving tactile puzzles suggested that participants 

would benefit from the allotment of a short amount of time, perhaps 2-minutes, prior to the 

unveiling of any of the Soma Figures to just explore and manually manipulate the various Soma 

pieces.  This would give the participants the opportunity to establish different spatial connections 

between the parts without having the constraints that come with trying to solve a Soma Figure.  

Based on observations of the video recordings, participants did tend to do this type of checking 

more frequently in the first and second shapes presented leading to potential skewing of the 

earlier attempt solving times to slightly longer than normal.  This potential issue might become 

increasingly important with a larger study population or with the use of incomplete block 

experimental designs. 

Another limitation of this study that needed exploration in future work was the imposed 

10-minute time limit.  While based on work by Deci (1972) and Abbasi et al. (2009) this seemed 

reasonable, but a number of participants did report that they felt that they were “close” to a 

solution right when it was announced that time expired.  This observation was reflected in the 

content analysis data when examining when in the attempts did participants reach 6/7 solutions 

and the majority of them occurred in the last three attempts prior to the stopping time.  While 

participant time commitment was an important consideration in the research study design, an 

increase to 12-minutes might help increase the solving success rates and feasibly implemented if 

fewer Soma Figures were attempted or an incomplete block experimental design was chosen for 

the research project.  Most participants reported frustrations at the 10-minute mark with the 

Soma Staircase as it was the most difficult shape based on this research study but there were far 

fewer negative comments on the other shapes with many participants reporting that the 10-
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minute time frame went “fast” or “quick” further suggesting that a two-minute increase would be 

reasonable without significantly increasing frustration levels. 

Additionally, based on the results from Phase 2, it would be appropriate to test different 

intrinsic and extrinsic assessments as it was not clear from these results that the selected paper-

pencil psychometric tests of Phase 1 were the best options available to try and categorize 

intrinsic versus extrinsic abilities as well as clearly classify the developed tactile-based 

assessment firmly into a category of Newcombe and Shipley’s (2015) spatial thinking 

framework.  Based on theory definitions, the developed tactile-based assessment ought to align 

with the extrinsic-dynamic category but there was not strong evidence to support that hypothesis.  

This demonstrated a disconnect between theory and practice still needing to be bridged in spatial 

thinking assessment development and the difficulty in developing an extrinsic-dynamic spatial 

thinking assessment.  In addition to the linearity issue proposed, another potential reason more 

correlations were seen with the intrinsic tests to the tactile-based assessment was that the 

relationship to the dynamic aspect of an intrinsic-dynamic instrument might be stronger than the 

static aspect of an extrinsic-static assessment skewing the intrinsic/extrinsic correlation towards 

intrinsic.  It also might not be possible to link an assessment focused on the use of Soma Figure 

as developed in this research study to any singular psychometric assessment due to a potential 

motor control component, but it might still be worthwhile to incorporate a test like the Mental 

Brittleness Test (Atit et al., 2013; Resnick & Shipley, 2013) to further explore potential 

correlations to the extrinsic factor.  

While not always possible due to IRB restrictions, time, and researcher resources, the 

above issues of sample sizes and Soma Figure inclusion selection could possibly be mitigated 

through the use of a series of pilot studies with 10-15 participants.  This would allow the 
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researcher to collect descriptive statistics necessary for power calculations, gain an informed idea 

on solving rates of the different Soma Figures helping to select which exact Figures to 

investigate further, allow for checking for marked increased in success with simple changes such 

as increasing the time limit from 10-minutes to 12-minutes, and explore whether more prominent 

correlations with different spatial thinking psychometric assessments exist.  As this research 

study was exploratory in nature, the opportunity clearly exists for confirmatory studies to 

investigate and verify the various correlations seen in this study with higher confidence.   

Summary 

 As entrance into top engineering programs and universities becomes increasingly 

competitive (Hartocollis, 2016), the development of additional measures to assess an individual’s 

capacity to develop spatial-reasoning problem-solving skills necessary to address increasingly 

complex engineering problems (Hsi, Linn, & Bell, 1997) will remain an area of focus as interest 

in identification of individuals with high abilities increases.  To do this, development of new 

types of spatial thinking assessments are necessary that also help fill currently identified gaps in 

spatial thinking research.  This research project served as a step forward in the development of a 

tactile-based dynamic assessment using a common manipulative object to examine correlations 

to traditional paper-pencil psychometric spatial thinking assessments, to check for evidence 

supporting the presence of intrinsic and extrinsic factors, to use a content analysis methodology 

to investigate cognitive selection strategies, and to explore the development of a dynamic task 

with appropriate scaffolding to help with the building of spatial thinking skills.  While not every 

research question was answered as originally hypothesized, this study provided a foundation for 

future developmental work with dynamic spatial thinking assessments with clear suggestions for 

improvement including the use of an increased sample size and expanded attempt time, different 
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Soma Figures and various traditional psychometric assessments, and the need for the 

incorporation of a method to better capture a potential motor control component inherent to a 

tactile-based task.  This research helped explain the difficulties encountered with the 

development of an extrinsic-dynamic spatial thinking task using a manipulative object and gave 

insight into items to consider in the future development of assessments to test real-world spatial 

thinking abilities. 
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APPENDIX A: IRB MATERIALS AND INFORMED CONSENT DOCUMENTS 

North Carolina State University  
INFORMED CONSENT FORM for RESEARCH 

 

Title of Study/Repository: Development of a Tactile Spatial Thinking Assessment (eIRB number 19248) 

Principal Investigator: Shelley Glimcher, saglimch@ncsu.edu, 919-355-8831 

Faculty Point of Contact: Dr. Aaron Clark, aclark@ncsu.edu, 919-515-1771 

 

 

What are some general things you should know about research studies? 
You are being asked to take part in a research study.  Your participation in this study is voluntary. You have the 

right to be a part of this study, to choose not to participate, and to stop participating at any time without penalty. The 

purpose of this research study is to gain a better understanding of a hands-on assessment with a common 3-D puzzle 

and how this relates to ways people solve everyday spatial problems that require multiple objects and movement 

(like packing a trunk of a car).  We will do this through a series of paper-pencil assessments and attempting five 

different shaped 3-D puzzles using the same parts.  The attempts at the puzzles will be videotaped so we can learn 

about how you physically handle the puzzle parts.  There is a time limit for each puzzle attempt and there is no 

penalty if the puzzle is not solved.   

 

You are not guaranteed any personal benefits from being in this study. Research studies also may pose risks to those 

who participate. You may want to participate in this research because the assessments are not difficult and trying to 

put together the puzzles can be an entertaining challenge. You may not want to participate in this research because 

of the time commitment of up to 80-minutes. 

 

In this consent form you will find specific details about the research in which you are being asked to participate. If 

you do not understand something in this form it is your right to ask the researcher for clarification or more 

information. A copy of this consent form will be provided to you. If at any time you have questions about your 

participation, do not hesitate to contact the researcher(s) named above or the NC State IRB office (contact 

information is noted below).  

 

What is the purpose of this study? 
The purpose of the study is to examine if it is possible to develop a new hands-on assessment using a 3-D puzzle 

that better mimics skills you use in everyday life.  We want to look at how this new assessment aligns with older 

assessments to see if the same or different skills sets are evaluated.  Also, we want to look at the strategies you 

might use as you approach solving the puzzles as many of the puzzles have more than one solution.  The information 

gained from this study may aid the development of future hands-on assessments and help with the development of 

interventions to help develop tactile-based problem solving skills. 

 

Am I eligible to be a participant in this study? 
There will be approximately 30 to 36 participants in this study. 

 

In order to be a participant in this study you must be at least 18 years old and enrolled in GC 120 at NC State 

University in Fall 2019 or Spring 2020. 

 

You cannot participate in this study if you are under 18 years old.  
 

What will happen if you take part in the study? 
If you agree to participate in this study, you will be asked to do all of the following: 

 

Phase 1:  Complete the Mental Rotation Test, a 24-item timed (12-minute) multiple-choice assessment.  Complete 

an 18-item self-assessment survey about your spatial ability.  Complete a 5-item survey about your experiences with 

tinkering.   Lastly complete a 15-item self-assessment survey about your sense of direction.  All of the Phase 1 

assessments are paper-pencil based and will be provided to you in a packet you can write on directly.  All four 

assessments may take up to a maximum of 25-minutes total to complete. 

 

mailto:saglimch@ncsu.edu
mailto:aclark@ncsu.edu
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Phase 2: Attempt five different 3-D puzzles using the same seven parts.  Attempts will be limited to 10 minutes per 

puzzle and there is a 1-minute break between puzzles.  All materials will be provided and this portion of the research 

will be video recorded.  This may take up to 55-minutes total if the maximum time is needed for each puzzle. 

 

The total amount of time that you will be participating in this study is no more than a single 80-minute session to 

complete Phases 1 and 2 consecutively. 

 
Photos and video 

If you want to participate in this research, you must agree to being video recorded and/or audio recorded. If you do 

not agree to being video recorded and/or audio recorded you cannot participate in this research. 

 
Risks and benefits 

There are minimal risks associated with participation in this research. There are no direct benefits to your 

participation in the research. The indirect benefits are helping to development a new hands-on assessment method to 

test spatial thinking ability levels that may be used along side of paper-pencil tests to get a better understanding of 

your abilities.  Eventually this research may help educators design tasks that would be better tailored to a student’s 

needs to help them develop their own spatial abilities. 

 

Right to withdraw your participation  

You can stop participating in this study at any time for any reason. In order to stop your participation, please send an 

email to Shelley Glimcher (saglimch@gmail.com). If your choose to withdraw your consent and stop participating 

you can expect that data already collected will be used for statistical analysis and you will not be contacted to re-

enroll in the study.  

 

Confidentiality 

The information in the study records will be kept confidential to the full extent allowed by law.  Data will be stored 

securely on an NC State managed computer in a password-protected folder on Google Drive.  Any data recorded on 

paper will be stored in an NC State managed facility in a cabinet with lock.  Unless you give explicit permission to 

the contrary, no reference will be made in oral or written reports which could link you to the study. Individual data 

with identifiable details removed may be made available to the public as required by a professional association, 

journal, or funding agency.  

 

Compensation  
For participating in this study you will receive up to $25 in Target gift cards. 

 

If you withdraw from the study prior to its completion, you will receive partial compensation in Target gift cards as 

outlined below: 

  

Phase 1: Mental Rotation Test and Spatial Ability Assessments $5 

Phase 2: Tinkering Ability and Sense of Direction Assessments $5 

Phase 2: Attempt at 3-D puzzles 1 and 2    $5 

Phase 2: Attempt at 3-D puzzles 3 and 4    $5 

Phase 2: Attempt at 3-D puzzle 5    $5 

 

What if you are an NCSU student? 
Participation in this study is not a course requirement and your participation or lack thereof, will not affect your 

class standing or grades at NC State.   

 

What if you are an NCSU employee? 
Participation in this study is not a requirement of your employment at NCSU, and your participation or lack thereof, 

will not affect your job.   

 

What if you have questions about this study? 

If you have questions at any time about the study itself or the procedures implemented in this study, you may contact 

the researcher, Shelley Glimcher, 510 Poe Hall, saglimch@ncsu.edu, 919-355-8831. 

mailto:saglimch@gmail.com
mailto:saglimch@ncsu.edu
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What if you have questions about your rights as a research participant? 
If you feel you have not been treated according to the descriptions in this form, or your rights as a participant in 

research have been violated during the course of this project, you may contact the NC State IRB (Institutional 

Review Board) Office via email at irb-director@ncsu.edu or via phone at 1.919.515.8754. An IRB office helps 

participants if they have any issues regarding research activities.  

 

You can also find out more information about research, why you would or would not want to be a research 

participant, questions to ask as a research participant, and more information about your rights by going to this 

website: http://go.ncsu.edu/research-participant  

 
Consent To Participate 

“I have read and understand the above information.  I have received a copy of this form.  I agree to participate in this 

study with the understanding that I may choose not to participate or to stop participating at any time without penalty 

or loss of benefits to which I am otherwise entitled.” 

 

Participant’s printed name ____________________________________ 

 

Participant's signature _______________________________________ Date _________________ 
 

Investigator's signature ______________________________________ Date _________________ 
 

  

http://go.ncsu.edu/research-participant
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IRB Recruitment Script:  

“Hi, my name is Shelley Glimcher.  I am a doctoral candidate in technology, engineering, and 

design education and I am here today to recruit students to participate in my dissertation research 

project.  I am working on the development of a new tactile-based spatial thinking assessment 

using a 3-D hands-on manipulate puzzle.  Many of today’s spatial thinking assessments, some of 

which you may have taken before, are paper-pencil based and do not mimic every day spatial 

thinking problems like how to best pack a suitcase, trunk of a car, or even a dishwasher. 

 

My project has two phases that are completed in a single visit.  In the first phase you will take 

four paper-pencil assessments that will take no longer than 25-minutes to complete.  There are no 

essays, you just need to circle an answer or give a rating on a scale.  The first assessment is the 

Mental Rotation Test and will ask you to select the same object that has been rotated in different 

ways.  The second assessment asks you to rate your own spatial thinking abilities on items like ‘I 

can easily identify a 3-D shape drawn on paper’.  The third assessment asks about your tinkering 

experience.  For example, rating how comfortable you feel with putting things together or taking 

them apart.  The last assessment asks you to rate your sense of direction with items like ‘I am 

very good at reading maps’.  The assessments are straightforward and do not have any 

misleading statements.   

 

The second phase of the project involves you attempting five different shapes using the parts of a 

3x3 Soma Cube (show students the cube and then the parts).  The different shapes that you are 

asked to attempt are similar to real world items like steps, a bridge, or a bathtub.  Some shapes, 

like the cube, have more than one valid solution but you are only asked to attempt to find a single 

solution.  The attempts are limited to ten minutes each per shape with a one-minute break 

between each different shape.  Phase two will be videotaped so I can evaluate the order in which 

you select pieces to develop your solution.  There is no punishment if you cannot find a solution 

in the designated time as well as no reward if you solve the puzzle quickly.  The total maximum 

time commitment for this research project is 80-minutes and the maximum compensation is $25 

for your time.   

 

I will be meeting with each participant individually in a classroom setting to complete Phases 1 

and 2 in one appointment starting the week of October 7th.  To participate in this research project 

you must be at least 18 years old and be willing to be videotaped.  If you are interested in 

participating in my dissertation research project please fill out your name and e-mail address on 

this sign-up sheet.  I will contact you to set-up a time to meet and will be able to answer other 

questions that you may have.  At our appointment you will be given an informed consent 

document to sign before starting the Phase 1 assessments.  There is no course extra credit for 

participating in this research project.  You have the right to end your participation at any time.  

Thank you for your time and consideration.” 
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APPENDIX B: SOMA FIGURE FORMS 

Soma Cube: A 3 x 3 x 3 form created using all seven Soma pieces (Gardner, 1958).  This is the 

most recognized of the Soma Figures with 240 known solutions. 

 

Figure B1: Orthographic and Isometric views of a Soma Cube. 
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Soma Stairs: A Soma Figure created using all seven Soma pieces that has a form of a staircase 

that ascends up then down (Gardner, 1958) with 164 known solutions. 

 

Figure B2: Orthographic and Isometric views of a Soma Staircase. 
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Soma Bathtub: A Soma Figure created using all seven Soma pieces that has a form similar to a 

bathtub with a single layer of cubes in the center of the bottom level (Gardner, 1958) and 

has 158 known solutions. 

 

Figure B3: Orthographic and Isometric views of a Soma Bathtub. 
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Soma Tunnel: A Soma Figure created using all seven Soma pieces that looks like a tunnel with a 

complete pass through in the center (Gardner, 1958).  The tunnel has 26 possible 

solutions. 

 

Figure B4: Orthographic and Isometric views of a Soma Tunnel. 
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Soma Steps: A Soma Figure created using all seven Soma pieces that ascends in one direction.  

Name of Soma Figure selected by researcher and it is known to have at least 9 solutions.  

 

Figure B5: Orthographic and Isometric views of the Soma Steps. 
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APPENDIX C: DEMOGRAPHIC DATA COLLECTION SHEET 

Study: Development of a Tactile Spatial Thinking Assessment 

 

Demographic Data 
 

Subject Number: ________________ 

 

Purpose: 

 

There have been a number of previous studies that have studied demographic data and if a 

correlation exists to spatial thinking ability levels.  The purpose of collecting this information is 

to run similar comparison studies to see if data in this research study aligns with previous 

conclusions.   

 

Gender (please circle):  Male  Female  Prefer to not answer 

 

Race (select as many as apply): 

 ___ American Indian or Alaska Native 

 ___ Asian 

 ___ Black or African American 

 ___ Native Hawaiian or Other Pacific Islander 

 ___ White 

 ___ Prefer to not answer 

 

Ethnicity (please circle):  Hispanic Non-Hispanic         Prefer to not answer 

 

Are you a 1st generation college student (please circle)?   Yes    No 

 

Year of study (please circle):  Freshman     Sophomore     Junior     Senior     Other 

 

Major (or intended major): ___________________________ 
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APPENDIX D: MENTAL ROTATION TEST 
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APPENDIX E: TINKERING SELF-EFFICACY ASSESSMENT 

Please rate your ability on the following items from 1 (strongly disagree) to 6 (strongly 

agree).  There is a 5-minute time limit to complete this the TSE Survey.  If you finish before the 

end of the 5-minute time limit, please proceed to start the next instrument (the Spatial Ability 

Self-Report Scale).   
 

                              Strongly    Strongly 

                              Disagree    Agree 
 

I can work with machines             1 2 3 4 5 6 

 

I can build machines                  1 2 3 4 5 6 

 

I can manipulate components and devices     1 2 3 4 5 6 

 

I can assemble things                  1 2 3 4 5 6 
 

I can disassemble things              1 2 3 4 5 6 
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APPENDIX F: SPATIAL ABILITY SELF-REPORT SCALE 

 
Please rate your ability on the following items from 1 (strongly disagree) to 5 (strongly agree).  There is a 10-

minute time limit to complete this the SASRS Survey.   

 
        Strongly          Strongly 

 Disagree           Neutral         Agree     

                                 

1. I can imagine the rotated versions of 3-D objects mentally   1 2 3 4 5 

 

2. I immediately notice when one of my friends makes even   1 2 3 4 5 

a small change in his or her physical appearance 

 

3. I can fold and create new shapes from a square piece of paper 1 2 3 4 5 

 

4. I immediately forget the faces of people I have met in my mind 1 2 3 4 5 

 

5. I can easily identify a 3-D shape drawn on paper   1 2 3 4 5 

 

6. If I see photographs of a building taken from different perspectives 

I can visualize this three-dimensional structure in my mind  1 2 3 4 5 

 

7. I can compose additional drawings while solving a   1 2 3 4 5 

geometry problem 

 

8. I can disintegrate a 3-D object made of cubes in my mind  1 2 3 4 5 

 

9. I can visualize the rotation of a figure drawn on paper  1 2 3 4 5 

around a certain point in my mind 

 

10. I can solve a geometry problem without making a drawing  1 2 3 4 5 

 

11. I never get lost in streets that I have travelled before  1 2 3 4 5 

 

12. I have difficulty remembering the faces that I see in photographs 1 2 3 4 5 

 

13. I can visualize the shortest route on the streets that I travel   1 2 3 4 5 

 

14. By visualizing a 3-D object in my mind, I can cut and fold   1 2 3 4 5 

closed its cardboard model 

 

15. When I want to create the shape of a fruit, vegetable or pie,  1 2 3 4 5 

I can easily imagine how I should cut 

 

16. I can find a shorter route to a location if I have been  1 2 3 4 5 

 there before  

 

17.  Looking at the street map of a region, I can find where   1 2 3 4 5 

I want to go 

 

18. I can form a 3-D object in my mind when it is presented to  1 2 3 4 5 

 me in a flattened form 
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APPENDIX G: SANTA BARBARA SENSE-OF-DIRECTION SCALE 

This questionnaire consists of several statements about your spatial and navigational abilities, preferences, and 

experiences. After each statement, you should circle a number to indicate your level of agreement with the 

statement. Circle "7" if you strongly agree that the statement applies to you, "1" if you strongly disagree, or some 

number in between if your agreement is intermediate. Circle "4" if you neither agree nor disagree. 

 

    

      Strongly            Strongly 

      Disagree            Neutral           Agree 

 

1. I am very good at giving directions.  1 2 3 4 5 6 7 

 

2. I have a poor memory for where I left things.  1 2 3 4 5 6 7 

 

3. I am very good at judging distances.   1 2 3 4 5 6 7 

 

4. My “sense of direction” is very good.   1 2 3 4 5 6 7 

 

5. I tend to think of my environment in terms of 1 2 3 4 5 6 7 

Cardinal directions (N, S, E, W). 

 

6. I very easily get lost in a new city.  1 2 3 4 5 6 7 

 

7. I enjoy reading maps.    1 2 3 4 5 6 7 

 

8. I have trouble understanding directions.  1 2 3 4 5 6 7 

 

9. I am very good at reading maps.   1 2 3 4 5 6 7 

 

10. I don’t remember routes very well while   1 2 3 4 5 6 7 

riding as a passenger in a car. 

 

11. I don’t enjoy giving directions.   1 2 3 4 5 6 7 

 

12. It’s not important to me to know where I am.  1 2 3 4 5 6 7 

 

13.  I usually let someone else do the navigational 1 2 3 4 5 6 7 

planning for long trips. 

 

14.  I can usually remember a new route after I  1 2 3 4 5 6 7 

have traveled it only once. 

 

15. I don’t have a very good “mental map” of  1 2 3 4 5 6 7 

my environment 
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APPENDIX H:  PHASE 2 SOMA FIGURE RANDOMIZATION  

Table H1: Randomization Order used for Phase 2 RCB Experimental Design. 

Fig/Sub 1001 1002 1003 1004 1005 1006 

Figure #1 Staircase Cube Staircase Steps Staircase Cube 

Figure #2 Bathtub Staircase Steps Bathtub Cube Tunnel 

Figure #3 Tunnel Bathtub Bathtub Staircase Steps Staircase 

Figure #4 Steps Steps Cube Cube Bathtub Bathtub 

Figure #5 Cube Tunnel Tunnel Tunnel Tunnel Steps 

       Fig/Sub 1007 1008 1009 1010 1011 1012 

Figure #1 Steps Steps Steps Bathtub Steps Staircase 

Figure #2 Staircase Staircase Staircase Staircase Staircase Steps 

Figure #3 Tunnel Tunnel Cube Tunnel Bathtub Bathtub 

Figure #4 Bathtub Cube Bathtub Cube Tunnel Tunnel 

Figure #5 Cube Bathtub Tunnel Steps Cube Cube 

       Fig/Sub 1013 1014 1015 1016 1017 1018 

Figure #1 Steps Cube Steps Cube Tunnel Staircase 

Figure #2 Bathtub Bathtub Cube Staircase Steps Cube 

Figure #3 Staircase Tunnel Staircase Steps Cube Steps 

Figure #4 Tunnel Steps Tunnel Bathtub Bathtub Tunnel 

Figure #5 Cube Staircase Bathtub Tunnel Staircase Bathtub 

       Fig/Sub 1019 1020 1021 1022 1023 1024 

Figure #1 Cube Cube Bathtub Cube Staircase Bathtub 

Figure #2 Tunnel Staircase Steps Bathtub Bathtub Tunnel 

Figure #3 Bathtub Bathtub Cube Steps Steps Staircase 

Figure #4 Staircase Tunnel Tunnel Tunnel Cube Cube 

Figure #5 Steps Steps Staircase Staircase Tunnel Steps 

       Fig/Sub 1025 1026 1027 1028 1029 1030 

Figure #1 Staircase Tunnel Staircase Staircase Tunnel Tunnel 

Figure #2 Bathtub Bathtub Cube Cube Bathtub Staircase 

Figure #3 Steps Steps Bathtub Bathtub Staircase Steps 

Figure #4 Tunnel Staircase Steps Tunnel Steps Cube 

Figure #5 Cube Cube Tunnel Steps Cube Bathtub 

       Fig/Sub 1031 1032 

    Figure #1 Tunnel Steps 

    Figure #2 Steps Bathtub 

    Figure #3 Bathtub Staircase 

    Figure #4 Cube Cube 

    Figure #5 Staircase Tunnel 
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APPENDIX I: PHASE 2 DATA COLLECTION SHEET 
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APPENDIX J: SPATIAL ASSESSMENT SUMMARY DATA 

Table J1: Phase 1 Psychometric Assessment Data. 
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Table J1: Phase 1 Psychometric Assessment Data (continued). 
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APPENDIX K: PHASE 1 NORMAL PROBABILITY PLOTS 

 
Figure K1: Normal Probability Plot for MRT Scores. 

 

 

 
Figure K2: Normal Probability Plot for TSE Scores. 
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Figure K3: Normal Probability Plot for SASRS Scores. 

 

 
Figure K4: Normal Probability Plot for SBSOD Scores. 
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Figure K5: Q-Q Plot for MRT Percentage. 

 

 
Figure K6: Q-Q Plot for Total Solving Time. 
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Figure K7: Q-Q Plot for Soma Cube Solving Time. 

 

 
Figure K8: Q-Q Plot for Soma Steps Solving Time. 
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Figure K9: Q-Q Plot for Soma Bathtub Solving Time. 

 

 
Figure K10: Q-Q Plot for Total Solving Time. 
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APPENDIX L: INTRINSIC AND EXTRINSIC SCORES 

The Intrinsic score is derived from the MRT and SASRS – OMSA scores and the Extrinsic Score 

from the SBSOD and SASRS – SNA scores for each subject in the Table L1. 

Table L1: Intrinsic and Extrinsic Scores for each Participant. 
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APPENDIX M: CONTENT ANALYSIS CODEBOOK 

 There are codes for the different Soma parts, notation for part transformations such as addition or 

removal, notation for part combinations, as well as some Soma shape-specific codes that may be adapted 

for future shapes. 

Soma Part Codes 

SL : Flat, short, truncated L-shaped Soma part 

L : Flat L-shaped Soma part 

T : Flat T-shaped Soma part 

Z : Flat Z-shaped Soma part 

C : Complex Corner Soma part 

Tw : Complex chiral Twist part* 

*Note: The twist parts are chiral (mirror) images of each other.  It was difficult to distinguish between the 

two parts in the video so both pieces are denoted as Tw.  

 

Part Transformation Codes 

+ : Addition of part.   

“+L” means, “addition of L-shaped Soma part”.   

“+Z+T…” translates to, “addition of Z-shaped Soma part followed by addition of T-shaped 

Soma part”. 

 

- : Removal of part.   

“-L” means, “removal of L-shaped Soma part” 

“-Tw-T…” translates to, “removal of Twist-shaped Soma part followed by removal of the T-

shaped Soma part”. 

 

~ : Immediate removal after addition or in case of Tw, removal of most recently added Tw part. 

“+L~L” means, “addition of L-shaped Soma part followed by immediate removal of the same 

part. 

“Tw + Tw ~Tw” translates to, “the removal of the second Tw part, not the first”. 

“Tw + Tw - Tw” translates to, “the removal of the first Tw part, not the second”. 

 

{+...} : Denotes the change of orientation of the same part already added to the solution attempt. 

{+L} means that “the orientation of the L-shaped Soma part that was already part of the solution 

attempt was changed with the part lifted and placed immediate back onto the attempt. 
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Part Combination Transformation Codes 

(....) : Starting combination comes from manipulations in previous attempt 

(+L+T) means the starting combination of L and T is a holdover combination from the previous 

attempt but is used in the start of a new attempt. 

 

{{...}} : The part or parts are manipulated in multiple ways before an orientation is selected for addition 

to the solution attempt 

{{+L}} means that the L-shaped part was rotated or placed in multiple orientations before a 

selection for placement was made and the attempt was continued. 

 

{{+L+Z}} means that the L-shaped Soma part in conjunction with the Z-shaped Soma part were 

put together in various combinations before placement of each part was made and the attempt 

continued.   

 

|...| : A combination of parts are added or removed together 

|+L+T| means that the L-shaped Soma part and T-shaped Soma part were added at the same time 

as a multi-part chunk 

 

|-L-T| means that the L-shaped Soma part and T-shaped Soma part were removed at the same 

time as a multi-part chunk 

 

// : End of attempt.  The parts are either complete or mostly deconstructed prior to a new attempt. 

 Sample: +T+L+SL+C+Tw// 

^ : Abandoned attempt.  An attempt is not deconstructed before the next attempt begins. 

 Sample: (+Tw+Tw+SL)+L+C-L-Tw^ 

6/7 : A “6 out of 7” solution was found in the attempt.  This means that 6 out of 7 parts were placed in 

within the correct shape boundary with one part unable to fit. 

 Sample: +SL+Z+C+Tw+L~L+Tw+{Tw}+L; 6/7 

6/7(#) : Multiple # of 6 out of 7 solutions were found in the attempt. 

 Sample: +Tw+Tw+T+C~C+SL+C+Z-Z+L//; 6/7(2) 
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Soma Shape Specific Codes 

Cube 

T : Position of T-shaped Soma piece makes the puzzle unsolvable. 

+L+T… means that the L-shaped Soma part was added followed by the addition of the T-shaped 

Soma part in an orientation not congruent with solution development. 

 

P : Any part (P) that is out of bounds of the 3x3x3 cube shape. 

+L+Z… means that the L-shaped Soma part was added followed by the addition of the Z-shaped 

Soma part in a position that is out of the bounds of the overall shape.  

 

Tunnel 

<...> : Parts are added to the left side of the structure attempt 

<<....>> : Parts are added to the right side of the structure attempt 

Sample: <+Tw+C+T>:<<+Tw+SL+Z>>+L translates to, “the Twist then Corner then T-

shaped Soma parts were added to the left side of the structure attempt followed by the addition of 

the other Twist, Short L-shaped, and Z-shaped Soma pieces to the right side of the structure 

attempt.  The L-shaped piece was added last and since the side is not denoted, it was added to the 

top of the structure bridging the right and left legs.” 

 

Steps 

‘...’ : Initial parts are added for the first one-level step 

Sample: ‘+Z+L’ translates to, “the Z-shaped Soma part and L-shaped Soma part were added to 

the attempt to form the first one-level step.” 

 

“...” : Initial parts are added for the last three-level step 

Sample: “+Z+L” translates to, “the Z-shaped Soma part and L-shaped Soma part were added to 

the attempt to form a part of the last three-level step.” 
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APPENDIX N: SAMPLE CONTENT ANALYSIS RESULTS 

 Participants had varying levels of success with the number of total attempts ranging from 

as few as 11 total to as many as 45 total between four puzzles.  Subject 1009 was able to solve all 

of the puzzles presented with four of them coded below in Table N1.  Note that many of the 

attempts are straightforward and this subject consistently started with at least one complex Soma 

part in each attempt. 

Table N1: Content Analysis Results for Participant that Solved All Four Soma Figures.  

 

 The following page shows the results of the content analysis for Subject 1020 that did not 

have any successful attempts in Table N2.  Note the many different attempts for each of the 

Soma figures presented and that while the participant did find numerous 6 out of 7 solutions, 

they were not able to make modifications to find a solution.   

 



 

 

276 

Table N2: Content Analysis Results for Participant that Solved Zero Soma Figures. 
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APPENDIX O: RANKINGS FOR NON-PARAMETRIC ANALYSES 

Table O1: Soma Figure Rankings based on Solving Time for Non-Parametric Analyses. 
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