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Abstract 

 

Introduction. Creativity is the production of the new, original, unique, and divergent prod-

ucts and ideas mediated through lateral thinking. Evidence suggests that high levels of crea-

tivity and fluency are important in the continued development of student interest, efficacy and 

ultimately career impact in the sciences.   

 

Method.  In this study, 559 randomly selected students attended an eight-month long work-

shop on science-based videogame design as a learning tool in the classroom. Students then 

designed science-based video games exemplifying learned, key, science concepts. Upon com-

pletion of the workshop, all students were given the Torrance Test of Creative Thinking to aid 

in the development of understanding of the relationship between creativity and related con-

structs.  

 

Results. The authors also explore the implications of the role of lateral thinking as a cognitive 

system mediating science learning. Results suggest a statistically significant difference exists 

between pretest and posttest outcomes and that the data confirms the suggested model for the 

role of creative, fluency and lateral thinking related to science processing.  

 

Discussion and Conclusion. Seeking to promote interest in creative support tools such as 

those in use during the design of SEGs can provide disciplinary convergence through lateral 

thinking. More specifically these result agree with results found in other studies such as 

Yamamoto & Nakakoji (2005), Chen et.al. (2007) and Spencer, Lucas & Claxton (2012), 

which suggest that there are underlying behavioral manifestations of creativity and fluency 

that impacts the science and design process via lateral thinking.  
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La interrelación de la creatividad, fluidez, pensamiento 

lateral y tecnología a la hora de diseñar Juegos Educativos 

Serios en un aula de ciencias naturales 

Resumen 

 

Introducción. La creatividad es la producción de los nuevos, originales, únicos, y divergentes 

productos e ideas mediadas a través del pensamiento lateral. La evidencia sugiere que los al-

tos niveles de creatividad y la fluidez son importantes en el desarrollo continuo de interés de 

los estudiantes, la eficacia y en última instancia, el impacto de carrera en las ciencias. 

Método. En este estudio, 559 estudiantes seleccionados al azar asistieron a un taller largo de 

ocho meses, para el diseño de videojuegos basados en la ciencia como herramienta de apren-

dizaje en el aula. Posteriormente, los estudiantes diseñan videojuegos basados en la ciencia 

que ejemplifican aprendidas, conceptos clave de la ciencia. Al finalizar el taller, todos los 

estudiantes se les dió la prueba de Pensamiento Creativo de Torrance para ayudar en el desa-

rrollo de la comprensión de la relación entre la creatividad y las construcciones relacionadas. 

Resultados. Los autores también explorar las implicaciones de la función del pensamiento 

lateral como un sistema cognitiva media en el aprendizaje de las ciencias. Los resultados su-

gieren que existe una diferencia estadísticamente significativa entre el pre-test y post-test y los 

resultados que los datos confirman el modelo sugerido por el papel de la creatividad, la flui-

dez y el pensamiento lateral en relación con el procesamiento de la ciencia. 

Discusión y conclusión. Tratando de promover el interés en las herramientas de apoyo creati-

vas tales como los que se utilizan durante el diseño de SEGs puede proporcionar convergencia 

disciplinaria a través del pensamiento lateral. Más específicamente estos resultados están de 

acuerdo con los resultados encontrados en otros estudios como Ya-mamoto y Nakakoji 

(2005), Chen et al (2007) y Spencer, Lucas & Claxton (2012), que sugieren que hay manifes-

taciones conductuales subyacentes de la creatividad y la fluidez que afecta el proceso de la 

ciencia y el diseño a través de pensamiento lateral. 

Palabras clave: Pensamiento lateral, cognición, enseñanza de la ciencia, neuropsicología 

educativa. 
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Introduction 

 

Students within the United States struggle to maintain adequate position within the contexts 

of international testing and competitions in both mathematics and science (Chow, 2012). In 

addition, there is considerable pressure to promote creativity and fluency as a means to devel-

op the next generation of technological and scientific innovations within government agencies 

and companies. For example, the National Science Foundation, Intel, Microsoft, and Google 

all engage in competitive funding awards specifically identifying creativity as a goal. Other 

organizations also routinely offer contests promoting large awards for innovation and creative 

applications of science (Adams, Turns & Atman, 2003; Wilson, Vyakarnam, Volkmann, 

Mariotti & Rabuzzi, 2009). However, more recently awards for large national grants have 

fallen to less than 5% of proposals submitted. In this context of increased competition many 

educators and researchers are at a loss to explain how these important traits (creativity and 

fluency) integrate with science as part of the science classroom and as a whole (Anwar, 

Rasool & Haq, 2012). It is of note that an important facet of the Nature of Science is the in-

clusion of creativity as a beneficial mechanism in science endeavors (Haigh, 2013, McComas, 

2012; Urhahne, Kremer, & Mayer, 2011; Holliday & Lederman, 2013).  

 

 The purpose of this paper is to outline the role of creativity and fluency in science and 

the science classroom as a function of the cognitive processing system associated with lateral 

thinking. Consideration of the seriousness of the need to understand creativity and its related 

constructs thusly demands further research by the science education community into the rela-

tionships and functions of this complex construct. Research on creativity, its role in science, 

and the use of creativity support tools in the classroom are in its infancy (Shneiderman et.al. 

2008). In this paper, several operational definitions are used; the first creativity support tools 

are the tools that aid in the development of creativity associated cognitive systems and related 

constructs (Myers, Hudson & Pausch, 2000). The authors of the study define creativity as the 

production of the new, original, unique and divergent products, and ideas mediated through 

the cognitive system known as lateral thinking (Andreasen & Ramchandran, 2012; Crutch-

field, 1962; Gotz, 1981; Thorstuon, 1952; Torrance, 1970). The authors of the study define 

fluency as the number and flexibility of the ideas and approaches used to accomplish a task or 

solve a problem as mediated through lateral thinking (Almeida, Prieto, Ferrando, Oliveria & 

Ferrandiz, 2008; Resnick, Berg & Eisenberg, 2000; Torrance, 1970). Lateral thinking is a 
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cognitive system responsible for the integration of disparate outputs from preceding cognitive 

attributes and the inputs from the environment. Evidence suggests that high levels of creativi-

ty and fluency are important in the continued development of student interest, efficacy, and 

ultimately impact career selection (Ray & Smith, 2010). Thus, in order to make use of creativ-

ity and fluency, one must first know their relationship to other constructs and provide for their 

measurement.  

 

Theoretical Framework 

The development of the proposed model suggested in this paper arises out of the connectionist 

biological framework. Within this this framework, the mind is a product of the brain arising 

from the interconnection of neurons in the form of cognitive systems. As the individual 

moves through and interacts with their environment, continuous data streams are processed by 

cognitive systems. The functional processing component of the cognitive system is the cogni-

tive attribute. Some examples of cognitive attributes include lateral thinking, critical reason-

ing, retrieval, and parity judgment. Within these interactions, the modularity of the mind and 

brain allows these systems known as cognitive attributes to engage in information processing 

using selected data channels (Zylberberg, Slezak, Roelfsema, Dehaene, & Sigman, 2010; 

Lamb, 2013; Lamb, 2014; Lamb & Annetta, 2012; Lamb & Annetta, 2009). It is in this pro-

cessing of information that the innate releasing mechanisms trigger quantifies component 

parts of fixed behaviors when suitable antecedent stimulations are present (Arciniegas, 2013). 

Within human cognition, thought, behavior, and affect arise from the complex structured se-

quences and fragments assembling to achieve goals, such as completing a task in a science 

classroom (Duncan, 2013). 

 

Review of the Literature 

Recent research in cognitive neuropsychology has identified and traced distinct neural sys-

tems involved in higher brain functions used for the generation of new ideas and problem 

solving strategies (Vartanian, Bristol, & Kaufman, 2013; Atkins, & Adolphs, 2011). Current 

conceptualization of these cognitive systems arises as a hierarchical framework with multiple 

cognitive attributes acting as data processing systems (Lamb, 2013). Two examples of these 

systems are the disintegrative system of critical thinking (Halpern, 1998; Goodchild & 

Janelle, 2010) and the integrative system of lateral thinking (Deininger, Loudon, & Norman, 

2012; Tseng & Lin, 2012). Lamb, Annetta, Vallett, & Sadler (2014) have developed a compu-

tational model examining these cognitive systems using artificial neural networks (ANNs) to 
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simulate systemic interactions between the attributes. The current computational model of 

student cognition using ANNs is the Student Task and Cognition Model (STAC-M) (Lamb, 

Vallett, Akmal, & Baldwin, 2014). The importance of these systemic interactions is evident in 

the number of species within the animal kingdom using complex cognitive systems to interact 

and manipulate their environments (Boysen & Capaldi, 2014; Camazine, 2003). Due to the 

large numbers of species making use of integrative and disintegrative cognitive systems it 

follows that evolutionary pressures place great emphasis on the development and integration 

of these multiple cognitive systems as a means to survive. One particular integrative neural 

system is that of creativity, lateral thinking, and fluency (Benedek, Jauk, Fink, Koschutnig, 

Reishofer, Ebner, & Neubauer, 2014).  

 

Creativity 

A growing interest in creativity and other affective measures has accompanied the rise of the 

alternative-assessment measurement movement in the STEM domain (Lamb, Annetta, Mel-

drum, & Vallett, 2011; Lamb, & Annetta, 2012, Lamb, Vallett, & Annetta, 2014). This devel-

opment arises out concerns from the endpoints of the STEM pipeline and other stakeholders 

(business and government) that students are not developing the ability to make the intuitive 

leaps often associated with creativity (Kaufman, Plucker & Russell, 2012). The ability to 

measure and effect creativity in relation to science will allow educators to target interventions 

that assist in the development and understanding of the role of this important construct. Crea-

tivity in the form of lateral thinking is a foundational aspect of human information processing. 

Creativity, involves two defining characteristics; the first is the ability to develop novel works 

or processes and the second is that the work is adaptive within the task constraints as diver-

gent functions (Amabile, 1983; Sawyer, 2011). While there is literature within the education 

field linking creativity to student outcomes there is little discussing the underlying cognitive 

systems and processing occurring during student science-task completion. In other words, 

there seems to be some consensus that creativity is important to science but educators and 

researchers are not sure of the linkage between science information processing and the under-

lying cognitive systems associated with creativity. One proposed linkage between science 

processing and creativity is through the cognitive architecture associated with lateral thinking 

(Ellamil, Dobson, Beeman, & Christoff, 2012).   
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Lateral Thinking 

At this point, it becomes important to address the difference between creativity and lateral 

thinking. Within this study, the authors identify creativity as the product based (behavioral) 

output of a cognitive system in this case the cognitive system of lateral thinking. The counter-

point to lateral thinking as an integrative system is that of critical reasoning as a disintegrative 

system. Educators define critical reasoning or logical reasoning as the formation of conclu-

sions, inferences, or judgments based upon stimulus input (Simmons, 2010). Science educa-

tors suggest that critical reasoning is a key or even the key attribute used in the science learn-

ing process (Bond, Philo, & Shipton, 2011). However, this narrow view of student cognition 

ignores the nonlinear dynamic systems associated with student science learning. Taken as a 

system critical reasoning alone does not sufficiently explain student processing of science 

information in the classroom. Critical reasoning as a cognitive system is a disintegrative in-

formation parsing cognitive attribute (Baillargeon, Li, Gertner, & Wu, 2011). Within this 

cognitive system, an integrative data processing attribute is required to complete the infor-

mation processing and ultimately make sense of the input from the environment (Crowder, 

Carbone, & Friess, 2014). Researchers using imaging studies have identified lateral thinking 

as this integrative cognitive system. This cognitive system centers in the ventromedial and 

dorsolateral aspects of the prefrontal subcortex (Roy, Chohamy, & Wagner, 2012). These 

portions of the brain provide the infrastructure to integrate disparate (parsed by critical think-

ing) data streams by providing a buffer to hold information within the mind and order the data 

streams in place and time (Dietrich, 2003). The integrative aspect of lateral thinking manifests 

itself behaviorally as creativity (Christoff, Gordon, Smith, & Vancouver, 2011). Studies ex-

amining subjects that have sustained ventromedial prefrontal cortex damage show there is a 

deficit in the ability to integrate multiple data streams and are unable to provide novel and 

adaptive responses to tasks and situations (Kurzban, Duckworth, Kable, & Myers, 2013). In 

other words, they lack creativity. Integration of multiple data streams provides a means to 

explain individual differences identified in creative thought. These individual differences 

arise from the recruitment of multiple cognitive attributes as a system to integrate multiple 

data streams (Gramann, Gwin, Ferris, Oie, Jung, Lin, & Makeig, 2011). Neuroscience data 

strongly supports the notion that the prefrontal cortex is the structural component acting to 

pull and superimpose relevant information from long-term storage and environmental stimu-

lus and move it to the working memory buffer then to prefrontal sub cortex for processing 

(Morcom, Bullmon, Huppert, Lennox, Praseedom, Linnington, & Fletcher, 2010). It is the 

superimposition of one form of information on another that is the integrative effect (Brockner 
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& Wiesenfeld, 1996). It is at this point that it becomes possible for the insertion of previous 

science content knowledge among other forms of knowledge to solve science-based tasks 

again seen behaviorally as creativity.  

 

General Fluency 

Fluency within the Torrance Test of Creativity is a measure of the number of attempts the 

subject makes in an attempt to produce an outcome (Onarheim & Friis-Olivarius, 2013). 

Within this view fluency is a sufficient condition for the manifestation of creativity (Meyer & 

Lederman, 2013). Understanding the interrelationship of sufficient and necessary logic, there 

is considerable debate in education as to the role and importance of fluency in the Torrance 

Test of Creative Thinking (Surkova, 2012). Researchers have been unable to reconcile the 

role of fluency within the construct of creativity. This in part seems due to the treatment of 

fluency in connection to creativity as behavioral outcome and not lateral thinking as a cogni-

tive process. Examination of this seemingly irreconcilable aspect of the Torrance creativity 

framework one could posit that that the field of education reexamines the idea of fluency from 

a different perspective. Within this novel (neuropsychological) framework, fluency could be 

examined as the number of superimpositions and combinations that the individual is able to 

make when processing data streams within the lateral thinking cognitive architecture (Barres, 

Simmons, & Arbib, 2013). Theses superimpositions occur at an approximate average rate of 

89 impositions per second with many of superimpositions occurring subconsciously as the 

data stream interacts with the cognitive attributes and systems (Myers, 1995). Outwardly or 

behaviorally, these key superimpositions manifest as an outward attempt the subject makes 

toward task completion. The more superimpositions and combinations of data streams the 

subject uses the more likely the output will be novel and develop the “creative” jumps seen 

within novel approaches in science. Given the latent nature of the data stream processing it 

becomes difficult within the Torrance framework to ascertain the difference between multiple 

superimpositions of data suggesting the Torrance Test does not fully account for the signifi-

cant aspects of creativity. 

 

Rationale 

With the renewed emphasis on creativity as an aspect of the Nature of Science.The inclusion 

of such goals in national curricular standards including the Next Generation Science Stand-

ards and the Common Core standards on mathematical modeling, a study of potential means 

to foster creativity and fluency in the STEM classroom is needed (Achieve, Inc., 2013; Com-
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mon Core Standards Initiative, 2014). This is particularly apparent given the aforementioned 

corporate emphasis on innovation (Adams, Turns & Atman, 2003; Wilson, Vyakarnam, 

Volkmann, Mariotti & Rabuzzi, 2009) 

 

Purpose, Research Questions, and Hypothesis 

The purpose of this study is to establish the relationship between creativity, general fluency, 

and lateral thinking in relation to science information processing. A secondary purpose of this 

paper is to lay foundational work for the inclusion of lateral thinking as an integrative cogni-

tive attribute. The research questions and associated hypothesis addressed within this study 

are: 

Research Question 1 (RQ1): What is the relationship between creativity, general flu-

ency, and lateral thinking? 

Research Question 2 (RQ2): What is the role of lateral thinking in relation to science 

learning? 

Research Question 3 (RQ3): Does the use of science based SEGs improve creativity 

behaviors as exhibited on the Torrance Test of Creative Thinking?  

 

Consideration of the research questions results in the following hypothesizes:  

Hypothesis 1 (H1): using suitable data and theoretical framing, it is possible to estab-

lish a relationship between creativity, lateral thinking, and fluency.  

Establishing the relationship between these constructs will allow for examination of the com-

plex cognitive and behavioral processes seen within the science classroom. 

Hypothesis 2 (H2): lateral thinking acts as the integrative cognitive attribute (system) 

allowing for the gains seen within science learning due to creativity. 

 

The hypothesis that lateral thinking acts as an integrative cognitive attribute would support 

the current cognitive computational models STAC-M (Lamb, Vallett, Akmal, & Baldwin, 

2014). More importantly, conformation of this hypothesis would provide evidence for the data 

channel view of cognition and situate the cognitive attributes critical reasoning and lateral 

thinking as core data processing components of the cognitive systems related to science in-

formation processing. Substantiation of these hypotheses would suggest that lateral thinking is 

an important counterpoint to critical thinking and not just an interesting aspect of science in-

formation processing. Lateral thinking is a necessary component with important implications 

for educators in the science classroom.  
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Method 

 

Participants 

The authors obtained data from 559 randomly selected high school students (grades 10-12) 

from two different high schools in the Mid-Atlantic and southeastern regions of the United 

States. Researchers collected data during workshops attended by the students over an eight-

month period. Workshop participants engaged in the development -through the Design Pro-

cess- of Science based Serious Educational Games (SEG) (Author, 2008) using a personal 

computer platform. The intent of the intervention was to provide increased outcomes in affect, 

content knowledge, and cognitive targets through the design and development of the SEGs. 

Key cognitive targets identified in the project are visuospatial orientation, mental rotation, 

creativity (suggested as a proxy for lateral thinking) and other cognitive attributes identified 

by the authors through cognitive diagnostics as developed by Lamb et. al. (2014). A majority 

of the students (309) reported being minority ethnicity with the remainder of the study partic-

ipants listing Caucasian as their ethnic identifier. Table 1 provides an overview of the demo-

graphic data. 

 

Table 1. Demographic characteristics of study participants. 

Characteristic Group Intervention  Comparison Percentage N 

Gender Male 160 140 53.8 300 

Female 143 116 46.2 259 

Age 14 2 3 1.0 5 

15 110 98 37.2 208 

16 118 147 47.4 265 

17 40 32 12.8 72 

18 2 7 1.3 9 

Ethnicity African American 41 38 14.1 79 

American Indian 2 4 1.3 6 

Asian 21 22 7.7 43 

White 172 157 58.9 329 

Hispanic 37 21 10.3 58 

Multi-racial 27 17 7.7 44 

Grade 10 5 2 1.3 7 

11 89 54 25.6 143 

12 234 175 73.1 409 

Total  303 256 100.0% 559 
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Instrumentation  

The Torrance Test of Creative Thinking (TTCT) (original α=.76) was developed in 1966 and 

re-normed multi-times in an effort to understand and measure the construct of creativity. Psy-

chologists recognize two versions of the tests -the figural and the verbal- as the premier 

means to establish scores for creativity. This recognition is primarily due to the standardized 

nature of the test administration and scoring. The scoring of the test makes the test particular-

ly useful for establishing creativity as a scaled, comparative, and normed measure. Results of 

the study of creativity by the author (Torrance, 1970) have identified the construct (creativity) 

as latent and multifaceted. The Torrance test consists of five norm-referenced subscales, Flu-

ency (labeled specific fluency in this paper), Originality, Abstractness of Titles, Elaboration 

and Resistance to Premature Closure. Torrance (1974) has discouraged the use of composite 

scores for the TTCT as they are misleading and each subscale acts semi-independently not 

making it viable to analyze using IRT models such as Rasch (Lamb et. al., 2014). 

 

Student Content Measures 

 The science content assessment consisted of 25 multiple-choice questions (Rasch Re-

liability = .84, Infit = .97, Outfit = 1.45) developed by the authors. The authors also examined 

validity of the content through alignment with the Next Generation Science Standards. The 

author specifically aligned the measure with the Performance Expectations around HS-ESS3-

1 Construct an explanation based upon evidence for how the availability of natural resources , 

occurrence of natural hazards, and changes in climate have influenced human activity. Three 

expert raters with backgrounds in science education examined the instrument for alignment 

and suitability of the question to the construct. Calculation of the construct validity (and 

qualitative item fit) coefficient is achieved using the equation d=ID A-D. Analysis of 

agreement shows 23 items having a strong relevance to the content standard and 2 items ex-

hibited mixed relevance (weak and strong) to the standard. This percentage corresponds to a 

construct validity coefficient of 0.92. This level of construct relevance is adequate for a con-

tent measure as the accepted cutoff score of an affective measure is a construct validity coef-

ficient of 0.80. The remaining items show a mixed relevance (i.e. one reviewer rated the item 

as strongly relevant and one reviewer rated the same item as weakly relevant or both review-

ers rated the item as weakly relevant). 
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Procedure and design 

Study respondents completed an eight-month workshop on science-based videogame design 

and development as a learning tool in the science classroom. The study design is a pretest-

posttest comparison design. At the onset of the workshop, each participant answered pretest 

questions using the Torrance Test of Creative Thinking (TTCT) and on a test of science con-

tent knowledge related to topics ultimately taught in the classroom. Over the span of eight 

months, the subjects designed science-based video games exemplifying key science concepts 

in alternative energy they had learned during the workshop and during their classroom in-

struction. Upon completion of the workshop all students took the posttest TTCT and test of 

content knowledge. The pretest-posttest measurement in these areas established changes in 

creativity, fluency, and science content knowledge resulting from the integration of concepts 

used during videogame design in the science classroom. All students worked individually to 

answer survey and test questions online and did not validate answers with each other. The 

total time between pretest and posttest administration was eight-months in an effort to miti-

gate carry-over effects. Table 2 provides an overview of the study design.  

 

Table 2. Study Design. 

Treatment  

Condition 

Group Label Pretest Treatment Posttest 

Experimental E O1 X O2 

Comparison C O1 - O2 

 

 

Data Analysis  

 The authors developed a Structural Equation Model (SEM) using Mplus to determine 

whether group and mean differences exist post intervention and the relationship between the 

construct of creativity, fluency, and science knowledge processing. Each of the analyses in 

combination not only provides evidence of the changes in the measured constructs due to the 

intervention but also establishes the role of each construct in relation to each other. This pro-

vides evidence for the role and place of lateral thinking system. A Multiple Indicator Multiple 

Cause Structural Equation Modeling (MIMIC SEM) approach was used for the development 

of a proposed model of the interaction between creativity, lateral thinking, science knowledge 

processing, and the intervention. A second-order MIMIC SEM is a general approach to multi-

variate data analysis in which the purpose is to study the complex, causal, relationships 
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among unobserved variables. The primary advantages of SEM over traditional multiple re-

gression are; (a) more flexibility in the assumptions, (b) the use of confirmatory factor analy-

sis to reduce measurement error, (c) test of multiple dependent variables, (d) measures direct 

and indirect effects including error and (e) provides superior results with missing, time-series, 

autocorrected and non-normal data (Ruo, Baker, Thompson, Murray, Huber & Sudano, 2008). 

 

Results 

 

Results of the study provide evidence for the presence of general latent factor identified as 

lateral thinking. In addition, the results also provide evidence that there is significant change 

in student science knowledge and creativity scores. A secondary outcome based upon the re-

sults of analysis of the structural equation model suggests the presence of general latent factor 

lateral thinking.  

 

Analysis of variance results  

The ANOVA F-test results demonstrate that the TTCT is invariant across the factors of grade, 

gender, age and ethnicity (Almeida, 2008). Examination of internal consistency and reliability 

of the TTCT for this sample is .85. This level of internal consistency and reliability is ade-

quate. Table 3 illustrates mean comparisons results. Further examination Table 3 illustrates 

statistically significant differences on the main effects of intervention gain score, and group-

ing comparison versus intervention. 

 

Table 3. Summary of Comparisons 

Factor Score Type df F-

Ratio 

p-

value 

Effect 

Size 

Effect Size 

Interpretation 

Comparison (C) Gain Score 1,558 1.52 .218 None NS 

Intervention (I) Gain Score 1,558 6.14 .014 .210 Moderate 

Group (C vs. I) Posttest Score 1,558 5.41 .020 .197 Moderate 

Grade Gain Score 2,558 2.47 .086 None NS 

Gender Gain Score 1,558 1.78 .183 None NS 

Age Gain Score 4,558 2.10 .079 None NS 

Ethnicity Gain Score 5,558 1.47 .204 None NS 

 

 

Multiple Indicators Multiple Causes Structural Equation Model Results 

Structural equation model analysis of the Torrance Test for Creative Thinking illustrates that 

the data has excellent model fit, X
2
(3) =1.70, p=0.064, RMSEA=0.001 CI 90% = [0.001, 
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0.008], CFI = 0.97, TLI=0.91 (Hu & Bentler, 1999; Steiger, 1990). The authors of the student 

calculated the measure reliability using the latent trait reliability method because this method 

does not have the limitations associated with Cronbach’s alpha as used in the original valida-

tion study (Dimitrov, 2012). Measurement reliability is calculated at .85, this level of internal 

consistency is considered good for this measure (Raykov, 2004). The resulting model is over-

identified suggesting there are other rival models which the researcher can examine. Howev-

er, examination of rival models shown in Table 4 via log-likelihood, AIC and BIC suggests 

that the proposed model is the most parsimonious of the models. 

 

Table 4. Model Comparisons 

Estimate Model 1 (Pro-

posed) 

Model 2 (Ri-

val 1) 

Model 3 (Rival 2) 

log-likelihood -322.489 -242.47 -131.27 

AIC 1.298 .986 .826 

BIC -2449.90 -2597.51 -3211.01 

 

 

Model 

Item Parceling. Item parcels differ from subscales or scale scores in that the entire set of item 

parcels reflect a single latent construct (Cattell, 1956). Item parcels are preferred in this analy-

sis as indicators as they are often more reliable indicators and more normally distributed. 

Scores of the item parcels are also often more continuous in nature; in addition, they require a 

smaller sample and avoids the problem of less than three indicators per construct in the con-

firmatory component of the SEM. The use of item parceling also increase the resolution of 

second order constructs within a SEM (March, Morin, Parker, & Kaur, 2013).The resulting 

confirmatory second order model establishes the presence of three latent traits, Creativity and 

General Fluency, significantly covarying (ξ=.54) with each other and with the construct of 

Lateral Thinking (λ Creativity =.74, λ General Fluency=.97). Significant factors contributing to the 

latent trait of creativity are originality (λ=.60), elaboration (λ=.81) and resistance to closure 

(λ=.80). The latent trait of general fluency consists of the specific fluency factor (λ=.61) and 

an abstraction factor (λ=.51). The factors of originality and specific fluency significantly cor-

relate (ϕ=.49). Test type acts as a significant exogenous variable on the latent endogenous 

variables creativity (ϒ =.60) and fluency (ϒ =.21). Additionally, the examination of the test 

type connecting to Science Knowledge Processing is statistically significant indicating differ-

ences between the pretest and posttest for knowledge processing within the intervention 

group.   
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 The authors did not include residual variance of error for the latent variable and items 

for clarity purposes. The residual variance of errors for each item and variable range from Θ= 

.20 to Θ= .35. Tests for measurement and structural invariance across the model suggest that 

the measured items meet the assumptions of invariance of factor loadings. Figure 1 illustrates 

the confirmatory model of the relationship between creativity, lateral thing, science 

knowledge processing, and general fluency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Confirmatory model of creativity, lateral thinking, and general fluency 

 

 

 The structural coefficient with the path from “TEST TYPE” to creativity (.60) and 

general fluency (.21) is statistically significant thus indicating that the two groups pretest and 

posttest differ on the latent constructs of creativity and general fluency. Given the group cod-

ing 0=pretest and 1=posttest the positive loading suggest that the posttest group resulted in 

higher scores by an amount of 10.62 points for creativity and 2.46 points for fluency. Due to 

the significant intercorrelation coefficient between creativity and general fluency, a second 

order latent trait (Lateral Thinking) is justified. After the addition of the lateral thinking medi-

ator to the model no significant change in model fit was observed (ΔX
2
 (4) =0.24, p=0.12). 

The study authors also suggest the interface between science learning and creativity occurs 

through the mediation of lateral thinking as identified by the dotted line for clarity.  

 

X2 X3 X5 X1 X4 

Creativity General 
Fluency 

Test Type 
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1=Post 

.60 .81 .80 
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Discussion 

 

Answering Research Question 1, what is the relationship between creativity, general fluency, 

and lateral thinking? The model (figure 1) resulting from the current data is consistent with 

models of creativity as discussed in the literature with the addition of evidence of lateral 

thinking as an integrative cognitive system acting as a second order construct. This model 

outlines the relationships between the constructs. The addition of lateral thinking as a second 

order integrative cognitive system answers research question 2; what is the role of lateral 

thinking in relation to science learning? This model and the resulting evidence is suggestive 

of lateral thinking as an integrative system. In addition, the current theoretical model devel-

oped by the study authors accounts for the role of fluency as a cognitive covariate to creativity 

and lateral thinking as an integrator of science information processing related to both fluency 

and creativity. The cognitive architecture in lateral thinking fulfills the integrative need within 

the processing of science and other information data stream arising from information pro-

cessing. This view arises with the understanding that creativity and fluency are the outward 

behavioral manifestations of the cognitive systems associated with the lateral thinking. The 

specific cognitive architecture of lateral thinking that supports integration is associated with 

the frontal lobe. While this area of the brain does not receive direct sensory input nor store 

long term memory it is responsible for the integration or processed information from other a 

disintegrative cognitive systems consisting of attributes as proposed by Lamb et. al., (2013 

and 2014). Some examples of the attributes specifically suggested by authors are critical 

thinking, parity judgment, and retrieval. Other aspects of this cognitive architecture allow for 

the integration of information in temporal and spatial order within the data channel view of 

cognition.  

 Results of the TTCT post interventions suggest that the use and design of science 

based Serious Educational Games as part of a larger science curriculum initiative provides 

increases in creativity and more interestingly fluency answering Research Question 3, does 

the use of science based SEGs improve creativity behaviors as exhibited on the Torrance Test 

of Creative Thinking? These results are expected in this study when one considers lateral 

thinking as an integrative cognitive system. SEG design and play is inherently requires the 

integration and organization of information streams spatially and temporally (Drachen & Ca-

nossa, 2011). Within this context, a mechanism of action for the gains seen within the study 

would reasonably be that through repeated stimulation of the lateral thinking cognitive sys-
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tems and attributes, the players are undergoing attributional retraining through game play and 

design. Attributional retraining will result in increased fluency as seen in this study. As a be-

havioral outcome, the increase in fluency (superimpositions of data streams) will result in 

increased attempts in a low failure with the accompanying affective states. These affective 

states and low impact environment provided by a virtual learning environment encourage in-

creased persistence in superimposition (Lamb, et. al., 2013). The virtual environment will also 

increase the provision of superimpositions of knowledge constructs during the attempt to 

solve science-based tasks as the task can be presented as often as the student needs to stimu-

late superimposition attempts.  

 

Implications for Practitioners 

Proposed creativity support tools such as SEGs within the science classroom are meant to 

serve individuals as they grapple with ill-structured problems across curriculum disciplines. 

Convergence of the cross curriculum approach found in the intervention provides a mean to 

bridge the design processes to that of creativity and fluency with the processes of “doing sci-

ence” via lateral thinking. This bridging action provides a means to target interventions and in 

turn has increased interest in creativity for members of the school community. The sets of 

design principles or patterns can be stimulated and developed as means to modify interact and 

engage in much of the learning process. As the creative composition in the form of the design 

and development of Serious Educational Games, progresses these results suggest that the way 

tools and representations are presented in the intervention can strongly effect lateral thinking 

and the promotion of creativity and fluency due to dissonance in superimposition. In this way, 

the use of attribution retaining via lateral thinking processes occurring during the design and 

development of the Serious Educational Games provides and explanatory mechanism for the 

shift in creativity from pretest to posttest. 

  

 Academic domains such as those associated with STEM learning receive considerable 

attention and funding, however, current models within the STEM classroom provide for a 

one-size fits all learning environment. While there is considerable effort put forward by prac-

titioners to target interventions and instruction, it is sometimes difficult for the practitioner to 

identify, the role of affective traits and cognitive attributes impact on behaviors such as crea-

tivity and fluency. This lack of identification may be due to overdependence on grade-based 

data as there is often little else for the teacher to use to train behaviors associated with the 

manifestation of creativity and fluency. The use of creativity tools such as the design and de-
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velopment of SEGs appears to increase the ability of students to make leaps of intuition. This 

model offers a glimpse of the important role that factors such as fluency and creativity play in 

the design process and by extension the science learning process. 

  

 The role of fluency is much more difficult to explain. The inclusion of fluency seems 

to identify it as a means to aid in the development of the design process. Just as fluency in the 

language means, much more than knowing the structure and rules of language, fluency in sci-

ence (design) helps the individual to state the importance of tools and aid in the development 

of new ways of thinking through superimpositions. This may result from the increase in the 

number of attempts to solve the problems resulting in novel approaches. 

 

Conclusion 

Seeking to promote interest in creative support tools such as those in use during the design of 

SEGs can provide disciplinary convergence through lateral thinking. More specifically these 

result agree with results found in other studies such as Yamamoto & Nakakoji (2005), Chen 

et.al. (2007 ) and Spencer, Lucas & Claxton (2012), which suggest that there are underlying 

behavioral manifestations of creativity and fluency that impacts the science and design pro-

cess via lateral thinking. This result is expected, as the current model in this paper and other 

models of creativity and fluency within the academic forum have shown that creativity pro-

vides a means to develop novel outcomes and can lead to leaps of intuition. Training creativi-

ty and fluency via lateral thinking with targeted interventions at critical times may help to 

rebuild the current deficit in innovation.  
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