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Introduction: Teacher attitudes (Att) toward STEM—Science, Technology, Engineering, and Mathematics—education is decisive for its successful integration into contemporary curricula. On the other hand, teachers’ readiness for STEM influences their attitudes and controls their behavior in everyday practice.

Methods: In this study, the four dimensions of readiness for STEM, i.e., affective conditions (Affe), cognitive preparedness (Cogn), self-efficacy (SEff), and STEM commitment (Com), measured via the TRi-STEM scale, were tested as predictors of attitudes using non-linear models. Data were taken from teachers (N = 494) who completed the TRi-STEM questionnaire and the attitudes towards STEM scale for measuring attitudes. Catastrophe theory was applied, and three cusp models, superior to the linear and logistic counterparts, were proposed predicting attitudes (Att) as a function of combinations of Cogn, SEff, Com, and Affe.

Results: The three models are as follows: Cusp 1 with (Cogn – Affe) as asymmetry and (Cogn + Affe) as bifurcation factors; Cusp 2 with (Com – Affe) as asymmetry and (Com + Affe) as bifurcation factors, and Cusp 3 with (SEff – Affe) as asymmetry and (SEff + Affe) as bifurcation factors. The findings showed that affective conditions involved in a dynamic interplay with other independent variables could lead to sudden and abrupt changes in Att.

Discussion: The empirical evidence for non-linear effects in teacher attitudes (Att) toward STEM informs theory development and practice by supporting the complexity and dynamical system framework as a more realistic premise to describe and interpret potentially occurring phenomena of teachers’ behavior in the context of STEM education.
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1 Introduction

The benefits of STEM education have been highly acknowledged, and curricula designers attempt to incorporate it into regular school practice. STEM facilitates student-centered approaches, which enhance collaboration, creativity, and critical thinking and support activities that integrate inquiry-based learning methods (Breiner et al., 2012; Bustamante et al., 2020; Dare et al., 2021). Thus, ministries of education and stakeholders express a focal interest in integrating STEM into school programs, which is considered a social investment consistent with their mission to produce exceptional human capital and improve education systems.

It is more than a simple trend; the worldwide shift in education that is observed in the international literature attempts to elucidate the way that STEM could be introduced in the basic training of contemporary and future citizens (Kearney et al., 2015; Thomas and Watters, 2015; Kelley and Knowles, 2016; Rifandi and Rahmi, 2019). The current interest in STEM education has also been affected by findings that emerged from international exams, e.g., the Program for International Student Assessment (PISA), which revealed the statuses of students’ cognitive development regarding their achievement in sciences, and this provided a guide for reconsidering curricula and teaching methods (OECD, 2019; Kayan-Fadlelmula et al., 2022).

When it comes to realizing such a mission and implementing STEM in practice, it became apparent that teachers are critical for succeeding in this reform, especially their attitudes, which drive facilitating or inhibiting behaviors.

Attitudes express the feeling, the negative/ positive state of mind, or the ultimately mental position regarding STEM that is expected to drive and explain the behavioral aspects of this matter. The accomplishment of STEM implementation vitally relies on teachers’ positive attitude to move outside of their fields of expertise and be involved in integrating novel ideas into science and math curricula (Al Salami et al., 2017; Chai et al., 2019, 2020). Thus, teachers’ attitudes are strictly linked to their work since they are associated with psychological factors involved in self-regulation and teaching practices. Attitudes can push forward or inhibit the right conditions for STEM development (Thibaut et al., 2018).

Obviously, the teachers’ sufficient preparation is a promising factor, and because of its multifaceted character, scholars in this field introduced the notion of readiness that has been proven valuable and adept in carrying out research and exploring the processes in question (Abdullah et al., 2017; Papagiannopoulou et al., 2023).

In the STEM teaching and learning process, readiness is a crucial, multivariate construct, decedent to the formative attitudes that ultimately determine behavior. From a psychometric point of view, it comprises four dimensions: affective conditions (Affe), cognitive preparedness (Cogn), self-efficacy (SEff), and STEM commitment (Com), measured via the TRi-STEM scale (Papagiannopoulou et al., 2023). Teacher readiness of cognitive aspects, or cognitive readiness, is defined as an organized process along with its resultant state that involves issues related to a number of skills and mental capabilities, such as adaptability, situational awareness, metacognitive strategies, critical thinking, decision-making, problem-solving skills, creativity, resilience, and interpersonal skills (O’Neil et al., 2014). Cognitive aspects are linearly correlated with positive attitudes, and therefore, to implement a new STEM curriculum, teachers, to some degree, must possess the above assets and be able to handle the new challenges effectively (Abdullah et al., 2016, 2017). The dimension of self-efficacy (SEff) is an essential factor associated with one’s perceptions of their capacities, determining the outcomes because it is related to how much effort one will put into action, how persistent one will be, and how hard one will work to get over resulting difficulties (Bandura, 1977; Lazaro et al., 2019). Teachers’ self-efficacy is usually accompanied by positive attitudes and correlates with behaviors contributing to high-quality and effective teaching (Zee and Koomen, 2016). The third dimension, commitment (Com), is related to one’s willingness to acquire new teaching techniques and further declare a dedication to work (Coladarci, 1992; Hoy and Spero, 2005), regardless of the potential problems.

The fourth and most crucial aspect of readiness is the affective dimension, which determines how emotions may impact one’s ability to complete their responsibilities (Su et al., 2022). Affective readiness can be distinguished as positive, neutral, or negative; however, from a measurement perspective, it can be assessed on a quantitative scale. Emotions such as joy and enthusiasm are positive, while boredom, anxiety, disappointment, worries, and stress are placed on the negative side. Neutral affect denotes indifference, unresponsiveness, and no emotions regarding STEM (Pi et al., 2022).

Note that research in psychology has established that emotions are crucial latent factors affecting, directly and indirectly, behavior, potentially in undesirable or unpredictable ways because they are linked and actively involved in self-regulation processes (Cheng et al., 2022) and, under some circumstances, are associated with non-linear and abrupt behavioral changes (Antoniou et al., 2022).

Given the recognized crucial role of affective factors in attitudinal and behavioral outcomes and the fact that the main body of research in STEM education is based on traditional models and the epistemological framework of linear regime, making a shift toward non-linear sciences is an intriguing idea, on which the novelty of the present study is based on. Thus, the present study endeavored to investigate the critical effects, if any, of affective conditions within the educational context regarding STEM implementation. Even though the inquiry is predominately exploratory, the rationale was based on previous empirical evidence on the non-linear effect of n emotions combined with theoretical hints suggested by the theory of complex dynamical systems. Note, however, that the non-linear regime has not been broadly established in educational research, and the empirical work on this matter is very limited. Ergo, the present study intends to make a substantial contribution to the STEM literature and the methodological advancement in the field.

The objective of the present endeavor is to explore the effect of readiness on attitudes toward STEM via non-linear methodology under the prism of complexity and non-linear dynamics. Catastrophe theory provides a suitable framework for detecting and explaining potential non-linear phenomena, which might enhance the theoretical framework that embraces STEM. Thus, this study reconsiders already-known relationships under the prism of complexity and non-linear dynamics. The methodological approach is predominately inductive in nature; however, it is based on a rationale developed in the corresponding section.


1.1 Teachers’ attitudes and readiness to implement STEM education


1.1.1 Attitudes toward STEM

The successful implementation of STEM education depends on teachers’ favorable disposition toward designing instruction beyond their areas of specialization and their proficiency in seamlessly incorporating pertinent engineering and technical concepts into science and math curricula (Al Salami et al., 2017; Chai et al., 2019, 2020). It is imperative to increase instructors’ training in active teaching methods to foster interest and encourage the development of scientific careers in their prospective students and to enhance their attitudes towards educational practices in STEM fields. Supplementing expository classes with experimental activities enhances the attitudes and emotions of primary and secondary school students and teachers (Gardner et al., 2019; Mateos-Núñez et al., 2019). Teachers’ attitudes are connected to their teaching practices as they influence their dedication to incorporating new concepts into their daily teaching endeavors. The characteristics of the teaching context are essential as they can either facilitate or hinder the establishment of the necessary conditions for high-quality teaching practices (Thibaut et al., 2018; Delahunty et al., 2021).



1.1.2 Cognitive preparedness

The pedagogical skills of teachers can be assessed based on their adeptness in employing instructional techniques proficiently and effectively when executing STEM activities with pupils. The teachers’ subject-matter competence is the foundation for the scientific understanding that pupils will develop through STEM activities (Hudson et al., 2015). Instructors with a strong understanding of STEM pedagogical material knowledge demonstrate greater self-confidence and are more adept at creating and executing teaching strategies (Tschannen-Moran and Hoy, 2001; Gözüm et al., 2022; Nalipay et al., 2022). Uncertainty on how to teach STEM topics might induce anxiety when implementing activities, diminish teachers’ confidence in implementing STEM programs, and reduce the quality and effectiveness of the activities (Gözüm et al., 2022). Educators’ self-efficacy is affected by their lack of confidence and knowledge required to teach integrated STEM curricula in subject areas unrelated to their areas of specialization (Stohlmann et al., 2012; Gardner et al., 2019). In addition, researchers in STEM fields exhibited higher levels of commitment to their organization, stronger emotional attachment, and greater motivation to attain their professional objectives than researchers in non-STEM fields (Zhang, 2015; Zhang et al., 2017).



1.1.3 Affective conditions

Teaching is an emotional endeavor, with teachers consistently employing emotions within and beyond the classroom (Deliveli and Kıral, 2020; Töre, 2020). When teaching science and technology subjects, students frequently exhibit negative emotions such as boredom, apprehension, and unease, which seem to be linked to their perception of their ability to succeed. Their self-efficacy beliefs serve as a driving force for them to engage in tasks where they feel capable and self-assured. These beliefs also play a crucial role in determining the amount of time and effort a student will allocate to complete a task. Similarly, they substantially impact the decisions made and behaviors exhibited to adhere to these tasks (Martínez-Borreguero et al., 2022). This might lead to the implementation of fewer activities fostering collaborative learning, affecting students’ overall attitude toward STEM (Zhao et al., 2022). In addition, educators often display unfavorable attitudes and emotions toward tutoring STEM subjects (Mateos-Núñez et al., 2019). This is particularly applicable to primary school teachers, who often experience anxiety and a sense of inadequacy since they are not well-informed on the content of various STEM subject areas (Slavit et al., 2016; Shernoff et al., 2017; Delahunty et al., 2021).



1.1.4 Commitment

An educator’s commitment is sometimes described as the emotional bond or connection a person has with someone or something that holds great relevance or significance (Somech and Bogler, 2002; Pan, 2023). Dedicated instructors sometimes exhibit strong emotional commitments to their school, pupils, or vocation. To ensure that students receive meaningful knowledge, the teaching profession requires exceptional dedication and continuous innovation. For teachers to effectively create learning activities that integrate various materials, they need to possess extensive knowledge of the subject matter and pedagogical content competence in one or more STEM fields (Martínez-Borreguero et al., 2022; Salvo-Garrido et al., 2022). Furthermore, a wide range of external and internal elements, including personal qualities, administrative guidance, working environment, and societal and economic factors, influence educators’ dedication and contentment (Cayupe et al., 2023).



1.1.5 Self-efficacy

Personal self-efficacy beliefs have the most significant impact on human behavior (Bandura, 1977). Moreover, the way teachers view their values impacts how they behave in the classroom and how their pupils act and learn (Zee and Koomen, 2016). It also influences how others interpret their ideas, behaviors, and emotions in certain situations. The efficacy and in-class performance of teachers are greatly influenced by their approach to their work. Positive attitudes can foster a favorable classroom learning environment and facilitate the acquisition of knowledge (Karakose et al., 2023). Individuals with high self-efficacy are confident in their ability to effectively apply instructional practices in a learning environment, leading to positive student outcomes (Lemon and Garvis, 2016). The educators’ assurance and fundamental expertise in integrating effective STEM instruction often predict the inclusion of STEM. Self-efficacy has a direct influence on cognitive capacities. When self-efficacy is stronger, individuals tend to set more ambitious goals and demonstrate greater commitment to completing certain tasks (Bandura, 1993; Chesnut and Burley, 2015; Shu, 2022). Teachers with high self-efficacy consciously opt for student-centered instructional methods, select demanding tasks, demonstrate strong dedication to achieving their goals, allocate more time and effort to accomplish their objectives (Bandura, 2012; Barni et al., 2019; Orakcı et al., 2023), and persist in their endeavors even in the face of failure to meet personal or organizational goals (Burić and Macuka, 2018; Haatainen et al., 2021). Individuals with low self-efficacy often stop pursuing their goals and limit their options due to a lack of confidence in their abilities (Bandura et al., 1999). Consequently, it is presumed that instructors with high levels of self-efficacy will demonstrate increased commitment to their organization and profession.




1.2 Catastrophe theory

Catastrophe theory is an area of non-linear science and a mathematical theory that studies the classification of equilibrium behavior of dynamical systems in the neighborhood of singularities (Thom, 1975; Arnold, 1988). From the earlier works of its founders, it was proved that at these critical points, a dynamical system could be described by seven elementary catastrophe models (Castrigiano and Hayes, 2004), from which cusp catastrophe appears the most popular, especially in social and behavioral science applications. The cusp model assumes a dissipating or potential-minimizing system that obeys Eq. 1, which expresses the first derivative of a potential function, U, with respect to the outcome, y:
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Setting the first derivative equal to zero resulted in an equilibrium function that could be represented by the three-dimensional surface (Figure 1). The two independent variables that describe the state variable (dependent measure) are called control factors and are named asymmetry (a) and bifurcation (b). The assumed potential-optimization process is theoretically compatible with human systems since the psychological construct involved in decision-making and behaviors always takes part in the self-regulation process that aims to optimize some functions related to cognitive conflict and adaptation.

[image: Figure 1]

FIGURE 1
 Cusp catastrophe response surface with its non-linear feature.


Catastrophe theory adheres to epistemology complexity theory, a meta-theoretical framework known as Complex Adaptive system (CAS), which ponders the dynamical processes evolving via self-organization mechanisms (Prigogine, 1961; Nicolis and Prigogine, 1977).

Contemporary stochastic catastrophe theory enables researchers to model empirical data and detect potential non-linearities (Cobb, 1978; Guastello, 2002). These are described on the cusp response surface (Figure 1) and include bimodality, hysteresis, inaccessibility area, divergence, bifurcation, and sudden jumps (Gilmore, 1993). The three-dimensional cusp response surface suggests that at the back area of the surface, changes are smooth and linear relationships hold between the state variable and the asymmetry, (a) while in the front area, the surface folds and two distinct regions appear. These might correspond to qualitatively different states or behavioral modes, called attractors in the language of complexity theory. Here, the probability density function of the state variable becomes bimodal, and in the area between the two attractors, the area of inaccessibility, the behavior is unlikely to befall. This defines a bifurcation effect, whereas changes can occur merely as transitions between the two behavioral attractors. From the front of the surface, a sigma-like line denotes that a hysteresis effect is observed, which also explicates the emergent discontinuity. These features are dynamic in nature, occurring when the bifurcation variable, (b) drives beyond a threshold value.

It is important to accentuate that detecting bifurcation effects in empirical data justifies fostering the CAS framework since these phenomena can only occur and characterize complex non-linear systems (Nicolis and Nicolis, 2007).



1.3 Non-linear framework-rationale and research hypotheses

The present study is exploratory research investigating teachers’ attitudes toward STEM education, which are decisive for exhibiting positive behaviors in the school context and further the successful implementation of STEM in contemporary educational settings.

There are a number of latent constructs, such as cognitive and affective conditions, that, as descendant variables, could influence and shape attitudes. These, along with self-efficacy and commitment, are teachers’ readiness dimensions (Abdullah et al., 2017; Papagiannopoulou et al., 2023). These independent variables are linearly related to attitudes, and high self-efficacy, cognitive preparedness, and commitment most likely determine highly positive attitudes. Similarly, affective conditions should be in line with positive dispositions, which analogously affect attitudes. However, emotions have an idiosyncratic character and a more crucial role (Cacioppo and Gardner, 1999; Sy et al., 2005; van Kleef, 2009). Emotions are the most sensitive factor influenced by internal and external fluctuations and are very involved in the human self-regulation process, a fact that renders them a decisive determinant of behavior (Folkman et al., 1986; Keltner and Haidt, 1999; van Kleef et al., 2004, 2010). This distinct and rather anticipated role is associated with non-linear phenomena hypotheses that have been supported by empirical evidence (Stamovlasis and Sideridis, 2014; Antoniou et al., 2022).

For instance, if the cognitive preparedness of teachers is high, it is expected to influence attitudes positively, but concurrent high levels of negative affective state acting as a strong moderator factor might cause unfavorable results. Emotions, which are involved with the course of self-regulation, might provide unfavorable feedback, conflicts, and clashes to teachers’ cognitive system, and putting stress into the decision-making process might cause interruptions and contribute to inhibitory processes. Teachers might possess high levels of readiness in terms of cognitive conditions, self-efficacy, and commitment; however, personal conceptions, worries, or concerns about feasibility or efficacy issues can be reflected in negative affective states. This can occur independently of the level of readiness, and, from a measurement perspective, the cases where two identical readiness conditions (scores in the independent variables) are associated with different scores or even polarly opposite results in attitudes might come true. This is seemingly a paradox in traditional thought and cannot be captured by linear models. Theoretically, this implies that a threshold should be present in control factors, beyond which rapid changes occur in the dependent variable, which is observed as discontinuity. The proper approach here is to apply catastrophe theory models (Guastello, 2002) and foster complexity and non-linear dynamics as the theoretical framework to explain such potential effects (Nicolis and Nicolis, 2007).

Thus, it is reasonable to hypothesize that the affective state in the present context will also be predictive of attitudinal factors and be better understood within the complexity and non-linear framework. The following hypotheses were posited:

1. The effects of affective conditions (Affe), cognitive preparedness (Cogn), self-efficacy (SEff), and commitment (Com) on attitudes (AttS) can be described via cusp catastrophe models.

2. Cognitive preparedness (Cogn), self-efficacy (SEff), and commitment (Com) contribute to asymmetry and bifurcation factors in conjunction with the affective conditions (Affe).

3. Affective conditions (Affe) have a unique role in the bifurcation phenomena.

The above hypotheses are interdependent and tested via the empirical data’s exploratory analyses.




2 The present research


2.1 Participants and procedures

The participants were 494 educators, 352 working in primary and 142 in secondary education [mean age 44.9 ± 9.5 years; 21.5% men and 78.5% women; mean years of teaching experience 17.2 ± 10.5]. The data collection was carried out via a web-based form, where the teachers completed the questionnaires voluntarily and anonymously, while the procedure is regarded as an opportunity sampling. The subjects were approached through social media, and an accompanying letter explained the purpose of this survey and its scientific drive. The study was conducted in accordance with the Declaration of Helsinki. It has been approved following the Ethics and Deontology Committee of the Aristotle University of Thessaloniki, Greece protocol (no. 36728/2023).



2.2 Measures


2.2.1 Readiness for STEM

The TRi-STEM scale was used to measure teachers’ readiness to implement Science, Technology, Engineering, and Mathematics (STEM) education. The already validated questionnaire (Papagiannopoulou et al., 2023) encompasses four dimensions: affective conditions (Affe), cognitive preparedness (Cogn), self-efficacy (SEff), and STEM commitment (Com), and includes 24 items measured on a 9-point Likert scale. The four-dimensional scale had a satisfactory fit with a confirmatory factor model [χ2 = 981.287, df = 249, p < 0.001, CFI = 0.948, TLI = 0.942, NNFI = 0.942, GFI = 0.993, RMSEA = 0.078 (L = 0.073 /H = 0.083), and SRMR = 0.062]. Reliability analysis based on both Cronbach’s alpha and McDonald’s omega showed satisfactory internal consistency [AC: α = 0.972, ω = 0.972; CC: α = 0.976, ω = 0.976; SE: α = 0.934, ω = 0.935; SC: α = 0.886, ω = 0.885].



2.2.2 Attitudes toward STEM

The unidimensional attitudes toward STEM (ATS) instrument was used to measure teachers’ attitudes toward STEM. It includes nine items (D3, D4, D9, D11, D12, D14, D15, D17, and D22) from the original scale (Kah Wei and Mistima Maat, 2020), measured on a 7-point Likert scale. This scale had a satisfactory fit with a confirmatory factor model [χ2 = 74.029, df = 22, p < 0.001, CFI = 0.989, TLI = 0.981, NNFI = 0.981, GFI = 0.987, RMSEA = 0.069 (L = 0.052/H = 0.087), and SRMR = 0.016]. Reliability analysis based on Cronbach’s alpha and McDonald’s omega showed satisfactory internal consistency, α = 0.960, ω = 0.961.





3 Methodology

The present study proposes a novel approach to exploring empirical data in STEM education research by fostering complexity theory and non-linear dynamics. It is an essential theoretical reflection that the latent variables involved in teaching and learning processes are dynamically interacting, and the behavior emerges as the outcome of these interactions, while it can be described and explained as a Complex Adaptive System (CAS) (Prigogine and Stengers, 1984). Within this context, outcomes related to human behaviors are inherently non-linear; that is, changes might not be smooth and linear but could be abrupt and discontinuous. The science of complexity, originating from physics, has now been implemented in human and behavioral sciences, where theoretical and methodological issues have been amalgamated into traditional approaches.

One of the cusp modeling procedures is based on the probability function, pdf, of the dependent variable, shown in the following Equation.
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The optimization method used is the maximum likelihood (Cobb, 1998) applied to the pdf of the empirical data. The analysis can be performed in R by implementing the cusp package (Grasman et al., 2009), which utilizes numerical procedures to estimate the model parameter by minimizing a negative loglikelihood function. The goodness of model fit is evaluated with the indices Akaike’s Information Criteria (AIC), corrected AIC, and Bayesian Information Criteria (BIC), given the statistical significance of the model coefficients. A comparison of the cusp with the linear and logistic alternatives is also made (Grasman et al., 2009). Other modeling procedures that could be used are the GEMCAT methodology (Oliva et al., 1987) and a method that also implements Eq. (2) but uses least squares as the optimization method (Guastello, 2011). All modeling procedures have been effectively employed with empirical data. A lucid review of the methods and theoretical and epistemological issues could be found elsewhere (Stamovlasis, 2016).

In the present analysis, the teachers’ attitudes toward STEM are the dependent variable (AttS), whereas the four dimensions of readiness for STEM, and specifically linear combinations of them, were the control variables. Power analysis (80% power, medium effect size, and alpha = 0.05, requires a sample size of 75) indicated that the present sample of 494 is adequate for determining the multivariate effects under investigation (Chen et al., 2014).

Usually, a simple approach in cusp analysis is to use each dependent measure alone in the role of asymmetry factor or bifurcation factor. It should be reminded, however, that the two controls represent two assumed opponent processes (e.g., m and n) acting simultaneously on the system. These control factors are formed by the joint action of the independent variables; thus, the independent variables contribute to the hypothesized opponent processes. A realistic representation of the phenomenon under investigation is to consider the force-field dynamics, where the result is not just the linear sum of the contributing components but depends on their relative strength, and the ultimate outcomes can be modeled as a cusp catastrophe implementing two opponent forces expressed by their difference (m – n) as asymmetry and their sum (m + n) as bifurcation factors, respectively. Both candidate predictor variables contribute to the asymmetry and bifurcation parameters. This cusp catastrophe model utilizes rotated axes (Zeeman, 1976), and it is analogous to the conflict cusp model that utilizes the axes m and n (van der Maas and Molenaar, 1992), as shown in Figure 1. Cusp-fit allows the use of these rotated axes and the conflict model.



4 Results

Table 1 shows the descriptive statistics, means (m), and standard deviations (SD) of the five psychological constructs implemented in the analyses.



TABLE 1 Descriptive Statistics and Pearson’s Correlations.
[image: Table1]

Cusp catastrophe analysis was applied to three models employing linear combinations of affective conditions with the other dimensions of readiness as control factors. Cusp 1: (Cogn – Affe) as asymmetry (Cogn + Affe) as bifurcation; Cusp 2: (Com – Affe) as asymmetry (Com + Affe) as bifurcation; Cusp 3: (SEff – Affe) as asymmetry (SEff + Affe) as bifurcation. The result is depicted in Tables 2–4, respectively.



TABLE 2 Parameter estimated for Cusp 1 model and fit statistics for cusp and the alternative models.
[image: Table2]



TABLE 3 Parameter estimated for Cusp 2 model and fit statistics for cusp and the alternative models.
[image: Table3]



TABLE 4 Parameter estimated for Cusp 3 model and fit statistics for cusp and the alternative models.
[image: Table4]


4.1 Cusp 1

In Cusp 1 (Table 2), the difference (Cogn – Affe) acts as asymmetry [b = 0.9441972, p < 0.001], and the sum (Cogn + Affe) acts as the bifurcation factor [b = 1.1502093, p < 0.001]. The chi-square test of the linear vs. cusp model gives χ2 = 413.2, df = 2, p < 0.001, and the model fit statistics AIC, AICc, and BIC favor the cusp catastrophe model. The values for the cusp [AIC = 963.9392, AICc = 964.2361, and BIC = 997.5595] are minimum compared to the linear [AIC = 1369.4596, AICc = 1369.5414, and BIC = 1386.2698] and logistic [AIC = 1358.4593, AICc = 1358.6897, and BIC = 1387.8770], respectively. The value of pseudo-R2 is larger for the cusp; however, this index is not reliable and not interpreted as the % variance explained.

Figure 2 depicts a visual display of the lower part of the cusp surface, including the bifurcation area as a shaded region. Since at least 10% of the observations fall within this area, it is evident that the analysis supports the cusp model (van der Maas et al., 2003). The size of the dots that are empirical data is a function of the observed bivariate density of the bifurcation factor’s values at that point’s location, and the color denotes their position relative to the distance between the two attractors; that is, the darker color denotes observations that are on or closer to the upper attractor and the lighter color denotes observations that are on or closer to the lower attractor. Figure 3 portrays the three-dimensional cusp surface of attitudes toward STEM as a function of the two control factors and encompasses additional visual support for the bifurcation effect, demonstrating that the observations close to the folded surface are not located within the inaccessibility area but on the upper and the lower parts of the surface, that is the attractors’ areas.

[image: Figure 2]

FIGURE 2
 A visual display of the lower part of the cusp response surface of attitudes toward STEM as a function (Cogn – Affe) and (Cogn + Affe) acting as asymmetry and bifurcation, respectively.


[image: Figure 3]

FIGURE 3
 Three-dimensional cusp response surfaces of attitudes toward STEM as a function (Cogn – Affe) and (Cogn + Affe) acting as asymmetry and bifurcation, respectively. The gray dots represent observed values from empirical data.




4.2 Cusp 2

In Cusp 2 (Table 3), the difference (Com – Affe) acts as asymmetry [b = 0.97431, p < 0.001] and the sum (Com + Affe) acts as the bifurcation factor [b = 1.00964, p < 0.001]. The chi-square test of the linear vs. cusp model gives χ2 = 373.1, df = 2, p < 0.001, and the model fit statistics AIC, AICc, and BIC favor the cusp catastrophe model. The values for the cusp [AIC = 991.6047, AICc = 991.7772, and BIC = 1016.820] are minimum compared to the linear [AIC = 1360.7172, AICc = 1360.7990, and BIC = 1377.527] and logistic [AIC = 1343.2242, AICc = 1343.3471, and BIC = 1364.237], respectively. The value of pseudo-R2 is larger for the cusp; however, this index is not reliable and not interpreted as the % variance explained.

Figure 4 depicts a visual display of the lower part of the cusp surface, including the bifurcation area (shaded region). The dots shown on the surface are allocated between the two attractors, providing support for the bifurcation effect. Moreover, Figure 5 which portrays the three-dimensional cusp surface of attitudes toward STEM as a function of the two control factors, encompasses additional visual support, demonstrating that the observations are not located within the area of inaccessibility but on the upper and the lower surface (attractors’ areas).

[image: Figure 4]

FIGURE 4
 A visual display of the lower part of the cusp response surface of attitudes toward STEM as a function (Com – Affe) and (Com + Affe) acting as asymmetry and bifurcation, respectively.


[image: Figure 5]

FIGURE 5
 Three-dimensional cusp response surface of attitudes toward STEM as a function (Com – Affe) and (Com + Affe) acting as asymmetry and bifurcation, respectively. The gray dots represent observed values from empirical data.




4.3 Cusp 3

In Cusp 3 (Table 4), the difference (SEff – Affe) acts as asymmetry [b = 1.19772, p < 0.001] and the sum (SEff + Affe) acts as the bifurcation factor [b = 1.12337, p < 0.001]. The chi-square test of the linear vs. cusp model gives χ2 = 386.6, df = 2, p < 0.001, and the model fit statistics AIC, AICc, and BIC favor the cusp catastrophe model. The values for the cusp [AIC = 950.6089, AICc = 950.9058, and BIC = 984.2292] are minimum compared to the linear [AIC = 1329.5382, AICc = 1329.6200, and BIC = 1346.3484] and logistic [AIC = 1317.4811, AICc = 1317.7116, and BIC = 1346.8989], respectively. The value of pseudo-R2 is larger for the cusp; however, this index is not reliable and not interpreted as the % variance explained.

The corresponding visual displays for Cusp 3 are Figures 6, 7. The first depicts the lower part of the cusp surface, including the bifurcation area, and the observation is located on the upper and lower part of the surface (dark and lighter colors, respectively). Figure 7 portrays the three-dimensional cusp surface of attitudes toward STEM as a function of the two control factors and demonstrates the bifurcation effect with the observational data displayed close to or on the two attractors’ areas.

[image: Figure 6]

FIGURE 6
 A visual display of the lower part of the cusp response surface of attitudes toward STEM as a function (SEff – Affe) and (SEff + Affe) acting as asymmetry and bifurcation, respectively.


[image: Figure 7]

FIGURE 7
 Three-dimensional cusp response surfaces of attitudes toward STEM as a function (SEff – Affe) and (SEff + Affe) acting as asymmetry and bifurcation, respectively. The gray dots represent observed values from empirical data.





5 Discussion


5.1 Model interpretation

The general interpretation of a cusp model suggests that at the lower values, the bifurcation changes are smooth and linear, and beyond a threshold value, the system enters the area of unpredictability. In this area, cases/individuals with the same values (scores) on control factors can be found either at the lower or upper attractor regions. This brings unpredictability to the system and implies that potential changes occur merely as sudden jumps between the two behavioral attractors. In other words, small random fluctuations in the independent variables can cause large changes in the dependent measure, that is, transitions between positive (high) and negative (low) attitudinal values.

Returning to the specific cusp models, employing, e.g., Cusp 1 with (Cogn – Affe) as asymmetry and (Cogn + Affe) as bifurcation, given that the roles of Cogn and Affe are visualized as two opposing forces when the difference (Cogn – Affe) is small, changes are expected to be smooth and linear compared to the effect of their sum (Cogn + Affe). When the net moderating effect of combined high Cogn and high Affe suddenly increases, in that scale, a threshold value is likely to exist, beyond which small fluctuations can induce abrupt changes, resulting in a bifurcation process. The cusp structure revealed in the empirical data is interpreted merely if complexity theory is fostered, and it is due to the systems’ dynamics and the underlying self-organization processes. Thus, the present analysis supports the proposed control variables’ effective role and establishes catastrophe phenomena on teachers’ attitudes regarding the implementation of STEM education. The primary finding is that emotions and affective conditions, which are involved in self-regulation, are not just ordinary linear predictors of attitudes, but their influence can induce discontinuous changes.

Teachers’ attitudes are a crucial determining factor for the successful implementation of STEM education, which has attracted researchers’ attention. The individual differences related to the readiness for STEM have been associated with attitudes, which finally influence the educational process and teachers’ responsibilities in the classroom for effective teaching (Ibrahim et al., 2017). Linear statistical models have provided such evidence, but the present research reveals the unique role of affective conditions, which is captured merely within the complexity and non-linear dynamics framework. Emotions could interact with other variables that influence attitudes, such as cognitive preparedness, self-efficacy, and commitment, in an opposing/moderating way, and their net effect induces non-linear phenomena. The three cusp models presented in the previous sections capture these interactions that are taking place in the relevant self-regulation processes, providing an enhanced theoretical understanding. As mentioned in the rationale section, the idiosyncratic character of emotions justifies the findings, which confirm the association of affective conditions with discontinued changes and unpredictability (Stamovlasis and Sideridis, 2014; Antoniou et al., 2022).



5.2 Implication for research, theory, and practice

This catastrophe theory application is the first reported in the domain of STEM educational research, and as such, the discoveries have a series of implications for STEM research, theory, and practice. Predominately, the results enrich the theoretical premise being developed on interdisciplinary terrain, where basic psychological research elucidates the decisive role of affective conditions for teachers’ STEM implementation. It is apparent that the findings challenge the traditional epistemological framework based on linear and mechanistic assumptions. Given that bifurcations merely characterize complex adaptive systems (Nicolis and Nicolis, 2007), their detection designates that the underlying system is, ontologically, a non-linear dynamical system, and it should be investigated as such (Stamovlasis, 2010). This epistemological implication, closely related to theory development, suggests that research should not be restricted to traditional modeling but should consider co-examining alternative non-linear models with better explanatory power.

On the other hand, in practice, stakeholders, curriculum developers, and educational leaders are informed that the affective dimension in STEM implementation is crucial to the extent that it could change attitudes and behavior radically, so any designed intervention or educational reform should not ignore it.



5.3 Limitations and future research

Despite its important findings, this study also has some limitations. One is due to cross-sectional data collected via a self-reported survey and opportunity sampling. In addition, it is rather correlational, and thus, conclusions related to causality should be drawn cautiously. Additional limitations might be imposed by validity issues originated, as in usual psychometric studies, from a small number of items measuring latent constructs. Since it is the first study reported on attitudes regarding STEM implementation, the findings should be replicated with additional samples to establish firm conclusions. Of course, the study is restricted to particular variables, while other factors might be involved in the strengthening or reduction of teachers’ attitudes, e.g., environmental support, parental involvement, or burnout (Sideridis and Alghamdi, 2023). The non-linear approach and the findings are encouraging to extend the research with other individual differences, and further work is necessary to understand the role of the affective condition under different circumstances, which might be interesting to teaching effectiveness and educational policies regarding curricula and teacher training for STEM. Moreover, the affective dimension also concerns students, the satisfaction of which is sought after in teaching research, and well-documented investigations (e.g., Chang et al., 2022; Zhao et al., 2022) might be extended by investigating analogous non-linear effects.



5.4 Conclusion

In summary, the conclusions to be highlighted are as follows: first, the new knowledge emerged from cusp analysis, i.e., that the affective conditions are influential factors of teachers’ attitudes toward STEM but are associated with nonlinear changes, is a property that should be taken into consideration by researchers and by policies makers when design educational reforms on this matter. In addition, the complexity and non-linear dynamics proved to be an applicable meta-theoretical framework, and new avenues of investigation are open in the area of STEM education.
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