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This study designed and validated the Engineering Thinking Assessment Scale (ETAS) to assess the engineering thinking of senior high school students in mainland China and to explore the correlation between their self-efficacy in different engineering thinking elements and their practical performance. The ETAS, comprising 28 items, was designed through four phases: defining dimensions, designing, pilot testing, and final assessment. Each item includes two tiers: the emotional tendency tier, measuring self-efficacy, and the practical performance tier, assessing actual application in engineering projects. A study with 510 students (485 valid responses) confirmed the scale's strong reliability and validity. While most students demonstrated above-average engineering thinking, higher self-efficacy did not consistently translate to better performance. Notably, 10 engineering thinking elements showed weak correlations (0.2 < |r| < 0.3) between self-efficacy and performance, indicating confidence without effective application. This study offers a detailed evaluation of engineering thinking abilities, highlighting gaps between perceived and actual competency in specific engineering elements.
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1 Introduction

To address global challenges such as climate change, resource scarcity, environmental pollution, and the energy crisis, it is imperative to cultivate citizens with a sense of global responsibility. In response, countries like the United States, China, and the United Kingdom have introduced various policy documents related to engineering education (Lead States, 2013; EngineeringUK., 2024; Ministry of Education of the People's Republic of China, 2018). Engineering education is implemented in various forms across different educational stages in these countries, with popular approaches including STEAM education, project-based learning, and problem-oriented learning (Palmer and Hall, 2011; Servant-Miklos and Kolmos, 2022; Leung et al., 2024). The primary goal of these engineering education initiatives is to foster and develop students' engineering thinking, enabling them to think independently and solve problems in their future careers. China's modernization requires a highly skilled engineering workforce, which underscores the necessity of cultivating engineering thinking from the early stages of education. However, the extent of engineering thinking among senior high school students in mainland China remains uncertain; thus, it requires systematic evaluation and thorough investigation.

This study aims to develop a scale for evaluating senior high school students' engineering thinking. This scale provides a more precise evaluation of students' engineering thinking, highlighting the relationship between their self-efficacy and practical performance. These insights help teachers refine instructional strategies to better cultivate students' engineering thinking.



2 Literature review


2.1 The connotation and definition of engineering thinking

Engineering thinking is rooted in multidisciplinary knowledge and engineering technology, forming the basis for practical applications and innovative problem-solving in engineering. Scholars suggest that engineering thinking represents a holistic and strategic approach, integrating knowledge from multiple disciplines to tackle complex engineering challenges (Yu et al., 2020). Multidisciplinary knowledge entails understanding fundamental principles across different fields, whereas engineering technology focuses on applying these principles in real-world contexts (Cross, 2001; Heywood, 2005). These elements are essential for engineers to conceptualize and implement effective solutions (Atman et al., 2007).

Additionally, engineering thinking requires design and implementation abilities, which are crucial for solving complex problems and innovating across disciplines (Aranda et al., 2020). Design abilities involve specific ways of thinking and doing, such as utilizing solution-focused strategies, abductive thinking, and non-verbal, graphic/spatial communication (Cross, 1995). This ability is unique, differentiating it from artistic and scientific forms of knowledge (Cross, 1995; Sutton and Williams, 2010). Implementation ability is also a key aspect of engineering thinking. However, research on this ability is limited. For example, Cadet evaluated students' implementation ability using the cost standards of engineering projects in his study (Cadet et al., 2004).

Engineering thinking also involves optimization awareness and value consciousness. Engineers must be adaptable and forward-thinking to navigate rapidly evolving technological landscapes (Varadarajan, 2020), continuously optimizing products to meet future consumer demands. Higuera Martinez and Fernandez-Samaca (2020) emphasize creativity as essential for the continuous improvement of products in engineering. New models have been developed to help engineers identify valid design problems and promote creativity in the engineering design process, effectively addressing the challenges of product updates (Obieke et al., 2021). Engineering thinking also involves recognizing the broader impacts of engineering work on societal, economic, ethical, and environmental aspects. Engineers must consider the value of these factors in their designs and decisions, making responsible choices that benefit both present and future generations (Fordyce, 1986; Papalambros and Wilde, 2017).

According to the National Academy of Engineering (2016), engineering thinking is goal-oriented and addresses problems and decisions within constraints by using available material and human resources. While this description outlines the basic framework, it lacks the detailed key elements necessary to capture its full depth and breadth. Therefore, this study posits that engineering thinking is a systematic process in which engineers use multidisciplinary knowledge and engineering technology to iteratively design and implement solutions for greater value.



2.2 The interplay between engineering thinking, self-efficacy, and engineering practice

Engineering thinking is a multifaceted cognitive process involving problem identification, analysis, systems thinking, design, and implementation skills. It also requires students to cultivate psychological resilience and maintain sustained motivation while navigating uncertainty and challenges (Kaur et al., 2019; Hu et al., 2021). As a result, engineering thinking is reflected not only in belief-driven intrinsic motivation for problem-solving but also in observable performance in engineering practice.

According to Bandura's self-efficacy theory, self-efficacy is a key psychological factor shaping an individual's behavior in specific contexts. High self-efficacy boosts students' confidence and motivation in tackling complex tasks and fosters perseverance and adaptability in engineering practice. This intrinsic motivation drives students to explore solutions and refine designs despite uncertainty and failure—key characteristics of engineering thinking. Therefore, self-efficacy is both a prerequisite for engaging in engineering practice and a catalyst for the ongoing development of engineering thinking.

Meanwhile, engineering practice performance, as an external manifestation of engineering thinking, is a measurable indicator of students' cognitive proficiency (Mahajan and Bansal, 2021). In practice, students translate abstract engineering thinking into concrete actions by analyzing key problem components, devising feasible design solutions, and refining existing approaches. Thus, engineering practice performance is a critical metric for evaluating students' engineering thinking skills.

Assessing engineering thinking through self-efficacy and engineering practice performance offers a comprehensive framework for understanding both students' cognitive processes and behavioral execution. Self-efficacy indicates students' confidence and motivational intensity in tasks, whereas engineering practice performance reveals the degree to which their thinking translates into action. Integrating these two measures allows for a dynamic assessment of students' development of engineering thinking across different stages while providing effective feedback for instructional improvement through longitudinal evaluations. Moreover, this assessment approach aligns with psychological theories of cognitive development, which propose that thinking patterns are reinforced and refined through continuous task engagement, a process that depends on high self-efficacy for sustained progress (Bandura, 1997; Standl and Schlomske-Bodenstein, 2021). Therefore, assessing both self-efficacy and practical performance not only provides a rigorous measure of students' engineering thinking but also promotes continuous cognitive development by reinforcing self-efficacy. Ultimately, this approach provides a valuable framework for informing instructional design in engineering education and fostering students' competency in real-world engineering contexts.



2.3 Studies on the assessment of engineering thinking

Based on the definition, engineering thinking is a systematic cognitive process encompassing multidisciplinary knowledge, technology, abilities, and emotions. Current research primarily focuses on assessing the dimensions of abilities, but it lacks a comprehensive evaluation of engineering thinking.

Some researchers have used the 14 competency standards from the Institution of Civil Engineers (ICE)'s 2010 Professional Development Framework to assess engineering thinking (Institution of Civil Engineers., 2010). Using these standards, they designed two 1-h individual problem-solving tasks that required students to apply engineering knowledge and skills to real-world problems. This approach compared the engineering thinking performance of students from humanities and engineering disciplines across various engineering projects. However, this evaluation method has several significant limitations. Although it emphasizes authentic contexts, its reliance on short-term tasks to assess long-term engineering thinking development may not accurately reflect students' actual competencies. Additionally, findings reveal that humanities students significantly improved their engineering thinking scores by the end of the semester, whereas engineering students showed a slight decline (Bell et al., 2019). This trend raises a critical question: does contemporary engineering education prioritize knowledge transmission at the expense of continuous engineering thinking development? The significant progress of humanities students may be attributed more to the novelty of adopting a new cognitive approach than to an actual improvement in engineering proficiency. Furthermore, competency assessment is only one aspect of engineering thinking. A thorough evaluation should integrate multiple interacting factors for a more comprehensive assessment. This study highlights critical gaps in assessment tools and educational approaches for fostering and measuring engineering thinking, underscoring the need for further research and refinement.

Becker and Mentzer (2015) identified design ability as a key element of engineering thinking and examined high school students‘ performance in design tasks using the think-aloud method, comparing their approaches with those of professional engineers. The findings revealed a notable trend: high school students struggled to consider problems from the client's perspective and often relied on a single-solution approach rather than conducting comparative analysis and optimization. However, this research approach has several significant limitations. First, the think-aloud protocol and problem-solving experiments involve small sample sizes, limiting the generalizability of the findings to broader populations. Additionally, the study exclusively examined design ability, neglecting the complexity and multidimensional aspects of engineering thinking. Consequently, relying solely on this research to assess high school students' overall engineering thinking abilities may lead to overly generalized conclusions.

Coleman et al. (2020) identified various dimensions of design ability and developed a quantitative scale for assessment. Their findings revealed significant disparities in design ability between first-year and senior engineering students, suggesting that education plays a crucial role in enhancing design competence. However, despite employing a quantitative scale, this study has several significant limitations. Although design ability is a key aspect of engineering thinking, it does not fully encompass its multidimensional nature. Consequently, while the study improves the understanding of design skill development, it does not offer a holistic evaluation of engineering thinking. As a result, it does not effectively track students' development in engineering thinking across different educational stages.




3 Purpose of the research

This study aims to achieve three objectives through a comprehensive literature review: (1) designing a psychometrically sound assessment scale for engineering thinking, (2) systematically assessing the current level of engineering thinking among senior high school students in mainland China, and (3) examining the relationship between students' self-efficacy in various aspects of engineering thinking and their practical performance.



4 Method


4.1 Development procedure of the engineering thinking assessment scale

This section outlines the development procedure of the Engineering Thinking Assessment Scale (ETAS), comprising four stages: dimension division, scale development, revision and pilot testing, and formal testing. The aim is to use scientific methods to create a high-quality assessment scale.


4.1.1 Stage 1—dimensions of engineering thinking

Engineering thinking is a key cognitive process for engineers in solving complex problems and designing effective solutions. According to the definition, engineering thinking is a systematic thought process that engineers use, based on diverse knowledge and engineering technology, to iteratively design and implement solutions for better value. This definition suggests that engineering thinking consists of four primary dimensions—multidisciplinary knowledge, engineering technology, abilities, and emotions—categorized as first-tier dimensions. Multidisciplinary knowledge integrates both scientific and non-scientific domains; engineering technology comprises fundamental and advanced technical skills; abilities pertain to design and implementation; and emotions include optimization awareness and value consciousness. These eight elements constitute the second-tier dimensions.

According to the disciplines outlined in the STEAM educational framework (U. S. Congress., 2014), the third-tier dimensions of scientific knowledge encompass physics, chemistry, biology, mathematics, and engineering. Non-scientific knowledge includes humanities and aesthetics. Based on High School Biology Elective Course 3: Biotechnology and Engineering (Zhu and Zhao, 2017), the third-tier dimensions of simple technical skills comprise aerobic and anaerobic fermentation techniques, whereas advanced technical skills involve microbial culture technique, plant tissue culture technique, DNA and protein extraction technique, and plant active ingredient extraction technique. Drawing from the basic model of science and engineering projects in the Next Generation Science Standards (Lead States, 2013), the third-level dimensions derived from design abilities include problem and requirement identification, model development and use, investigation planning and implementation, data analysis and interpretation, and decision-making abilities. According to the principles of project management (three controls, two managements, and one coordination; Tong et al., 2012) and the core competencies outlined by the Institution of Civil Engineers. (2010), the third-level dimensions derived from implementation abilities include schedule control, cost control, quality control, safety management, and organizational coordination abilities. Following product value orientations (Karababa and Kjeldgaard, 2013; Prados-Peña et al., 2023), the third-level dimensions derived from value consciousness include economic value, aesthetic value, social value, ecological value, and psychological value. As reported by the escalating demands of consumers and the economic orientation principles of producers (Lai et al., 2007; Cui et al., 2017), the third-level dimensions derived from optimization awareness include appearance optimization, functional optimization, and cost optimization (Table 1).

TABLE 1  The dimension of engineering thinking.


	First-level dimensions
	Second-level dimensions
	Third-level dimensions
	Item





	Knowledge
	Multidisciplinary knowledge
	Humanities knowledge
	I1



	Aesthetic knowledge
	I2



	Mathematical knowledge
	I3



	Engineering knowledge
	I4



	Scientific knowledge (physics, chemistry, biology)
	I5



	Engineering technology
	Fermentation technique
	I6



	Microbial culture technique
	I7



	Plant tissue culture technique
	I8



	DNA and protein extraction technique
	I9



	Plant active ingredient extraction technique
	I10



	Abilities
	Design abilities
	Problem and requirement identification ability
	I11



	Model development and usage ability
	I12



	Investigation planning and implementation ability
	I13



	Data analysis and interpretation ability
	I14



	Decision-making ability
	I15



	Implementation abilities
	Schedule control ability
	I16



	Cost control ability
	I17



	Quality control ability
	I18



	Safety management ability
	I19



	Organizational coordination ability
	I20



	Emotions
	Value consciousness
	Economic value
	I21



	Aesthetic value
	I22



	Social value
	I23



	Ecological value
	I24



	Psychological value
	I25



	Optimization awareness
	Appearance optimization
	I26



	Functional optimization
	I27



	Cost optimization
	I28






The Delphi Method was used to validate the preliminary three-tier framework of engineering thinking through multiple rounds of anonymous surveys, incorporating both qualitative and quantitative analyses to enhance scientific rigor and validity. A panel of ten experienced experts was selected to ensure diverse and authoritative feedback. The panel consisted of two engineers specializing in biology, three secondary school STEM teachers with over 5 years of experience, two university professors in education, and three doctoral students in science education. In the first round, experts received a detailed framework description and provided feedback on its completeness, tier rationale, and potential modifications via an open-ended questionnaire. The first-round analysis indicated expert consensus that multidisciplinary knowledge and engineering technology should be integrated into a single knowledge dimension, as technology constitutes procedural knowledge. Experts also recommended combining aerobic fermentation technique and anaerobic fermentation technique into the broader category of fermentation technique. Based on this feedback, the framework was revised, and a second round of closed-ended surveys was conducted. A Likert scale (1–5) assessed the framework's scientific validity, applicability, and feasibility, while open-ended questions remained for further refinement. Kendall's W coefficient measured expert consensus. The results showed a high level of agreement (W = 0.76 > 0.70), indicating strong expert consensus. Given the strong consensus, a third consultation round was deemed unnecessary, and the revised framework was finalized. Table 1 displays the finalized three-tier framework of engineering thinking.



4.1.2 Stage 2—development of the scale

Leveraging the interrelationship among self-efficacy, practical performance, and engineering thinking and incorporating engineering projects from the High School Biology Selective Compulsory Course 3: Biotechnology and Engineering (Zhu and Zhao, 2017), a set of two-tiered items was developed for each of the 28 engineering thinking elements at the third-level dimension. The first tier is the emotional tendency tier, which evaluates students‘ self-efficacy in applying elements of engineering thinking. The second tier, the practical performance tier, evaluates students' practical performance regarding the engineering thinking elements in the engineering projects. Consequently, a comprehensive ETAS consisting of 28 items was created. The correspondence between these 28 items and the third-tier dimensions is presented in Table 1.



4.1.3 Stage 3—revision and pilot testing

Before the pilot test, the expert panel evaluated the content validity of the initial scale version. Their assessment considered readability, the meaningfulness of the requirements, and adherence to the biology textbooks and curriculum standards. Experts observed that the emotional tendency tier lacked subjective expressions like believe, causing statements to resemble objective factual assertions rather than reflections of belief levels. In response to expert feedback, the emotional tendency tier was revised to include believe, reinforcing its focus on personal subjective attitudes. Table 2 provides an example of a modified item about value consciousness. Subsequently, 50 high school students, who were not part of the formal test, were randomly selected from the participating schools for the pilot test. The results indicated that the reliability of the assessment scale is acceptable (Cronbach's α = 0.77 > 0.70).

TABLE 2  One item from ETAS.


	1. I-believe I can estimate the price of a product I have created.



	A. Strongly B. Fairly C. Somewhat D. Barely



	2. At the school-organized marketplace, I set a price for the yogurt I made, which received-approval.



	A. Everyone's b. Most people's c. A few people's d. Almost no one's








4.1.4 Stage 4—formal testing

The formal testing was conducted during evening study sessions with each class as a unit and using standardized instructions. A total of 510 Grade 10 and Grade 11 high school students participated in the 20-min assessment. To ensure data reliability for statistical analysis, invalid questionnaires were excluded based on the following criteria:

• Criterion 1: If there was an obvious pattern in the responses, such as the same answer being given for six or more consecutive items, the questionnaire was excluded.

• Criterion 2: If more than ten consecutive items were left unanswered, the questionnaire was discarded.

A total of 510 questionnaires were distributed, and 503 were returned, yielding a response rate of 98.6%. Of these, 485 were deemed valid, resulting in an effective rate of 95.1%.




4.2 Subjects

The two high schools selected for this study are situated in central Mainland China, where overall educational quality is moderate at the national level. This region contrasts with the developed eastern coastal areas, which possess abundant educational resources and superior school conditions, and the underdeveloped western regions, where resources remain relatively scarce. Therefore, these schools serve as representative cases of secondary education in regions with average educational standards. Furthermore, both schools rank slightly above the regional average in educational quality assessments. They are neither top-tier key schools nor low-performing institutions, making them representative of mainstream secondary education in the region. This enables a comprehensive analysis of how schools with moderate to high educational standards foster engineering thinking. Notably, both schools adhere to the national standardized high school curriculum and incorporate engineering-related courses and practical activities, aligning with broader trends in engineering education within China's general high school system. Therefore, students' engineering thinking development can be considered representative of the broader student population in similar schools. Additionally, the student populations in both schools exhibit a relatively balanced academic performance, including high-achieving and average-performing students. This diversity mitigates potential sample bias associated with selecting schools with either exceptionally high or low academic standards, thereby enhancing the generalizability of the study's findings. Nan Zheng High School offers 23 senior-year classes, whereas Han Tai High School has 17. To enhance representativeness in the sample selection, four classes were randomly chosen from each school, resulting in a total of eight classes and 510 participating students. These students had completed all biotechnology and engineering-related coursework in their curriculum and had participated in corresponding biological engineering projects.



4.3 Data processing

A four-point Likert scale was used for each tier of the two-tiered questions. The emotional tendency tier was rated from A to D, and the practical performance tier was rated from a to d, with options ranked from high to low. The A/a option was assigned a value of 3 points, B/b 2 points, C/c 1 point, and D/d 0 points. Each item could score a maximum of 6 points and a minimum of 0 points. Students choosing A/a or B/b were considered to have high emotional tendency and practical performance, while those choosing C/c or D/d were considered to have low emotional tendency and practical performance. The data were analyzed using SPSS 24.0 to assess reliability, validity, and descriptive statistics. For ease of analysis, the items in the scale were coded, for example, Item 1 was coded as I1, Item 2 as I2, and so on.




5 Results and discussion


5.1 Reliability and validity testing of the ETAS

To ensure that the ETAS is both psychometrically sound and theoretically robust, a series of reliability and validity tests were conducted. These analyses aimed to examine the internal consistency of the scale, evaluate its structural validity, and confirm whether the proposed six-dimension framework is supported by empirical data.


5.1.1 Reliability testing of the ETAS

SPSS 24.0 was used to perform a Cronbach's alpha reliability test on the total scores of 485 participants. The results indicate that the scale's reliability is acceptable (α = 0.849 > 0.800), meaning that at least 84.9% of the variance in students' total scores is due to true score differences (Table 3).

TABLE 3  Reliability statistics.


	Cronbach's alpha
	Number of items





	0.849
	28








5.1.2 Structural validity testing of the ETAS

The expert panel confirmed that the engineering thinking scale possesses good content validity. Based on this, SPSS 24.0 was employed to analyze the Pearson correlation between the six secondary dimensions and engineering thinking, as well as the Pearson correlations among the six elements (Table 4). The results show that engineering thinking is significantly and moderately to highly correlated with the six elements (0.60 < r < 0.80, p < 0.01), indicating alignment with the assessment of engineering thinking. The pairwise correlations between the six elements are significantly low to moderate (0.20 < r < 0.60, p < 0.01), suggesting that while the elements are consistent in their assessment direction, they maintain a certain degree of independence. These findings demonstrate that the ETAS has good structural validity.

TABLE 4  Pearson correlation coefficients.


	Correlation coefficients
	Engineering thinking
	Multidisciplinary knowledge
	Engineering technology
	Design abilities
	Implementation abilities
	Value consciousness
	Optimization awareness





	Engineering thinking
	1
	0.772**
	0.637**
	0.735**
	0.786**
	0.727**
	0.667**



	Multidisciplinary knowledge
	
	1
	0.373**
	0.476**
	0.507**
	0.515**
	0.451**



	Engineering technology
	
	
	1
	0.487**
	0.348**
	0.397**
	0.206**



	Design abilities
	
	
	
	1
	0.498**
	0.351**
	0.354**



	Implementation abilities
	
	
	
	
	1
	0.495**
	0.548**



	Value consciousness
	
	
	
	
	
	1
	0.510**



	Optimization awareness
	
	
	
	
	
	
	1




**Indicates a significant difference at the 0.01 level.





5.1.3 Confirmatory factor analysis

A confirmatory factor analysis was conducted on 28 items from 485 participants using SPSS 24.0. The suitability of the data for factor analysis was first examined. The results indicated a KMO value of 0.83, and Bartlett's test of sphericity yielded χ2 = 2,560.4, df = 378, p < 0.001, suggesting that the correlation matrix significantly differed from the identity matrix and that the data were appropriate for factor analysis. Based on these results, factors were extracted using principal component analysis, and a Varimax orthogonal rotation was applied, constraining the solution to a six-factor structure. The rotated factor loading matrix showed that all 28 items had high loadings (above 0.65) on their corresponding factors and low loadings on others, indicating good discriminant capacity (Table 5). This result aligned with the hypothesized six second-level dimensions, namely multidisciplinary knowledge, engineering technology, design abilities, implementation abilities, value consciousness, and optimization awareness.

TABLE 5  Rotated factor loadings of the 28 items across six factors.


	Item
	Factor 1
	Factor 2
	Factor 3
	Factor 4
	Factor 5
	Factor 6





	I1
	0.846
	
	
	
	
	



	I2
	0.662
	
	
	
	
	



	I3
	0.777
	
	
	
	
	



	I4
	0.696
	
	
	
	
	



	I5
	0.735
	
	
	
	
	



	I6
	
	0.673
	
	
	
	



	I7
	
	0.754
	
	
	
	



	I8
	
	0.711
	
	
	
	



	I9
	
	0.775
	
	
	
	



	I10
	
	0.764
	
	
	
	



	I11
	
	
	0.761
	
	
	



	I12
	
	
	0.728
	
	
	



	I13
	
	
	0.791
	
	
	



	I14
	
	
	0.730
	
	
	



	I15
	
	
	0.714
	
	
	



	I16
	
	
	
	0.721
	
	



	I17
	
	
	
	0.651
	
	



	I18
	
	
	
	0.847
	
	



	I19
	
	
	
	0.770
	
	



	I20
	
	
	
	0.760
	
	



	I21
	
	
	
	
	0.798
	



	I22
	
	
	
	
	0.711
	



	I23
	
	
	
	
	0.738
	



	I24
	
	
	
	
	0.836
	



	I25
	
	
	
	
	0.832
	



	I26
	
	
	
	
	
	0.674



	I27
	
	
	
	
	
	0.836



	I28
	
	
	
	
	
	0.777









5.2 The current situation of students' engineering thinking

The overall scores of students' engineering thinking were obtained through the assessment scale. Based on the range, mean, central tendency, and variance, the score intervals were set at 25 points each and divided into six categories. Figure 1 illustrates the distribution of students' engineering thinking scores across different intervals. The majority of students scored between 76 and 100 (n = 223, 45.98%) and 101–125 (n = 211, 43.51%), indicating a concentration of scores within the upper-middle range of the assessment scale. The intervals 51–75 and 126–150 represented a smaller proportion of the sample, with 6.39% (n = 31) and 3.92% (n = 19) of the students falling into these categories respectively. Notably, the extremes of the scoring range, ≤ 50 and 151–168, were the least represented within the population, with a single individual (0.21%) scoring at or below 50, and no students scoring within the 151–168 interval. These results indicate that the vast majority of students' engineering thinking is at an upper-middle level. This conclusion aligns with findings from previous research. Research on high school students' engineering thinking indicates that they generally demonstrate an upper-intermediate level of proficiency (Franske, 2009). Several factors may account for this consistency. First, the growing influence of information technology has contributed to greater standardization in global education, ensuring that students receive relatively uniform curricular training (Baghdoyan, 2016). Second, advancements in engineering thinking may be attributed to curriculum reforms in science and technology education. Many schools have progressively implemented engineering-focused STEAM courses or project-based learning approaches to strengthen students' problem-solving abilities (Zhang, 2024). The key contribution of this study is its assessment of students' engineering thinking across 28 distinct elements, offering a more comprehensive and reliable measurement than previous research.


[image: Bar chart with a trend line showing student scores in intervals. Number of students peaks at 223 for scores 76–100, followed by 211 for 101–125. Other intervals have lower numbers, with scores over 150 having none.]
FIGURE 1
 Bar and line chart of total engineering thinking scores.


The data reveals that the average scores of participants in the second-level dimensions ranged from 11.48 for optimization awareness to 19.40 for implementation abilities. Variability in these scores, as indicated by the standard deviations, was moderately low to moderate, suggesting some degree of homogeneity across the sample. The skewness coefficients were all within the range of mild skewness (0 ≤ skewness coefficient ≤ 0.5), indicating that the skewness of the data would not significantly affect data analysis and suggesting a generally symmetrical distribution of scores across the domains (Table 6). The results show that students' performance in each of the second-level dimension was generally at an upper-middle level, consistent with the overall level of engineering thinking. Additionally, most students' performance on these indicators was relatively concentrated, with no extremely high or low scores. Calderón Saldierna (2015) found that although students exhibited strong proficiency in engineering technology and design skills, notable disparities persisted in value consciousness and optimization awareness. This discrepancy may result from variations in schools' curricular priorities and training approaches. For example, some institutions prioritize technical and design skill development but offer limited training in value consciousness and optimization awareness (Haney, 2024). Furthermore, some studies have identified weaker student performance in specific aspects of engineering thinking, such as implementation ability and optimization awareness, whereas this study did not yield similar results (ALZenki, 2023). This inconsistency may be attributed to variations in sample populations, assessment methodologies, or educational contexts. Prior research primarily examined students from schools with limited access to engineering practice, whereas participants in this study had greater exposure to hands-on engineering training, which likely contributed to their stronger performance in these competency areas (Hixson, 2023).

TABLE 6  Descriptive statistics for second-level dimensions of engineering thinking.


	Second-level dimension elements
	Average score
	Standard deviation
	Skewness coefficient





	Engineering thinking
	99.58
	15.14
	−0.02



	Multidisciplinary knowledge
	17.01
	3.73
	0.03



	Engineering technology
	16.16
	3.52
	−0.49



	Design abilities
	17.58
	3.49
	−0.17



	Implementation abilities
	19.40
	3.86
	−0.29



	Value consciousness
	18.01
	3.78
	−0.06



	Optimization awareness
	11.48
	2.63
	−0.28








5.3 Correlation analysis between self-efficacy and practical performance

A Pearson correlation analysis was performed using SPSS 24.0 to investigate the relationship between the emotional tendency tier and the practical performance tier across 28 elements of engineering thinking (Figure 2). The results suggest that high self-efficacy does not always translate into strong performance in engineering practice. Research indicates that although self-efficacy is generally linked to performance improvement, it does not always serve as a reliable predictor of actual ability, especially when moderating factors like supervision quality and contextual experience exert a significant influence (Tugendrajch, 2022). Among the 28 elements, 18 showed a moderate to high correlation between self-efficacy and practical performance (0.5 < |r| < 1.0). However, ten elements showed weak correlations (0.1 < |r| < 0.3). These elements included scientific knowledge, fermentation technique, microbial culture technique, plant tissue culture technique, DNA and protein extraction technique, plant active ingredient extraction technique, problem and requirement identification ability, model development and usage ability, data analysis and interpretation ability, and decision-making ability. These findings suggest that while students may be confident in utilizing these engineering elements, they often struggle to effectively apply them in practical contexts. The discrepancy between students' confidence and their actual ability to apply knowledge continues to be a challenge in engineering education. Research indicates that although students may demonstrate strong confidence in theoretical learning and conceptual understanding, they frequently encounter difficulties in applying this knowledge to real-world engineering scenarios. Bays-Muchmore and Chronopoulou (2018) found that while first-year engineering students generally perceived themselves to possess strong engineering competence, variations in their ability to apply these skills emerged due to factors such as gender and field of study, highlighting that confidence and practical performance do not always show a positive correlation. Similarly, Jiang (2022) investigated the effects of project-based learning (PBL) on STEM students and observed that while PBL enhanced students' self-efficacy, its effectiveness varied depending on individual backgrounds. While previous studies have broadly explored the correlation between self-efficacy and practical performance, the key contribution of this study is the identification of specific engineering thinking elements that show weak correlations between self-efficacy and practical application. To bridge this gap, engineering education must emphasize hands-on training and incorporate individualized learning approaches to support students' transition from theoretical understanding to practical application.


[image: Line graph displaying the Pearson correlation of various engineering thinking elements with values ranging from approximately 0.4 to 0.9. The elements are listed along the x-axis, with correlation values (r) on the y-axis from 0.0 to 1.0. The line fluctuates sharply, indicating varying levels of correlation among the elements.]
FIGURE 2
 Pearson correlation between self-efficacy and practical performance.


The multidisciplinary knowledge dimension encompasses one element of engineering thinking: scientific knowledge. In the emotional tendency tier of I5, students generally perceived themselves as highly capable of applying scientific knowledge in engineering projects. However, only 46.39% successfully demonstrated the application of such knowledge in practical tasks, such as designing an ecological fish tank or growing bean sprouts. This discrepancy suggests that while students exhibit high confidence in their ability to apply scientific knowledge, their actual performance falls significantly short of their self-perception. Studies suggest that although scientific self-efficacy is generally positively associated with academic achievement, a high level of self-efficacy does not necessarily lead to superior performance in the practical application of scientific knowledge (Andrew, 1998). This discrepancy may result from a lack of deep conceptual understanding in science education or insufficient problem-solving experience in real-world contexts (Webb-Williams, 2018). Furthermore, there is a need for engineering education to prioritize the development of students' ability to effectively apply scientific knowledge rather than merely fostering their confidence (Daun et al., 2021; Sulandari et al., 2021).

The engineering technology dimension includes five elements of engineering thinking: fermentation technique, microbial culture technique, plant tissue culture technique, DNA and protein extraction technique, and the plant active ingredient extraction technique. While students generally exhibited high confidence in applying these techniques, their actual performance in practical applications was substantially lower. For example, in I8, when performing chrysanthemum tissue culture, only 26.80% of students correctly followed the sequence of shoot induction before root development. Some studies attribute this discrepancy to the inherent complexity of plant tissue culture, which demands precise aseptic techniques, carefully balanced nutrient compositions, and a thorough understanding of plant growth regulators. These factors make it particularly challenging for students to achieve mastery (Siritunga et al., 2012). Furthermore, research highlights the importance of hands-on experience in developing technical proficiency. However, high material costs and the need for specialized equipment often restrict students' opportunities for practical training (Patra et al., 2020). Similarly, in the emotional tendency tier, most students believed they had a strong grasp of the DNA and protein extraction technique. Yet, in practice, only 20.41% successfully followed the correct procedure of gradually adding distilled water to a beaker containing a high-concentration sodium chloride solution (2 mol/L) while gently stirring with a glass rod to obtain a viscous DNA-containing substance. A high school biology teacher noted that training in these techniques is rarely incorporated into routine instruction, as the current examination system prioritizes paper-based assessments over experimental practice. As a result, students often excel in “paper-and-pencil techniques” while lacking the practical experience needed to apply these methods effectively in real-world scenarios.

The design ability dimension includes four elements of engineering thinking: problem and requirement identification ability, model development and usage ability, data analysis and interpretation ability, and decision-making ability. While at least 80% of students in the emotional tendency tier expressed confidence in applying these skills, their practical performance fell significantly short. For example, in I11, students generally reported confidence in their problem and needs identification abilities. However, when presented with a scenario where overfeeding led to water pollution and fish mortality in a pond, only about half of the students correctly identified the cause of fish deaths. This finding aligns with previous research on high school students' problem-solving proficiency, which suggests that their ability to recognize problems and needs remains at a moderate level (Suroso et al., 2021). The implementation of STEM education has been shown to significantly enhance students' problem-solving skills, particularly their ability to identify and define real-world problems (Parno et al., 2020). Similarly, in I14, most students believed they had strong data analysis and interpretation ability. However, only 45.16% accurately analyzed and interpreted a population density-time relationship graph to understand interspecies interactions and survival conditions. Research suggests that in data mining and analysis, high self-efficacy is typically linked to increased learning motivation and engagement but does not necessarily lead to enhanced practical skills (Liu et al., 2023). Multiple factors may explain this phenomenon. First, students may gain a strong conceptual understanding in theoretical courses, fostering confidence in their abilities. However, when encountering complex datasets and real-world challenges, insufficient hands-on experience may result in underperformance (Menon and Sadler, 2016). Moreover, data analysis and interpretation ability necessitate continuous practice and structured guidance, as perceived competence alone may not bridge the gap in practical application (Webb-Williams, 2018).




6 Conclusion and recommendations

This study systematically evaluated the reliability and validity of the Engineering Thinking Assessment Scale (ETAS), with Cronbach's alpha and Pearson correlation coefficients confirming the instrument's internal consistency and structural validity. The findings indicate that most students exhibited an upper-middle level of engineering thinking, with their performance in secondary dimensions generally aligning with their overall proficiency in engineering thinking. However, the study also identified ten engineering thinking elements where students demonstrated high self-efficacy but struggled with practical application. These elements include scientific knowledge, fermentation technique, microbial culture technique, plant tissue culture technique, DNA and protein extraction technique, plant active ingredient extraction technique, problem and requirement identification ability, model development and usage ability, data analysis and interpretation ability, and decision-making ability. This discrepancy underscores the necessity of enhancing hands-on learning experiences within engineering education.

To bridge this gap, instructional strategies should prioritize practical engagement through laboratory experiments, project-based learning, and interdisciplinary education, fostering seamless integration of theoretical knowledge and practical skills (Quiles-Carrillo et al., 2019; Bolick et al., 2024). Additionally, incorporating problem-based instructional designs can equip students with the ability to identify and address real-world challenges, ultimately strengthening their engineering practice capabilities and enhancing the transferability of scientific knowledge (Chen et al., 2020). These strategies will not only advance students' engineering thinking proficiency but also provide valuable insights for improving engineering education practices.



7 Limitations

This study offers both theoretical and practical implications while also acknowledging certain limitations. Theoretically, the validated six-dimension structure refines the framework of engineering thinking by providing empirical evidence for its multidimensional nature. Practically, the developed ETAS serves as a diagnostic tool for educators to identify students' strengths and weaknesses in engineering thinking, thereby supporting targeted instructional strategies, and it may also guide policymakers and curriculum designers in systematically integrating engineering thinking into secondary education. However, the study also has limitations, as the sample was drawn from a limited number of regions in mainland China, which may restrict the generalizability of the results to other cultural or educational contexts. Furthermore, despite the adequate sample size, potential imbalances in sociodemographic characteristics such as gender, grade level, and school type may have influenced the outcomes. Future research should therefore adopt more diverse and representative sampling strategies to enhance external validity.
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