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Abstract 

Background:  In many countries and regions, such as the United States, Europe and China, a trend has emerged in 
which students’ enthusiasm for STEM is declining. This decline may be related to students’ lack of science self-efficacy. 
An accurate examination of students’ science self-efficacy can provide a research foundation for how to cultivate it. 
This paper used mixed methods to develop a valid science self-efficacy scale for high school students, focusing on 
the perceived competence dimension. A cross-sectional analysis exploring and interpreting differences across grades 
and genders in science self-efficacy among high school students was conducted. Subsequently, a 1-year longitudinal 
study was conducted on the development of science self-efficacy in China.

Results:  This study developed a 24-item science self-efficacy instrument based on the Rasch model, and the validity 
of the instrument was assessed through multiple aspects, including face, content, construct, and predictive validity. 
This instrument was used to divide students’ science self-efficacy into four different levels. A cross-sectional study 
examining 1564 high school students in 10th–12th grades revealed that students’ science self-efficacy exhibited a 
complex process of decreasing and then increasing by grade. Most girls’ science self-efficacy was higher than that 
of boys for Levels 1 and 4, while for the intermediate levels, i.e., Levels 2 and 3, most boys had higher science self-
efficacy than girls. The quantitative and qualitative results of the longitudinal study through a 1-year follow-up of 233 
high school students indicated that students’ science self-efficacy significantly improved. We revealed inconsistencies 
between cross-sectional and longitudinal studies of the change in science self-efficacy from 10 to 11th grade.

Conclusions:  This study makes many contributions. First, we developed a science self-efficacy measurement instru-
ment for high school students with high reliability and validity based on the Rasch model and characterized four dif-
ferent levels of student science self-efficacy. Second, the gender differences in science self-efficacy and the complex 
changes among grades were explained from the perspective of science self-efficacy level. Finally, students’ science 
self-efficacy significantly improved in the longitudinal study, which was explained by self-efficacy theory and the 
Chinese core competency-oriented science curriculum.
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Introduction
Science, technology, engineering, and mathematics 
(STEM) education has become increasingly valued 
over the past 20  years (Honey et  al., 2014). However, 
students’ enthusiasm for STEM learning has declined 
dramatically in many countries and regions (Thomas & 
Watters, 2015). In addition, enrollment and participa-
tion in the STEM career path have decreased annually 
(e.g., Marginson et  al., 2013; OECD, 2008). Based on 
the monitoring of the science learning of 200,000 pri-
mary and secondary students, the latest National Com-
pulsory Education Quality Testing: Monitoring Results 
of Scientific Learning Quality Report, published in 
2020, showed that only approximately 20% of the stu-
dents were willing to engage in science-related careers 
when they grew up. From the perspective of social cog-
nitive factors, researchers have suggested that the lack 
of science self-efficacy is one of the important reasons 
for this lack of willingness (Ballen et al., 2017; Blotnicky 
et al., 2018; Lamb et al., 2014).

Compared with general self-efficacy, self-efficacy in 
the field of science and other challenging subjects is 
more important for students’ learning (Mangos & Steele-
Johnson, 2001). Science self-efficacy can predict students’ 
science academic achievement (Honicke & Broadbent, 
2016; Tuan et al., 2005). Students with a higher sense of 
science self-efficacy have more confidence in their abili-
ties, a greater willingness to successfully complete science 
tasks, and a stronger perseverance in completing difficult 
science tasks (e.g., Baldwin et al., 1999; Britner & Pajares, 
2006). In contrast, students with low science self-efficacy 
are more likely to give up on science tasks. If a student 
feels that he or she lacks the ability to be competent in 
science tasks, this belief will lead to aversion to science 
and low academic achievement (Baldwin et al., 1999).

Research is lacking on high school students’ sci-
ence self-efficacy (e.g., Dalgety & Coll, 2006; Gainor & 
Lent, 1998). Moreover, most previous studies on sci-
ence self-efficacy have focused on college students (e.g., 
Ainscough et al., 2016; Baldwin et al., 1999; Uzuntiryaki 
& Aydın, 2009). However, compared with that of col-
lege students, high school students’ science self-efficacy 
requires greater attention for the following reasons: (1) 
although self-efficacy develops over one’s lifetime, as 
children enter adulthood, self-efficacy gradually solidifies 
(Bandura, 1994); (2) high school is the period when indi-
viduals have the lowest science self-efficacy (Eccles et al., 
1997), and many students may no longer learn science 
after graduating from high school, and their science self-
efficacy may also cease to develop (Larose et  al., 2006); 
and (3) the level of high school science self-efficacy may 
affect students’ choice of college or future career. Byars-
Winston et  al. (2010) found that students with higher 

science self-efficacy in high school were more likely to 
choose a STEM major in college.

The level of students’ science self-efficacy is constantly 
changing and can be improved through appropriate 
teaching intervention and guidance (e.g., Baldwin et  al., 
1999; Heggestad & Kanfer, 2005). High school is the key 
period during which to evaluate and cultivate students’ 
science self-efficacy, and it is necessary to accurately 
measure and cultivate these students’ science self-efficacy 
to improve their academic achievement and professional 
interest in science.

The main purpose of this study is to develop the Sci-
ence Self-Efficacy Scale (SSES) with high reliability and 
validity using mixed methods. Then, this instrument is 
used to explore changes in high school students’ science 
self-efficacy through cross-sectional and longitudinal 
analyses. Specifically, our study seeks to answer the fol-
lowing questions:

1.	 To what extent is the instrument a valid and reliable 
measure for evaluating students’ science self-efficacy 
across grades 10–12?

2.	 How can high school students’ science self-efficacy 
levels be used to explore and explain differences 
across grades and gender differences in science self-
efficacy?

3.	 How does the science self-efficacy of the same stu-
dents change from grades 10 to 11?

Relevant literature review
Self‑efficacy
Self-efficacy describes people’s beliefs in their abilities 
to perform given tasks (Bandura, 2006). Clarification of 
the constructs of self-efficacy and self-concept is often 
required before research on self-efficacy is conducted 
(Bandura, 1997). Self-efficacy refers to one’s belief that he 
or she can successfully complete a task (Bandura, 1986). 
Self-concept refers to individuals’ beliefs and views about 
themselves, including their judgment of their self-worth 
(Pajares & Schunk, 2001). A description such as “I am 
good at science” is a self-conceptual judgment. The state-
ment “I can explain an experimental phenomenon with 
scientific principles” reflects a self-efficacy belief because 
it reflects one’s judgment of his or her competency to 
complete tasks in a specific situation (Aydın & Uzuntir-
yaki, 2009).

Self-efficacy is shaped by cognitive processing and the 
integration of four main sources of information: mastery 
experience, vicarious experiences, social persuasion, and 
physiological and affective states (Bandura, 1986, 1997). 
This cognitive processing and integration of informa-
tion from multiple sources determine an individual’s 
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self-efficacy. Mastery experience is seen as the prominent 
source of self-efficacy because it is related to students’ 
interpretations of their previous performance (Bandura, 
1997, 2012; Britner & Pajares, 2006; Kıran & Sungur, 
2012).

Science self‑efficacy
Science self-efficacy is a person’s belief in the ability to 
successfully complete specific tasks in the field of sci-
ence (Robnett et al., 2015). Britner (2008) proposed that 
science self-efficacy is a strong predictor of science aca-
demic achievement, regardless of gender. Higher science 
self-efficacy leads to a higher predicted level of science 
academic achievement (Mataka & Kowalske, 2015; Tezer 
& Aşıksoy, 2015). This relationship is of central interest 
to science educators (Lamb et  al., 2014). Science self-
efficacy and gender appear to be strongly associated, 
but previous studies have drawn different conclusions 
(Huang, 2012; Livinƫi et  al., 2021; Sezgintürk & Sungur, 
2020; Weisgram & Bigler, 2006). Girls have been shown 
to exhibit higher science self-efficacy and higher sci-
ence achievement than boys in middle school (e.g., Brit-
ner & Pajares, 2001; Pajares et al., 2000). However, other 
researchers have reported that boys’ science self-efficacy 
is higher than that of girls (e.g., Chan, 2022; Weisgram & 
Bigler, 2006). Still others have found that science self-effi-
cacy does not differ significantly between boys and girls 
(Rowe, 1988; Sezgintürk & Sungur, 2020). Thus, science 
self-efficacy may not be a function of gender (Lips, 1992).

Measurement of science self‑efficacy
Self-efficacy is very difficult to measure because it is a 
latent response variable (Scherbaum et  al., 2006). Self-
efficacy can be measured only indirectly (Judge, 2009), 
often in the form of self-report surveys (Cassidy & 
Eachus, 2002). A growing body of quantitative instru-
ments are being designed to measure different aspects 
of science self-efficacy (e.g., Baldwin et  al., 1999; Lamb 
et  al., 2014; Tezer and Asiksoy 2015; Uzuntiryaki & 
Aydın, 2009). For example, Lamb et  al. (2014) viewed 
science and technology self-efficacy as a unidimensional 
structure and developed a scale for it based on the Rasch 
model. Tezer and Asiksoy (2015) developed the physics 
self-efficacy scale with two dimensions: learning level and 
physics problem solving. Uzuntiryaki and Aydın (2009) 
developed the college chemistry self-efficacy scale, which 
contains cognitive skills, psychomotor skills and everyday 
application dimensions. The authors also developed the 
high school chemistry self-efficacy scale, which contains 
cognitive skills and chemistry laboratory dimensions. 
Baldwin et  al. (1999) developed the biology self-efficacy 
scale for nonmajors with three dimensions: biology 
methods, generalization to other biology/science courses 

and analyzing data, and the application of biological con-
cepts and skills. Tatar et al. (2009) developed the science 
and technology self-efficacy scale with three dimensions: 
confidence in science and technology ability, coping with 
difficulties in science and technology, and confidence in 
performing science and technology tasks. Çalişkan et al. 
(2007) developed a physics self-efficacy scale with five 
dimensions: solving physics problems, physics labora-
tory, learning physics, and the application and memori-
zation of physics knowledge.

Bandura (1997) suggested that if the self-efficacy con-
struct in question is context or domain specific, it should 
be unidimensional. However, researchers have different 
understandings of the number of dimensions of the sci-
ence self-efficacy structure, ranging from one to five. This 
fact indicates that no consensus has been reached as to 
the structure of science self-efficacy and that a convinc-
ing conceptual framework is lacking. Furthermore, some 
factors or dimensions of the existing research on science 
self-efficacy overlap. For example, Lamb et  al. (2014) 
stated that science and technology self-efficacy as a con-
struct refers to the ability to apply cognitive skills to the 
overall tasks involved in the use of computers and appli-
cation of science, which can include the three dimensions 
proposed by Tatar et  al. (2009). On the other hand, the 
exploration of the structure of science self-efficacy often 
uses exploratory or confirmatory factor analyses based 
on classical test theory. A limitation of this method is 
that it is unable to distinguish between true multidi-
mensionality and spurious correlations attributable to 
method effects, which are due to the scale or items prop-
erties (Finaulahi et al., 2021; Yan Zi, 2010).

In addition, researchers in the field of self-efficacy 
research agree that quantitative research needs to be 
complemented by qualitative research to fully describe 
the complete process of self-efficacy in narrative form 
(Pajares, 1996; Schunk, 1991). However, only a few quali-
tative methods have been used in science self-efficacy 
research (Dalgety & Coll, 2006).

Conceptual framework
Self-efficacy is defined as one’s perception of his or her 
ability to complete a task or be successful in a particular 
domain (Bandura, 1977, 1982). Based on Bandura’s self-
efficacy theory, science self-efficacy is conceptualized 
as students’ perceptions of their competence in science 
tasks. Bong and Skaalvik (2003) proposed that beliefs in 
one’s competency to perform tasks can be regarded as a 
substitute for students’ self-efficacy. Many researchers 
have also chosen to represent science self-efficacy based 
on students’ perceived competence beliefs in science 
tasks (Jansen et al., 2015; Larose, et al., 2006). For exam-
ple, Jansen et al. (2015) adapted a science self-efficacy test 
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based on real science tasks under the science framework 
of the Programme for International Student Assessment 
(PISA) and Trends in International Mathematics and Sci-
ence Study (TIMSS).

The present study focuses on measuring students’ sci-
ence self-efficacy based on their perception of their own 
science task competence, which is the major dimension 
of science self-efficacy (Bandura, 2006). From the practi-
cal or functional point of view, science self-efficacy can 
be considered a unidimensional structure (Bejar, 1983; 
Smith, 1996). However, unidimensionality is a relative 
concept (Andrich, 1988; Glynn, 2012). The main require-
ment of unidimensionality is that the items work suf-
ficiently together to define a trait (Bejar, 1983; Planinic 
et al., 2019). For example, Uzuntiryaki and Aydın (2009) 
recognized that the three factors of chemistry self-effi-
cacy all belong to the perceived self-efficacy dimension. 
Moreover, the unidimensional structure of science self-
efficacy has been confirmed by many studies (e.g., Boone 
et al., 2011; Lamb et al., 2014).

The Rasch model is a type of single-parameter logis-
tic model of item response theory, which is a preferred 
approach to developing measurement instruments 
(Boone & Staver, 2020; Liu, 2010; Lu et  al., 2020). The 
Rasch model can place latent person abilities, item dif-
ficulties, and level thresholds on the same scale so that 
comparisons between them are possible (Liu & McK-
eough, 2005). The Rasch model is a suitable method for 
analyzing Likert-like scale items, which can convert the 
ordinal variables to interval variables, making it possible 
to analyze students’ abilities and item difficulties on an 
equal-interval linear scale. In addition, person ability and 
item difficulty are set on a true interval scale from nega-
tive infinity to positive infinity, which can avoid ceiling 
and floor effects by using raw scores (Bond & Fox, 2007). 
Because of these advantages, we chose the Rasch model 
to develop a science self-efficacy scale.

Bandura (2006) suggested that one of the important 
issues to be addressed in self-efficacy measurement is 
the division of the self-efficacy level thresholds. If a low 
threshold is chosen, low self-efficacy can also be consid-
ered full confidence. Conversely, choosing an excessively 
high level results in the tested individuals consistently 
being labeled as lacking efficacy. Moreover, “identifi-
cation of different levels of the defined construct” is an 
important step in the development of a scale based on 
the Rasch model (Boone & Staver, 2020; Liu, 2010).

The perception and experience of difficulty of the rel-
evant task is an important factor affecting self-efficacy 
(Bandura, 1997). Gist and Mitchell (1992) found that the 
difficulty of tasks directly affects students’ self-efficacy 
levels. Thus, determining learning tasks at different lev-
els of difficulty is key to defining self-efficacy levels. The 

measurement of science self-efficacy level should be per-
formed according to the level of science task difficulty, 
which indicates the level of challenges or obstacles stu-
dents face to achieve success (Bandura, 2006). In addi-
tion, these science tasks should have sufficient difficulty 
levels to avoid ceiling effects.

The science tasks in large international science tests, 
such as the TIMSS, National Assessment of Educational 
Progress (NAEP) and PISA, are highly correlated and 
have similar task difficulty levels (e.g., Bybee et al., 2009; 
Kind, 2013). The difficulty of science tasks is mainly 
affected by cognitive processes. If the cognitive pro-
cesses required to solve different science tasks are similar, 
these science tasks can be considered to have the same 
task difficulty level (Rindermann, 2007). Anderson et al. 
(2001) revised the Bloom classification of cognitive pro-
cesses, proposing that cognitive processes are defined 
by six levels. Ranging from low to high, these levels are 
remember, understand, apply, analyze, evaluate and cre-
ate. Webb (1999) proposed four levels of cognitive com-
plexity based on the depth of knowledge, namely, recall 
and reproduction, skills and concepts, strategic thinking/
reasoning, and extended thinking. In sum, both interna-
tional science testing and cognitive psychology research 
have reached a partial consensus on the difficulty levels 
of science tasks. Considering the above level framework, 
science tasks were divided into four levels, as described 
in Table 1.

Self-efficacy refers to one’s conviction that one can 
achieve a given level of performance in a specific task 
(Bandura, 1986). If individuals are not confident in fac-
ing simple science tasks, their science self-efficacy level 
is relatively low. On the other hand, if individuals have 
confidence in facing the most complex science tasks, 
their science self-efficacy level is regarded as relatively 
high. Finally, if individuals are confident in being able 
to address a simple science task, but not confident in 
addressing the most complex, their level of science self-
efficacy is considered to be intermediate. The difficulty 
level of the science task can be used as a scale or progres-
sion variable to guide the development of science self-
efficacy items. As noted in Fig. 1, the least difficult items 
are at the bottom of the scale, and the most difficult items 
are at the top of the scale, with other moderately diffi-
cult items in the middle of the scale (Boone et al., 2011; 
Wright & Stone, 1979).

Methods
A mixed methods design was used in this study, which 
specifically included three parts (Creswell & Plano Clark, 
2011; Hesse-Biber et  al., 2015). The first part involved 
the development of an instrument for measuring science 
self-efficacy in high school. An exploratory sequential 
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design was used for this process, starting with the gather-
ing of qualitative data and resulting in the development 
of an instrument. The second part was a cross-sectional 
analysis of science self-efficacy across 10th–12th grades. 
The third part was a 1-year longitudinal analysis of sci-
ence self-efficacy from grades 10 to 11 using the explana-
tory sequential design; that is, qualitative data were used 
to explain the results of the quantitative research.

Part 1: development of the science self‑efficacy scale (SSES)
The validity analysis framework can guide the develop-
ment of a new instrument (Trochim & Donnelly, 2006). 
The development process of the science self-efficacy scale 
(SSES) is shown in Fig. 2.

Stage 1: definition
Defining refers to “using both existing theory and 
research to provide a sound conceptual foundation to 
clearly and concretely define the construct being meas-
ured”; this is the first step in any scale development 
(DeVellis, 2017; He et  al., 2021). As mentioned above, 
science self-efficacy is considered unidimensional and 
can be conceptualized based on students’ perceptions of 
their competency in science tasks. Moreover, the level 
of science self-efficacy is closely related to the difficulty 
of science tasks, and the following four levels have been 
defined: identifying and remembering, explaining and 
applying, inquiring and argument, and innovative design.

Stage 2: development
This stage refers to the development process of the ini-
tial survey, and in the following sections, the main sci-
ence tasks that high school students might be asked to 
accomplish are summarized based on interviews with 
high school students and teachers as well as an analysis of 
international science tests. Based on these science tasks, 
the corresponding items of the SSES were compiled. 
Finally, the face validity and content validity of the initial 
test instrument were ensured through pairwise compari-
son and expert group interviews.

A behavior event interview is an objective, open and 
retrospective competency survey method (McClelland, 
1998). To achieve thematic saturation on science tasks 

Table 1  Consistency comparisons between the difficulty level of the science task, cognitive process and international science tests

Fig. 1  Theoretical scale of science self-efficacy
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in the interviews, at least 6–12 participants needed to 
be interviewed (Johnson & Onwuegbuzie, 2004). Fifteen 
grade 12 high school students and 4 high school science 
teachers were interviewed. They were asked to recall and 
report the science tasks that they were asked to com-
plete (or assigned to their students, in the case of teach-
ers) during high school. To ensure that the participants’ 
descriptions of science tasks were as comprehensive as 
possible, corresponding science tasks were presented by 
introducing the science content of the NAEP, TIMSS and 
PISA and describing previously published test items.

Using deductive content analysis, the coding scheme 
was confirmed based on the framework of science self-
efficacy levels in this study, and the theoretical framework 
was expanded and validated on the basis of encoding 
(Cho & Lee, 2014; Neuendorf, 2017). First, student inter-
views and NAEP, TIMSS, and PISA science tests were 
identified as the analytical units. Second, the descrip-
tions of the science tasks in the student interviews and 
the NAEP, TIMSS and PISA science tests were selected 
as the analytical samples. Third, based on the theoretical 
framework in Fig. 1, different descriptions of the science 
tasks in the analytical sample were coded into four levels. 
The encoding process was performed independently by 
the two researchers, and the results were recorded using 
Microsoft Excel spreadsheets. The Cohen kappa of the 
encoding result was 0.86, which indicated an excellent 
common-coding protocol (Bakeman & Gottman, 1986). 
A third researcher was consulted on inconsistent cod-
ing results, and a final consensus on coding was reached. 
Finally, the coding results were integrated and reduced.

Subsequently, four grade 12 high school students 
and two high school science teachers were interviewed 
randomly. No new science tasks were reported, which 
proved that thematic saturation on science tasks had 
been reached (Francis et  al., 2010). The final coding 
results indicated alignment with theoretical expecta-
tions; the 4 levels of science tasks and the correspond-
ing behavioral performance codes as well as examples 
of sources are given in Table 12 in the “Appendix”. Next, 
29 items of the initial version of the SSES were designed 
according to the behavioral performance descriptions 
of science tasks in Table 13 in the “Appendix”. In addi-
tion, a 5-point scale ranging from 1 (“I couldn’t do 
this at all”) to 5 (“I could do this easily”) was used for 
scoring. Since the subjects of this study were Chinese 
high school students, the items were all written in Chi-
nese. Then, the scale was translated into English by two 
researchers who had lived in the United States for more 
than 1 year. The science task coding process and exam-
ples of the item design are as follows:

In the interview, the students responded to the fol-
lowing item: “Designing and making a simple alco-
hol detector based on chemical principles and sen-
sors.”
Level: “innovative design”; Code: “Designing and 
completing production.” According to the coding of 
this science task, item 29 was designed as follows: 
“Designing and completing a practical technology 
product independently based on scientific princi-
ples.”

Fig. 2  Development and validation process of the SSES
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Face validity
To verify the instruments’ face validity, the pairwise com-
parison method was used to test whether the students’ 
perceived science task difficulty and competency level 
were consistent with the theoretical assumption of this 
study (e.g., Oishi et al., 1998).

A total of 67 students from 10th to 12th grades were 
randomly selected. One science task item was randomly 
selected from each of the four levels in turn, and the stu-
dents were given pairwise comparisons of difficulty levels 
for the science task items. In other words, the subjects 
were asked to compare the difficulty of science task items 
at two different levels and to indicate which was more 
difficult and which was simpler.

Each student needed to complete the following six 
pairwise comparison questions, which were randomly 
selected: Level 1–Level 2, Level 2–Level 3, Level 3–Level 
4, Level 1–Level 4, Level 1–Level 3, and Level 2–Level 
4. Among the students, 51 were able to make correct 
judgments for all comparisons, 8 students judged cor-
rectly in 5 comparisons, 5 students judged correctly in 4 
comparisons, and 3 students judged correctly in 3 com-
parisons. As the subjects of this study, high school stu-
dents’ perceptions of the difficulty of science task items 
were consistent with the theoretical assumptions, which 
proved that the science self-efficacy items were effective 
and meaningful for them; that is, the instrument had face 
validity (He et al., 2021).

Content validity
To address the content validity, an expert panel of 3 high 
school science teachers and 4 university science educa-
tion researchers (2 of whom were also measurement and 
evaluation experts) was formed. This panel participated 
in the entire process of scale development and validity 
testing in this study. A review outline for the expert panel 
is provided in Table  14 in the “Appendix”. Some items 
were modified according to the experts’ recommenda-
tions to make them clearer. An example of an item modi-
fication is presented below.

Original item: “Finding common characteristics of all 
kinds of science phenomena or science facts through 
comparison.” According to the experts’ recommenda-
tions, this item was revised to “Identifying the similarities 
and differences between different science phenomena.”

Stage 3: pilot test
Rasch model-based tests require that subjects have dif-
ferent abilities. Therefore, the cluster sampling method 
was adopted; that is, the class was taken as the unit 
to extract the participants. In June 2018, 431 students 
from 9 classes were selected from grades 10, 11 and 12 
of three high schools in Shandong Province, China, for 

a pilot test. This test was approved by the abovemen-
tioned schools, teachers, and students themselves and 
took 20 min, with the entire test being supervised by the 
teachers. A total of 431 questionnaires were sent out, 
and 373 were recovered, for a recovery rate of 86.5%. The 
choice of this sample size met the basic requirements for 
the use of the Rasch model for data analysis and process-
ing, i.e., that the number of samples should be more than 
200 or 5–10 times the number of test items (Liu, 2010). 
The data were imported into Winsteps 3.72.0 software for 
statistical analysis.

To account for potential dependency when calcu-
lating data from students within multiple classrooms, 
grades and schools, the intra-class correlations (ICCs) 
were calculated (Goldstein, 2011). The ICC of the school 
level is 0.02 (p = 0.21), the ICC of the grade level is 0.04 
(p = 0.15) and the ICC of the class level is 0.06 (p = 0.18), 
all of which are less than 0.100 (p > 0.05). These results 
indicate that the differences among the schools, grades 
and class levels are not significant and that the potential 
dependency issue can be ignored (Raudenbush & Bryk, 
2002).

According to the results of the pilot test, the person 
separation index was 2.77 (reliability = 0.88), and the 
item separation index was 8.35 (reliability = 0.99); both 
were acceptable (Duncan et  al., 2003; Wright & Mas-
ters, 1982). A Rasch analysis can provide item fit statis-
tics to show how well each item fits the Rasch expected 
response structure (Bond & Fox, 2007). Item fit statis-
tics include the mean square residual (MNSQ) and the 
standardized mean square residual (ZSTD) based on the 
differences between what was observed and what was 
expected based on the Rasch model. The MNSQ is a sim-
ple squared residual based on the difference between the 
observed response pattern and the predicted response 
pattern, and the ZSTD is the normalized t-score of the 
residual. In addition, a Rasch analysis generates infit 
statistics and outfit statistics, which are the weighted 
mean square residual and the unweighted mean square 
residual, respectively. A common standard is that infit 
and outfit MNSQ values should be within the range of 
0.7–1.3 and that the infit and outfit ZSTD values should 
be within the range of −  2.0 to + 2.0 for acceptable fit 
(Bond & Fox, 2007). In this pilot study, the infit MNSQs, 
outfit MNSQs, infit ZSTDs and outfit ZSTDs were all 
within the acceptable ranges with the exception of a few 
described below, indicating that the preliminary instru-
ment met the theoretical expectation based on Fig. 1 and 
had adequate reliability.

Stage 4: revision
According to the item fit statistics of the pilot study sam-
ple, it was found that the difficulty levels of items such 
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as Q3, Q11 and Q28 were not completely consistent with 
the theory. Therefore, these items were adapted descrip-
tively. For example, Q11 was revised from “Using scien-
tific principles to explain daily life” to “Using scientific 
principles to explain common phenomena in experi-
ments or daily life,” which simplified this item. There 
were some item fit statistics far beyond the acceptable 
scope. After discussion with the expert group, it was 
finally decided to delete items Q2, Q6, Q9, Q18 and Q19. 
The remaining items were unchanged.

After modification of the pilot test items, an instrument 
with a total of 24 items was formed. The item distribution 
of the final SSES is shown in Table 2, and the complete 
final SSES is shown in Table 15 in the “Appendix”.

Stage 5: field test
To enable the test sample to cover as many students as 
possible, 6 high schools in 6 cities in Shandong Province, 
China, were selected for the test in September 2018. A 
total of 1903 students from 10 to 12th grades were tested. 
The number of effective questionnaires was 1564, and 
the effective rate was 82.2%. The resulting review for 
this study was obtained from the schools’ institutional 
monitoring board. All participants were informed of 
the purpose and procedure of the test and voluntarily 
participated in the test. Both the schools’ and students’ 
identities were altered through coding to guarantee their 
anonymity. Moreover, the students were also informed 
about and agreed to participate in the follow-up inter-
view research. The whole test process was supervised by 
teachers, and the test time was 20 min. The demographic 
information is shown in Table 3.

Stage 6: validation
To further verify the validity of the scale developed in 
this study, evidence from cross-validation through tri-
angulation is provided. In addition to quantitative meth-
ods, qualitative methods were used to further verify the 
construct validity of the instrument. In previous studies, 
interviewees were often asked to describe their self-con-
fidence in science (Webb-Williams, 2018). However, as 
Bandura (2006) argued, it is difficult for students to judge 
and describe their level of confidence by themselves. 

Therefore, specific science tasks were needed to under-
stand the actual science self-efficacy levels of students.

Presenting students with specific science tasks allowed 
them to articulate their perceptions and judgments of 
their competence in these science tasks. If a student per-
ceived his or her competence in science tasks to be at 
or below the level measured by the SSES and perceived 
himself or herself to be incompetent in higher-level tasks, 
the student’s science self-efficacy level was accurately 
measured. Based on the division of students’ science self-
efficacy levels above, 3 students were randomly selected 
at each level, and 12 students were interviewed voluntar-
ily. Students randomly selected 3 adapted science tasks 
from each level for 12 science tasks. To avoid the interfer-
ence of subject knowledge proficiency on students’ per-
ceptions of science task competence, the 3 science tasks 
selected at each level included physics, chemistry and 
biology. The student’s judgment of his or her competence 
in each level of science task depended on him or her giv-
ing two or more of the same answers.

To provide evidence of predictive validity, the science 
test scores from the students’ admissions in Septem-
ber 2018 were collected and converted into Z scores, 
which represent students’ science academic achieve-
ments (Fiorella et  al., 2021; Klein, 2014). Pearson cor-
relation coefficients and a simple linear regression were 
calculated between students’ science self-efficacy and 
the scores of science academic achievement (Lamb et al., 
2014; Pedaste et  al., 2021). Moreover, correlation and 
simple linear regression analyses of science academic 
achievement were conducted at each level of science self-
efficacy separately.

Part 2: cross‑sectional analysis
The second purpose of this study was to explore and 
explain the potential cross-sectional differences in stu-
dents’ science self-efficacy across grades 10–12 in China. 

Table 2  Item distribution in the SSES levels

Level Description Distribution of items

Level 1 Identifying and remembering Q1; Q2; Q3; Q4; Q5; Q6; Q7

Level 2 Explaining and applying Q8; Q9; Q10; Q11; Q12; Q13; 
Q14; Q15

Level 3 Inquiring and argument Q16; Q17; Q18; Q19; Q20

Level 4 Innovative design Q21; Q22; Q23; Q24

Table 3  Demographics of the high school students in the field 
test

Variable Category Frequency Percentage (%)

Gender Male 698 44.63

Female 866 55.37

Grades Grade 10 337 21.55

Grade 11 655 41.88

Grade 12 572 36.57

Major Science 985 62.92

Nonscience 579 37.08

School type Urban school 852 54.48

Rural school 712 45.52

Total 1564 100
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This part involved the application of field test data. Data 
were collected and analyzed using SPSS 26.0 software, 
and the dependent variable was the Rasch score (in logits) 
(Luo et al., 2021). Two-way analysis of variance (ANOVA) 
was used to explore the differences in science self-efficacy 
across grade and gender. Then, the exploration and inter-
pretation of the differences across grades and genders in 
science self-efficacy were conducted by Chi-square analysis 
using the levels of students’ science self-efficacy.

Part 3: longitudinal analysis
Students from five high schools in Shandong Province 
were selected for the test, and a 1-year longitudinal analy-
sis was conducted. Specifically, the first science self-efficacy 
survey was conducted at the beginning of grade 10 (Sep-
tember 2019), and 267 students were selected. The second 
follow-up survey was conducted at the beginning of grade 
11 (September 2020), and 233 students, including 119 boys 
(51.07%) and 114 girls (48.93%), were matched and tracked. 
Quantitative data were collected and analyzed using SPSS 
26.0 software, and the dependent variable was the Rasch 
score (in logits) (Luo et al., 2021).

Since this study tested the same students’ science self-
efficacy before and after high school science curriculum 
learning, a paired-sample t test and Chi-square analysis 
were used to explore how students’ science self-efficacy 
changed from grades 10 to 11. Erickson (2012) suggested 
that qualitative research is particularly appropriate in 
education to identify and understand change over time. 
Therefore, on the basis of collecting and analyzing the 
above quantitative data, stratified sampling was adopted 
to interview students from Levels 1 to 4 separately, with 
2 students at each level and 1 student below Level 1, for a 
total of 9 students. These 9 students covered all levels of 
science self-efficacy and both increased and decreased at 
each level, thereby meeting the key stratifiers needed for 
in-depth research in this study; thus, the sample reached 
saturation (Charmaz, 2006). One year after the SSES was 
administered, the 9 students were further followed up 
and interviewed. Since the selection of qualitative inter-
view samples needed to be based on the level of quantita-
tive measurement, the qualitative data were collected only 
after the quantitative data were analyzed. The combination 
of quantitative and qualitative data was performed only at 
the interpretation stage to ensure triangulation of the data 
sources (Creswell & Plano Clark, 2011).

Results
Part 1: SSES reliability and validity
Unidimensionality and local independence
First, a confirmatory factor analysis was performed using 
the raw scores obtained from the measurement by Amos 
26.0. The results showed that the one-factor model had 

almost acceptable fit indices (Chi-square = 768.166, 
p < 0.000, DF = 225, Normed Chi-square = 3.414, 
CFI = 0.910, GFI = 0.959, RMSEA = 0.039, 
SRMR = 0.025) (Maydeu-Olivares & Joe, 2014; Pedaste 
et al., 2021).

The unidimensionality of the measurement scale and 
the local independence of the measurement items are 
two basic assumptions of the Rasch model (Liu, 2010; 
Lu et  al., 2020). The purpose of the unidimensionality 
test is to search for data that are inconsistent with the 
latent trait of science self-efficacy. In other words, it tests 
whether other dimensions or components affect the stu-
dents’ responses to the items. The unidimensionality of 
the rating scale was assessed by a principal component 
analysis of the residuals (PCAR), and a combination of 
criteria was used to support the claim of the unidimen-
sionality of the measure (Boone & Staver, 2020; Linacre, 
2011). If the variance as explained by the Rasch factor 
was ≥ 20%, it was considered to support unidimension-
ality. The Rasch model explained 40.1% of the total vari-
ance, which was greater than 20%. Furthermore, among 
these dimensions, the dimension with the greatest influ-
ence in the unexplained variance accounted for only 
5.7%, which was less than 10% (Boone & Staver, 2020; 
Linacre, 2011). These findings suggest that although mul-
tiple extra dimensions may have influenced students’ 
responses, none of these dimensions had a significant 
impact. The above suggests that the overall unidimen-
sionality of the measure was acceptable.

Local independence requires that students are not 
affected by other items when answering a certain item. 
Item factor loadings within the range of − 0.4 to + 0.4 
indicate that those items might measure the same dimen-
sion (Liu, 2010). All items were within the range of − 0.4 
to + 0.4, except for Q2, Q23 and Q24, with correlation 
coefficients of 0.44, 0.55 and 0.60, respectively, which 
required closer examination.

The Rasch model is an ideal mathematical model that 
is unlikely to be perfectly achieved in realistic measure-
ments because even simple tests may be disrupted by 
irrelevant factors (Yan Zi, 2010). Therefore, it is difficult 
for data to perfectly meet the unidimensional and local 
independence requirements of the Rasch measurement. 
Deleting certain items requires rigorous considera-
tion of whether these items obviously differ from other 
items given the assessment aim (Boone & Staver, 2020; 
Linacre, 2011). Q2 described a very simple science task 
to evaluate whether students reached Level 1, and Q23 
and Q24 described higher-difficulty science tasks align-
ing with Level 4. Although it is possible that these items 
were too simplistic or too difficult to have been encoun-
tered by students in everyday science learning, they made 
an important contribution to preventing ceiling effects. 
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Moreover, the correlation coefficients of all items were 
less than 0.7, which suggested that the items could be 
considered highly locally independent (Linacre, 2011; 
Liu, 2010). After discussion with the expert group, it was 
finally decided to retain these three items.

Reliability
In Rasch analysis, reliability is a property of the person 
and the item measured, with two indicators: the per-
son separation index and the item separation index. The 
separation index can also be converted to Cronbach’s ɑ 
equivalent value, with a range of 0–1. A summary of the 
statistics of the measurement instrument is presented in 
Table 4. The revised instrument had a person separation 
index of 1.97, and the corresponding person reliability 
was 0.79. In general, a person separation index higher 
than 2 and a person reliability greater than 0.8 imply that 
the instrument is sensitive enough to distinguish between 
high and low performers (Duncan et al., 2003). Although 
there was still a small gap between the data of this study 
and the ideal standard, it was acceptable for low-risk 
assessment (Liu, 2010). The item separation index was 
25.85, and the correspondence item reliability was 1.00. 
In brief, the separation index of the items was very high, 
and the person separation index was acceptable. In addi-
tion, these indices indicated that the spread of items and 
persons were reliably calibrated along the latent trait 
measured by the scale.

Validity
Construct validity
Based on the assumption that the SSES can measure the 4 
levels of students’ science self-efficacy, if the correspond-
ing levels could be divided, it would provide evidence 
of the structural validity of the instrument developed in 
this study (Boone & Staver, 2020; Linacre, 2011). Spe-
cifically, the process of verifying the structural validity of 
the instrument according to the Rasch model could be 
divided into the following three steps (Liu, 2010; Lu & Bi, 
2016).

The first step was to ensure that all test items fit the 
Rasch model. The data fit is typically assessed by infit 
and outfit mean square (MNSQ). Infit is sensitive to 
inlier misfit, while outfit is sensitive to outlier misfit 
(Oon & Fan, 2017). In general, items have acceptable 

fit if their MNSQ values fall in the range of 0.6 to 1.4 
for the rating scale (Linacre, 2011; Liu, 2010). The data 
shown in Table 5 reveal that the infit MNSQ and out-
fit MNSQ values of all items were within the acceptable 
range.

The PTMEA corr. value is the correlation between the 
person item scores and person measures. For a Rasch 
analysis, the value should be positive and not be nearly 
zero (Bond & Fox, 2007). A negative correlation indi-
cates potential fit errors; thus, the higher the positive 
correlation is, the better (Liu, 2010). Table 5 shows that 
the PTMEA corr. values for all of the items were all 
positive and ranged from 0.23 to 0.58, suggesting ade-
quate item discrimination.

Table 4  Summary statistics of persons and items

Parameter (N) Measure Infit Outfit Separation Reliability

MNSQ ZSTD MNSQ ZSTD

Person (1564) 0.19 1.01 − 0.3 0.99 − 0.4 1.97 0.79

Item (24) 0.00 0.98 − 0.6 0.99 − 0.3 25.85 1.00

Table 5  Fit statistics of the items in the final instrument

Item Measure Model S.E Infit Outfit PTMEA corr.
MNSQ MNSQ

Q1 − 2.23 0.04 0.82 0.80 0.25

Q2 − 2.1 0.04 0.85 0.84 0.23

Q3 − 1.1 0.04 0.63 0.62 0.29

Q4 − 1 0.04 0.65 0.65 0.38

Q5 − 1.13 0.04 0.65 0.64 0.40

Q6 − 0.34 0.03 1.07 1.07 0.51

Q7 − 0.29 0.03 1.08 1.07 0.44

Q8 0.01 0.03 1.03 1.04 0.49

Q9 − 0.05 0.03 0.89 0.89 0.58

Q10 0.12 0.03 1.09 1.11 0.53

Q11 0.11 0.03 1.06 1.06 0.51

Q12 0.15 0.03 0.87 0.87 0.53

Q13 0.25 0.03 1.07 1.07 0.52

Q14 0.3 0.03 1.07 1.07 0.51

Q15 0.29 0.03 0.98 0.99 0.55

Q16 0.49 0.03 0.99 1.00 0.52

Q17 0.49 0.03 0.94 0.96 0.53

Q18 0.62 0.03 1.09 1.14 0.42

Q19 0.47 0.03 1.02 1.07 0.46

Q20 0.51 0.03 1.10 1.11 0.46

Q21 0.79 0.03 1.11 1.12 0.35

Q22 0.97 0.03 1.21 1.22 0.40

Q23 1.25 0.03 1.05 1.07 0.35

Q24 1.43 0.03 1.18 1.19 0.26
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The second step was to verify that the difficulty of the 
test items was consistent with the level of science self-
efficacy constructed in Table 2. In other words, the more 
difficult the science task item was, the higher the corre-
sponding student’s science self-efficacy level. The Wright 
map (presented in Fig. 3) is a graphical representation of 
the science self-efficacy levels. In Fig.  3, the left side of 
the Wright map in the vertical direction is the distribu-
tion of the science self-efficacy of the students, indicating 
low self-efficacy to high self-efficacy from bottom to top. 
The right side of the Wright map in the vertical direction 
is the distribution of item difficulty, with the science tasks 
becoming more difficult from bottom to top.

According to the Wright map, the science self-efficacy 
level of the students presented a normal distribution, and 
the item difficulty estimation almost coincided with the 
students’ science self-efficacy level distribution. However, 
some students’ science self-efficacy level still lacked sci-
ence task items of the corresponding difficulty level. For 
example, there were still some students with extremely 
high levels of science self-efficacy who exceeded the 

difficulty levels of Q23 and Q24, which was beyond our 
expectations. However, studies have shown that both 
high achievers and students with learning disabilities 
often overestimate their abilities (e.g., Klassen, 2002; 
Pajares & Miller, 1994). This tendency may be difficult 
to correct by increasing the difficulty level of the science 
task.

In addition, there was a gap of approximately 1 logit 
between Q1 and Q5, which may be due to the large diffi-
culty difference among the tasks in Level 1. For example, 
some science tasks, such as identifying intuitive informa-
tion and observing phenomena, only require a one-step 
cognitive process, while other science tasks, such as iden-
tifying specific relationships and accurately describing 
observation information, are often based on recalling 
cognitive activities, and they require two or more cogni-
tive processes (Webb, 1999). Overall, these science tasks 
are very simple. In short, the distribution of the difficulty 
of most items was consistent with the structure of the 
theoretical hypothesis in Table 2.

The third step was the calculation of the mean meas-
urements for every science self-efficacy level by averag-
ing the values of all the items at each level. The threshold 
for students’ science self-efficacy was defined as the aver-
age of the difficulty values of all items corresponding to 
each level (Lu & Bi, 2016; Lu et  al., 2020). As shown in 
Table 6, the calculated threshold for Level 1 was − 1.17, 
the threshold for Level 2 was 0.15, the threshold for Level 
3 was 0.52, and the threshold for Level 4 was 1.11. Stu-
dents’ science self-efficacy was divided into four levels, 
and the specific thresholds are shown in Table 6.

If the measured value of the student’s science self-
efficacy was less than −  1.17, it meant that the student 
could not even reach Level 1 and had no perceived com-
petence for most of the science tasks. If a student’s test 
value was between −  1.17 and 0.15, it meant that the 
student reached Level 1 and was confident only in sci-
ence tasks involving “identifying and remembering”. If a 
student’s test value was between 0.15 and 0.52, this indi-
cated that the student achieved Level 2 and felt compe-
tent in “exposing and applying” science tasks but not yet 

Fig. 3  Wright map for the SSES

Table 6  Mean measures of science self-efficacy levels

Level Item (measurement) Mean S.D

1 Q1 (− 2.23); Q2 (− 2.10); Q3 (− 1.10);Q4 (− 1.00); 
Q5 (− 1.13); Q6 (− 0.34); Q7 (− 0.29)

− 1.17 0.76

2 Q8 (0.01); Q9 (− 0.05); Q10 (0.12);Q11 (0.11); Q12 
(0.15); Q13 (0.25); Q14 (0.30); Q15 (0.29)

0.15 0.13

3 Q16 (0.49); Q17 (0.49); Q18 (0.62); Q19 (0.47); Q20 
(0.51)

0.52 0.06

4 Q21 (0.79); Q22 (0.97); Q23 (1.25); Q24 (1.43) 1.11 0.29
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in “inquiring and argument” science tasks. If a student’s 
test value was between 0.52 and 1.11, it meant that the 
student achieved Level 3 and felt competent in “inquir-
ing and argument” science tasks but not yet competent 
in “innovative design” science tasks. If the student’s test 
value was greater than 1.11, it meant that the student 
reached Level 4 and felt competent in “innovative design” 
science tasks. Table  6 also shows that the mean science 
self-efficacy level increased gradually from Level 1 to 
Level 4, which also provided more evidence for the struc-
tural validity of the instrument.

To further verify the construct validity of the instru-
ment, evidence of triangulation through cross-validation 
was provided to supplement the interview evidence from 
the qualitative research. The interview results showed 
that 9 of the 12 students were competent in the cor-
responding science tasks and expressed incompetence 
for higher-level science tasks. However, 3 students felt 
they were not competent in the science tasks. Consider-
ing that tasks at the same level have varying difficulty, 2 
additional science tasks at this level were added, and ulti-
mately, the students expressed their perceived compe-
tence. Therefore, the results of the interviews as a whole 
provided evidence of structural validity.

Predictive validity
Pearson correlation coefficients between the science self-
efficacy score and the standardized science academic test 
score were calculated. The results showed that there was 
a moderate positive correlation (0.36–0.75) between sci-
ence self-efficacy and science academic achievements 
(r = 0.58). A simple linear regression found that science 
self-efficacy was a significant predictor of science aca-
demic achievements, accounting for 33.2% of the variance 
(r = 0.577, R2 = 0.332, p < 0.001). This result is consistent 
with other researchers’ findings (Honicke & Broadbent, 
2016; Tuan et  al., 2005). Thus, the results provided evi-
dence of the predictive validity of the instrument.

The predictive validity of science self-efficacy at dif-
ferent levels was also examined separately. As shown 

in Table  7, the results indicate that as the science self-
efficacy level improved, the predictive effect of science 
academic achievement was stronger, and higher sci-
ence self-efficacy was correlated with improved sci-
ence academic performance (Mataka & Kowalske, 2015; 
Tezer & Aşıksoy, 2015). However, Table  7 shows that 
the predictive effects of the different levels of science 
self-efficacy on science academic achievement were dif-
ferent. Science self-efficacy at Level 3 had the strong-
est predictive effect on science academic achievement 
(r = 0.796***, R2 = 0.633). Science self-efficacies below 
Level 1 (r = 0.333, R2 = 0.111) and at Level 1 (r = 0.254***, 
R2 = 0.064) had a weak predictive effect on science aca-
demic achievement (Pajares, 1996).

Part 2: cross‑sectional analysis
The second question of this study was how to use high 
school students’ science self-efficacy level to explore and 
explain changes across grades and gender differences in 
science self-efficacy; this question was explored through a 
cross-sectional study. The ICC of the school level is 0.015 
(p = 0.614), that of the grade level is 0.024 (p = 0.683) and 
that of the class level is 0.090 (p = 0.311), all of which are 
less than 0.100 (p > 0.05), indicating that the differences 
between the schools, grades and class levels are not sig-
nificant and that the potential dependency issue can be 
ignored (Goldstein, 2011; Raudenbush & Bryk, 2002).

The normal distribution of the dependent variable 
residuals and equality of variance across the groups 
almost satisfied the basic assumptions of the ANOVA 
(skewness < 1; kurtosis < 1; Shapiro–Wilk test p > 0.05; 
Levene’s test p > 0.05). The two-way ANOVA results are 
shown in Table  8. Science self-efficacy was significantly 
dependent on gender [F (1, 1558) = 4.68, p < 0.05] and 
grade [F (2, 1558) = 2.45, p < 0.05]. Moreover, there was 
no significant interaction between gender and grade 
in influencing science self-efficacy [F (2, 1558) = 1.901, 
p > 0.05]. The results of a least squares difference 
(LCD) post hoc comparison indicated significant dif-
ferences between grades 10 and 11 (p = 0.004 < 0.05), 

Table 7  Correlation and simple linear regression analyses between science self-efficacy and science academic achievement

***p < 0.001

F p Pearson’s r R2 Adjusted R2 N

Total F(1,1562) = 777.611 0.000 0.577*** 0.332 0.332 1564

Below Level 1 F(1,21) = 2.613 0.121 0.333 0.111 0.068 23

Level 1 F(1,634) = 43.543 0.000 0.254*** 0.064 0.063 636

Level 2 F(1,413) = 161.639 0.000 0.530*** 0.281 0.280 415

Level 3 F(1,354) = 611.438 0.000 0.796*** 0.633 0.632 356

Level 4 F(1,132) = 25.675 0.000 0.445*** 0.198 0.192 134
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as well as between grades 11 and 12 (p = 0.019 < 0.05), 
but no significant difference between grades 10 and 12 
(p = 0.418 > 0.05).

A Chi-square test was used to explore whether the dis-
tribution of science self-efficacy levels differed among 
students by gender and grade. The Chi-square test, 
shown in Table 9, revealed significant differences in gen-
der (Chi-square = 43.673, p = 0.000 < 0.001) and grade 
(Chi-square = 19.078, p = 0.014 < 0.05) among the four 
science self-efficacy levels. Overall, the development 
of students’ science self-efficacy from grade 10 to grade 
12 was a complex process in which science self-efficacy 
first decreased and then increased. From Fig. 4, it can be 
seen that from 10 to 11th grade, there was a more obvi-
ous increasing trend in the proportion of students with 
lower levels of science self-efficacy, such as Level 1 and 
below Level 1, while from 11 to 12th grade, the propor-
tion of students with lower levels showed a more obvious 
decreasing trend. Even though the proportion decreased, 
it was higher than that in grade 10. Level 2 showed a 
trend of decreasing first in grades 10–11 and increasing 
again in grades 11–12, but after the increase, the propor-
tion of those in Level 2 in grade 12 was not as high as that 
in grade 10. However, the number of students at higher 
levels, such as Levels 3 and 4, did not change appreci-
ably from 10 to 12th grade. The proportion of students 
at Level 1 was the highest, approximately 50%, which was 
the direct reason for the complex change process in sci-
ence self-efficacy among students in grades 10–12.

The distribution of gender differences in levels of sci-
ence self-efficacy by mean score across grades is shown 
in Fig. 5. In general, boys had higher science self-efficacy 
than girls at all stages in grades 10–12. However, for dif-
ferent levels, there were large differences in science self-
efficacy between boys and girls. In the lower levels, such 
as below and at Level 1, the science self-efficacy of most 
girls was greater than that of boys (almost no girls were 
below Level 1). At the highest level, Level 4, the science 
self-efficacy of girls was also greater than that of boys. 
However, in the middle levels, i.e., Levels 2 and 3, the sci-
ence self-efficacy of boys was generally greater than that 
of girls.

Part 3: longitudinal analysis
The third problem addressed in this study was track-
ing how the science self-efficacy of the same students 
changed from grades 10 to 11 in China, which was inves-
tigated through a longitudinal study.

Students were tested in a 1-year follow-up from 10 
to 11th grade. To develop an in-depth and comprehen-
sive understanding of the problem, both qualitative and 

Table 8  Two-way ANOVA results for gender- and grade-based 
science self-efficacy variations

ST squares total, df degrees of freedom, MS mean of squares

Source of variation ST df MS F p

Gender 4.697 1 4.697 10.532 0.001

Grade 4.845 2 2.422 5.432 0.004

Grade × gender 1.695 2 0.848 1.901 0.150

Error 694.751 1558 0.446

Total 843.202 1564

Table 9  Distribution of science self-efficacy levels by gender and grade and Chi-square test

*p < 0.05; ***p < 0.001

Below Level 1 (%) Level 1 (%) Level 2 (%) Level 3 (%) Level 4 (%) χ2

Gender Male 22 (3.15) 261 (37.40) 170 (24.35) 164 (23.50) 81 (11.60) 43.67***

Female 1 (0.12) 375 (43.30) 245 (28.29) 192 (22.17) 53 (6.12)

Grade 10 1 (0.29) 160 (47.48) 85 (25.22) 62 (18.4) 29 (8.61) 19.08*

11 22 (3.36) 335 (51.14) 136 (20.76) 115 (17.56) 47 (7.18)

12 6 (1.05) 285 (49.82) 143 (25.00) 95 (16.61) 43 (7.52)

Fig. 4  Cross-sectional differences in science self-efficacy levels in 
grades 10–12
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quantitative data were collected (Creswell & Plano Clark, 
2011). The quantitative data showed that the average 
science self-efficacy score of grade 10 students was 0.37 
and that the average science self-efficacy score of the 
students followed up in grade 11 was 1.03. Moreover, 
the matched-samples t test found that there were signifi-
cant differences in science self-efficacy between grades 
10 and 11 (t = 7.79, p = 0.000). In addition, the effect 
size, namely, Cohen’s d value, was 0.75, indicating a large 
effect (Valentine & Cooper, 2003).

From grades 10–11, the science self-efficacy of 39 
students (16.74%) decreased, and that of 194 students 
(83.26%) increased. The changes in the proportions of 
students with science self-efficacy at each level are shown 
in Fig. 6. The proportion of students with a high level of 
science self-efficacy, such as Level 4, increased, while the 
proportion of students with a low level of science self-
efficacy, such as Level 1, increased. The Chi-square analy-
sis of the longitudinal study data is presented in Table 10 
(only 3 students below Level 1 were in grade 10, and none 
were in grade 11, so they were not included in the sta-
tistics). The χ2 value was 100.929, p = 0.000, and the Chi-
square results indicated a significant difference between 
10 and 11th grade students in the change in the level of 
science self-efficacy.

To obtain detailed information that could not be cap-
tured by quantitative research, qualitative research was 
also conducted (Mataka & Kowalske, 2015). The qualita-
tive data were derived from semistructured interviews, 
which included 2 main questions. The semistructured 

interviews allowed the interviewer to ask questions 
other than those on the interview outline and clarify the 
answers and to understand the real levels of and changes 
in students’ science self-efficacy. The interview record-
ings of students were transcribed, and all interview 
records were provided to the participants to ensure that 
the interview information accurately reflected their real 
ideas. The information of the interviewees is shown in 

Fig. 5  Cross-sectional differences in science self-efficacy at each level by gender

Fig. 6  Changes in the proportions of the students at each level of 
science self-efficacy (the thickness of the line indicates the number of 
students who changed)
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Table 11. The specific interview questions from the semi-
structured interviews were as follows: (1) Do you think 
you are more or less confident about your competence in 
science tasks after a 1-year science class? (2) What kind 
of science tasks in the class have increased or reduced 
your perceived competence in science tasks, and can you 
give an example?

Regarding the first question, some students indicated 
that after 1  year of high school science learning, sci-
ence self-efficacy improved to a certain extent. Student 
JNZX36 mentioned, “I think I am more confident. I have 
always been very interested and confident in science. 
High school science courses have not baffled me, so I 
believe I can learn science well.” Student LVXX18 stated, 
“I feel more confident in learning science. Although my 
science achievements have not improved too much, I 
find myself doing very well in science classes, and teach-
ers often praise my ideas and design schemes.” How-
ever, some students said that their science self-efficacy 
decreased. Student WGY04 reported, “I feel less con-
fident in science tasks. I have not done these science 
inquiry experiments in person before. In junior high 
school, I watched all kinds of science experiments that 
my teacher played on videos. I thought it was very sim-
ple. I could do the same. However, in high school, when 
I personally designed and implemented the experiment, 
I found it too difficult to conduct the science inquiry 
experiment.”

Regarding the second question, most students consid-
ered changes in science self-efficacy to be related to the 
experience of the science inquiry task and the interpreta-
tion of their performance in completing the science task. 
Student WGY12 stated, “Doing science experiments by 
myself successfully makes me very excited and allows me 
to form a deeper impression of science principles, which 
made me have more confidence in science.” Student 
JNZX02 stated, “Although I failed in the science experi-
ment, I know the reason for my failure. It’s my careless-
ness. This is the biggest lesson of my class. I believe I will 
succeed next time.” In contrast, student SSY75 stated, 
“I’m not confident in science all the time. I can only 
remember some basic science knowledge. Although I 
can get good marks on the science exam, if I am asked 
to solve a science problem in science class or daily life, I 
cannot do it.”

Discussion
High school is a key period for the development of sci-
ence self-efficacy. The accurate characterization of the 
level of students’ science self-efficacy is a precondition for 
cultivating this perception (Aydın & Uzuntiryaki, 2009). 
Therefore, this study focused on developing a scale based 
on the Rasch model that could measure high school stu-
dents’ science self-efficacy focusing on perceptions of 
their ability to complete science tasks. The instrument 
consists of 24 items designed to divide students’ science 

Table 10  Chi-square contingency table of grade and science self-efficacy level

Level 1 (%) Level 2 (%) Level 3 (%) Level 4 (%) χ2 p

Grade 10 67 (28.75) 98 (42.06) 41 (17.59) 24 (10.30) 100.929 0.000

11 21 (9.01) 38 (16.31) 121 (51.93) 53 (22.75)

Table 11  Information about the level changes of the interviewees

Student Gender Measure in 10th Level in 10th Measure in 11th Level in 11th Changes

WGY12 Male − 1.56 Below 1 0.77 3 Growth

HMZX01 Male 0.04 1 0.98 3 Growth

SSY75 Female − 0.29 1 − 0.81 1 Reduction

LVXX18 Female 0.33 2 1.39 4 Growth

SSY70 Male 0.27 2 − 1.05 1 Reduction

JNZX02 Female 0.71 3 1.55 4 Growth

WGY04 Male 0.71 3 − 0.2 1 Reduction

JNZX36 Male 1.48 4 2.95 4 Growth

SSY35 Male 1.16 4 0.77 3 Reduction



Page 16 of 24Hu et al. International Journal of STEM Education            (2022) 9:47 

self-efficacy into 4 levels: identifying and remembering, 
explaining and applying, inquiring and argument, and 
innovative design.

The Rasch model provided an effective analytical 
theory and framework for the development and valida-
tion of the SSES (Boone et al., 2011). The validity of the 
instrument was verified from the aspects of face, con-
tent, construct, and predictive validity. To verify face 
validity, pairwise comparisons were first conducted to 
allow students to perceive and compare the difficulty 
of science tasks and to ensure the rationality of subse-
quent construct validity and predictive validity results 
(DeVellis, 2017; Liu, 2010). Second, with the help of 
expert group interviews, the content validity of the SSES 
was determined. Third, 373 high school students and 
1564 students were tested in a pilot study and field test, 
respectively, and the construct validity was further veri-
fied by means of unidimensionality, local independence, 
and the Wright map. Fourth, the correlation analysis and 
simple linear regression with science academic achieve-
ment verified the predictive validity of the SSES. This ver-
ification of multiple aspects of validity can be regarded as 
interdependent and complementary from many aspects. 
One type of validity cannot replace the effectiveness of 
another, thus necessitating a comprehensive verification 
of instrument validity (Messick, 1989) to ensure the qual-
ity of the scale to the greatest extent.

A two-way ANOVA in the cross-sectional study found 
that the change in science self-efficacy differed signifi-
cantly across grades and genders, but there was no inter-
action effect between grades and genders. Changes in 
science self-efficacy during grades 10–12 are the result 
of complex processes found in cross-sectional research. 
The change in high school students’ science self-efficacy 
does not show a trend of constantly decreasing, as previ-
ous research has found (e.g., Eccles et al., 1997). Instead, 
it shows a process of decreasing and then increasing, 
with the final result still being lower than the initial 
results. On the one hand, in Chinese high schools, grade 
12 students no longer learn new science knowledge 
but, instead, undergo a review of the science knowledge 
gained in grades 10 and 11. There is a significant positive 
correlation between proficiency in tasks or knowledge 
and self-efficacy (McCoy, 2010). Therefore, the improve-
ment of students’ proficiency in science knowledge may 
be an important reason for the development of science 
self-efficacy from grades 11 to 12. On the other hand, the 
proportion of students at lower levels, such as at Level 1 
and below Level 1, changes greatly with the increase in 

grade, while the proportion of students at higher lev-
els, such as Levels 3 and 4, remains almost unchanged. 
However, the proportion of students in Level 1 is almost 
50%, which also affects the grade change trend in science 
self-efficacy.

In addition, from the perspective of the differences in 
the level of science self-efficacy between boys and girls 
according to Chi-square analysis, this study contributes 
to the debate on the gender differences in science self-
efficacy found in the literature. Some researchers have 
found that girls have higher science self-efficacy than 
boys (Britner & Pajares, 2001; Pajares et  al., 2000), and 
others have found that girls have lower science self-effi-
cacy than boys (Chan, 2022; Weisgram & Bigler, 2006). 
Furthermore, some researchers have reported that there 
is no difference in science self-efficacy between boys 
and girls (Lips, 1992; Rowe, 1988; Sezgintürk & Sungur, 
2020). Cross-sectional research on male and female stu-
dents at various levels found that although male students 
had higher science self-efficacy than female students as a 
whole, at lower levels of below Level 1 and Level 1 and at 
the highest level, i.e., Level 4, female students had higher 
science self-efficacy than male students. For the middle 
levels, including Levels 2 and 3, male students had higher 
science self-efficacy than female students.

The reason why previous studies have drawn different 
conclusions may be related to sampling. The final con-
clusions were controversial due to the different propor-
tions of boys and girls at each level. For example, if most 
of the selected students were at Levels 2 or 3, this may 
have led to the conclusion that the science self-efficacy 
of boys is higher than that of girls. In contrast, if most of 
the selected students were at Levels 1 or 4, it may have 
been concluded that the science self-efficacy of girls is 
higher than that of boys. The implications of the above 
conclusions for teaching are that the SSES is designed 
not only to diagnose students at low levels of interven-
tion but also to focus particularly on male students at low 
and high levels and female students at intermediate levels 
to promote the overall development of student science 
self-efficacy.

A longitudinal follow-up study of 233 students from 
grades 10 to 11 showed that students’ science self-effi-
cacy greatly improved. The results of the matched-sam-
ples t test indicated that there was a significant difference 
in students’ science self-efficacy between grades 10 and 
11 with a large effect size. The results of the Chi-square 
test indicated significant differences between 10 and 11th 
grade students in the levels of science self-efficacy. It can 
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be intuitively seen from Fig. 6 that the proportion of stu-
dents in the lower levels, such as Levels 1 and 2, showed 
an upward trend, while the proportion of students in 
Level 4 also rose steadily.

However, the results of the longitudinal study con-
tradict the findings of the cross-sectional study that 
the science self-efficacy in grades 10–11 decreased sig-
nificantly. An important reason for the contradiction 
may be the effect of the science curriculum; the largest 
difference in the selected sample in the two-part study 
is students’ experience with different science curricula. 
The science curriculum used in the cross-sectional 
study has been continuously implemented in China 
since 2000, and the core competency-oriented science 
curriculum used in the longitudinal study was offi-
cially implemented in China in September 2019. The 
core competency-oriented science curriculum empha-
sizes allowing students to experience science inquiry, 
creative thinking and critical thinking and strengthens 
their attention to science experiments (e.g., it adds 9 
compulsory experiments in chemistry and 12 compul-
sory experiments in physics) (Yao & Guo, 2018), which 
are closely related to the Level 3 and 4 science tasks, 
providing students with successful experiences or the 
opportunity to observe others’ successful experiences. 
These experiences are important sources of self-effi-
cacy (Bandura, 1997). In addition, the important role 
of science inquiry and critical thinking in promoting 
the development of science self-efficacy has provided 
abundant empirical evidence in previous studies (e.g., 
Dehghani et al., 2011; Jansen et al., 2015).

The qualitative interview data indicated that, in com-
parison to providing students with others’ successful 
experiences through watching a teacher’s demonstra-
tion or instructional video in a traditional science cur-
riculum, students perceived that experiencing science 
tasks in person was more beneficial in enhancing their 
science self-efficacy, which is consistent with the find-
ings of other researchers (Bandura, 1997; Webb-Wil-
liams, 2018). Moreover, changes in science self-efficacy 
do not exclusively depend on completing the science 
task experience and may also be related to how students 
interpret their experiences (Bandura, 1997, 2012). For 
example, even though student JNZX02 failed a complex 
science task, she increased her science self-efficacy by 
positively interpreting this science task experience. The 
present study’s findings must be regarded with caution, 
however. No randomized control group was used, nor 
was a comparison group used for either the surveys or 
interviews.

Study limitations and future research
The samples studied were Chinese high school stu-
dents; future research needs to consider a wider sam-
ple of students to better promote the SSES. Influenced 
by Chinese traditional culture and Confucianism, Chi-
nese students are quite different from students from 
the United States, Europe and other Western coun-
tries (Morony et al., 2013). Future research should also 
expand the sample range and increase the number of 
represented countries and ethnicities or nationalities 
to ensure the effectiveness of the SSES. The instru-
ment developed in this study is mainly intended for 
high school students, but the difficulty division of sci-
ence tasks is not unique to high school, so it should 
also be extended to the junior high school and uni-
versity contexts. This is also an important direction of 
future research to further verify the external validity of 
the instrument (Aydın & Uzuntiryaki, 2009). The lon-
gitudinal study reached an interesting conclusion, but 
multiple factors appeared to influence students’ self-
efficacy, such as internal personal factors and environ-
mental events (Bandura, 1986, 1997). Therefore, future 
research will continue to focus on the factors influenc-
ing science self-efficacy, such as designing experiments 
or quasi-experiments to explore the effects of the core 
competency-oriented science curriculum on science 
self-efficacy.

Conclusions
This study developed an instrument to measure high 
school students’ science self-efficacy focusing on per-
ceived competence dimension, and verified the validity of 
the instrument from the aspects of face validity, content 
validity, construct validity, and predictive validity using 
mixed methods, providing rich and rigorous evidence 
through triangulation by cross-validation. In addition, 
a cross-sectional analysis was conducted to explore the 
trends in science self-efficacy across increasing grades 
as well as the differences by gender, and an attempt was 
made to provide a detailed analysis and explanation 
from the perspective of the science self-efficacy level. 
Finally, it was found that students’ science self-efficacy 
significantly improved in the longitudinal study, which 
was explained by combining self-efficacy theory and the 
core competency-oriented science curriculum in China. 
In conclusion, this study provided an instrument with 
high reliability and validity for the measurement of high 
school students’ science self-efficacy as well as some 
empirical evidence-based suggestions for the develop-
ment of science self-efficacy.
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Appendix
See Tables 12, 13, 14, 15.

Table 12  Levels of science tasks, relevant behavioral performance codes, and source examples

Levels of science tasks Behavioral performance codes Examples of sources

Identifying and remembering Identifying information;
Recognizing a problem;
Observing a phenomenon;
Remembering a fact;
Recognizing a relationship;
Recalling a fact;
Describing information;
Comparing phenomena;
Finding a law;
Classifying information

Interview: “Identification of data and information in graphs or tables”;
PISA 2006: Recognizing issues that are possible to investigate scientifically;
Interview: “Carefully observe color changes in a chemical experiment”;
Interview: “Remember the formulas in physics and chemical equations”;
Interview: “Recognizing that iron and dilute sulfuric acid can react chemically”;
NAEP: NAEP 2009-12S10#2;
PISA 2003: Describing scientific phenomena
NAEP 2011-8S11 #3;
NAEP 2009-12S9 #14;
Interview: “Classification of chemicals into compounds, single substances and 
other classes”;

Explaining and applying Explaining phenomena;
Calculating variables;
Explaining a purpose
Describing examples;
Interpreting a model;
Predicting phenomena;
Predicting knowledge;
Building a model
Explaining a relationship;
Making judgments;

NAEP 2009-12S10 #1
NAEP 2009-12S10 #3
Interview: “Explaining the purpose of controlling variables in photosynthesis 
experiments”;
Interview: “Giving an example of what a particle is”;
Interview: “Explaining the working principle model of a primary battery”
NAEP: “Predicting the results of the observation”
NAEP 2009-12S9 #16
Interview: “Explaining phenomena by building a particle model, charge model, 
atomic structure model, etc.”
Interview: “Explaining the connection between atomic structure and properties 
of matter”;
Interview: “Judging the reducibility of zinc, iron and copper”

Inquiring and argument Evidence-based argument;
Rational evaluation;
Systemic inquiring;
Selecting instruments;
Proposing programs

TIMSS: “Proposing arguments based on the evidence”;
Interview: “Evaluating and demonstrating the rationality of different design 
schemes or assumptions”;
NAEP 2009-12S9 #7;
NAEP: “Using appropriate tools and techniques to conduct scientific inquiry”
PISA: “Proposing a feasible research program for a given question”

Innovative design Weighing choices;
Improving defects;
Improving living;
Designing and completing production

NAEP: Identifying scientific trade-offs in design decisions and choosing among 
alternative solutions
NAEP: Proposing or critiquing solutions to problems given criteria and scientific 
constraints
TIMSS: “Proposing research questions based on observation”
Interview: “Designing and making a simple alcohol detector based on chemical 
principles and sensors”
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Table 13  Initial SSES

Item no. Item description 1 2 3 4 5

Q1 Recognizing information from text, images, graphs, and tables

Q2 Recognizing variables that need to be studied in an experiment

Q3 Observing and recording a phenomenon in an experiment and daily life

Q4 Memorizing simple science concepts, principles, formulas, or equations

Q5 Recognizing basic relationships between familiar things or concepts

Q6 Recalling science concepts, principles, formulas, or equations when needed

Q7 Accurately describing information observed or identified

Q8 Identifying the similarities and differences between different science phenomena

Q9 Finding science laws in experimental phenomena

Q10 Classifying familiar things or science concepts

Q11 Using scientific principles to explain daily life

Q12 Calculating and comparing the unknown variables according to the given data, variables and other information 
by using certain science laws

Q13 Interpreting the purpose of a specific operation in science experiments

Q14 Describing an example to explain a science concept or principle

Q15 Understanding and interpreting existing models

Q16 Predicting an experimental phenomenon based on scientific principles

Q17 Predicting new knowledge according to the relationship between science concepts

Q18 Constructing models to explain science phenomena

Q19 Explaining the relationship between different concepts or things

Q20 Using scientific principles to make simple judgments about properties of or changes in matter

Q21 Evaluating and demonstrating the reasonableness of different design options or assumptions

Q22 Extracting evidence from the facts and proving or disproving a scientific hypothesis based on the evidence

Q23 Selecting and integrating appropriate tools and instruments for scientific inquiry according to the purpose of 
the experiment

Q24 Carrying out a complete and systematic inquiry to solve science problems

Q25 Proposing one or more sets of research programs for a given science question

Q26 Designing a science and technology program through weighing multifaceted and multiangled pros and cons

Q27 Identifying defects in science equipment or daily objects and using practical design and transformation to 
improve them

Q28 Identifying problems in everyday life and using science to design solutions

Q29 Designing and completing a practical technology product independently based on scientific principles
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Table 14  Expert review outline

Part Interview content

Part 1 Discuss whether the item corresponds to the science self-efficacy and corresponding task level shown in Fig. 1
If not, please give your comments and suggestions

Part 2 Discuss whether the items in each level are sufficient to represent the measure of students’ science self-efficacy
What other items should be included or excluded in the current version? Why or why not? Please provide com-
ments and suggestions

Part 3 Discuss whether the item expression, wording, and language issues are appropriate
1. Were the item statements clearly expressed? Please point out the items and provide detailed comments
2. Was there any wording or language issues that might be confusing to you? Please point out these items and 
provide detailed comments
3. Are there any suggestions for the improvement of those item statements? Please point out these items and 
provide detailed comments

Part 4 Provide an overall evaluation and suggestions for further improvement of the instrument
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Table 15  Final SSES

Item no. Item description 1 2 3 4 5

Q1 Recognizing information from text, images, graphs, and tables

Q2 Observing a phenomenon in an experiment and daily life

Q3 Memorizing simple science concepts, principles, formulas, or equations

Q4 Recognizing basic relationships between familiar things or concepts

Q5 Accurately describing information observed or identified

Q6 Identifying the similarities and differences between different science phenomena

Q7 Classifying familiar things or science concepts

Q8 Using scientific principles to explain common phenomena in an experiment or daily life

Q9 Calculating and comparing unknown variables according to the given data, variables and other information by 
using certain science laws

Q10 Interpreting the purpose of a specific operation in science experiments

Q11 Describing an example to explain a science concept or principle

Q12 Understanding and interpreting existing models

Q13 Predicting an experimental phenomenon based on scientific principles

Q14 Predicting new knowledge according to the relationship between science concepts

Q15 Using scientific principles to make simple judgments about properties of or changes in matter

Q16 Evaluating and demonstrating the reasonableness of different design options or assumptions

Q17 Extracting evidence from the facts and proving or disproving a scientific hypothesis based on the evidence

Q18 Selecting and integrating appropriate tools and instruments for scientific inquiry according to the purpose of 
the experiment

Q19 Carrying out a complete and systematic inquiry to solve science problems

Q20 Proposing one or more sets of research programs for a given science question

Q21 Designing a science and technology program through weighing multifaceted and multiangled pros and cons

Q22 Identifying defects in science equipment or daily objects and using practical design and transformation to 
improve them

Q23 Identifying problems in everyday life and using science to design solutions to improve the living environment

Q24 Designing and completing a practical technology product independently based on scientific principles
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