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Promoting Chemical Engineering Identity through Student 
Agency and Experiment Relevance 

 

Abstract 

Although laboratory courses are undeniably important in the education of chemical engineers, 
many experiments are prescribed, leaving students minimal decision-making opportunities. To 
understand the impact that making consequential decisions has on student learning and 
development, we explore students’ perceptions of different aspects of laboratory experiments. 
Specifically, we investigated students’ agency in four domains—(1) experimental design prior to 
doing the laboratory experiment; (2) data collection and documentation during experiments; (3) 
data analysis and interpretation; and (4) communication of purpose, methods, and conclusions—
contributes to students’ development. We conjectured that having agency in Domains 1 and 3 
may matter more than Domain 2. 

We used a survey to measure consequential agency in all four domains, as well as engineering 
identity, relevance, and persistence intentions. Students at two research universities completed 
the survey as part of their post-lab activities (N = 74). We conducted exploratory factor analysis 
and found support for our survey. Based on this, we proceeded with sequential regression 
modeling.  

We found persistence intentions were positively, significantly predicted by engineering identity. 
In turn, engineering identity was positively, significantly predicted by relevance and data 
analysis and interpretation consequentiality (Domain 3), and negatively, significantly predicted 
by consequentiality during the experiment (Domain 2). This suggests having agency over tasks 
like analyzing data and interpreting results contributes to students’ identities as engineers more 
than other domains.  

Introduction and research purpose 

Laboratory courses play a central role in chemical engineering education. However, at many 
institutions, experiments are prescribed, leaving students minimal decision-making opportunities. 
Our approach to promote student engagement and belonging in engineering is to investigate the 
role of consequential agency in laboratory experiments. To determine the effect agency has on 
students, we explore how different aspects of laboratory experiments contribute to students’ 
development through a survey used to measure consequential agency as well as engineering 
identity, relevance, and persistence intentions.  

The goal of the project is to extend theory about agency in learning and the development of 
professional identity in upper division chemical engineering laboratory courses. Specifically, we 
investigate how agency in four domains—(1) experimental design prior to doing the laboratory 
experiment; (2) data collection and documentation during experiments; (3) data analysis and 
interpretation; and (4) communication of purpose, methods, and conclusions—contributes to 
students’ development. We conjecture that students having agency in planning the experimental 
design (Domain 1) and in analysis of data (Domain 3) may matter more than having agency 
while performing the experiment (Domain 2). 



Background 

Students’ prior experiences in introductory chemistry courses, where cookbook style laboratory 
experiments are commonplace, can shape their expectations about upper division chemical 
engineering laboratory courses [1]. In such courses, students commonly have agency only over 
domain (2) data collection and documentation during experiments, as the experiment is designed 
for them, a specific analytical approach and known interpretation are expected, and even the 
communication of the experimental methods and results follow a template.  

Chemical engineering faculty have long been investigating ways to support students to engage in 
laboratory courses in ways that transcend the cookbook approach [2], providing students with 
agency over all four domains: (1) experimental design prior to doing the laboratory experiment; 
(2) data collection and documentation during experiments; (3) data analysis and interpretation; 
and (4) communication of purpose, methods, and conclusions—contributes to students’ 
development. This is in part prompted by accreditation criteria that emphasize the role of the 
student in not just conducting, but also planning or developing experiments, analysis, and 
interpretations [3].  

Indeed, recent publications in chemical engineering education highlight a breadth of studies 
investigating ways to provide more opportunities for students to access such experiences, from 
using data science tutorials that make it possible for more students to participate in authentic 
laboratory research [4] to creating laboratory experiments where students have increased 
opportunities to make decisions about how to analyze data (Domain 3) [5]. For instance, as a 
guided-inquiry approach Elkhatat and Al-Muhtaseb [5] used a MATLAB-aided learning package 
in a unit ops laboratory in which students compared experimental and simulated results, making 
decisions about this comparison (Domain 3).  

Many such approaches emphasize using inquiry in some format, such as guided inquiry, 
discovery, or problem-based learning. Not only do such approaches support conceptual learning, 
they can also increase students’ self-efficacy [6-8]. This is in part because opportunities to 
conduct authentic experimental practices, like troubleshooting, provide a chance for students to 
test not only the experimental conditions, but also their own understanding and expectations. For 
instance, Crockett, et al. [8] studied the link between troubleshooting and experimental self-
efficacy for undergraduates in a senior chemical engineering laboratory course (Domain 2). They 
administered a self-efficacy survey [7] and found that students ranked their self-efficacy as high. 
However, the authors did not find a correlation between self-efficacy and exam grades. While the 
authors attributed this to a small sample size, both troubleshooting and the measure of self-
efficacy primarily focused on data collection and documentation during experiments (Domain 2).  

We wonder if high self-efficacy related to Domain 2 might be a weaker correlate of learning than 
other domains, in part because students may experience what scholars have named “deceptive 
clarity,” a phenomenon in which students underestimate how complex something is based on 
having completed a simplified version of the task [9]. The activities associated with collecting 
data and monitoring during the experiment are somewhat more straightforward compared to 
activities in the other domains. Indeed, a cognitive analysis of the tasks related to experiments 
identified many tasks associated with Domains 1, 3, & 4, but only one (“collecting experimental 
data”) associated with Domain 2 [10]. In addition, analysis of curricula suggest that students less 



commonly have opportunities to make decisions related to Domain 1, especially setting research 
goals, designing experiments, and designing and evaluating the experimental apparatus, while 
they have abundant opportunities to collect data (Domain 2), analyze it (Domain 3), and 
communicate their experiments (Domain 4)[11]. As a result, scholars have raised concerns about 
how prepared students might be for conducting research, if they have few opportunities to 
practice the tasks associated with Domain 1 [10, 11].   

Some laboratory experiences do engage students in all four domains. This is true in many course-
based research experiences and in designs that allow students to find and propose an 
experimental design. For instance, [12] reported on a learning experience within a physical 
chemistry curriculum designed to promote skills like planning work (Domain 1), obtaining 
information (Domain 2), processing and organizing data (Domain 3), and communicating 
(Domain 4). Students reviewed physical chemistry experiments published in a journal, then 
wrote NSF-style proposals to plan and justify their proposed experiment, which they then 
conducted and presented their results. On end-of-course evaluations, students reported that the 
experience seemed authentic and especially helped them learn to plan, organize, and prioritize 
work.  

We argue, from the lens of desirable difficulties [9], that having students participate in laboratory 
tasks in low agency ways—e.g., carrying out an experimental or analytical procedure by 
following directions, writing directed by a detailed report template—might not prepare them to 
engage in these activities independently. We theorize this with the notion of agency. Classical 
definitions of agency differentiate it from free will, noting that humans make decisions that are 
constrained in various and often enduring ways [13-15].  

In our past work on agency and learning, we highlighted that agency is contextual [16-19]. This 
is the case with many psychosocial constructs; for instance, one’s interest in, motivation for, and 
self-efficacy related to a topic like painting might not be predictive for other topics, like soccer 
or catalysis. In the case of agency, however, contextualization is not to a broad field, but rather to 
the consequentiality of the decision. Laboratory experiments are an excellent illustration of this 
phenomenon: making decisions related to how often to sample data and how to document an 
experimental apparatus (Domain 2) are less consequential, for instance, than setting an 
experimental aim and designing an experiment to address that aim (Domain 1). Likewise, within 
domains, there are more and less consequential variants. For example, choosing how to go about 
analyzing data is more consequential than simply following analysis directions (Domain 3), and 
choosing an audience and what and how to communicate to them is more consequential than 
following a template on how to write a technical report (Domain 4).  

Methods 

Study design 

To address the study aims, we first conducted a validation study of our survey, then conducted 
regression modelling. We adapted a survey we previously developed to measure consequential 
agency in laboratory experiments to focus on all four domains, as well as engineering identity, 
relevance, and persistence intentions. We systematically developed the survey across three 
studies following research guidance [20, 21]. Importantly, when measuring a construct (e.g., 
identity, self-efficacy, agency), multiple questions are needed to approximate it, as a single 



question does not provide an adequate measure of that construct [20, 21]. Exploratory factor 
analysis (EFA) was used to verify that questions intended to measure a construct do cluster 
together. Once validity procedures for the survey were completed (e.g., exploratory factor 
analysis), we sought to investigate trends in the data. Specifically, we conducted regression 
modelling to explain variance in persistence intention scores. 

Participants and setting 

Chemical engineering undergraduate students at two research universities (North University & 
Southwest University, pseudonyms) completed the survey as part of their post-lab activities (N = 
74). Students were enrolled in spring, junior- and senior-level laboratory courses (Table 1). 

Table 1. Description of courses 
Course and institution Topics 
Senior-level, 3-credit 
2nd in a 2-semester sequence, 
North University 

Unit operations; 4 experiments (a heat exchanger 
experiment, fluid flow and friction, a continuous stirred 
tank reactor (CSTR) experiment, and an enzyme reaction 
kinetics experiment). 

Junior-level, 1-credit 
2nd in a 4-semester sequence, 
Southwest University 

Transport phenomenon; 3 experiments (investigating how 
pipe length impacts efflux from a tank, how types of wood 
impact conductive heat transfer, and how fittings and pipes 
impact frictional pressure loss). 

Senior-level, 1-credit 
4th in a 4-semester sequence, 
Southwest University 

Kinetics and process control; 2 experiments (investigating 
different catalysts used in the selective hydrogenation of 
ethane, and determining and comparing tuning parameters 
for a level controller on a water tank) 

 

Data collection and analysis 

In our prior work, we adapted a measure of framing agency that was used to measure students’ 
agency in engineering design courses [22, 23]. We initially adapted this survey to focus on 
experimental design. However, because the framing agency survey measures four dimensions of 
agency, we recognized that a long survey with questions for all four dimensions of agency for 
each laboratory domain could result in survey fatigue. We therefore used a multi-step process. 
First, we selected two domains (Domain 1: experimental design; Domain 4: communication) and 
adapted all items from the original survey for these domains [17, 19]. This allowed us to identify 
the agency dimensions relevant in the laboratory context—specifically, consequentiality of 
decisions and sense of responsibility. As the next step, in the current study we report on a version 
of the survey that covers all four experimental domains (Table 2), as well as items that measure 
perceived relevance to professional work, engineering identity, and persistence intentions [24, 
25]. The survey also collected demographic information (gender, race/ethnicity, age, veteran and 
college generation status, home language, community context) using inclusive wording [26]. 

 

 



Table 2. Survey questions 
Questions by construct 
Consequentiality of Domain 1) Experimental design prior to doing the laboratory experiment;  
Describe one decision that you made in the PLANNING or DESIGNING this experiment that 
stands out for you. 
Considering the decision you described, how important or unimportant was: (7-point Very 
unimportant / Very Important scale) 

• the decision? 
• the impact of that decision on your experiment? 

Consequentiality of Domain 2) data collection and documentation during experiments 
Describe one decision that you made DURING THE EXPERIMENT, such as related to data 
collection or a change to the experiment, that stands out for you.  
Considering the decision you described, how important or unimportant was: (7-point Very 
unimportant / Very Important scale) 

• the decision? 
• the impact of that decision on your experiment? 

Consequentiality of Domain 3) data analysis and interpretation 
Describe one decision that you made related to ANALYSIS OR INTERPRETATION of your 
data, that stands out for you. 
Considering the decision you described, how important or unimportant was: (7-point Very 
unimportant / Very Important scale) 

• the decision? 
• the impact of that decision on your experiment? 

Consequentiality of Domain 4) communication of purpose, methods, and conclusions 
Describe one decision that you made related to COMMUNICATING your experiment, such as 
in a technical report or presentation, that stands out for you. 
Considering the decision you described, how important or unimportant was: (7-point Very 
unimportant / Very Important scale) 

• the decision? 
• the impact of that decision on your experiment? 

Responsibility: How responsible or not responsible did you feel for making decisions about: 
(7-point Very not responsible/Very responsible scale) 

•  your experiment?  
•  the outcomes of your experiment?  
•  reporting your experiment? 

Relevance: How similar or dissimilar:  (7-point Very dissimilar / Very similar scale) 
• was your communication of your experiment to how chemical engineers report their 
work?  

• were the skills you used in the experiment to those used in chemical engineering?  
• was the experiment to the work of chemical engineers? 

Engineering identity How true or untrue is each statement below of you? (7-point Very untrue 
of me / Very true of me scale) 

• My classmates see me as an engineering person  
• My engineering instructors see me as an engineering person  
• I feel like I belong in engineering 



Persistence intentions (7-point Strongly disagree to Strongly agree ) 
I intend to  

• pursue a career in engineering in the future.  
• work in engineering for at least 3 years in the future—as a professional engineer, a 
graduate student, and/or researcher.  

Demographics 
• Growing up, what language or languages were spoken in your home? (Only/mostly a 
language or languages other than English; Another language or languages AND 
English; Only/mostly English) 

• What is your age? (17 or younger; 18-24; 25-30; 31 or older) 
• Which best describes where you lived while attending high school (or similar)?  (Tribal 
reservation; Rural; Small town; Urban) 

• What is your gender identity? (Non-binary; Woman; Man) 
• How do you identify? Choose all that apply (American Indian or Alaska Native, Native 
American, Indigenous to Turtle Island, or First Nations; Native Hawaiian or other 
Pacific Islander; African, African American, or Black; Hispanic, Latino/a/x/é, 
Mexican, Mexican American, Chicano/a/x/é, Cuban, or Puerto Rican; Arab or Middle 
Eastern; Asian or Asian American; White) 

• Are you a first generation college student? (No; Yes) 
• Are you now or have you ever served on active duty with the U.S. Armed Forces, 
Military Reserves, or National Guard? (No; Yes) 

 

We used SPSS version 28.0.0.0. We conducted exploratory factor analysis (EFA) to assess 
whether the adapted survey items measured the intended dimensions. EFA is a statistical method 
that is used to examine how responses to survey questions cluster together, meaning they 
measure the same underlying latent factor [27]. Studies investigating the validity of data 
provided by surveys use this approach to evaluate whether the survey measures what it purports 
to measure.  EFA procedures include established metrics for determining whether items adequate 
group together and whether to remove an item that groups with multiple factors or that too 
weakly groups with a factor [27]. While there are decisions—extraction method, rotation 
method—to make in EFA, within the social and behavioral sciences, there is abundant guidance 
about these decisions.  

We used principal axis factoring as our extraction method because it is effective with data that 
have a non-normal distribution [28], and such distributions are to be expected with survey data. 
We chose a promax rotation, which is an oblique method favored in social, behavioral, and 
educational settings where factors are expected to be correlated with one another [29, 30]. To 
determine whether our data were appropriate for EFA, we used two typical metrics. The Kaiser-
Meyer-Olkin (KMO) measure estimates the adequacy of the sample size, with values below .6 
indicating that the sample size is not adequate [31, 32]. Next, Bartlett's test of sphericity should 
be significant [33]. We found KMOs ranging from 0.56 to .68 and Bartlett's test of sphericity 
was consistently significant, p < .001. This indicates that our sample is somewhat underpowered 
and risks not recovering all factors. As a result, although we proceeded with EFA, we recognize 
this as a limitation to be addressed in future studies, and to diminish the issue, we selectively 
tested a subset of items sequentially. Following typical procedures, we retained those items that 



did not cross-load on multiple factors and that had loading above an absolute value of 0.4 [34, 
35], and we retained factors that had a Cronbach's alpha ≥ .70 [28, 30, 36, 37]. 

Based on the EFA results, we created variables representing the average scores of the individual 
items comprising each factor: consequentiality by domain, responsibility, relevance, and 
engineering identity. We also created a score based on students’ membership in privileged and 
minoritized demographic groups. We assigned one point for membership in each of the 
following privileged groups: English speaking in the home; traditional college age; from a small 
town or urban setting; man; Arab, Asian, or white; and continuing generation in college. We 
divided the resulting score by six to calculate the percent of privileged groups each student 
belonged to.  

Results 

Using a sequence of EFA models, we found support for our survey. For instance, we found that 
questions intended to measure consequential agency in each of the four domains clustered as 
expected (Table 3).  

Table 3. EFA results, showing how each item loads on a factor (>.4 is highlighted), with four 
latent factors recovered. Loading indicates that the items cluster together to measure the same 
underlying (latent) construct. Factors are normally retained if they have a Cronbach’s alpha ≥ 
.70. Means and standard deviations are reported for the responses. 

Item prompt Factor Loading Mean 
(SD) 

Factors: 1 2 3 4  
Factor 1: Consequential agency in Domain 1: Experimental design prior to doing the laboratory 
experiment (α = 0.70) 

How important or unimportant was the decision?  0.76 -0.05 0.15 0.10 5.75 
(1.23) 

How important or unimportant was the impact of 
that decision on your experiment? 

0.78 0.05 -0.15 -0.08 5.57 
(1.46) 

Factor 2: Consequential agency in Domain 2: Data collection and documentation during 
experiments (α = 0.81) 

How important or unimportant was the decision?  0.07 0.82 0.08 -0.03 5.73 
(1.04) 

How important or unimportant was the impact of 
that decision on your experiment? 

-0.05 0.83 -0.06 0.03 5.78 
(1.27) 

Factor 3: Consequential agency in Domain 3: Data analysis and interpretation  (α = 0.87) 

How important or unimportant was the decision?  -0.07 0.06 0.76 0.12 5.67 
(1.14) 

How important or unimportant was the impact of 
that decision on your experiment? 

0.02 -0.04 1.01 -0.10 5.86 
(1.13) 

Factor 4: Consequential agency in Domain 4: Communication of purpose, methods, and 
conclusions  (α = 0.90) 

How important or unimportant was the decision?  -0.05 0.03 -0.02 0.91 5.41 
(1.02) 



How important or unimportant was the impact of 
that decision on your experiment? 

0.06 -0.03 0.01 0.89 5.73 
(1.04) 

 

In other models, we found that questions grouped together as intended for other study constructs: 
overall responsibility for decisions; relevance; engineering identity; and persistence intentions.  

We then used sequential regression modeling in order to investigate trends in the data. We used a 
stepwise approach, investigating a series of models. Specifically, we sought to model variance in 
persistence intentions as well as engineering identity. Across these models, significant variance 
was not explained by overall responsibility for decisions, individual demographic variables, or 
the percent privileged. We report parsimonious models below (Tables 4 & 5). 

We found that persistence intentions were positively, significantly predicted by engineering 
identity, F(68, 2) = 5.14, r2 =.12 (Table 4). 

Table 4. Regression model of persistence intentions 

 
Unstandardized 
Coefficients 

Standardized 
Coefficients 

t Sig.  B Std. Error Beta 
Constant 2.96 0.96  3.08 0.003 

Engineering 
identity 0.53 0.17 0.36 3.21 0.002 

 

Next, we modeled variance in engineering identity (Table 5). We found that engineering identity 
was positively, significantly predicted by relevance and data analysis and interpretation 
consequentiality (Domain 3), and negatively, significantly predicted by consequentiality during 
the experiment (Domain 2), F(58, 5) = 4.03, r2 =.129. Neither consequential agency in Domains 
1 nor 4 explained significant variance, either in the model reported below or in other models. 

Table 5. Regression model of engineering identity 

 
Unstandardized Coefficients Standardized 

Coefficients 
 

 B Std. Error Beta t Sig. 
(Constant) 2.65 0.88  3.00 0.00 
Relevance 0.32 0.14 0.29 2.35 0.02 

Domain 1 Consequentiality 0.10 0.09 0.14 1.11 0.27 
Domain 2 Consequentiality -0.20 0.09 -0.29 -2.19 0.03 
Domain 3 Consequentiality 0.21 0.11 0.26 1.87 0.07 
Domain 4 Consequentiality 0.11 0.12 0.13 0.93 0.36 

 

Discussion 

In this study, we sought to further develop a survey to measure consequential agency in four 
domains in the context of laboratory experiments—(1) experimental design prior to doing the 



laboratory experiment; (2) data collection and documentation during experiments; (3) data 
analysis and interpretation; and (4) communication of purpose, methods, and conclusions. We 
then sought to investigate the impact of having consequential agency in each domain, along with 
perceptions of relevance, on student development. We discuss these in turn and share 
implications, summarized in Figure 1. 

First, overall we found preliminary support for our survey. However, due to sample size 
limitations, additional work is needed. Future studies, ideally involving multiple sites, can add 
greater confidence that the survey measures what it purports to. Despite this, the survey 
development process, detailed here and in our prior studies [17, 19], supports the use of the 
survey for both research and instructional purposes. While faculty should affirm the factor 
structure, as is the case for any use of a survey in a new setting, the survey detailed in Table 2 
can be used with any laboratory experiment. If length is a concern, faculty can omit the questions 
on overall responsibility, identity, persistence and demographics. We have found some value in 
including the survey as part of the normal post-laboratory assignments, as the questions about 
relevance and consequential agency jointly provide an opportunity for students to reflect on their 
experience and provide additional insight for faculty about how students perceive the laboratory 
experiment. As such, we encourage faculty to assign minimal completion points (not extra 
credit), in line with an activity that takes around 10 minutes to complete. Research emphasizes 
the value of reflecting on experience, as this helps cement and organize learning [38]. In 
addition, faculty may benefit from gaining insight into students’ perceptions about their roles in 
each aspect of the experiment. This matters because, even when we design a laboratory 
experiment to be highly authentic, as in the case of course-based undergraduate research, 
students’ repeated exposure to cookbook style labs can prevent them from recognizing and 
taking up agentive roles [1, 39]. Minor changes in how faculty introduce an experiment (i.e., 
explicitly telling students what their role is), and being transparent in how they grade student 
work (i.e., making clear that alignment across experimental aims and methods and being able to 
account for results is more important than other outcomes common in early chemistry laboratory 
settings, like percent yield).  

Second, our regression modeling found support for a positive relationship between engineering 
identity and persistence intentions. This aligns with other research in engineering education [40-
42]. While many studies have investigated this relationship, far fewer have examined the 
instructional practices and learning experiences that contribute to engineering identity, and 
therefore, persistence, although research has affirmed that providing more authentic design 
experiences, relevant to students’ futures as engineers, contributes to their identities and 
persistence intentions [43]. 

We found that students having agency over tasks like analyzing data and interpreting results 
(Domain 3) contributes to students’ identities as engineers more than other domains. Likewise, 
tasks that seem relevant—meaning, similar to the work of chemical engineers—provide a more 
potent experience for students’ developing identities as engineering. Our results, while tentative, 
suggest faculty seeking to make changes to their laboratory courses can focus efforts on 
supporting students to make their own choices related to analysis and interpretation, and on 
helping students understand the connections between the experiments and the work of chemical 
engineers. However, a key limitation should be noted, as it suggests the need for additional 
research. Comparatively few students reported high agency experiences in Domain 1. As a result, 



our findings that consequentiality in Domain 1 did not explain variance in engineering identity 
may be an artifact of more limited variance in scores on Domain 1. Given that this is the domain 
students are least likely to have agency over [10, 11], our ongoing studies strategically seek to 
identify such instances to ensure we can adequately model the impacts of each domain.  

Figure 1. Implications for teaching 

 

Acknowledgments  

This material is based upon work supported by the National Science Foundation under Grant No. 
1751369, 2203231, and 2203230. Any opinions, findings, and conclusions or recommendations 
expressed in this material are those of the authors and do not necessarily reflect the views of the 
National Science Foundation. 

References 

[1] A. Kirn and L. Benson, "Engineering students’ perceptions of problem solving and their 
future," Journal of Engineering Education, vol. 107, no. 1, pp. 87-112, 2018, doi: 
10.1002/jee.20190. 

[2] T. Anagnos, C. Komives, N. J. Mourtos, and K. M. McMullin, "Evaluating student 
mastery of design of experiment," Proceedings of the Frontiers in Education Conference, 
pp. T3G-7-T3G-12, 2007, doi: 10.1109/FIE.2007.4417923. 

[3] ABET Inc. "Criteria for Accrediting Engineering Programs, 2024 – 2025." 
https://www.abet.org/accreditation/accreditation-criteria/criteria-for-accrediting-
engineering-programs-2024-2025/ (accessed 1/2024. 

[4] H. Helmbrecht, "Effective laboratory education with TEXTILE: Tutorials in 
EXperimentalisT Interactive LEarning," Chemical Engineering Education, vol. 56, no. 4, 
pp. 1-11, 2022, doi: 10.18260/2-1-370.660-129820  

[5] A. Elkhatat and S. A. Al-Muhtaseb, "Fostering Engineering Laboratory Course Teaching 
by Embedding an Inquiry-Guided Learning Approach Using Computer-Aided Learning 
Packages: Evaluation of Learning Outcomes in a Cooling Tower Experiment in the Unit 
Operations Lab," Chemical Engineering Education, vol. 56, no. 3, pp. 190-198, 2022, 
doi: 10.18260/2-1-370.660-129133. 



[6] L. M. Mataka and M. G. Kowalske, "The influence of PBL on students' self-efficacy 
beliefs in chemistry," Chemistry Education Research and Practice, vol. 16, no. 4, pp. 
929-938, 2015, doi: 10.1039/C5RP00099H. 

[7] V. K. Kolil, S. Muthupalani, and K. Achuthan, "Virtual experimental platforms in 
chemistry laboratory education and its impact on experimental self-efficacy," 
International Journal of Educational Technology in Higher Education, vol. 17, no. 1, pp. 
1-22, 2020, doi: 10.1186/s41239-020-00204-3. 

[8] C. Crockett, G. Prpich, and N. Smith, "Experimental Self-Efficacy and Troubleshooting 
Ability in a Chemical Engineering Laboratory," 2023 ASEE Annual Conference & 
Exposition, 2023. [Online]. Available: https://peer.asee.org/43573. 

[9] M. C. Linn, H.-Y. Chang, J. L. Chiu, H. Zhang, and K. W. McElhaney, "Can desirable 
difficulties overcome deceptive clarity in scientific visualizations?," in Successful 
remembering and successful forgetting: a Festschrift in honor of Robert A. Bjork, A. 
Benjamin Ed. New York: Routledge, 2010, pp. 239-262. 

[10] C. Wieman, "Comparative cognitive task analyses of experimental science and 
instructional laboratory courses," The Physics Teacher, vol. 53, no. 6, pp. 349-351, 2015, 
doi: 10.1119/1.4928349. 

[11] R. Stoodley, K. J. Knox, and E. A. Gillis, "Application of a cognitive task framework to 
characterize opportunities for student preparation for research in the undergraduate 
chemistry laboratory," Journal of Chemical Education, vol. 100, no. 5, pp. 1831-1842, 
2023, doi: 10.1021/acs.jchemed.2c00948  

[12] A. N. Giordano and D. Styers-Barnett, "Training tomorrow’s scientists: Embedding 
professional skills in the physical chemistry curriculum with a guided grant and 
laboratory project," Journal of Chemical Education, vol. 99, no. 6, pp. 2417-2424, 2022, 
doi: 10.1021/acs.jchemed.1c00817. 

[13] A. Giddens, The constitution of society: Outline of the theory of structuration. Berkeley, 
CA: University of California Press, 1984. 

[14] W. H. Sewell, Jr., "A theory of structure: Duality, agency, and transformation," AJS, vol. 
98, no. 1, pp. 1-29, 1992, doi: 10.1086/229967. 

[15] M. Emirbayer and A. Mische, "What is agency?," AJS, vol. 103, no. 4, pp. 962-1023, 
1998. [Online]. Available: https://www.jstor.org/stable/10.1086/231294. 

[16] V. Svihla, T. B. Peele-Eady, and A. Gallup, "Exploring agency in capstone design 
problem framing," Studies in Engineering Education, vol. 2, no. 2, pp. 96–119, 2021, doi: 
10.21061/see.69. 

[17] M. Wilson-Fetrow, E. Chi, J. Brown, S. G. Wettstein, and V. Svihla, "Consequential 
agency in chemical engineering laboratory courses," Proceedings of the American Society 
for Engineering Education Annual Conference & Exposition, pp. 1-16, 2022. [Online]. 
Available: https://peer.asee.org/40712. 

[18] M. Wilson-Fetrow, V. Svihla, E. Chi, and C. Hubka, "Consequential agency in chemical 
engineering laboratory experiments," Proceedings of the International Conference of the 
Learning Sciences, pp. 623-630, 2022. [Online]. Available: 
https://repository.isls.org//handle/1/9063. 

[19] V. Svihla et al., "Student agency in chemical engineering laboratory courses across two 
institutions," Proceedings of the American Society for Engineering Education Annual 
Conference & Exposition, pp. 1-13, 2023. 



[20] D. A. Dillman, J. D. Smyth, and L. M. Christian, Internet, phone, mail and mixed-mode 
surveys: The tailored design method. Hoboken, NJ: Wiley, 2016. 

[21] D. B. McCoach, R. K. Gable, and J. P. Madura, Instrument development in the affective 
domain. New York, NY: Springer, 2013. 

[22] V. Svihla, A. Gallup, and S. P. Kang, "Development and insights from the measure of 
framing agency," Proceedings of the American Society for Engineering Education 
Annual Conference & Exposition, pp. 1-17, 2020, doi: 10.18260/1-2--34442. 

[23] M. Wilson-Fetrow, V. Svihla, and A. Olewnik, "Confirmatory factor analysis of the 
framing agency survey," Proceedings of the American Society for Engineering Education 
Annual Conference & Exposition, pp. 1-14, 2023. [Online]. Available: 
https://strategy.asee.org/42737. 

[24] M. M. Chemers, E. L. Zurbriggen, M. Syed, B. K. Goza, and S. Bearman, "The role of 
efficacy and identity in science career commitment among underrepresented minority 
students," Journal of Social Issues, vol. 67, no. 3, pp. 469-491, 2011, doi: 
10.1111/j.1540-4560.2011.01710.x. 

[25] R. D. Robnett, M. M. Chemers, and E. L. Zurbriggen, "Longitudinal associations among 
undergraduates' research experience, self‐efficacy, and identity," Journal of Research in 
Science Teaching, vol. 52, no. 6, pp. 847-867, 2015, doi: 10.1002/tea.21221. 

[26] T. Fernandez et al., "More comprehensive and inclusive approaches to demographic data 
collection," Proceedings of the American Society for Engineering Education Annual 
Conference & Exposition, 2016. [Online]. Available: https://peer.asee.org/25751. 

[27] A. B. Costello and J. W. Osborne, "Best practices in exploratory factor analysis: Four 
recommendations for getting the most from your analysis," Practical assessment, 
research & evaluation, vol. 10, no. 7, pp. 1-9, 2005. 

[28] L. R. Fabrigar, D. T. Wegener, R. C. MacCallum, and E. J. Strahan, "Evaluating the use 
of exploratory factor analysis in psychological research," Psychological methods, vol. 4, 
no. 3, p. 272, 1999, doi: 10.1037/1082-989X.4.3.272  

[29] A. S. Beavers, J. W. Lounsbury, J. K. Richards, S. W. Huck, G. J. Skolits, and S. L. 
Esquivel, "Practical considerations for using exploratory factor analysis in educational 
research," Practical Assessment, Research, and Evaluation, vol. 18, no. 1, p. 6, 2013. 
[Online]. Available: https://scholarworks.umass.edu/pare/vol18/iss1/6/. 

[30] A. B. Costello and J. W. Osborne, "Best practices in exploratory factor analysis," 
Practical Assessment, Research, and Evaluation, vol. 10, no. 7, pp. 1-9, 2005, doi: 
10.7275/jyj1-4868. 

[31] N. Shrestha, "Factor analysis as a tool for survey analysis," American Journal of Applied 
Mathematics and Statistics, vol. 9, no. 1, pp. 4-11, 2021, doi: 10.12691/ajams-9-1-2. 

[32] M. Kaiser, "Kaiser-Meyer-Olkin measure for identity correlation matrix," Journal of the 
Royal Statistical Society, vol. 52, no. 1, pp. 296-298, 1974. 

[33] M. S. Bartlett, "Tests of significance in factor analysis," British Journal of Statistical 
Psychology, vol. 3, no. 2, pp. 77-85, 1950, doi: 10.1111/j.2044-8317.1950.tb00285.x. 

[34] E. Guadagnoli and W. F. Velicer, "Relation of sample size to the stability of component 
patterns," Psychological bulletin, vol. 103, no. 2, p. 265, 1988, doi: 10.1037/0033-
2909.103.2.265  

[35] J. F. Hair, W. C. Black, B. J. Babin, R. E. Anderson, and R. L. Tatham, Multivariate data 
analysis. Upper Saddle River, NJ: Pearson Prentice Hall, 2006. 



[36] W. F. Velicer and J. L. Fava, "Affects of variable and subject sampling on factor pattern 
recovery," Psychological methods, vol. 3, no. 2, p. 231, 1998, doi: 10.1037/1082-
989X.3.2.231  

[37] M. W. Watkins, "Exploratory factor analysis: A guide to best practice," Journal of Black 
Psychology, vol. 44, no. 3, pp. 219-246, 2018, doi: 10.1177/0095798418771807. 

[38] D. A. Kolb, Experiential learning: Experience as the source of learning and 
development. Upper Saddle River, NJ: Pearson, 2014. 

[39] M. Wilson-Fetrow, V. Svihla, B. Burnside, and A. K. Datye, "Course-based 
undergraduate research experiences in a chemical engineering laboratory promote 
consequential agency," Journal of Chemical Education, vol. 100, no. 10, pp. 3752-3763, 
2023, doi: 10.1021/acs.jchemed.2c00582. 

[40] A. D. Patrick, M. J. Borrego, and A. Prybutok, "Predicting persistence in engineering 
through an engineering identity scale," International Journal of Engineering Education, 
vol. 34, no. 2, pp. 351-363, 2018. [Online]. Available: 
https://par.nsf.gov/servlets/purl/10066205. 

[41] K. L. Meyers, M. W. Ohland, A. L. Pawley, S. E. Silliman, and K. A. Smith, "Factors 
relating to engineering identity," Global Journal of Engineering Education, vol. 14, no. 
1, 2012. [Online]. Available: 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1030.4081&rep=rep1&type=p
df. 

[42] A. Godwin, G. Potvin, Z. Hazari, and R. Lock, "Identity, critical agency, and 
engineering: An affective model for predicting engineering as a career choice," Journal 
of Engineering Education, vol. 105, no. 2, pp. 312-340, 2016, doi: 10.1002/jee.20118. 

[43] T. Ju and J. Zhu, "Exploring senior engineering students’ engineering identity: the impact 
of practice-oriented learning experiences," International Journal of STEM Education, 
vol. 10, no. 1, p. 48, 2023, doi: 10.1186/s40594-023-00439-2. 

 


