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Consequential Agency in Chemical Engineering Laboratory
Courses

Abstract

In contrast to the dynamic treatment of other aspects of the curriculum, and despite being
at the center of chemical engineering education, laboratory experiments have remained
largely unchanged for decades. To characterize the potential impact changes to laboratory
courses could have, we explored student perceptions across a department and
characterized the kinds of opportunities students have to use their agency in these courses
across universities. We used a survey to measure students’ sense of agency across several
laboratory courses in a chemical engineering department. We found students in
laboratory courses across the chemical engineering laboratory sequence, including those
engaged in authentic course-based research did not perceive the experiments as agentive
or authentic. We infer students draw upon abundant low-agency experiences in laboratory
experiments. We report on the agency that instructors report students possessing across
two chemical engineering departments to understand variation across institutions.
Maximizing learning in laboratory courses may hinge on clearer communication about
authentic experiments or systematic redesign of earlier courses.

Purpose

While understandings of theory and the ability to solve complex engineering problems on
paper take up much of students’ time, their time in laboratory courses offer the
opportunity to test these ideas firsthand. Laboratory experiments vary in offering students
opportunities to make decisions [1], such as about what question to pose, how to design
an experiment, how to collect and analyze data, and how and with whom to share results.
Upper-division engineering laboratory experiments are typically more complex—and
sometimes more authentic, involving students in aspects of faculty research—than those
encountered in their supporting, introductory science courses, which tend to be cookbook
in nature [2]. Yet, those foundational experiences may shape students’ perceptions of the
laboratory courses as being an opportunity to demonstrate their capacity to deliver the
expected, known answer, rather than participating in a discovery process [3, 4].

There are four domains in which students can make consequential choices in laboratory
courses: (1) experimental design before doing the laboratory experiment; (2) variables,
data collection frequency, and documentation during their experiments; (3) data analysis
and interpretation; and (4) communication of their purpose, methods, and conclusions. By
considering these domains, we can characterize the opportunities each laboratory
experiment offers students to use their agency; we define this as opportunity structure, a
construct we adapt [5, 6], defining it as a perceived decision space shaped by past
experiences, curricular designs, and norms.

To better understand the ways that students perceive the opportunity structure across a
wide range of laboratory experiments, we surveyed chemical engineering students in
laboratory courses across all four upper-division laboratory courses of the program. We
extend the notion of framing agency—the capacity to make decisions consequential to the



framing of design problems [7-9]—to evaluate their perceptions of consequentiality
within laboratory experiments. Making all such experiments high-agency is not feasible
due to the high enrollment of these courses, as well as the specialized equipment and
potentially hazardous nature of experiments. Understanding more about how students
perceive their agency could provide insight into comparatively simple changes that
encourage students to take more agentive roles. We sought to answer three research
questions:

1. To what extent do students report consequential agency in their laboratory
experiments?

2. To what extent do students’ perceptions of their agency differ across the two
domains of (a) experimental design and (b) communication of results?

3. To what extent do students’ perceptions of the authenticity of the experiments
differ?

4. To what extent does the opportunity structure vary across multiple courses at two
institutions?

Theoretical Framework

We frame our study by considering research on student agency across the learning
contexts of prototypical design, experimental design, and communication. Across these,
we consider the influence of authenticity, defined as having a “primary purpose and
source [that is] a need, a practice, a task, a quest and a thirst existing in a context outside
of schooling” [10].

What is framing agency?

Design problems are ill-structured, meaning these problems have more than one solution
and path to solution, as opposed to a single answer [11]. Designers direct the process of
framing and reframing problems [12]. This ability is consequential as the framing
determines the ultimate choices and outcomes a designer can make. This empowerment
to make such decisions is a specialized form of agency, termed framing agency [7-9].

The bounds on agency can be thought of as set by the opportunity structure [13], which
shapes not only which and if decisions can be made, but the consequentiality of those
decisions. For instance, traditional, well-structured classroom problems that have a single
right answer limit the opportunity structure; students make few or no consequential
decisions. In contrast, design problems, especially authentic problems sourced outside of
school contexts, offer significant opportunity structure, allowing students to decide how
to frame problems and proceed in their work. Designers make decisions about what they
need to know, which in turn leads to learning, such as from consulting stakeholders [14].

How does framing agency relate to laboratory experiments?

Laboratory experiments vary from authentic experiments conducted as part of research to
cookbook-style experiences that are highly prescriptive, with a limited opportunity
structure [15]. As students advance in their programs of study, labs become more
complex, meaning the number of variables and the relationships between variables



increases [11]. While this opens the opportunity structure somewhat as students make
choices about which variables to control or vary, the problems typically remain well-
structured, with the answer known ahead of time. In contrast, ill-structured experiments
that engage students in discovery can support learning about the relationships between
variables and the design of experiments [16]. Such problems may even be part of the
authentic research process, such as when faculty bring their research into the classroom
through course-based undergraduate research experiences [17]. In this way, more
authentic problems should support greater agency. However, the preponderance of
experience with well-structured problems could sabotage the sense of authenticity for
students.

How does framing agency relate to communication?

Writing tasks also fall on a continuum from well- to ill-structured. The lab report is a
quintessential form that narrows the opportunity structure, sometimes down to the
sentence [18]. These reports can reinforce the idea that work is judged for accuracy,
rather than authentically communicating new knowledge to an audience [19]. Yet,
authentic technical communication, even when fit into genre and journal expectations,
can be an ill-structured, iterative process much like design [20], in that authors define
stakeholders (audience), purpose, and make decisions to reach those goals [21]. While
more authentic forms of communication may enhance the consequentiality of students’
agency, their expectations about lab reports may reduce the opportunity structure.

Methodology

We conducted comparative analysis of the agency in a sequence of chemical engineering
laboratory courses. We then explored the opportunity structure across a broader range of
courses and settings to understand the transferability of our results.

Setting and participants

To answer the first three research questions, we conducted a survey in a chemical
engineering department at the University of New Mexico (UNM), which is a Hispanic-
serving, research university. Following IRB approval, we collected data in one 3-credit
and four 1-credit semester-long laboratory courses (Table 1). The department had
between 30 and 75 students in each graduating class. To answer research question 4, we
asked instructors from UNM and Montana State University (MSU) to rate the students’
agency across specific experiments (Table 1). We provided a scale of 1 (low agency) to 3
(high agency) across four domains (experimental design, experiment, and data collection,
data analysis and interpretation, and communication, Table 2).

Table 1. Overview of surveyed laboratory experiments, sample sizes, and course credits

Course Description of experiments and sample size
sequence
UNM 1 Bomb calorimetry of sucrose with a benzoic acid standard then analyzed the accuracy of

results and the error of the experiment. Students determine the thesis of their
communication based on their results and decide what is most compelling. (n = 63)

UNM 2 Calculation of the friction and corresponding pressure drop of water flowing through pipes
with different fittings and bends during turbulent flow. They created a 20-minute




presentation based on their findings from an outline of expectations but presented their
own context for how the findings might be relevant. (n = 31)

UNM 3

Batch distillation of ethanol and water mixture with prescribed operating conditions.
Students then presented a short talk detailing their findings and the efficiency of the
column based on explicit instructions about the content and the order it should be
presented. (n =72)

UNM 4

Optimization of catalytic selective hydrogenization of acetylene into ethylene while
minimizing the conversion of ethylene into ethane. The catalysts used by each group were
one of several catalysts synthesized in a research laboratory at the university and are part
of a larger research study attempting to develop new catalysts to maximize the ability to
create polyethylene. Students individually wrote a short technical report on their findings
modeled after a short technical journal article. After peer review, the students in each
group combined their individual reports into a single report (n = 31)

MSU 1

In the heat exchanger optimization laboratory, students develop a model to predict
performance of one or more of three miniature shell-and-tube or double pipe heat
exchangers (Exergy LLC). They have the ability to control fluid flowrates and measure
temperature and pressures (n = 28)

MSU 2

In the friction and fluid flow laboratory, the objective was for students to determine
friction factors from pressure drop data for straight copper pipe as well as equivalent
lengths for several types of fittings including elbows and a globe valve. Students
statistically compare values to those from the literature. The experimental set up was built
in-house. (n = 31)

MSU 3

In the continuous stirred tank reactor (CSTR) experiment, students obtain the reaction rate
constant for the saponification of ethyl acetate by sodium hydroxide in a CSTR (Armfield
Limited, CEM-MKII Reactor). (n = 28)

MSU 4

In the reaction kinetics experiment, students approximate the Michaelis Menten parameters
for a reaction of p-nitrophenyl phosphate (PNPP) as catalyzed by the enzyme alkaline
phosphatase using a spectrophotometer (Thermo Electron Corp., GENESYSTM 10
Series), statistically compare the results to values in the literature and use the parameters to
develop a model that predicts enzyme kinetics as a function of substrate concentration. The
model was also compared to theoretical values (n = 33)

Table 2. Tasks with potential opportunity structure across four domains

Domain

Tasks

1: Experimental design Set lab objectives; Select variables; Choose apparatus

2: Experimental oversight Collect Data; Document in-lab events; Correct for in-lab issues

3: Data analysis & Analyze data; Interpret results
interpretation

4: Communication Choose type; Format writing; Identify content; Choose audience;

Set purpose

Data collection and analysis

We adapted the framing agency survey, which includes 18 items covering six factors—
individual consequentiality; shared consequentiality; learning as consequentiality;
constrainedness; shared tentativeness/ill-structuredness; and individual tentativeness / ill-
structuredness [22]. Specifically, we adapted questions to the context of experimental
design and laboratory decision-making within the original factors (Table 3). In addition,
we added two questions about authenticity.

Students completed the survey after completing their laboratory experiment. We used
descriptive statistics for all laboratory experiments. We used repeated-measures two-way
ANOVA to evaluate differences between the characterization of student agency across




sub constructs of agency for all the UNM laboratory courses as well as domains of the
laboratory (experimental design versus communication). We used one-way ANOVA to
characterize the differences between courses of student conceptions of the authenticity of
their experiment.

Table 3. Consequential agency survey, using construct-specific 7-point Likert scales

Questions by construct

Opportunity: Considering the experiment, have you had many or few:
e opportunities to make decisions as a team related to your experimental design and interpretation of
results?
e opportunities to make decisions personally related to your experimental design and interpretation of
results?

Constrainedness: Considering these constraints, how free or restricted:
e have you felt when making decisions yourself?
e have your teammates seemed when making decisions?

How free or limiting does the experiment seem to be?

Resp_0n51b111ty How responsible or not responsible have you felt:
for making decisions personally?
e for coming up with your own ways to make progress on the experimental design and interpretation of
results?
e for the outcomes of the experiment?
e for communicating your experimental plan and results?
e for making decisions as a team?

Tentativeness: How certain or uncertain do you feel that: (*Reverse coded)
e you have to carry out the experiment as given to you? *
e you have to just collect data as you were asked to? *
e there is a single right way to conduct the experimental design and interpretation of results?*

[Individual / Team] [Experimental Design / Communication] Agency: Considering the [individual, team]
decision made in the course of this [experimental / the communication process you described] you described, how
important or unimportant was:
e the decision?
e the impact of that decision on [your experimental design and interpretation of results / on the final
communication]?

Learning Agency: How much or little have you learned as a result of:
e decisions about the experimental design and interpretation of results [1: you personally made?; T: a
teammate made?]
e decisions about the preparation of the communication of your experimental plan and results [1: you
personally made?; 7: a teammate made?]

Authenticity
How likely or unlikely is it that your results

o  will be used to inform future research?
o will be shared with others outside the course, in a research lab, a publication, or similar?

Results
We organize the results by research question.
Students’ perceptions of their agency in laboratory experiments

The first question compared students’ general perceptions of their agency across four
semesters of upper-division laboratory experiments. Overall, we found that students




reported differences in their perceptions of their agency between courses (Figure 1, refer
to Appendix 1 for complete descriptive statistics).

To determine the significance of these differences, we conducted a mixed model
ANOVA, with a between-subject factor of course and a within-subject factor of agency
subconstruct. Due to a significant Mauchly’s test of sphericity, W(6) = 0.69, p <.001, we
report results of ANOVA using the Huynh—Feldt correction to correct for degrees of
freedom (g = 0.83) for both the repeated factor and the interaction effect. The assumption
of homogeneity of variance has been violated F(7) = 556.15, p <.001, however, ANOVA
is robust to violations of the homogeneity of variance. Normality has likewise been
violated (p <.001), as expected for Likert-scaled items.
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Figure 1. Average scores by course on each subconstruct

We found a significant interaction effect (Table 4) and thus conducted post hoc one-way
ANOVAs for each factor (Table 5).

Table 4. Results of two-way repeated measure ANOVA

Effect DFn_ DFd SSn MY F

p n
(Intercept) 1 192 11992.26 439.53 5238.64 <.001 .91
Course 3 192 35.24 439.53 5.13 <.001 .03
Subconstruct 2.49 477.51 473.31 786.17 115.59 <.001 .28
Course*Subconstruct 7.46 477.51 98.49 786.17 8.02 <.001 .07

There were significant differences between courses related to reported constrainedness,
F(3,192) =4.6, p = .004, * = .07, a medium effect. Post hoc Tukey testing showed
students in course 1 reported significantly lower constrainedness than students in course
3, p =.002. This suggests that the experiments in course 3 may have offered students a
more restricted opportunity structure.



There were significant differences between courses related to reported shared
tentativeness, F(3,192) = 17.76, p < .001, »* = .13, a large effect. Tukey testing showed
students in course 4 reported significantly higher tentativeness compared to course 1, p =
.001, course 2, p <.001, and course 3, p <.001. Overall, this suggests course 4 offered an
opportunity structure more aligned with the idea of framing agency, in that the students
were likelier to recognize their role in making consequential decisions.

Table 5. Post-hoc one-way ANOVA by subconstruct
Df SS MS F p

Constrainedness
Course 3 3330 11.08 4.60 .004
Residuals 192 462.70 2.41
Responsibility
Course 3 798 2.66 2593 .05
Residuals 192 197.07 1.03
Opportunity
Course 3 6.66 222 1.66 18
Residuals 192 256.66 1.34
Shared Tentativeness
Course 3 85.84 28.61 17.76 <.001
Residuals 192 309.29 1.61

Students’ perceptions of their agency related to experimental design and
communication

In research question two, we contrasted students’ perceptions of their individual and
shared agency related to experimental design versus communication between the four
courses. Students varied in their reports of agency across courses and domain (Figure 2,
refer to Appendix 2 for complete descriptive statistics).
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Figure 2. Average scores by course for each domain



We conducted a two-way mixed-design ANOVA to determine the extent of the
significance of the variance (Table 6). Due to a significant Mauchly’s test of sphericity,
W (6) =0.74, p <.001, we report results of ANOVA using the Huynh—Feldt correction to
correct for degrees of freedom (£=0.85) for both the repeated factor and the interaction

effect.

Table 6. Repeated measures ANOVA of agency in two domains (experimental
design and communication) between junior and senior courses

Effect DFn  DFd SSn SSd F p 7’

(Intercept) 1 192 19924.1  663.25 5767.70 <.001 95
0

Course 3 192 39.49 663.25 3.81 <.001 .04

Domain 3 487.50 10.44 328.90 6.09 <.001 .01

Course* 9 487.50  51.54 328.90 10.03 <.001 .05

Domain

As a posthoc test, we conducted one-way ANOV As for each domain, with a between-
subject factor of course (Table 7). While there were no significant differences across
courses in reported team experimental design agency, F(3,192) = 1.10, p = .35, the results
indicate a significant effect of individual experimental design agency between courses,
F(3,192) = 4.29, p = 0.006, »* =.06, a medium effect. Post hoc Tukey testing indicates
that students in course 1 reported significantly greater individual agency related to
designing their experiments, compared to students in course 3, p = .003.

Table 7. Results of one-way ANOVA of individual and team experimental design
and communication agency

Df SS MS F p
Individual Experimental Design Agency
Course 3 15.84 528 429 <.001
Residuals 192 236.19 1.23
Team Experimental Design Agency
Course 3 5.60 1.86 1.10 0.352
Residuals 192 325.80 1.70
Individual Communication Agency
Course 3 4241 14.14 15.12 <.001
Residuals 192 17947  0.94
Team Communication Agency
Course 3 2720 9.07 695 <.001
Residuals 192 250.60 131

In terms of communication, we found a significant difference in reported individual
communication agency between courses, F(3,192) = 15.12, p <.001, #* =.19, a large
effect. Post hoc Tukey testing indicates that students in course 3 reported significantly
lower individual communication agency compared to those in course 1, p <.001, course
2, p <.001, and course 4, p <.001. Likewise, we found significant differences related to
team communication agency, F(3,192) = 6.95, p <.001, 5’ =.10, a large effect. Post hoc



Tukey testing indicates that students in course 2 reported significantly higher team
communication agency than those in course 1, p <.001, and course 4, p =< .001;
students in course 4 reported significantly higher team communication agency than those
in course 1, p =.03.

Students’ perceptions of the authenticity of laboratory experiments

For research question three we compared the three inauthentic experiments to the second-
semester senior experiment, which was part of faculty research. Students varied
somewhat in their reports of authenticity across courses (Figure 3, refer to Appendix 3 for
complete descriptive statistics).
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Figure 3. Average scores of authenticity by course

Students reported no significant difference in their perceptions of the authenticity
between any of the courses, F(3, 195)=1.97, p = .12, > =.03, a small to medium effect.
This indicates that even experiments designed to be authentic do not necessarily translate
to perceived authenticity.

Opportunity structure in laboratory experiments

To answer the fourth research question, we consider the variation of opportunity structure
across four domains and across two chemical engineering departments (Figure 4,
Appendix 4). We found variability in the opportunity structure between chemical
engineering programs, as well as between domains within each program. In general,
however, instructors reported that their laboratory experiments did not offer an
opportunity structure that allowed students to make consequential decisions related to
experimental design or reporting of results.
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Figure 4. Instructor reported opportunity structure across four domains and two
universities on a scale of 1 (low student agency) to 3 (high student agency)

Conclusions and discussion

We sought to characterize chemical engineering students’ perceptions of their agency and
opportunities for them to make consequential decisions in laboratory courses. We found
that students reported a sense of responsibility, a key subconstruct for agency. Yet they
also reported ambivalence related to their opportunities to make decisions and their
ability to navigate constraints, reflecting their general sense of needing to just carry our
experiments designed by others. The fact that students feel as though they are responsible
for the outcomes of the experiment, but report they should do what is being asked of
them suggests students may be drawing upon their experiences in these experiments with
the introductory experiments done in chemistry and physics in which students act much
more as executors of the protocol rather than as agents of the scientific process.

In more closely examining agency in two domains, experimental design and
communication of results, we found that students expressed some sense of agency. Some
courses offered more individual or more shared agency in these domains. We argue that
varied assignments across experiments can contribute to the development of both shared
and individual agency in these domains. For instance, in some courses, student complete
individual reports, in others, team reports. In some, they develop individual plans prior to
bringing their plans together as a team. Such activities offer opportunities for students to
develop their own reasoning about experiments, while also providing feedback within the
team. While this can function well for a planning exercise, we caution against having
students create drafts in the same format as the submission. Specifically, we advocate for
individual prework that prepares students from bringing ideas together sensibly, rather
than pasting chunks together to forms a pastiche. As an example, students could develop
handwritten figures depicting the sequence of steps they think should be taken, prior to
agreeing on an experimental plan.

In general, students reported low authenticity in their experiments, an accurate
assessment given that many of the experiments have remained unchanged for decades. It
is noteworthy that students completing the experiment in course 4, designed to be more
authentic, reported significantly higher shared tentativeness compared to the less



authentic labs. This course also reportedly offered an opportunity structure more aligned
with consequential agency than other courses. Yet, students did not identify this course as
being more authentic. This contrasts with research suggesting course-based research
experiences seem more valuable to students [23]. We interpret this finding as revealing
the challenge of overcoming students’ expectations about such experiences. This may
reflect the impact of a preponderance of experiences with low agency and low
authenticity laboratory experiments by this point in their educations. Students have a
wealth of experiences that indicate that laboratory experiments are fake, performed
merely for practice, and this experience may prevent them from recognizing an authentic
experiment as such. In the future, we plan to investigate ways to make the authenticity
more apparent to students.

The variation in opportunity structure across chemical engineering programs
demonstrates firstly that we should support students to have consequential agency as they
move through the laboratory sequence. However, we recognize the challenges that
creating opportunity structure that offers this agency presents, especially in larger
courses. Limited research has hinted at feasible ways to enhance agency. Studies on
undergraduates suggest students may struggle with open-ended experiments, but
ultimately appreciate their salience for professional practice [24]. In other settings, such
as in physics [25, 26] and environmental engineering [16] higher-agency laboratory
experiments were appreciated by students. While this suggests students may be open to
changes, these studies shed little light on the relationships between agency, learning, and
identity. Recent research on an undergraduate course sequence suggests students can
benefit from scaffolded instruction followed by more self-directed laboratory
experiments [1]. However, this approach shares challenges with fully authentic research
experiences in that it can be challenging to support students, even in teams, who propose
varied experimental designs. This limits both scalability and adoption, despite its value.
One approach to counter this is providing constraints that limit the ill-structuredness of
the problem [4], but this approach can over-constrain opportunities. Our ongoing research
furthers this agenda of investigating ways to enhance agency across the domains,
especially related to planning and communicating, while retaining attention to feasibility.

The study comes with limitations, including a relatively small sample size and relying on
self-reported data. The methods did not include a means to control or randomize
participants, and all data are from laboratory courses at a single institution. Our ongoing
research addresses some of these issues by expanding data collection to additional sites,
and conducting design-based research studies [27, 28] that provide a more comprehensive
understanding of how students develop agency in response to specific instructional
approaches.
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Appendix 1. Descriptive statistics by sub construct

Course Subconstruct n Mean SD

1 Responsibility 63 5.48 1.08
Opportunity 4.60 1.06
Constrainedness 4.46 1.20
Shared Tentativeness 2.89 1.61

2 Responsibility 31 5.75 0.96
Opportunity 4.15 1.47
Constrainedness 4.18 1.76
Shared Tentativeness 2.27 0.89

3 Responsibility 72 5.19 1.02
Opportunity 4.51 1.14
Constrainedness 3.50 1.82
Shared Tentativeness 2.64 0.98

4 Responsibility 30 5.23 0.91
Opportunity 4.18 1.02
Constrainedness 4.18 1.26
Shared Tentativeness 4.42 1.40

Appendix 2. Descriptive statistics by domain for each course.

Course Domain n Mean  SD

1 Individual Experimental Design 63
Agency 5.78 0.95
Team Experimental Design Agency 5.06 1.48
Individual Communication Agency 5.98 0.83
Team Communication Agency 4.85 1.34
Individual Experimental Design

2 Agency 31 5.58 1.24
Team Experimental Design Agency 5.46 1.49
Individual Communication Agency 5.94 1.04
Team Communication Agency 5.89 0.94
Individual Experimental Design

3 Agency 72 5.11 1.27
Team Experimental Design Agency 5.29 1.20
Individual Communication Agency 4.95 1.12
Team Communication Agency 5.07 1.15
Individual Experimental Design

4 Agency 30 5.50 0.84
Team Experimental Design Agency 5.50 0.84
Individual Communication Agency 5.66 0.73
Team Communication Agency 5.54 0.81




Appendix 3. Descriptive statistics for authenticity for each course.

Course n Mean SD

1 63 3.25 1.39
2 31 3.00 1.87
3 72 2.88 1.58
4 31 3.67 1.65

Appendix 4. Descriptive statistics for opportunity structure (1= low, 3 = high) for
laboratory courses at two universities (P = primary university from which other
data were collected, T= additional university to support transferability)
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