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Abstract

Course-based undergraduate research experiences (CUREs) 

increase student engagement, persistence in STEM, and 

development of scientific practices. Although recent publi-

cations address implementation logistics, few studies speci-

fy curriculum development methods that result in inclusion 

of scientific practices and authentic research while main-

taining necessary scaffolding. This article describes a pro-

fessional development experience using backward design 

to support such curriculum development. Four analytical 

co-principal investigators engaged in backward design 

modules leading to the development of the µCURE project. 

Evaluation of the µCURE included student perceptions and 

analysis of teaching materials using modified inquiry and 

Three-Dimensional Learning Assessment Protocol (3D-

LAP) rubrics. Results showed high student perceptions 

of learner-centeredness, nearly authentic levels of inquiry, 

and increase in the presence of scientific practice prompt-

ing. The backward design method was found to strengthen 

high-quality CURE development.
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Engaging students in authentic research experiences is a 

proven, high-impact practice useful for training students 

to think and act as scientists (Eagan et al. 2013; Lopatto 

2007; Russell, Hancock, and McCullough 2007; Sadler 
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and McKinney 2010; Weaver, Russell, and Wink 2008). 

These experiences can enhance students’ understanding 

of the scientific method and provide vital opportunities 

for developing foundational scientific practices such as 

formulating explanations from evidence and planning and 

carrying out investigations (Carter, Mandell, and Maton 

2009; Chang 2002; Russell et al. 2007). As opposed to 

the traditional and often resource-heavy apprenticeship 

model, course-based undergraduate research experiences 

(CUREs) serve as a scalable and equitable pedagogi-

cal solution, effectively broadening access to authentic 

research for a greater proportion of students by grounding 

the experiences in courses in which all enrolled students 

can benefit. CUREs offer the capacity to involve many 

students in research (e.g., Rowland et al. 2012) and can be 

integrated into introductory-level courses (Dabney-Smith 

2009; Harrison et al. 2011). Therefore, they have the 

potential to introduce scientific practices to a wider swath 

of students earlier in their academic careers, reducing 

entry barriers to research (Hunter, Laursen, and Seymour 

2007; Provost 2022).

Recent consensus on the features that define a CURE 

describes the integration of five key dimensions that, when 

implemented collectively, distinguish it from traditional 

laboratory instruction and other inquiry-based experiences. 

These are: (1) the element of discovery, in which the out-

come is unknown to both students and instructors; (2) the 

contribution of student work to broadly relevant questions 

important to a stakeholder community; (3) the emphasis 

on collaboration; (4) the requirement that students engage 
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in scientific practices; and (5) the necessary inclusion of 

iteration, which mandates time for students to fail, trou-

bleshoot, and revise experiments to mirror the authentic 

scientific process (Corwin et al. 2014; Corwin et al. 2018; 

Dolan and Weaver 2021; Provost 2022; Provost, Bell, and 

Bell 2019). Ensuring that the first three of these dimen-

sions are present results from the instructor identifying an 

appropriate topic area for the CURE and planning logistics 

that facilitate collaboration. The last two dimensions come 

from careful curriculum design and implementation.

Close to a decade ago, the CURE community called for 

a shift toward theoretical framework–driven design and 

assessment of CUREs (Cooper, Soneral, and Brownell 

2017; Corwin et al. 2014). Indeed, in 2016, Dolan reported 

that few studies existed on the design and implementation 

of CURES, or on how instructors learned to teach them. 

Since then, several publications have addressed this gap 

(Dolan and Weaver 2021; Provost 2022; Provost, Bell, and 

Bell 2019), although they have focused predominantly on 

logistical mechanics, such as overcoming implementation 

barriers related to cost, time, and scaling access, some 

of the most prevalent barriers to the implementation of 

CUREs. Unfortunately, this has left a critical gap. Few 

studies have presented theoretical frameworks or specific 

curriculum development methods needed to effectively 

design CUREs to include scientific practices and inten-

tional learning experiences that provide students with the 

opportunity to engage in an iterative process. This is con-

cerning, because studies have shown that when instructors 

design experiences requiring higher levels of inquiry, such 

as CUREs, they often inadvertently remove the scaffold-

ing that prompts students to engage in scientific practices, 

the exact thing the CUREs are meant to teach (Van Wyk 

et al. 2025). The implication of these studies is that rather 

than just assuming the higher level of inquiry equates to 

increased engagement with scientific practices, instructors 

must intentionally build opportunities to use scientific 

practices while also maintaining the element of discovery 

needed for the experience to be an authentic research expe-

rience. This is a fine line to walk, one that is often difficult 

without the use of specific curriculum design methods. 

One curriculum design framework that has been proposed 

to address barriers in chemistry laboratories (Neiles and 

Arnett 2021), and in CUREs specifically (Cooper et al. 

2017), is a method called backward design (Wiggins 

and McTighe 2011), in which the curriculum devel-

oper proceeds through a three-step process that, when 

employed, facilitates a more intentionally designed and 

scaffolded curriculum (Neiles and Arnett 2021). Through 

this process the instructor identifies the desired learning 

outcomes and ensures that those components are present 

in the assessments and learning experiences included in 

the CURE. Additionally, the instructor can use the pro-

cess to self-check whether their pedagogical decisions 

are student-centered and transparent, creating a learning 

environment that promotes success for all students. 

The central goal of this article is to describe a professional 

development (PD) experience built around the principles 

of backward design, with the intent of guiding faculty 

in creating CUREs grounded in scientific practices and 

student-centered pedagogy. The authors ask: Can a back-

ward design process lead to CUREs that are designed in 

a way that prompts for engagement in scientific practices 

and authentic research while maintaining the scaffold-

ing necessary to allow students to meet those goals? The 

authors hypothesize that the combination of curriculum 

design theory, collaborative development, and practical 

design tools will empower future faculty to create CUREs 

with these desired elements.

Development Process

Overview

The backward design PD experience was developed as part 

of a National Science Foundation Division of Undergradu-

ate Education Improving Undergraduate STEM Education

(DUE-IUSE) grant (award 2215768). In this grant four 

analytical co-principal investigators were led by a chemi-

cal education (ChemEd) co-principal investigator through 

the backward design process to develop a networked 

CURE focused on microfluidic paper-based analytical 

devices (the µCURE project). To develop the µCURE, the 

group met monthly over the course of one semester and 

one summer to collaboratively engage in the backward 

design process through PD modules. After these initial 

modules, the analytical principal investigators engaged in 

an iterative collaboration process that consisted of yearly 

µCURE implementation at their home institutions, fol-

lowed by summer meetings to debrief the implementation, 

again discuss backward design elements, and develop a 

work plan for µCURE refinement. The resulting μCURE 
project focused on the process of translating a traditional 

solution-phase spectrophotometric assay into a microflu-

idic paper analytical device. 

The general flow of the developed CURE took place in 

five stages. Conceptual planning for this research occurred 

outside of class, beginning with students conducting a 

literature search to identify a viable research topic and sub-

sequently developing a formal research proposal, which 

instructors evaluated for scientific soundness and execut-

ability. Once the project’s laboratory work began in the 

final third of the semester, the scientific process involved 

students depositing reagents onto filter paper disks (or 

wax printed devices) and drying them. Standard or sample 

solutions were then added to the paper, initiating a color-

producing reaction, the intensity of which was propor-

tional to the analyte concentration. Students captured 

images of the results with a smartphone and analyzed them 

with digital imaging software to measure RGB values, 
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after the analytical principal investigators created their 

first set of learning outcomes, the ChemEd co-principal 

investigator highlighted similarities and differences in 

the learning outcomes produced. This led to the principal 

investigators agreeing upon the initial set of learning out-

comes to be implemented in the µCURE and creating a 

common understanding of what those learning outcomes 

would entail. Finally, the group would meet to discuss the 

module and make any necessary collaborative decisions 

for the µCURE to be networked across institutions. The 

following sections briefly describe the four modules and 

corresponding assignments. 

Module 1: Identification of Learning Outcomes. Module 

1 centered on the systematic articulation of learning out-

comes for the µCURE (supplemental information, sec-

tions 2 and 3). The assignment for this module guided the 

analytical co-principal investigators through the process of 

documenting the course and student context (which would 

influence future pedagogical decisions), including how to 

identify factors such as prerequisite knowledge. Instruc-

tors were directed to initially brainstorm broad goals for 

the laboratory experience, including any desired scientific 

practices. The analytical co-principal investigators used 

the Next Generation Science Standard (NGSS) list of nine 

scientific practices (National Research Council 2012) to 

identify six practices for the µCURE.

• NGSS Scientific practice (SP) 3: Planning and carrying 

out investigations

• NGSS SP 4: Analyzing and interpreting data

• NGSS SP 5: Using mathematical and computational 

thinking

• NGSS SP 6: Constructing explanations and engaging in 

arguments from evidence

• NGSS SP 7: Evaluating information

• NGSS SP 8: Defining problems and designing solutions

The three NGSS SPs not selected were SP1: Asking ques-

tions; SP2: Developing and using models; and SP9: Com-

municating information. Although the co-principal inves-

tigators believed these were important scientific practices, 

it was determined that they would not be the focus of 

this particular µCURE project. The six selected scientific 

practices, along with other initial goals, were refined by 

defining the anticipated level of student proficiency (cat-

egorized as foundational, developing, or mastery) before 

consolidating them into a concise set of formal outcomes. 

The module prescribed a specific format for writing these 

formal outcomes (“students will + observable verb + 

conditions of the learning”) to ensure they were measur-

able, deliberately excluding nonobservable terms such 

as “understand” or “know.” Finally, the conditions of 

learning were integrated to provide necessary context and 

specificity, coupling the desired scientific behavior (the 

verb) with relevant content or techniques. Below are the 

which they then used to produce calibration curves. This 

experimental investigation was highly iterative, reinforced 

by structured weekly progress reports in which students 

reflected on their results and proposed adjustments to 

their experimental plan. Finally, using the gathered data, 

students determined figures of merit (e.g., detection limit, 

sensitivity), compared these metrics against the needs 

of their sample analysis to assess goal achievement, and 

communicated their findings during a joint virtual poster 

session. The full description of the resulting µCURE proj-

ect can be found in a manuscript published by Frederick 

et al. (2025). 

Backward Design

The backward design PD modules were completed via 

a Google website during spring and summer 2023. Four 

backward design modules, developed based on the work of 

Neiles and Arnett (2021), were included in the PD:

  Module 1 Backward design Step 1: Identification of 

learning outcomes

  Module 2 Backward design Step 2: Evidence of student 

learning (assessment)

  Backward design Step 3: Creating the teaching plan

   Module 3 Scaffolding of learning experiences

   Module 4 Developing a timeline and necessary teach-

ing materials

A fifth module on the use of transparent teaching prin-

ciples also was included, but will not be discussed in the 

present article as it was not the focus of this work. Each 

of the four modules began with a detailed description of 

the relevant step in backward design and then progressed 

to an assignment done via Google documents. The full set 

of modules and assignments can be accessed with the QR 

code or URL in Figure 1.

The analytical principal investigators took two weeks 

to work through each module. Then, the ChemEd co-

principal investigator reviewed their work and provided 

feedback in the following week. This feedback would 

generally focus on trends found in the work. For example, 

FIGURE 1. QR Code for Supplemental Information 

Note: Also available at https://tinyurl.com/4d8rewcv and as a Google 
document upon request to the authors.



20 Scholarship and Practice of Undergraduate Research

Backward Design As a Framework for Strengthening CURE Development

five learning outcomes identified through Module 1 (and 

refined by future iterations). To assist the reader in identi-

fying the learning outcome elements, the observable verbs 

are bold, and the conditions of learning are italicized.

Upon completion of the µCURE experience students 

would be able to:

• Identify and assess relevant [to the µCURE project]* 

literature sources.

• Propose a viable experimental plan to answer a well-

defined scientific question based on literature informa-

tion and experimental results [relevant to the µCURE].

• Apply appropriate methods of data analysis to interpret 

[µCURE] experimental results.

• Evaluate multiple pieces of [µCURE] experimental 

data to support conclusions.

• Contribute to a team by working collaboratively toward 

common [µCURE] goals.

*Square brackets indicate an assumed tie to the µCURE 

project within a learning objective. The assumption holds 

as these learning outcomes were provided to students 

within the µCURE project context.

It is important to note that just because a scientific prac-

tice is desired, it does not necessarily need to be its own 

separate learning outcome. Instead, the scientific practices 

often show up in the later backward design steps as assess-

ments or learning activities. The outcomes written by the 

analytical co-principal investigators exemplify learning 

outcomes written through the backward design approach 

because they are clear, concise, and include an observable 

verb and conditions of learning. A well written outcome 

is vitally important because it acts as the foundation upon 

which the remaining modules are built. 

Module 2: Evidence of Student Learning (Assessment). 

Module 2 guided the analytical co-principal investigators 

through the second step in the backward design framework, 

focusing on how instructors determined if students had 

achieved the desired learning outcomes through the iden-

tification of student learning evidence (SI sections 4 and 

5). Upon completing Module 2, instructors were expected 

to have identified appropriate learning artifacts (evidence), 

considered the criteria by which they would evaluate that 

evidence, and selected and/or developed corresponding 

assessment methods (often rubrics). To do this, the analyti-

cal co-principal investigators first returned to the observable 

verb for each learning outcome to ensure that the evidence 

they had selected during Module 2 reflected the action 

intended by the outcome. For example, in the outcome, 

“Evaluate multiple pieces of [µCURE] experimental data 

to support conclusions,” the observable verb “evaluate” 

implied that students would need to make a judgment about 

the methods they selected based on specific criteria and 

standards. The students should encounter an opportunity 

to provide evidence of these skills, and be assessed using 

a metric that looks for the relevant criteria. In the µCURE 

project, students provided evidence for this outcome in their 

final poster session and were assessed with an Enhancing 

Learning by Improving Process Skills in STEM (ELIPSS) 

critical thinking rubric (ELIPSS 2025; Reynders et al. 

2019). The criteria on this rubric were relevant to the learn-

ing outcome because they included the following:

• Identifying the goal: Determined the purpose/context 

of the argument or conclusion that needed to be made.

• Evaluating: Determined the relevance and reliability of 

information that might be used to support the conclusion 

or argument.

• Analyzing: Interpreted information to determine mean-

ing and to extract relevant evidence.

• Synthesizing: Connected or integrated information to 

support an argument or reach a conclusion.

When used effectively, these criteria and the ratings related 

to them provided a score relevant to the learning outcome.

Module 3: Scaffolding of Learning Experiences. Module 

3 acted as a crucial pre-step within the third phase of the 

backward design framework, focusing on the essential 

curricular development needed to support student mastery 

of learning outcomes (SI sections 6 and 7). This module 

guided the analytical co-principal investigators through 

the process of establishing a clear understanding of stu-

dent proficiency by documenting the expected knowledge 

students possessed both before and at the commencement 

of the µCURE project. The objective was to ensure that 

learning activities throughout the µCURE (and even prior 

to the µCURE) provided appropriate scaffolding, building 

student proficiency through a sequence of iterative experi-

ences that progressed from smaller foundational units to 

a larger, complex whole. Upon completing this module, 

instructors had articulated the specific “touchpoints” that 

guided students effectively from their starting point to the 

desired final outcome. Again, using the example outcome, 

“Evaluate multiple pieces of [µCURE] experimental data 

to support conclusions,” the analytical co-principal inves-

tigators determined to what degree their specific student 

population had prior knowledge of this outcome. In most 

cases, the students’ prior knowledge before entering the 

course was limited to their introductory chemistry courses, 

in which they had some basic experience with draw-

ing conclusions from data by using data to inform the 

next steps of the experiment. In previous labs within the 

course, students received instruction on relevant analytical 

topics such as figures of merit, statistics, and validation. 

This meant that scaffolding for this outcome within the 

µCURE could assume a basic understanding of drawing 

conclusions from data and how to do that using the newly 

acquired analytical knowledge and skills.
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in Figure 2. Although total alignment between institutions 

was not a goal, collaborative iteration discussions held 

after each implementation resulted in further refinement 

of the experience and ultimately alignment across institu-

tions. In August of 2025, the fully aligned µCURE was 

published in the Journal of Chemical Education (Freder-

ick et al. 2025). 

Collaborative Iteration 1. Through the four modules 

described, the analytical co-principal investigators created 

µCURE experiences contextualized for their home institu-

tions. After development, the ChemEd co-principal inves-

tigator reviewed the materials and helped the analytical co-

principal investigators identify a common set of learning 

outcome themes. Through discussion the group ensured 

that these common themes encompassed the scientific 

practices agreed upon by the co-principal investigators 

during Module 1. They then came up with a plan to final-

ize development of the µCURE teaching materials prior 

to implementation at each of their institutions. Therefore 

the pilot phase µCUREs were aligned in learning outcome 

themes and the intended scientific outcomes, but were 

not necessarily aligned in wording of outcomes, types 

of assessments utilized, types of scaffolding, and types 

of teaching materials present in the µCURE. The pilot 

µCUREs were implemented during the 2023–24 academic 

year. As each analytical co-principal investigator com-

pleted the teaching materials (prior to implementation), 

those materials were shared with the ChemEd co-principal 

investigator for cursory evaluation. Full evaluation of 

the materials came after the pilot and is described in the 

“Evaluation” section.

Collaborative Iteration 2. In the summer of 2024 the co-

principal investigators met to debrief the pilot and return 

Module 4: Developing a Timeline and Necessary Teaching 

Materials. Module 4 guided the analytical co-principal 

investigators in completing the third step of backward 

design, leveraging the outcomes (Module 1), evidence 

(Module 2), and scaffolding plan (Module 3) to construct 

the instructional sequence (SI sections 8 and 9). The 

primary objective of this module was for instructors to 

identify the specific teaching materials and learning activi-

ties necessary to allow students to achieve the desired 

outcomes and successfully show the evidence of learning. 

The analytical co-principal investigators were tasked with 

developing a detailed timeline for the µCURE experi-

ence, integrating the scaffolded touchpoints identified in 

Module 3 to ensure the curriculum progressed in a logical, 

stepwise manner to meet all identified learning outcomes. 

Returning to the example outcome, “Evaluate multiple 

pieces of [µCURE] experimental data to support conclu-

sions,” the analytical co-principal investigators created 

scaffolded touchpoints contextualized for their own insti-

tution. Table 1 shows one institution’s example of those 

touchpoints along with the relevant teaching materials.

This instructor’s example illustrates the scaffolding that 

happens to prepare for meeting the learning outcome both 

before the µCURE lab (1 through 4), and within the lab (5 

and 6), highlighting the need for careful pedagogical plan-

ning across the semester.

Collaborative Iteration

The full timeline for development of the final µCURE as 

described in Frederick et. al (2025) was from fall 2023 

through summer 2025 and included three phases: (1) pilot, 

(2) partially aligned, and (3) fully aligned. The phases, 

alignment of µCURE characteristics between institutions, 

and evaluation of the µCURE at each phase are visualized 

Touchpoint Teaching material

1. (Candy lab) Students receive instruction on interpreting sta-

tistical results in class.

In-lab activity

2. (Candy lab) Students draw conclusions based on hypothesis 

testing in the candy lab.

Assignment

3. (Iron lab) Students receive direct instruction on how to use 

data to plan next experiment in iron lab.

Slides/activity

4. (Iron lab) Students practice interpreting their own data and 

making an experimental plan for week 2 of iron lab.

Assignment 

rubric (ELIPSS critical thinking)

5. (µCURE lab) Starting in week 2 of µCURE, each week stu-

dents evaluate and interpret their data, draw conclusions, 

and make a plan based on those conclusions. 

Assignment

6. (µCURE lab) Students receive feedback on the accuracy 

of data interpretation and appropriateness of experimental 

plan.

Rubric (ELIPSS critical thinking)

TABLE 1. Sample Instructional Sequence Identified for Learning Outcome 4
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to their backward design foundation. During this meet-

ing the ChemEd co-principal investigator provided cur-

sory feedback on whether each of their µCURE projects 

had scaffolding, teaching materials, and assessments that 

aligned with the previously articulated learning outcomes. 

A number of disconnects were identified and discussed. 

For example, students were receiving effective scaffold-

ing (visible in the touchpoints included in the µCURE) 

on how to “analyze and interpret data”; however, “argu-

ing conclusions from data” was mostly missing from the 

teaching materials. Based on these discussions, and others 

regarding the mechanics and logistics of the µCURE, the 

co-principal investigators created a work plan for the sum-

mer to reformat and develop necessary components of the 

µCURE. They determined it would be best for the projects 

if they aligned their learning outcomes and use of specific 

assessments across institutions. The resulting µCUREs 

were implemented at their home institutions. Chosen 

assessments and teaching materials were shared with the 

ChemEd co-principal investigator for µCURE evaluation.

Collaborative Iteration 3. The final collaborative itera-

tion meeting happened in the summer of 2025 when the 

co-principal investigators met after the implementation 

of their partially aligned µCUREs to again debrief their 

implementation. It was at that meeting, and in preparation 

for final publication of the µCURE project, that the analyt-

ical co-principal investigators determined it would be best 

if they aligned their teaching materials across institutions. 

Additionally, they realigned their assessment methods to 

better meet the needs of the fully aligned µCURE. At this 

point, the µCURE project was submitted and accepted for 

publication. It was published in August of that summer, 

although the co-principal investigators continue to refine 

and improve the project and plan to implement yet another 

iteration during the 2025–26 academic year.

Evaluation

To answer the research question, “Can a backward design 

process lead to CUREs that are designed in a way that 

prompts for engagement in the scientific practices and 

authentic research while maintaining the scaffolding nec-

essary to allow students to meet those goals?” the µCUREs 

were evaluated by two forms of data: student perceptions 

and µCURE teaching materials.

Student Perceptions

During the pilot and partially aligned implementations, the 

µCUREs were characterized using the Science Teacher 

Inquiry Rubric (STIR;  Bodzin and Beerer 2003). The 

STIR rubric was selected because it was developed and 

validated by Bodzin and Beerer based upon the National 

Science Education Standards (NSES) essential features 

of inquiry instruction. STIRs were completed by students 

after the µCURE project was completed at each imple-

mentation. The students were asked to rate the extent to 

which they had an opportunity during the µCURE to: 

(1) engage with a scientific question; (2) plan investiga-

tions to gather evidence in response to questions; (3) 

formulate conclusions and/or explanations from evidence 

to address scientific questions; and (4) communicate and 

justify their proposed conclusions and/or explanations. 

Responses ranged from a scale of 1 (learner centered) to 4 

(teacher centered), or “no evidence observed.” During the 

pilot implementation two institutions were able to collect 

these data from students (n = 27) and during the partially 

aligned implementation three institutions were able to col-

lect these data (n = 34). The data were aggregated and used 

to characterize laboratory instruction on a continuum from 

teacher- to learner-centered as perceived by the students.

Teaching Materials

Teaching materials for the µCUREs were evaluated at two 

FIGURE 2. Full Timeline for Development of Published µCUR

Note: STIR, Science Teacher Inquiry Rubric.
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a summary of what materials were evaluated for the fully 

aligned and published µCURE.

The partially and fully aligned teaching materials were 

analyzed to determine their level of inquiry and the 

extent to which they provided opportunities for students 

to engage in scientific practices. The evaluation of inquiry 

level was conducted using a modified version of the inqui-

ry rubric designed by Bruck, Bretz, and Towns, which 

defines levels of inquiry by the amount of structure pro-

vided to students across six core laboratory characteristics: 

problem/question, theory/background, procedure/design, 

results analysis, results communication, and conclusions 

(Bruck, Bretz, and Towns 2008; Van Wyk et al. 2024). The 

evaluation involved assigning one of three subcodes—

“provided,” “partially provided,” or “not provided”—to 

points: after they were partially aligned (following Collab-

orative Iteration 2) and after they were fully aligned (fol-

lowing Collaborative Iteration 3). Given that the partially 

aligned materials were not similar across institutions, they 

were evaluated by institution. Table 2 provides a summary 

of what materials were evaluated for the µCURE at each 

institution. Each assignment listed could have multiple 

“artifacts” used in the evaluation (handout, presentation 

slides, rubrics, etc.). In a few cases, the same teaching 

materials were used at multiple institutions, for example, 

the annotated bibliography assignment. 

The fully aligned µCURE had a common set of teaching 

materials used by all instructors and an additional set of 

preassignments, which could be used by instructors to 

scaffold skills leading up to the µCURE. Table 3 provides 

Institution 1 Institution 2 Institution 3 Institution 4

Micro-CURE guidelines Individual literature search activity Micro-CURE device design Micro-CURE device design

Week 1 pre-lab Group literature search activity Library exercise Make your own microfluidics 

device pt 1

Annotated bibliography 

assignment

Annotated bibliography  

assignment

Annotated bibliography  

assignment

Annotated bibliography  

assignment

Weekly progress reports Weekly progress reports Weekly progress reports Weekly progress reports

Group contract Proposal draft Research team contract Research group contract

Moles and concentration Proposal final

TABLE 2. Summary of Teaching Materials Evaluated for Partially Aligned µCUREs

Teaching materials

Preassignments Microfluidics, moles, and concentration

Adapting a procedure from the literature

Analytical method validation and arguing conclusions from data

µCURE assignments Project description and timeline

Literature search activity

Group contract

Group literature search

Project proposal draft

Final proposal

Weekly progress reports

Final report

TABLE 3. Summary of Teaching Materials Evaluated for Fully Aligned µCURE
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each of the six characteristics based on the content pres-

ent in the µCURE projects. Ultimately, the overall level 

of inquiry for the projects at each phase of development 

(partially aligned and fully aligned) was determined by 

matching the resulting pattern of these subcodes across all 

six characteristics to the corresponding predefined inquiry 

levels in the modified rubric, thereby assessing the degree 

to which the materials facilitated student-directed deci-

sions versus traditional, faculty-driven laboratory instruc-

tion methods.

The evaluation of laboratory teaching materials for the 

presence of opportunity for students to engage with sci-

entific practices was conducted with a version of the 

Three-Dimensional Learning Assessment Protocol (3D-

LAP), which was specifically modified to characterize 

the prompted opportunities for students to engage in the 

science and engineering practices outlined in the Frame-

work for K–12 Science Education (Laverty et al. 2016; 

National Research Council 2012; Van Wyk et al. 2025). 

In this modification, specific criteria were articulated for 

each scientific practice. For example, for the scientific 

practice “constructing explanations and engaging in argu-

ments from evidence,” four criteria were articulated. The 

presence of criteria for each of the nine scientific practices 

was evaluated for each of the teaching materials summa-

rized in Tables 2 and 3. Based on the criteria identified, 

the materials were categorized at one of five levels: (1) 

absent: all criteria for the scientific practice were absent; 

(2) base criteria: only the first criterion for the prompting 

of a science practice was met; (3) partial task only: only 

two of the four criteria defining the science practice were 

met; (4) task only: all criteria were met except the final 

criterion, which typically requires a student to provide a 

justification or explanation for their work; or (5) complete 

prompting: all criteria necessary for the explicit prompting 

of a science practice were met in the laboratory materi-

als. This process resulted in identification of the extent to 

which explicit opportunities were provided for students to 

engage in a given practice. 

Data Analysis

The coding and interrater reliability process described 

here follows that of the work in which the coding was 

originally developed (Gwet 2002; Van Wyk et al. 2024; 

Van Wyk et al. 2025). A subset, 33 percent, of the teach-

ing materials from both the partially and fully aligned 

µCUREs were coded for level of inquiry and presence of 

scientific practices by the methods described previously 

and using the codebooks shared in the original work (Van 

Wyk et al. 2024; Van Wyk et al. 2025). Negotiated agree-

ment between the ChemEd co-principal investigator and 

two research assistants was used at this stage to discuss 

differences in coding, and discrepancies were clarified 

based on conversations. Once coding was consistent, all 

teaching materials listed in Tables 2 and 3 were coded 

by one of the three coders. Interrater reliability measures 

were calculated between all possible pairings of the coders 

using Gwet’s AC1 for all of the teaching materials coded 

by all three coders (n = 12 out of 36 total teaching materi-

als). Interrater reliability was established with all pairing 

at a level of κ = 0.80 or higher, indicating strong reliability 
(McHugh 2012).

Results and Discussion

Student Perceptions

The STIR rubric results for the pilot and partially aligned 

implementation are presented in Figure 3.

Across both implementation years, students perceived the 

overall µCURE to be learner-centered, as demonstrated 

by all average scores remaining well below the midpoint 

of the scale. A two-tailed independent samples t test con-

firmed that there were no significant differences in student 

answers between student responses during the pilot and 

during the partially aligned implementation on any rubric 

category (p > 0.05), suggesting stable student perceptions 

across the implementation phases. Although all averages 

trended toward learner-centeredness, the highest scores 

were consistently observed in the category “Communicate 

and justify their proposed conclusions and/or explana-

tions,” a finding that is possibly attributable to the required 

structure of creating a poster. Similarly, the “Planning 

investigations” category scored slightly higher than others, 

potentially reflecting guiding questions posed to students 

during their proposal development. Overall, the aggregat-

ed STIR data confirm that students perceived the μCURE 
approach to be highly learner-centered, with all average 

scores remaining consistently on the student-centered side 

of the scale. The stability of these perceptions across the 

two implementations suggests that the μCURE structure 
consistently supported perceived learner-centered engage-

ment in scientific practices.

Inquiry Levels 

The inquiry rubric findings on the partially and fully 

aligned teaching materials are presented in Table 4.

The evaluation with a modified inquiry rubric confirmed 

that the μCURE materials successfully fostered experienc-

es nearing the goal level of authentic inquiry. Specifically, 

the overall level of inquiry for the fully aligned μCURE 
was determined to be 2.5, indicating an experience “near-

ing authentic inquiry,” which aligns with the typical 

pedagogical goals for CUREs. Similarly, during the par-

tially aligned phase, three out of four institutions were 

rated at level 2.5, with one reaching level 1.5 (“nearing 

open inquiry”), demonstrating that the majority of imple-

mentations were moving toward authentic inquiry. This 

authentic context was created because, although the broad 

topic area—translating a traditional spectrophotometric 

assay into a paper microfluidic format—was provided, the 
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practices (SP3, SP4, SP5, SP6, and SP7) achieved “com-

plete prompting,” with only one practice (SP8) coded as 

“task only.” This progression to nearly complete prompting 

across the material demonstrates how iterative collabora-

tion and backward design process were successfully used 

to intentionally strengthen the scaffolding necessary for stu-

dents to engage fully with complex scientific practices. For 

example, in the case of SP6, constructing explanations and 

engaging in arguments from evidence, the partially aligned 

μCUREs all had the first three criteria:

  Criteria 1: Laboratory experiment gives an event, obser-

vation, or phenomenon.

  Criteria 2: Laboratory experiment asks students to 

make a claim based on the given event, observation, or 

phenomenon.

  Criteria 3: Laboratory experiment asks students to pro-

vide evidence in the form of data or observations to 

support the claim. 

However, during Iterative Collaboration 3, the teach-

ing materials were revised in such a way that they now 

included the final Criteria 4 (Laboratory experiment asks 

students to provide reasoning about why the evidence sup-

ports the claim), moving SP6 to the “complete prompting” 

category.

Conclusions

The combined analysis of instructional materials and 

student perceptions strongly supports the conclusion that 

specific analyte selection was left open, resulting in the 

problem/question characteristic being coded as “partially 

provided.” These results indicate that the fully aligned 

μCURE placed sufficient decision-making autonomy on 
the student across the five rubric areas. These findings 

confirm that the backward design process, along with col-

laborative iteration, successfully produced CURE materi-

als that aligned with the target level of inquiry. 

Scientific Practices
As has been noted, the teaching materials were evaluated 

for the presence of six of the nine NGSS scientific prac-

tices (SPs). Analysis was actually completed for all nine 

SPs to get a full picture of which NGSS SPs were present. 

Results broken down by each teaching material and all 

nine scientific practices can be found in the supplemental 

materials (SI Section 10; see Figure 1). Table 5 includes 

the overall presence of scientific practices for each insti-

tution’s partially aligned μCURE and the fully aligned 
μCURE. 

Across the partially aligned μCUREs, the materials were 
found to have evidence of the six intended practices (SP3 

through SP8). However, a key observation was that many 

of these partially aligned μCUREs failed to prompt the 
final critical criteria, which asks students for justification 

(categorized as “task only”). The subsequent iterative col-

laboration resulted in the fully aligned μCURE, for which 
the opportunities for explicit prompting on the final crite-

ria were increased; five out of the six intended scientific 

FIGURE 3. STIR Results

Note: STIR, Science Teacher Inquiry Rubric.
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the backward design process using practical tools (the 

backward design modules and assignments) successfully 

led to the development of μCUREs that integrated authen-

tic research with necessary instructional scaffolding. The 

modified inquiry rubric results confirmed that the materi-

als consistently fostered experiences categorized as “near-

ing authentic inquiry,” indicating that the design placed 

substantial decision-making autonomy on the students, a 

core component of authentic research. This high measure 

of authentic inquiry aligns strongly with student percep-

tions captured by the STIR data, which consistently dem-

onstrated a stable, learner-centered environment across 

both the pilot and partially aligned implementation years, 

confirmed by the lack of significant differences across any 

rubric category. However, a more nuanced understanding 

of the μCUREs emerged when comparing the levels of 
prompting for scientific practices across implementations. 

Specifically, the partially aligned μCUREs often missed 
the final critical criteria, requiring justification in scientific 

practices. The subsequent iterative collaboration, driven 

by the backward design methodology, rectified this criti-

cal scaffolding gap in the fully aligned μCURE, leading to 
“complete prompting” for five out of six intended scien-

tific practices. Therefore the combined results affirm that 

the backward design process successfully produced high 

quality CUREs by identifying and strengthening essential 

scaffolding through iterative collaboration anchored in 

curriculum design theory.

Implications and Future Work

A primary implication arising from this study is the strong 

suggestion that the backward design framework is highly 

effective, especially when implemented within a profes-

sional development format. Successful implementation of 

this framework appears to rely on two crucial strategies: 

the active utilization of curriculum design theory through 

practical tools, and sustained collaborative iteration. It is 

suggested that instructors who wish to develop high-qual-

ity CUREs employ backward design and utilize practical 

guidance, such as the tools provided in the supplemental 

Partially aligned µCUREs

Institution 1 Institution 2 Institution 3 Institution 4

Laboratory characteristic Subcode

Problem/question Partially provided Partially provided Partially provided Provided

Theory/background Not provided Not provided Not provided Provided

Procedure/design Not provided Not provided Not provided Partially provided

Results analysis Not provided Not provided Not provided Not provided

Results communication Not provided Not provided Not provided Not provided

Conclusions Not provided Not provided Not provided Not provided

Overall level of inquiry Level 2.5:  

nearing authentic inquiry

Level 2.5:  

nearing authentic inquiry

Level 2.5:  

nearing authentic inquiry

Level 1.5: 

nearing open inquiry

Fully aligned published µCUREs

Laboratory characteristic Subcode

Problem/question Partially provided

Theory/background Not provided

Procedure/design Not provided

Results analysis Not provided

Results communication Not provided

Conclusions Not provided

Overall level of inquiry Level 2.5: Nearing authentic inquiry

TABLE 4. Level of Inquiry for Partially and Fully Aligned µCUREs
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