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There have been recent calls for biology education researchers to look toward other fields of educational inquiry for theories and methodologies to advance, and expand, our understanding of what helps students learn to think like biologists (Coley and Tanner, 2012; Dolan, 2015; Peffer and Renken, 2016; Lo et al., 2019). These calls include the
recommendations that biology education researchers ground their work in learning theories from the cognitive and learning sciences (Coley and Tanner, 2012) and begin investigating the underlying mechanisms by which students to develop sophisticated biology ideas (Dolan, 2015; Lo et al., 2019). Design-based research from the learning sciences is
one methodology that seeks to do both by using theories of learning to investigate how “learning ecologies”—that is, complex systems of interactions among instructors, students, and environmental components—support the process of student learning (Brown, 1992; Cobb et al., 2003; Collins et al., 2004; Peffer and Renken, 2016).The purpose of this
essay is twofold. First, we want to introduce readers to the key elements of design-based research, using our research into student learning in undergraduate physiology as an example of design-based research in biology education research (BER). Second, we will discuss how design-based research can extend work already done in BER and explore
some of the challenges of its implementation. For a more in-depth review of design-based research, we direct readers to the following references: Brown (1992), Barab and Squire (2004), and Collins et al. (2004), as well as commentaries by Anderson and Shattuck (2012) and McKenney and Reeves (2013).Design-based research is a methodological
approach that aligns with research methods from the fields of engineering or applied physics, where products are designed for specific purposes (Brown, 1992; Joseph, 2004; Middleton et al., 2008; Kelly, 2014). Consequently, investigators using design-based research approach educational inquiry much as an engineer develops a new product: First,
the researchers identify a problem that needs to be addressed (e.g., a particular learning challenge that students face). Next, they design a potential “solution” to the problem in the form of instructional tools (e.g., reasoning strategies, worksheets; e.g., Reiser et al., 2001) that theory and previous research suggest will address the problem. Then, the
researchers test the instructional tools in a real-world setting (i.e., the classroom) to see if the tools positively impact student learning. As testing proceeds, researchers evaluate the instructional tools with emerging evidence of their effectiveness (or lack thereof) and progressively revise the tools—in real time—as necessary (Collins et al., 2004).
Finally, the researchers reflect on the outcomes of the experiment, identifying the features of the instructional tools that were successful at addressing the initial learning problem, revising those aspects that were not helpful to learning, and determining how the research informed the theory underlying the experiment. This leads to another research
cycle of designing, testing, evaluating, and reflecting to refine the instructional tools in support of student learning. We have characterized this iterative process in Figure 1 after Sandoval (2014). Though we have portrayed four discrete phases to design-based research, there is often overlap of the phases as the research progresses (e.g., testing and
evaluating can occur simultaneously).FIGURE 1. The four phases of design-based research experienced in an iterative cycle (A). We also highlight the main features of each phase of our design-based research project investigating students’ use of flux in physiology (B).Design-based research has no specific requirements for the form that instructional
tools must take or the manner in which the tools are evaluated (Bell, 2004; Anderson and Shattuck, 2012). Instead, design-based research has what Sandoval (2014) calls “epistemic commitments”1 that inform the major goals of a design-based research project as well as how it is implemented. These epistemic commitments are: 1) Design based
research should be grounded in theories of learning (e.g., constructivism, knowledge-in-pieces, conceptual change) that both inform the design of the instructional tools and are improved upon by the research (Cobb et al., 2003; Barab and Squire, 2004). This makes design-based research more than a method for testing whether or not an instructional
tool works; it also investigates why the design worked and how it can be generalized to other learning environments (Cobb et al., 2003). 2) Design-based research should aim to produce measurable changes in student learning in classrooms around a particular learning problem (Anderson and Shattuck, 2012; McKenney and Reeves, 2013). This
requirement ensures that theoretical research into student learning is directly applicable, and impactful, to students and instructors in classroom settings (Hoadley, 2004). 3) Design-based research should generate design principles that guide the development and implementation of future instructional tools (Edelson, 2002). This commitment makes
the research findings broadly applicable for use in a variety of classroom environments. 4) Design-based research should be enacted using extended, iterative teaching experiments in classrooms. By observing student learning over an extended period of time (e.g., throughout an entire term or across terms), researchers are more likely to observe the
full effects of how the instructional tools impact student learning compared with short-term experiments (Brown, 1992; Barab and Squire, 2004; Sandoval and Bell, 2004).Many BER studies employ experimental approaches that align with traditional scientific methods of experimentation, such as using treatment versus control groups, randomly
assigning treatments to different groups, replicating interventions across multiple spatial or temporal periods, and using statistical methods to guide the kinds of inferences that arise from an experiment. While design-based research can similarly employ these strategies for educational inquiry, there are also some notable differences in its approach
to experimentation (Collins et al., 2004; Hoadley, 2004). In this section, we contrast the differences between design-based research and what we call “experimental approaches,” although both paradigms represent a form of experimentation.The first difference between an experimental approach and design-based research regards the role
participants play in the experiment. In an experimental approach, the researcher is responsible for making all the decisions about how the experiment will be implemented and analyzed, while the instructor facilitates the experimental treatments. In design-based research, both researchers and instructors are engaged in all stages of the research
from conception to reflection (Collins et al., 2004). In BER, a third condition frequently arises wherein the researcher is also the instructor. In this case, if the research questions being investigated produce generalizable results that have the potential to impact teaching broadly, then this is consistent with a design-based research approach (Cobb
et al., 2003). However, when the research questions are self-reflective about how a researcher/instructor can improve his or her own classroom practices, this aligns more closely with “action research,” which is another methodology used in education research (see Stringer, 2013).A second difference between experimental research and design-based
research is the form that hypotheses take and the manner in which they are investigated (Collins et al., 2004; Sandoval, 2014). In experimental approaches, researchers develop a hypothesis about how a specific instructional intervention will impact student learning. The intervention is then tested in the classroom(s) while controlling for other
variables that are not part of the study in order to isolate the effects of the intervention. Sometimes, researchers designate a “control” situation that serves as a comparison group that does not experience the intervention. For example, Jackson et al. (2018) were interested in comparing peer- and self-grading of weekly practice exams to if they were
equally effective forms of deliberate practice for students in a large-enrollment class. To test this, the authors (including authors of this essay J.H.D., M.P.W.) designed an experiment in which lab sections of students in a large lecture course were randomly assigned to either a peer-grading or self-grading treatment so they could isolate the effects of
each intervention. In design-based research, a hypothesis is conceptualized as the “design solution” rather than a specific intervention; that is, design-based researchers hypothesize that the designed instructional tools, when implemented in the classroom, will create a learning ecology that improves student learning around the identified learning
problem (Edelson, 2002; Bell, 2004). For example, Zagallo et al. (2016) developed a laboratory curriculum (i.e., the hypothesized “design solution”) for molecular and cellular biology majors to address the learning problem that students often struggle to connect scientific models and empirical data. This curriculum entailed: focusing instruction
around a set of target biological models; developing small-group activities in which students interacted with the models by analyzing data from scientific papers; using formative assessment tools for student feedback; and providing students with a set of learning objectives they could use as study tools. They tested their curriculum in a novel, largeenrollment course of upper-division students over several years, making iterative changes to the curriculum as the study progressed.By framing the research approach as an iterative endeavor of progressive refinement rather than a test of a particular intervention when all other variables are controlled, design-based researchers recognize that: 1)
classrooms, and classroom experiences, are unique at any given time, making it difficult to truly “control” the environment in which an intervention occurs or establish a “control group” that differs only in the features of an intervention; and 2) many aspects of a classroom experience may influence the effectiveness of an intervention, often in
unanticipated ways, which should be included in the research team’s analysis of an intervention’s success. Consequently, the research team is less concerned with controlling the research conditions—as in an experimental approach—and instead focuses on characterizing the learning environment (Barab and Squire, 2004). This involves collecting
data from multiple sources as the research progresses, including how the instructional tools were implemented, aspects of the implementation process that failed to go as planned, and how the instructional tools or implementation process was modified. These characterizations can provide important insights into what specific features of the
instructional tools, or the learning environment, were most impactful to learning (DBR Collective, 2003).A third difference between experimental approaches and design-based research is when the instructional interventions can be modified. In experimental research, the intervention is fixed throughout the experimental period, with any revisions
occurring only after the experiment has concluded. This is critical for ensuring that the results of the study provide evidence of the efficacy of a specific intervention. By contrast, design-based research takes a more flexible approach that allows instructional tools to be modified in situ as they are being implemented (Hoadley, 2004; Barab, 2014). This
flexibility allows the research team to modify instructional tools or strategies that prove inadequate for collecting the evidence necessary to evaluate the underlying theory and ensures a tight connection between interventions and a specific learning problem (Collins et al., 2004; Hoadley, 2004).Finally, and importantly, experimental approaches and
design-based research differ in the kinds of conclusions they draw from their data. Experimental research can “identify that something meaningful happened; but [it is] not able to articulate what about the intervention caused that story to unfold” (Barab, 2014, p. 162). In other words, experimental methods are robust for identifying where differences
in learning occur, such as between groups of students experiencing peer- or self-grading of practice exams (Jackson et al., 2018) or receiving different curricula (e.g., Chi et al., 2012). However, these methods are not able to characterize the underlying learning process or mechanism involved in the different learning outcomes. By contrast, designbased research has the potential to uncover mechanisms of learning, because it investigates how the nature of student thinking changes as students experience instructional interventions (Shavelson et al., 2003; Barab, 2014). According to Sandoval (2014), “Design research, as a means of uncovering causal processes, is oriented not to finding effects
but to finding functions, to understanding how desired (and undesired) effects arise through interactions in a designed environment” (p. 30). In Zagallo et al. (2016), the authors found that their curriculum supported students’ data-interpretation skills, because it stimulated students’ spontaneous use of argumentation during which group members
coconstructed evidence-based claims from the data provided. Students also worked collaboratively to decode figures and identify data patterns. These strategies were identified from the researchers’ qualitative data analysis of in-class recordings of small-group discussions, which allowed them to observe what students were doing to support their
learning. Because design-based research is focused on characterizing how learning occurs in classrooms, it can begin to answer the kinds of mechanistic questions others have identified as central to advancing BER (National Research Council [NRC], 2012; Dolan, 2015; Lo et al., 2019).To illustrate how design-based research could be employed in
BER, we draw on our own research that investigates how students learn physiology. We will characterize one iteration of our design-based research cycle (Figure 1), emphasizing how our project uses Sandoval’s four epistemic commitments (i.e., theory driven, practically applied, generating design principles, implemented in an iterative manner) to
guide our implementation.Understanding physiological phenomena is challenging for students, given the wide variety of contexts (e.g., cardiovascular, neuromuscular, respiratory; animal vs. plant) and scales involved (e.g., using molecular-level interactions to explain organism functioning; Wang, 2004; Michael, 2007; Badenhorst et al., 2016). To
address these learning challenges, Modell (2000) identified seven “general models” that undergird most physiology phenomena (i.e., control systems, conservation of mass, mass and heat flow, elastic properties of tissues, transport across membranes, cell-to-cell communication, molecular interactions). Instructors can use these models as a
“conceptual framework” to help students build intellectual coherence across phenomena and develop a deeper understanding of physiology (Modell, 2000; Michael et al., 2009). This approach aligns with theoretical work in the learning sciences that indicates that providing students with conceptual frameworks improves their ability to integrate and
retrieve knowledge (National Academies of Sciences, Engineering, and Medicine, 2018).Before the start of our design-based project, we had been using Modell’s (2000) general models to guide our instruction. In this essay, we will focus on how we used the general models of mass and heat flow and transport across membranes in our instruction.
These two models together describe how materials flow down gradients (e.g., pressure gradients, electrochemical gradients) against sources of resistance (e.g., tube diameter, channel frequency). We call this flux reasoning. We emphasized the fundamental nature and broad utility of flux reasoning in lecture and lab and frequently highlighted when it
could be applied to explain a phenomenon. We also developed a conceptual scaffold (the Flux Reasoning Tool) that students could use to reason about physiological processes involving flux.Although these instructional approaches had improved students’ understanding of flux phenomena, we found that students often demonstrated little commitment
to using flux broadly across physiological contexts. Instead, they considered flux to be just another fact to memorize and applied it to narrow circumstances (e.g., they would use flux to reason about ions flowing across membranes—the context where flux was first introduced—but not the bulk flow of blood in a vessel). Students also struggled to
integrate the various components of flux (e.g., balancing chemical and electrical gradients, accounting for variable resistance). We saw these issues reflected in students’ lower than hoped for exam scores on the cumulative final of the course. From these experiences, and from conversations with other physiology instructors, we identified a learning
problem to address through design-based research: How do students learn to use flux reasoning to explain material flows in multiple physiology contexts?The process of identifying a learning problem usually emerges from a researcher’s own experiences (in or outside a classroom) or from previous research that has been described in the literature
(Cobb et al., 2003). To remain true to Sandoval’s first epistemic commitment, a learning problem must advance a theory of learning (Edelson, 2002; McKenney and Reeves, 2013). In our work, we investigated how conceptual frameworks based on fundamental scientific concepts (i.e., Modell’s general models) could help students reason productively
about physiology phenomena (National Academies of Sciences, Engineering, and Medicine, 2018; Modell, 2000). Our specific theoretical question was: Can we characterize how students’ conceptual frameworks around flux change as they work toward robust ideas? Sandoval’s second epistemic commitment stated that a learning problem must aim to
improve student learning outcomes. The practical significance of our learning problem was: Does using the concept of flux as a foundational idea for instructional tools increase students’ learning of physiological phenomena?We investigated our learning problem in an introductory biology course at a large R1 institution. The introductory course is the
third in a biology sequence that focuses on plant and animal physiology. The course typically serves between 250 and 600 students in their sophomore or junior years each term. Classes have the following average demographics: 68% male, 21% from lower-income situations, 12% from an underrepresented minority, and 26% first-generation college
students.The first phase of design-based research involves developing instructional tools that address both the theoretical and practical concerns of the learning problem (Edelson, 2002; Wang and Hannafin, 2005). These instructional tools can take many forms, such as specific instructional strategies, classroom worksheets and practices, or
technological software, as long as they embody the underlying learning theory being investigated. They must also produce classroom experiences or materials that can be evaluated to determine whether learning outcomes were met (Sandoval, 2014). Indeed, this alignment between theory, the nature of the instructional tools, and the ways students
are assessed is central to ensuring rigorous design-based research (Hoadley, 2004; Sandoval, 2014). Taken together, the instructional tools instantiate a hypothesized learning environment that will advance both the theoretical and practical questions driving the research (Barab, 2014).In our work, the theoretical claim that instruction based on
fundamental scientific concepts would support students’ flux reasoning was embodied in our instructional approach by being the central focus of all instructional materials, which included: a revised version of the Flux Reasoning Tool (Figure 2); case study–based units in lecture that explicitly emphasized flux phenomena in real-world contexts
(Windschitl et al., 2012; Scott et al., 2018; Figure 3); classroom activities in which students practiced using flux to address physiological scenarios; links to online videos describing key flux-related concepts; constructed-response assessment items that cued students to use flux reasoning in their thinking; and pretest/posttest formative assessment
questions that tracked student learning (Figure 4).FIGURE 2. The Flux Reasoning Tool given to students at the beginning of the quarter.FIGURE 3. An example flux case study that is presented to students at the beginning of the neurophysiology unit. Throughout the unit, students learn how ion flows into and out of cells, as mediated by chemical and
electrical gradients and various ion/molecular channels, sends signals throughout the body. They use this information to better understand why Jaime experiences persistent neuropathy. Images from: uz.wikipedia.org/wiki/Fayl:Blausen_0822_SpinalCord.png and commons.wikimedia.org/wiki/File:Figure_38_01_07.jpg.FIGURE 4. An example flux
assessment question about ion flows given in a pre-unit/post-unit formative assessment in the neurophysiology unit.In the second phase of design-based research, the instructional tools are tested by implementing them in classrooms. During this phase, the instructional tools are placed “in harm’s way … in order to expose the details of the process to
scrutiny” (Cobb et al., 2003, p. 10). In this way, researchers and instructors test how the tools perform in real-world settings, which may differ considerably from the design team’s initial expectations (Hoadley, 2004). During this phase, if necessary, the design team may make adjustments to the tools as they are being used to account for these
unanticipated conditions (Collins et al., 2004).We implemented the instructional tools during the Autumn and Spring quarters of the 2016–2017 academic year. Students were taught to use the Flux Reasoning Tool at the beginning of the term in the context of the first case study unit focused on neurophysiology. Each physiology unit throughout the
term was associated with a new concept-based case study (usually about flux) that framed the context of the teaching. Embedded within the daily lectures were classroom activities in which students could practice using flux. Students were also assigned readings from the textbook and videos related to flux to watch during each unit. Throughout the
term, students took five exams that each contained some flux questions as well as some pre- and post-unit formative assessment questions. During Winter quarter, we conducted clinical interviews with students who would take our course in the Spring term (i.e., “pre” data) as well as students who had just completed our course in Autumn (i.e., “post”
data).The third phase of a design-based research cycle involves evaluating the effectiveness of instructional tools using evidence of student learning (Barab and Squire, 2004; Anderson and Shattuck, 2012). This can be done using products produced by students (e.g., homework, lab reports), attitudinal gains measured with surveys, participation rates
in activities, interview testimonials, classroom discourse practices, and formative assessment or exam data (e.g., Reiser et al., 2001; Cobb et al., 2003; Barab and Squire, 2004; Mohan et al., 2009). Regardless of the source, evidence must be in a form that supports a systematic analysis that could be scrutinized by other researchers (Cobb et al., 2003;
Barab, 2014). Also, because design-based research often involves multiple data streams, researchers may need to use both quantitative and qualitative analytical methods to produce a rich picture of how the instructional tools affected student learning (Collins et al., 2004; Anderson and Shattuck, 2012).In our work, we used the quality of students’
written responses on exams and formative assessment questions to determine whether students improved their understanding of physiological phenomena involving flux. For each assessment question, we analyzed a subset of student’s pretest answers to identify overarching patterns in students’ reasoning about flux, characterized these overarching
patterns, then ordinated the patterns into different levels of sophistication. These became our scoring rubrics, which identified five different levels of student reasoning about flux. We used the rubrics to code the remainder of students’ responses, with a code designating the level of student reasoning associated with a particular reasoning pattern. We
used this ordinal rubric format because it would later inform our theoretical understanding of how students build flux conceptual frameworks (see phase 4). This also allowed us to both characterize the ideas students held about flux phenomena and identify the frequency distribution of those ideas in a class.By analyzing changes in the frequency
distributions of students’ ideas across the rubric levels at different time points in the term (e.g., pre-unit vs. post-unit), we could track both the number of students who gained more sophisticated ideas about flux as the term progressed and the quality of those ideas. If the frequency of students reasoning at higher levels increased from pre-unit to
post-unit assessments, we could conclude that our instructional tools as a whole were supporting students’ development of sophisticated flux ideas. For example, on one neuromuscular ion flux assessment question in the Spring of 2017, we found that relatively more students were reasoning at the highest levels of our rubric (i.e., levels 4 and 5) on the
post-unit test compared with the pre-unit test. This meant that more students were beginning to integrate sophisticated ideas about flux (i.e., they were balancing concentration and electrical gradients) in their reasoning about ion movement.To help validate this finding, we drew on three additional data streams: 1) from in-class group recordings of
students working with flux items, we noted that students increasingly incorporated ideas about gradients and resistance when constructing their explanations as the term progressed; 2) from plant assessment items in the latter part of the term, we began to see students using flux ideas unprompted; and 3) from interviews, we observed that students
who had already taken the course used flux ideas in their reasoning.Through these analyses, we also noticed an interesting pattern in the pre-unit test data for Spring 2017 when compared with the frequency distribution of students’ responses with a previous term (Autumn 2016). In Spring 2017, 42% of students reasoned at level 4 or 5 on the preunit test, indicating these students already had sophisticated ideas about ion flux before they took the pre-unit assessment. This was surprising, considering only 2% of students reasoned at these levels for this item on the Autumn 2016 pre-unit test.The final phase of a design-based research cycle involves a retrospective analysis that addresses the
epistemic commitments of this methodology: How was the theory underpinning the research advanced by the research endeavor (theoretical outcome)? Did the instructional tools support student learning about the learning problem (practical outcome)? What were the critical features of the design solution that supported student learning (design
principles)? (Cobb et al., 2003; Barab and Squire, 2004).Reflecting on how a design-based research experiment advances theory is critical to our understanding of how students learn in educational settings (Barab and Squire, 2004; Mohan et al., 2009). In our work, we aimed to characterize how students’ conceptual frameworks around flux change as
they work toward robust ideas. To do this, we drew on learning progression research as our theoretical framing (NRC, 2007; Corcoran et al., 2009; Duschl et al., 2011; Scott et al., 2019). Learning progression frameworks describe empirically derived patterns in student thinking that are ordered into levels representing cognitive shifts in the ways
students conceive a topic as they work toward mastery (Gunckel et al., 2012). We used our ion flux scoring rubrics to create a preliminary five-level learning progression framework (Table 1). The framework describes how students’ ideas about flux often start with teleological-driven accounts at the lowest level (i.e., level 1), shift to focusing on driving
forces (e.g., concentration gradients, electrical gradients) in the middle levels, and arrive at complex ideas that integrate multiple interacting forces at the higher levels. We further validated these reasoning patterns with our student interviews. However, our flux conceptual framework was largely based on student responses to our ion flux
assessment items. Therefore, to further validate our learning progression framework, we needed a greater diversity of flux assessment items that investigated student thinking more broadly (i.e., about bulk flow, water movement) across physiological systems.TABLE 1. The preliminary flux learning progression framework characterizing the patterns
of reasoning students may exhibit as they work toward mastery of flux reasoning. The student exemplars are from the ion flux formative assessment question presented in Figure 4. The “/” divides a student’s answers to the first and second parts of the question. Level 5 represents the most sophisticated ideas about flux phenomena.LevelLevel
descriptionsStudent exemplars5Principle-based reasoning with full consideration of interacting componentsChange the membrane potential to −100mV/The negative charge in the cell will put a greater driving force for the positively charged potassium than the concentration gradient forcing it out.4Emergent principle-based reasoning using
individual componentsDecrease the concentration gradient or make the electrical gradient more positive/the concentration gradient and electrical gradient control the motion of charged particles.3Students use fragments of the principle to reasonChange concentration of outside K/If the concentration of K outside the cell is larger than the
concentration of K inside the cell, more K will rush into the cell.2Students provide storytelling explanations that are nonmechanisticClose voltage-gated potassium channels/When the V-K+ channels are closed then we will move back toward a resting membrane potential meaning that K+ ions will move into the cell causing the mV to go from −90 mV
(K+ electrical potential) to −70 mV (RMP).1Students provide nonmechanistic (e.g., teleological) explanationsTransport proteins/Needs help to cross membrane because it wouldn’t do it readily since it’s charged.In design-based research, learning theories must “do real work” by improving student learning in real-world settings (DBR Collective, 2003).
Therefore, design-based researchers must reflect on whether or not the data they collected show evidence that the instructional tools improved student learning (Cobb et al., 2003; Sharma and McShane, 2008). We determined whether our flux-based instructional approach aided student learning by analyzing the kinds of answers students provided to
our assessment questions. Specifically, we considered students who reasoned at level 4 or above as demonstrating productive flux reasoning. Because almost half of students were reasoning at level 4 or 5 on the post-unit assessment after experiencing the instructional tools in the neurophysiology unit (in Spring 2017), we concluded that our tools
supported student learning in physiology. Additionally, we noticed that students used language in their explanations that directly tied to the Flux Reasoning Tool (Figure 2), which instructed them to use arrows to indicate the magnitude and direction of gradient-driving forces. For example, in a posttest response to our ion flux item (Figure 4), one
student wrote:Ion movement is a function of concentration and electrical gradients. Which arrow is stronger determines the movement of K+. We can make the electrical arrow bigger and pointing in by making the membrane potential more negative than Ek [i.e., potassium’s equilibrium potential]. We can make the concentration arrow bigger and
pointing in by making a very strong concentration gradient pointing in.Given that almost half of students reasoned at level 4 or above, and that students used language from the Flux Reasoning Tool, we concluded that using fundamental concepts was a productive instructional approach for improving student learning in physiology and that our
instructional tools aided student learning. However, some students in the 2016–2017 academic year continued to apply flux ideas more narrowly than intended (i.e., for ion and simple diffusion cases, but not water flux or bulk flow). This suggested that students had developed nascent flux conceptual frameworks after experiencing the instructional
tools but could use more support to realize the broad applicability of this principle. Also, although our cross-sectional interview approach demonstrated how students’ ideas, overall, could change after experiencing the instructional tools, it did not provide information about how a student developed flux reasoning.Reflecting on practical outcomes also
means interpreting any learning gains in the context of the learning ecology. This reflection allowed us to identify whether there were particular aspects of the instructional tools that were better at supporting learning than others (DBR Collective, 2003). Indeed, this was critical for our understanding why 42% of students scored at level 3 and above
on the pre-unit ion assessment in the Spring of 2017, while only 2% of students scored level 3 and above in Autumn of 2016. When we reviewed notes of the Spring 2017 implementation scheme, we saw that the pretest was due at the end of the first day of class after students had been exposed to ion flux ideas in class and in a reading/video
assignment about ion flow, which may be one reason for the students’ high performance on the pretest. Consequently, we could not tell whether students’ initial high performance was due to their learning from the activities in the first day of class or for other reasons we did not measure. It also indicated we needed to close pretests before the first
day of class for a more accurate measure of students’ incoming ideas and the effectiveness of the instructional tools employed at the beginning of the unit.Although design-based research is enacted in local contexts (i.e., a particular classroom), its purpose is to inform learning ecologies that have broad applications to improve learning and teaching
(Edelson, 2002; Cobb et al., 2003). Therefore, design-based research should produce design principles that describe characteristics of learning environments that researchers and instructors can use to develop instructional tools specific to their local contexts (e.g., Edelson, 2002; Subramaniam et al., 2015). Consequently, the design principles must
balance specificity with adaptability so they can be used broadly to inform instruction (Collins et al., 2004; Barab, 2014).From our first cycle of design-based research, we developed the following design principles: 1) Key scientific concepts should provide an overarching framework for course organization. This way, the individual components that
make up a course, like instructional units, activities, practice problems, and assessments, all reinforce the centrality of the key concept. 2) Instructional tools should explicitly articulate the principle of interest, with specific guidance on how that principle is applied in context. This stresses the applied nature of the principle and that it is more than a
fact to be memorized. 3) Instructional tools need to show specific instances of how the principle is applied in multiple contexts to combat students’ narrow application of the principle to a limited number of contexts.The last “epistemic commitment” Sandoval (2014) articulated was that design-based research be an iterative process with an eye toward
continually refining the instructional tools, based on evidence of student learning, to produce more robust learning environments. By viewing educational inquiry as formative research, design-based researchers recognize the difficulty in accounting for all variables that could impact student learning, or the implementation of the instructional tools, a
priori (Collins et al., 2004). Robust instructional designs are the products of trial and error, which are strengthened by a systematic analysis of how they perform in real-world settings.To continue to advance our work investigating student thinking using the principle of flux, we began a second cycle of design-based research that continued to address
the learning problem of helping students reason with fundamental scientific concepts. In this cycle, we largely focused on broadening the number of physiological systems that had accompanying formative assessment questions (i.e., beyond ion flux), collecting student reasoning from a more diverse population of students (e.g., upper division, allied
heath, community college), and refining and validating the flux learning progression with both written and interview data in a student through time. We developed a suite of constructed-response flux assessment questions that spanned neuromuscular, cardiovascular, respiratory, renal, and plant physiological contexts and asked students about
several kinds of flux: ion movement, diffusion, water movement, and bulk flow (29 total questions; available at beyondmultiplechoice.org). This would provide us with rich qualitative data that we could use to refine the learning progression. We decided to administer written assessments and conduct interviews in a pretest/posttest manner at the
beginning and end of each unit both as a way to increase our data about student reasoning and to provide students with additional practice using flux reasoning across contexts.From this second round of designing instructional tools (i.e., broader range of assessment items), testing them in the classroom (i.e., administering the assessment items to
diverse student populations), evaluating the tools (i.e., developing learning progression–aligned rubrics across phenomena from student data, tracking changes in the frequency distribution of students across levels through time), and reflecting on the tools’ success, we would develop a more thorough and robust characterization of how students use
flux across systems that could better inform our creation of new instructional tools to support student learning.While design-based research has primarily been used in educational inquiry at the K–12 level (see Reiser et al., 2001; Mohan et al., 2009; Jin and Anderson, 2012), other science disciplines at undergraduate institutions have begun to employ
this methodology to create robust instructional approaches (e.g., Szteinberg et al., 2014 in chemistry; Hake, 2007, and Sharma and McShane, 2008, in physics; Kelly, 2014, in engineering). Our own work, as well as that by Zagallo et al. (2016), provides two examples of how design-based research could be implemented in BER. Below, we articulate
some of the ways incorporating design-based research into BER could extend and enrich this field of educational inquiry.One critique of BER is that it does not draw heavily enough on learning theories from other disciplines like cognitive psychology or the learning sciences to inform its research (Coley and Tanner, 2012; Dolan, 2015; Peffer and
Renken, 2016; Davidesco and Milne, 2019). For example, there has been considerable work in BER developing concept inventories as formative assessment tools that identify concepts students often struggle to learn (e.g., Marbach-Ad et al., 2009; McFarland et al., 2017; Summers et al., 2018). However, much of this work is detached from a
theoretical understanding of why students hold misconceptions in the first place, what the nature of their thinking is, and the learning mechanisms that would move students to a more productive understanding of domain ideas (Alonzo, 2011). Using design-based research to understand the basis of students’ misconceptions would ground these
practical learning problems in a theoretical understanding of the nature of student thinking (e.g., see Coley and Tanner, 2012, 2015; Gouvea and Simon, 2018) and the kinds of instructional tools that would best support the learning process.Recently, there have been multiple calls across science, technology, engineering, and mathematics education
fields to increase collaborations between BER and other disciplines so as to increase the robustness of science education research at the collegiate level (Coley and Tanner, 2012; NRC, 2012; Talanquer, 2014; Dolan, 2015; Peffer and Renken, 2016; Mestre et al., 2018; Davidesco and Milne, 2019). Engaging in design-based research provides both a
mechanism and a motivation for fostering interdisciplinary collaborations, as it requires the design team to have theoretical knowledge of how students learn, domain knowledge of practical learning problems, and instructional knowledge for how to implement instructional tools in the classroom (Edelson, 2002; Hoadley, 2004; Wang and Hannafin,
2005; Anderson and Shattuck, 2012). For example, in our current work, our research team consists of two discipline-based education learning scientists from an R1 institution, two physiology education researchers/instructors (one from an R1 institution the other from a community college), several physiology disciplinary experts/instructors, and a K–
12 science education expert.Design-based research collaborations have several distinct benefits for BER: first, learning or cognitive scientists could provide theoretical and methodological expertise that may be unfamiliar to biology education researchers with traditional science backgrounds (Lo et al., 2019). This would both improve the rigor of the
research project and provide biology education researchers with the opportunity to explore ideas and methods from other disciplines. Second, collaborations between researchers and instructors could help increase the implementation of evidence-based teaching practices by instructors/faculty who are not education researchers and would benefit
from support while shifting their instructional approaches (Eddy et al., 2015). This may be especially true for community college and primarily undergraduate institution faculty who often do not have access to the same kinds of resources that researchers and instructors at research-intensive institutions do (Schinske et al., 2017). Third, making
instructors an integral part of a design-based research project ensures they are well versed in the theory and learning objectives underlying the instructional tools they are implementing in the classroom. This can improve the fidelity of implementation of the instructional tools, because the instructors understand the tools’ theoretical and practical
purposes, which has been cited as one reason there have been mixed results on the impact of active learning across biology classes (Andrews et al., 2011; Borrego et al., 2013; Lee et al., 2018; Offerdahl et al., 2018). It also gives instructors agency to make informed adjustments to the instructional tools during implementation that improve their
practical applications while remaining true to the goals of the research (Hoadley, 2004).The diverse nature of the data that are often collected in design-based research can require both qualitative and quantitative methodologies to produce a rich picture of how the instructional tools and their implementation influenced student learning (Anderson
and Shattuck, 2012). Using mixed methods may be less familiar to biology education researchers who were primarily trained in quantitative methods as biologists (Lo et al., 2019). However, according to Warfa (2016, p. 2), “Integration of research findings from quantitative and qualitative inquiries in the same study or across studies maximizes the
affordances of each approach and can provide better understanding of biology teaching and learning than either approach alone.” Although the number of BER studies using mixed methods has increased over the past decade (Lo et al., 2019), engaging in design-based research could further this trend through its collaborative nature of bringing social
scientists together with biology education researchers to share research methodologies from different fields. By leveraging qualitative and quantitative methods, design-based researchers unpack “mechanism and process” by characterizing the nature of student thinking rather than “simply reporting that differences did or did not occur” (Barab, 2014,
p. 158), which is important for continuing to advance our understanding of student learning in BER (Dolan, 2015; Lo et al., 2019).As with any methodological approach, there can be challenges to implementing design-based research. Here, we highlight three that may be relevant to BER.While collaborations between researchers and instructors offer
many affordances (as discussed earlier), the reality of connecting researchers across departments and institutions can be challenging. For example, Peffer and Renken (2016) noted that different traditions of scholarship can present barriers to collaboration where there is not mutual respect for the methods and ideas that are part and parcel to each
discipline. Additionally, Schinske et al. (2017) identified several constraints that community college faculty face for engaging in BER, such as limited time or support (e.g., infrastructural, administrative, and peer support), which could also impact their ability to form the kinds of collaborations inherent in design-based research. Moreover, the iterative
nature of design-based research requires these collaborations to persist for an extended period of time. Attending to these challenges is an important part of forming the design team and identifying the different roles researchers and instructors will play in the research.The focus of design-based research on studying learning ecologies to uncover
mechanisms of learning requires that researchers collect multiple data streams through time, which often necessitates significant temporal and financial resources (Collins et al., 2004; O’Donnell, 2004). Consequently, researchers must weigh both practical as well as methodological considerations when formulating their experimental design. For
example, investigating learning mechanisms requires that researchers collect data at a frequency that will capture changes in student thinking (Siegler, 2006). However, researchers may be constrained in the number of data-collection events they can anticipate depending on: the instructor’s ability to facilitate in-class collection events or solicit
student participation in extracurricular activities (e.g., interviews); the cost of technological devices to record student conversations; the time and logistical considerations needed to schedule and conduct student interviews; the financial resources available to compensate student participants; the financial and temporal costs associated with analyzing
large amounts of data.Identifying learning mechanisms also requires in-depth analyses of qualitative data as students experience various instructional tools (e.g., microgenetic methods; Flynn et al., 2006; Siegler, 2006). The high intensity of these in-depth analyses often limits the number of students who can be evaluated in this way, which must be
balanced with the kinds of generalizations researchers wish to make about the effectiveness of the instructional tools (O’Donnell, 2004). Because of the large variety of data streams that could be collected in a design-based research experiment—and the resources required to collect and analyze them—it is critical that the research team identify a
priori how specific data streams, and the methods of their analysis, will provide the evidence necessary to address the theoretical and practical objectives of the research (see the following section on experimental rigor; Sandoval, 2014). These are critical management decisions because of the need for a transparent, systematic analysis of the data that
others can scrutinize to evaluate the validity of the claims being made (Cobb et al., 2003).The nature of design-based research, with its use of narrative to characterize versus control experimental environments, has drawn concerns about the rigor of this methodological approach. Some have challenged its ability to produce evidence-based warrants
to support its claims of learning that can be replicated and critiqued by others (Shavelson et al., 2003; Hoadley, 2004). This is a valid concern that design-based researchers, and indeed all education researchers, must address to ensure their research meets established standards for education research (NRC, 2002).One way design-based researchers
address this concern is by “specifying theoretically salient features of a learning environment design and mapping out how they are predicted to work together to produce desired outcomes” (Sandoval, 2014, p. 19). Through this process, researchers explicitly show before they begin the work how their theory of learning is embodied in the
instructional tools to be tested, the specific data the tools will produce for analysis, and what outcomes will be taken as evidence for success. Moreover, by allowing instructional tools to be modified during the testing phase as needed, design-based researchers acknowledge that it is impossible to anticipate all aspects of the classroom environment
that might impact the implementation of instructional tools, “as dozens (if not millions) of factors interact to produce the measureable outcomes related to learning” (Hoadley, 2004, p. 204; DBR Collective, 2003). Consequently, modifying instructional tools midstream to account for these unanticipated factors can ensure they retain their
methodological alignment with the underlying theory and predicted learning outcomes so that inferences drawn from the design experiment accurately reflect what was being tested (Edelson, 2002; Hoadley, 2004). Indeed, Barab (2014) states, “the messiness of real-world practice must be recognized, understood, and integrated as part of the
theoretical claims if the claims are to have real-world explanatory value” (p. 153).In this essay, we have highlighted some of the ways design-based research can advance—and expand upon—research done in biology education. These ways include:providing a methodology that integrates theories of learning with practical experiences in
classrooms,using a range of analytical approaches that allow for researchers to uncover the underlying mechanisms of student thinking and learning,fostering interdisciplinary collaborations among researchers and instructors, andcharacterizing learning ecologies that account for the complexity involved in student learningBy employing this
methodology from the learning sciences, biology education researchers can enrich our current understanding of what is required to help biology students achieve their personal and professional aims during their college experience. It can also stimulate new ideas for biology education that can be discussed and debated in our research community as
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