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Design activities when embedded in an inquiry cycle and appropriately scaffolded can promote 

the development and the transfer of the habits of mind that are an important part of scientific 

practice. Through the Investigative Science Learning Environment (ISLE) students construct 

physics knowledge by engaging in inquiry cycles that replicate used by physicists to construct 

and evaluate scientific knowledge. A significant portion of student learning occurs in ISLE 

instructional labs where students design their own experiments. The labs provide an environment 

for cognitive apprenticeship enhanced by formative assessment. As a result students develop 

cognitive abilities that prepare them to approach problems as scientists. A classroom study 

demonstrated that the students in the ISLE design lab performed equally well on traditional 

paper-and-pencil exams as ISLE students who did not engage in design activities. However, the 

design group significantly outperformed the non-design group while working on novel 

experimental tasks (in physics and biology) demonstrating the transfer of scientific “habits of 

mind”. This research demonstrates that a learning environment that seamlessly integrates 

cognitive apprenticeship, formative assessment, and preparation for future learning in a series of 

conceptual design tasks provides a rich context for learning that helps build scientific habits of 

mind. 
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 Designing environments to guide learners in the construction of knowledge is a challenge 

for instructors of all disciplines (Bransford, Brown, Cooking, 1999; Brown, 1992; Derry, 

Seymour, Steinkuehler, Lee, & Siegel, 2004). It is particularly difficult when trying to help 

learners develop both flexible knowledge and habits of mind that can be applied to a range of 

situations. Such environments need to help provide an apprenticeship in thinking (Collins, 

Brown, & Newman, 1989) and formative assessment (Black & Wiliam, 1998; Cowie & Bell, 

1999). The goal of these environments is to prepare students to go beyond direct application 

transfer; rather as Bransford & Schwartz (1999) argue, it needs to prepare students for future 

learning (the PFL approach). In this paper we investigate whether engaging students in 

experimental design in such an environment affects student development of scientific habits of 

mind. 

We explore experimental design because of the opportunity to involve students in 

genuine scientific practices that replicate the challenges of the real world and require innovative 

solutions to solve problems. Current recommended approaches to science instruction are based 

on a conception of science as inquiry and science learning as an apprenticeship in the practices of 

scientists (Duschl, Schweingruber, & Shouse, 2007). A central element of the work of scientists 

is the collaborative design of their own investigations. Important to this approach is that students 

are provided experimental problems which are appropriate at the level of student expertise and 

that require collaborative construction of their own solutions. 

 In order for students to develop innovative solutions, they must develop habits of mind 

that mirror authentic scientific practices (Duschl, Schweingruber, & Shouse, 2007; Ford & 

Forman, 2006). These habits of mind include collecting and analyzing data from experiments; 

devising hypotheses and explanations and building theories; assessing, testing and validating 
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hypotheses and theories; and using specialized ways of representing phenomena and of 

communicating the ideas (Duschl et al., 2007). These habits are generative in nature and should 

promote interpretive knowing (Schwartz & Martin, 2004). Interpretive knowing is different from 

traditional understanding of knowing as replicative (information recalling) and applicative (using 

knowledge to solve problems). Interpretive knowing is the way of framing and perceiving a 

problem, noticing and paying attention to certain features and ignoring others; in a way 

“knowing with”, not “knowing what” (Broudy, 1977).  

Participating in scientific practices can also provide students with resources for future 

learning, as becoming familiar with the disciplinary rules of the game would prepare them “to 

flexibly respond to a large set of complex problems instead of training them to use a narrow set 

of skills or strategies in limited circumstances” (Ford & Forman, 2006. p.26).  

This study involves a system in which students have the opportunity to learn science by 

actively engaging in such practices (Etkina & Van Heuvelen, 2007). The Investigative Science 

Learning Environment (ISLE) (Etkina et al., 2007) is a complex, multifaceted intervention that 

synthesizes principles of cognitive apprenticeship with the methods of formative assessment and 

seeks to prepare students for future learning. In our interpretation of “preparation for future 

learning” we focus on the interpretive knowing (Bransford & Schwartz, 1999; Brody, 1977) that 

students use to approach novel problems. Interpretive knowing affects students’ framing of a 

problem, the specific features they focus on and the constraints of the problem they perceive. For 

example, solving an experimental problem a scientist needs to decide what features of the 

problem are relevant and which can be ignored, how to represent the problem in different ways, 

including mathematical, how to use available equipment to collect necessary data, how to 

evaluate the quality of measurements, and how to make sense of the results.  
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 Designing experiments often involves the students moving beyond direct application 

transfer (see discussion in Bransford & Schwartz, 1999). Instruction, therefore, should include 

the opportunity to develop interpretive knowing which should prepare them for future learning. 

Experimental design is an essential component of ISLE occurring mainly in the labs where 

students design their own experiments every week. In these labs students generate scientific 

evidence and explanations while designing and conducting their own experimental 

investigations. We hypothesize that these processes should help students develop interpretive 

knowing and consequently prepare them for future learning. To test this hypothesis, we examine 

the effect of removing the design component of the ISLE system as we address the following 

research questions:  

1. How does the need to design their own experiments affect the types of activities in which 

learners engage?  

2. How does the designing their own experiments affect students’ approaches toward 

experimental inquiry? 

3. How does designing their own experiments affect students’ development of experimental 

procedures, processes and methods?  

4. Does the devising, designing, and conducting their own experiments affect students’ 

acquisition of science concepts? 

5. How does engaging in design affect students’ ability to construct interpretive knowing 

and transfer it to new situations? 

In the paper we will first describe the theoretical foundations of ISLE and design labs, provide 

details of the ISLE design labs, then describe the intervention, and the results of the study. 

Why Design? 
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One way to help students develop scientific habits of mind is to engage them in designing 

scientific investigations. Design helps create rich contexts for learning (Harel & Papert, 1991). 

Through engaging in design, learners become more accountable for their learning through 

designing, evaluating, revising activities, and reflecting on the process (Hmelo, Holton, & 

Kolodner, 2000). By means of this process, learners construct meaning and internalize the 

knowledge they created (Kafai, & Resnick, 1996).  Design requires students to engage in 

metacognitive thinking and scientific discourse (Davidowitz & Rollnick, 2003; Driver, Asoko, 

Leach, Mortimer, & Scott, 1994; Germann, 1989; Gourgey, 1998; Hofstein, Shore, & Kipnis, 

2004).  First, metacognitive thinking such as planning, monitoring and evaluating is a requisite 

because without it, one cannot manage investigative tasks. Second, scientific discourse refers to 

the use of scientific language and representations as well as scientific ways of using that 

language, thinking, evaluating, acting, and interacting.  These are the behaviors that identify 

individuals as members of the socially meaningful group of scientists (Gee, 1993).  

There are multiple successful demonstrations that are based on student design of real 

experiments (Bell & Linn, 2000; Gallagher, Stepien, Sher, & Workman, 1995; Kolodner, 2002) 

or virtual experiments (Hmelo, Nagarajan, & Day, 2002; Wilensky & Reisman, 2006). 

Designing and carrying out investigations helps engage learners in important cognitive and social 

activities that promote the development of interpretive knowing. Perkins (1986) defended the 

view of knowledge as design: in this view knowledge is a structure that has to be built and 

adapted for specific purposes.  

Design activities help learners to activate prior knowledge and to notice relevant features 

of phenomena or processes that enable them to take advantage of learning opportunities (Hmelo 

et al. 2002; Schwartz & Martin, 2004). Therefore innovation prepares students for future 
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learning. But, design is a complex undertaking and requires scaffolding as might be provided 

through a cognitive apprenticeship in scientific practices. 

Investigative Science Learning Environment 

 ISLE is a learning system that was developed to for large or small enrollment 

introductory non-physics major college physics courses that follow a traditional structure of 

lectures (we call them large room meetings), problem solving sessions, and labs. The goal of 

ISLE is not only to help these science majors learn fundamental physics concepts but most 

importantly help them learn to approach problems as scientists by engaging them in processes 

similar to those that scientists use while constructing and applying new knowledge. Thus in this 

spirit, ISLE is similar to many other approaches that engage students in design and authentic 

problem solving (Barron, 1998; Hmelo, Holton, & Kolodner, 2000; Hmelo-Silver, 2004; 

Kolodner, Crismond, Fasse, Gray, Holbrook, & Puntembakar, 2003; Merrill, 2002). The main 

difference is that ISLE does this within the traditional structure of a physics course; therefore 

students work on smaller problems that can be solved during an 80-min. recitation or a three-

hour lab. However, problem types that students encounter are repeated throughout the semester. 

This allows students to develop experimental approaches relevant to scientific and engineering 

design (Kolodner, 2002). 

 ISLE engages students in collaborative knowledge construction to acculturate them in the 

practice of physics. The goal of the environment is to help students not only learn the concepts 

and laws of physics but most importantly to help them learn how this knowledge is constructed. 

To learn a new concept, students go through a cycle that repeats multiple times during the 

semester and takes place in all settings: large room meetings, problem solving recitations, and 

instructional labs. They first observe a series of carefully selected experiments; then use 
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available tools (such as motion diagrams, force diagrams, energy bar charts, ray diagrams) to 

analyze the data to find patterns; then when possible they devise explanations or mechanisms for 

the patterns. Later they test the explanations by using them to predict the outcomes of new 

experiments with the goal of ruling out the explanation not to prove it and finally apply new 

knowledge to solve practical problems (Fig. 1). The ISLE cycle is a blend of Karplus’ learning 

cycle (1977) and Lawson’s science cycles (2002). 1  

One of the most important ISLE features is that students learn collaboratively in large 

room meetings, problem solving sessions and laboratories. In this paper we will mostly focus on 

the ISLE laboratory environment (Etkina, Murthy & Zou, 2006).  

Theoretical foundation for ISLE labs 

The theoretical foundation for ISLE labs is based on a close integration of three pillars: 

Preparation for future learning, cognitive apprenticeship and formative assessment (Fig. 2). 

Based on these pillars, ISLE labs engage students in three types of activities.  First, learners are 

engaged in generative activities such as design and reflection. Second, cognitive apprenticeship 

provides expert models to scaffold design and reflection. Third, we make this expertise visible 

and provide feedback to the students through formative assessment. In combination, these 

activities promote interpretive knowing and thus preparation for future learning. 

Preparation for Future Learning and Interpretive Knowing 

Preparation for future learning (PFL) (Bransford & Schwartz, 1999; Schwartz & Bransford, 

1998; Schwartz, Bransford, & Sears, 2005) is one of the goals of ISLE labs. Here PFL refers to 

student’s ability to approach new phenomena and problems similar to how a scientist would 

approach them. For example in one lab, students needed to determine the specific heat of a 
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particular object. When confronted with such a challenge, students normally search for physics 

equations that are relevant to the question and then try to conduct a single experiment to measure 

relevant quantities. A scientist, however, immediately realizes that one experiment would not be 

sufficient (different experiments that will produce similar results are needed). Further a scientist 

knows that the physics laws that she/he will use to analyze collected data are mathematical 

models of some ideal situation and they need to make sure that their experimental set up satisfies 

the mathematical model criteria. Finally a scientist keeps in mind that any result that she/he 

obtains has experimental uncertainties due to the instruments and procedures they use (Alberts, 

2000). Moreover scientists would notice that this task has particular features about which they 

need to think while solving the problem. The goal of ISLE labs to help students develop such 

habits of mind and consequently to interpret experimental and conceptual problems in ways 

similar to that of scientists.  

Marton (2006) argued that these idiosyncratic, highly specialized and finely attuned ways 

of interpreting certain situations are the invariable signal of expertise and that knowing anything 

requires the development of particularly ways of perceiving the world for certain purposes. 

Scientists have their own distinctive ways of looking at and making sense of the world. This 

“scientific glace” or “scientific framing” is what enables them to construct scientific knowledge; 

in other words, it is what prepares them for their science learning. In previous studies of transfer 

within the PFL paradigm, researchers have focused on the development of some concrete piece 

of interpretive knowing. In one study, students learned to see the statistical properties of a 

situation by inventing mathematical ways to describe the reliability of a pitching machine; this 

prepared students to construct the idea of variability of data sets (Schwartz and Martin, 2004).   
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In another study, college students’ looked for patterns in the kinds of information that 

people are able to recall and then they represented these patterns in graphs. These generative 

activities prepared students for constructing their understanding of psychological principles of 

memory after attending a lecture on the topic (Schwartz & Bransford, 1998). In this study, when 

we talk about PFL, we are not only referring to the development of some specific interpretive 

knowing that helps students pay attention to certain relevant features of a particular problem but 

to the students’ development of a whole new, “scientific” way of looking at the world.  

Cognitive Apprenticeship 

 The ISLE system regards learning as a cognitive apprenticeship of physics practice. In 

this approach, learning is supported by means of modeling, coaching and scaffolding (Brown, 

Collins, & Duguid, 1989; Collins, Brown & Newman, 1989). ISLE labs provide models of 

scientific inquiry as students read case studies of scientific developments (e.g., students read and 

reflect on how scientists learned about pulsars, medical prophylaxis, nature of AIDS, etc). In 

addition, other forms of modeling are provided as instructors demonstrate hypothetico-deductive 

reasoning, construct representations, devise mathematical procedure, and demonstrate other 

scientific practices in the labs. Additional modeling is provided by formative assessment rubrics 

(described later). 

 Coaching is achieved by (a) the careful selection and organization of the tasks students 

have to accomplish, (b) the structuring of the tasks by the means of prompts and questions given 

to the students on the lab handouts, (c) instructors’ feedback, and (d) breaking of the assigned 

tasks into subtasks through lab handout hints and questions and by the scientific abilities rubrics. 

 As students work in teams on different laboratory tasks, the instructors and course 

materials provide scaffolding. ISLE lab handouts do not have any explicit instructions in terms of 
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experimental procedures, but they have a set of questions that focuses students’ attention on the 

important aspects of the design process and simultaneously help make their thinking about the 

salient elements of design visible. Because we are introducing students to the practices of real 

science, we need to provide them with support to enable them to accomplish unfamiliar, complex 

tasks and, at the same time, learn from the experience. This support is provided through lab 

handout questions and self-assessment rubrics. Moreover the system demands reflection from the 

learners, as they need to be highly metacognitive to complete their design tasks. They have to 

articulate and refine their ideas when discussing with their partners and answer the reflection 

questions given in laboratory handouts and when they write their individual lab reports. ISLE 

labs have embedded reflection and connection-building activities because they are critical for 

transfer, inform both direct application and PFL perspectives (Bransford & Schwartz, 1999).  

 In addition we provide scaffolding for students’ inquiry activities by introducing the 

processes of physics in a structured and simplified manner.  The ISLE cycle (Fig. 1) helps 

communicate the process of scientific inquiry in physics and it gives structure to the series of the 

tasks that students have to accomplish. Students learn to differentiate between observational 

experiments, testing experiments and application experiments in physics (Etkina, Van Heuvelen, 

Brookes, & Mills, 2002) and to conceptualize lab experiments as different variations of these 

three. This procedural facilitation is essential since one of the main difficulties students face 

when they are engaged in the building of new knowledge is that they do not know how the tasks 

can play a part in their overall insight of a phenomenon. The investigative cycle helps students 

know where they are in the inquiry process, but also it helps them to perceive their learning as an 

integrated process, and to understand more how and why each step or task is important 

(Schwartz, Brophy, Lin, & Bransford, 1999). 
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Formative Assessment 

During their lab work students use specially-designed assessment rubrics that help them 

organize and revise their work as they progress (Etkina, et al., 2006a). These rubrics serve 

simultaneously two purposes. They provide the modeling and coaching aspect of the cognitive 

apprenticeship and simultaneously engage students in self-assessment, which is the most 

powerful from of formative assessment (Black & Wiliam, 1998; Cowie & Bell, 1999).   

The goal of the rubrics is to help students develop scientific abilities through self 

formative assessment.  As in Bybee (2000), we use the term “scientific abilities” to describe 

some of the most important procedures, processes, and methods that scientists use when 

constructing knowledge and when solving experimental. Scientific abilities are the habits of 

mind that scientists used when they approach new problems; they are cognitive tools that 

scientists “know with”. These abilities help interpret the situation in ways that are characteristic 

of science, thus they are components of interpretive knowing. Helping students develop these 

abilities will mean moving them closer to developing scientific interpretive knowing. We prefer 

the term scientific abilities instead of science-process skills to underscore that these are not 

automatic skills, but are instead processes that students need to use reflectively and critically 

(Salomon & Perkins, 1989).  

Scientific abilities include: the ability to represent physical processes in multiple ways; 

the ability to devise and test a qualitative explanation or quantitative relationship; the ability to 

design an experimental investigation; the ability to collect and analyze data; the ability to 

evaluate claims, solutions, and models, and the ability to communicate (see 

http://paer.rutgers.edu/scientificabilities for a complete list). The list was constructed based on 

the analysis of the history of the practice of physics (Holton & Brush, 2001; Lawson, 2000; 
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Lawson, 2003), research on the goals of science curricula and taxonomies of cognitive skills 

(Bybee & DeBoer, 1994; Marzano, 2001); recommendations of cognitive scientists (Schunn & 

Anderson, 2001) and an analysis of science-process test items (National Assessment Governing 

Board, 2005). Some of the abilities are similar to science skills and practices described by 

Kolodner (2002). Each of the scientific abilities involves many sub-abilities. For example, for the 

ability to collect and analyze data includes the following sub-abilities: (a) identify sources of 

experimental uncertainty, (b) evaluate how experimental uncertainties might affect the data, (c) 

minimize experimental uncertainty, (d) record and represent data in a meaningful way, and (e) 

analyze data appropriately.  Rubrics serve as a tool that helps students develop these abilities. 

 The scientific abilities rubrics serve as a tool for procedural facilitation and feedback (an 

example of a rubric is in Fig. 3)2 as they help novices to complete inquiry tasks, which require 

complex and unfamiliar scientific abilities. At the beginning of the semester students are told 

which ones are the appropriate rubrics for self assessment for each particular experimental task, 

towards the end of the semester this scaffolding fades as they need to decide themselves which 

rubrics from the available set are appropriate. As students work in the lab designing and 

conducting experiments and writing a report, they use the rubrics for guidance. The instructor 

assesses their lab reports based on the same rubrics and in the next lab holds a discussion about 

students’ successes and weaknesses. Using the rubrics helps prepare students to learn from the 

instructor explanations and subsequent lab discussion (Bransford & Schwartz, 1999; Schwartz, 

and Martin, 2004). At the same time it provides an opportunity for instructors to make their 

thinking visible for the students (Collins, Brown, & Holum, 1991; Scardamalia & Bereiter, 
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1985). After students receive the formative assessment feedback, they can reflect on what they 

learned and revise their work (Black, & Wiliam, 1998; Cowie, & Bell, 1999). 

 In summary, the three theoretical pillars make ISLE laboratories generative in nature. 

Students produce a variety of cognitive outcomes encompassing ideas, procedures and artifacts 

as shown in Figure 4. The creation of these sharable products greatly facilitates the process of 

learners’ construction of their knowledge (Harel & Papert, 1991).  

 

An Investigation of the Role of Design  

 To investigate the causal importance of design and reflection, we created an alternative 

ISLE non-design lab to address whether design affects students’ development of scientific 

abilities.  In this non-design alternative, students generate a smaller set of cognitive products.  

They do not generate interpretations of data, hypotheses, predictions, or experimental 

procedures. They do not use rubrics to self assess themselves and do not have to engage in 

constant metacognitive reflection. We hypothesize that this will result in an impoverished 

laboratory experience and diminish subsequent learning and transfer compared with students 

who participate in the ISLE design labs.  

Participants 

 There were 186 students enrolled in the ISLE physics class (the number of students 

attending different activities varied through the semester). There were 72 male students and 114 

females who signed up for different sections of the course. During the semester, students were 

not informed about the study. At the end, we disclosed the procedure and students signed a 

consent form allowing us to use their work for research. 

Instructional Context 
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 This study was conducted in the first semester of an introductory physics course for 

science majors. There were two 55-min. lectures or large room meetings, one 80-min problem 

solving session, and a 3-hour lab per week. There were two midterm exams, one final exam and 

two lab exams. All students participated through the same ISLE curriculum in large room 

meetings and in smaller problem solving sections. There were eight problem-solving sections 

and eight lab sections. Students signed up for lab sections and problem solving sessions 

separately, thus students that were in the same lab section were not in the same problem solving 

section. There were three TAs in the lab sections; one TA taught four sections and the other two 

taught two sections each. All three TAs were highly skilled in interactive teaching with their 

teaching experience ranging from 4 to 7 years of teaching.  

 For the purpose of the study the lab sections were split into two groups: design group 

(four lab sections) and non-design group (four lab sections).3 Two of the TAs taught one design 

and one non-design section and the third TA taught two of each. To ensure that the design and 

non-design lab sections were equivalent, we administered Lawson’s test of hypothetico-

deductive reasoning (Lawson, 1978) in the first lab session. Coletta and Philips (2005) found that 

student’s learning gains are strongly correlated with their scores on this test.  Students in the two 

groups did not differ (Design mean=11.04, SD= 3.83; control mean 10.95  SD= 2.96, F (1, 185) 

= 0.06, p = 0.81).  

Instructional Procedures 

 The only difference in the treatment of the groups was the presence or absence of the 

experimental design and reflection in the laboratories, while the material covered in the labs, lab 

equipment, the weekly topics and the instructors were the same.  
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Design Labs. Students in the experimental group had to design their own experiments. Two 

thirds of the experiments were based on the content that they had already discussed in large-

room meetings and problem-solving sessions. In one-third of the labs they designed an 

experiment to investigate a new phenomenon and find patterns. The scaffolding was provided 

through lab handout questions that focused their attention on the elements of the scientific 

process: representing the situation, deciding on the experiment, analyzing experimental 

uncertainties, etc. 

Although scaffolding was provided, students struggled first in coming up with possible 

designs, and then in actually implementing them and evaluating the results. They had to use 

different representations such as force diagrams, energy bar charts to help them devise the 

mathematical procedure. After they implemented the procedure, they had to figure out whether 

the result made sense. For example if the goal of the experiment was to determine the coefficient 

of friction between their shoe and the floor and they received a certain value through the 

experiment and calculation, they could not ask the TA whether the value was acceptable. Instead 

they had to design an independent experiment to determine the same value and then make a 

judgment about the results of both experiments. 

Students were asked to compose their written lab report to describe what they did and to 

answer the questions in the lab handout (see Appendix 1 for an example). Students could consult 

relevant self-assessment rubrics to improve their reports as they were writing or at the end. 

The TAs did not help students design experiments and when students had difficulties, 

they asked questions and provided hints but did not answer their questions directly. Usually a lab 

had two experiments: one that the students had to design from scratch choosing the equipment, 

putting it together and devising the mathematical procedure and the other one where the 
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experimental set up was provided but they had to invent their own procedure. They wrote the 

reports during the 3-hour lab period and handed them in before they left.  

 After each experiment students were asked to reflect on the purpose of the experiment 

and its place in an overall scientific process. Reflection questions focused student attention on 

contrasting cases such as the difference between an observational experiment and testing 

experiment (Etkina et al., 2002). Students also had to reflect on the difference between 

experimental uncertainties and theoretical assumptions and explain why they had to design two 

independent experiments to determine a value of a particular quantity. 

At the end of each lab students were asked to address questions that encouraged drawing 

connections between in-lab practices and out-of-classroom experiences. Lab homework that 

students did after each lab contained reading passages with reflection questions. Students 

analyzed stories about historical developments of several scientific theories and applications 

such as the nature of AIDS, prophylaxis, and pulsars. They had to identify the elements of 

scientific inquiry that are present when scientists answer new questions or apply knowledge. The 

purpose of the passages was to help students reflect on the common elements of a scientific 

investigation. 

Non-Design Labs. Students in the non-design labs used the same equipment as in design labs and 

performed the same number of experiments. The handouts guided them through the experimental 

procedure but not through the mathematics. Students had to draw force diagrams, energy bar 

charts and other representations to solve experimental problems but they did not need to think 

about theoretical assumptions as these were provided to them in the text. These labs were not 

cookbook labs; we call them non-design labs. These labs had homework as well —mostly 

physics problems that prepared students to do the next lab. The TAs taught the labs differently. 
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They provided an overview of the material at the beginning of the lab and then later if students 

had questions, they answered these questions. In Appendix 1 we provide examples of lab 

handouts for design and non-design groups.  

Procedure for Transfer Tasks 

 To assess how students transfer scientific abilities to an unfamiliar physics content in the 

same functional context (according to the classification by Barnett and Ceci, 2002), we 

developed a lab task where both groups designed an experiment and wrote a lab report. In 

contrast to regular labs, which students performed during semester, this particular task was 

identical for the design and the non-design groups. The task involved drag force in fluid 

dynamics. This physics content was not covered in the course. To minimize the spreading of 

information among the students we developed four similar versions (Appendix 2). Students were 

provided some necessary and some redundant information in the lab handout and had access to 

textbooks and the internet. There were no scaffolding questions in the handout and no reference 

to the rubrics. 

 The students performed this task during the lab (3 hours) on week 13 of the semester. 

Prior to this, they had performed 10 labs. The lab sections were spread from Wednesday to 

Friday. Four design sections had labs on Wednesday and Thursday morning; non-design sections 

had the lab on Thursday afternoon and Friday morning. Thus it is possible that students in design 

sections shared information with the students in non-design sections.  The drag force lab was 

attended by 89 students in design sections and by the same number of students in non-design 

sections.  

 The second transfer experiment involved a biology task that was given as the final lab 

exam for the course in week 14. Both the design and the non-design groups had to design an 
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experiment to find the transpiration rate of a certain species of plant and subsequently to write a 

report detailing their experimental procedures, calculations and conclusions. This particular 

biology problem was selected because: (a) measuring transpiration is a task simple enough to 

complete for students with very little plant physiology background; (b) students can use multiple 

measures to determine transpiration rates which gave them some room for inventiveness, 

evaluation and decision making; and (c) students are more willing to accept a biology assignment 

as a final exam for their physics lab if they perceive that there is a physical basis (evaporation 

and osmosis) underlying the biological process of transpiration.  

 We provided students with the handouts that had definitions of transpiration and 

humidity. The handout also included a table with saturated vapor density or water as a function 

of temperature (the course did not cover humidity at all). In addition, the students could consult 

the internet.  

Assessment of Physics Knowledge and Scientific Abilities 

  In Table 1 we list the data sources that we used to answer the research questions. Below 

we describe how we collected the data and how we established the reliability of our instruments. 

Observations of Student Behavior During Labs. To observe student behavior during the labs, we 

tracked of the time spent by a group of students on different activities (Karelina & Etkina, 2007). 

A trained observer sat with a group of students for a 3-hour lab. This observer timed and 

recorded everything that students did. Students’ behaviors were then coded using a coding 

scheme modified from the work of Lippmann and colleagues (Lippmann & The Physics 

Education Research Group, 2002; Lippmann Kung, Danielson & Linder, 2005). 

Lippmann’s scheme had three codes: making-sense, logistic, and off-task. According to 

Lippmann, during sense making episodes students are talking to each other, working on figuring 
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out the answer, and holding a coherent conversation. During the logistic mode students gather 

equipment, operate equipment, collect data, read, and write. An off task mode involves the time 

intervals when students are not directly engaged in the lab task. 

 In addition to Lippmann’s 3-item coding scheme we used a code for writing and for TA 

help (see table 2). Observations for two years conducted prior to this study of more than 30 lab 

groups showed that all behaviors fit into one of the five coding categories. To establish the inter-

rater reliability of the coding scheme for this study, two observers independently coded four of 

the first lab observations (20% of the observations). They achieved an 84% agreement on the 

codes before the discussion and 100% after the discussion. After the reliability was established, 

one observer observed student lab groups. The observer timed and recorded one design group 

and one non-design group each week, observing 20 three-hour labs.  

Observations of student behavior during transfer labs. During the transfer labs we observed one 

group per lab section: in total collecting observations of four student groups from the design lab 

sections and four student groups from non-design sections.  

Design Students’ rubric scores. After the semester was over, three trained raters scored the 

reports of three design sections (one section per TA) using the same scientific abilities rubrics 

that the students used during the labs for self-assessment. For each lab all three scorers 

independently scored 2-3 students’ lab reports using the chosen rubrics. Then they discussed the 

discrepancies in the scores to make sure that the details of the particular labs are taken into 

account. Then they scored additional 7-10 randomly chosen lab reports (total of 22% of lab 

reports) until they achieved an agreement of more than 85% of the given scores. For many labs 

the scorers achieved almost a 100% agreement after the second scoring. Then each rater scored 

an additional 15-17 reports. 
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Physic knowledge. Regular exams consisted of multiple choice and open-ended questions. Fifty-

five minute midterms had 11 questions. Eight of them were multiple-choice (equally split 

between conceptual and quantitative) and three were open-ended problems. A 3-hour final exam 

had 18 questions, 12 of them were multiple choice (nine quantitative and three conceptual) and 6 

were open-ended problems. The multiple-choice part of the final exam was more equation-

oriented that the multiple-choice parts of the midterms. The grades for the open-ended exam 

questions were based on a rubric devised by the professor in charge. 

Rubric scores for the transfer labs.  During the physics transfer lab and biology transfer lab 

students in each lab section worked in the same group of three or four as they did during the 

semester and submitted individual reports for grading. The four design sections had both transfer 

labs earlier in the week than the non-design sections. After the semester was over, the 

researchers used the scientific abilities rubrics to code student work using the same procedure for 

the reliability of the scores as described above. The rubrics chosen for scoring were for the 

following abilities: the ability to evaluate the effects of assumptions in the mathematical 

procedure; the ability to evaluate the effects of experimental uncertainties on the result; the 

ability to evaluate the results by means of an independent method; the ability to communicate. 

 

Results 

How Does the Need to Design Their Own Experiments Affect the Types of Activities in Which 

Learners Engage? 

 The amount of time that students spent on different activities is shown in Table 3. To 

inspect for differences among groups for each of the coding schemes listed in Table 2, we 

conducted a two-way analysis of variance (ANOVA) between design and non-design groups 
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across the coding scheme. Differences between groups (i.e, main effect) were noted (F(1, 108) = 

45.16, p < 0.001).  In addition, differences in lab activity (i.e., treatment) were also noted 

(F(5,108) = 40.12, p < 0.001); too few observations in the reading category (listed in Table 2) 

caused us to eliminate this category from the analysis. Inspecting the data, these differences were 

most evident between sense-making and overall time spent in lab (Table 3). In general, the 

design students spent greater time sense-making in lab and this difference became more evident 

toward the end of the semester with the non-design students significantly decreasing the amount 

of time they spent sense-making with each lab (Fig. 5). While the design students on average 

spent close to three hours in lab throughout the semester, the non-design students spent much 

less time and this decreased, on average, toward the end of the semester. 

By the end of the semester, on average, the design students were spending much more 

time in the lab and on sense-making (Table 4) compared to the non-design students. Although 

the lab was 3-hour long, non-design students chose to leave early. 

How does Design Affect Students’ Approaches Toward Experimental Inquiry? 

The observations showed that there was a large difference in the behavior of design and 

non-design students during the physics transfer lab and the bio transfer lab. The pattern described 

above, which emerged during regular labs, persisted during the transfer labs although during the 

transfer labs, both groups had to design experiments with no scaffolding. Significant differences 

were noted between groups and activities in the physics transfer lab (Two-way ANOVA, among 

groups; F(1,42) = 14.33, p < 0.001; among treatment: F(6, 42) = 130.39 p < 0.001).  In the 

biology transfer lab, differences between groups were not significant but differences among 

treatment were (among treatment were significant but differences among group was not (Two-
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way ANOVA, between group F(1, 42) = 3.70, p = 0.061; among treatment F(6, 42) = 141.80, p 

< 0.001).  

Inspecting more closely, the physics transfer lab took more time for design students.  The 

design groups spent over 40 minutes more time in the lab room than non-design students. The 

difference between the duration of the physics transfer lab was 162±17 (SD) min design versus 

120±25 min non-design. The difference in bio transfer lab duration was also noted: 176±26 min 

design versus 153±26 non-design. 

Design students spent considerable time doing sense making in both labs; non-design 

students spent little time in both labs. Figure 6 shows differences in sense-making discussions. 

The sense-making lasted a mean of 52 (SD=7) minutes and a mean of 42 (SD=7) minutes in 

design groups in the physics and bio labs respectively; whereas the means were 15 (SD=3) and 

19 (SD=3) minutes in non-design groups. The time that students spent on other activities was 

more similar for both groups. 

How does Design Affect Students’ Development of Scientific Abilities? 

 In Figure 7 we present the scores of the students in design sections on the relevant 

abilities at the beginning and the end of the semester. Students in design sections improved their 

performance on the abilities chosen for assessment.  

Does Design Impede Students’ Acquisition of Normative Science Concepts? 

 When considering the normative science concepts that were tested via multiple-choice 

and free-response questions and problems, students performed similarly in the design and non-

design groups on both midterms and final exam, shown in Table 5. (ANOVA; Midterm exam 1, 

F(1,182) = 0.25, p = 0.616; Midterm exam 2, F(1, 190) = 1.31, p = 0.253; Final exam,  

F(1, 190) = 0.45, p = 0.502; After 3 contrasts Sequential Bonferonni correction critical value all 
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p > 0.017). 

How does Design Affect Students’ Ability to Construct Interpretive Knowing and Transfer it to 

New Situations? 

 Design students demonstrated significantly better scientific abilities than the non-design 

students did as shown in Figures 8 to 11. We aggregated the data for rubric scores 2 and 3 as 

they represent different levels of proficiency level as opposed to 0 (missing) and 1 (inadequate). 

A significant number of design students got scores of 2 or 3 for evaluating assumptions in their 

lab reports (Figure 8a). They were able to identify relevant and significant assumptions of the 

theoretical model that they used, whereas only a few non-design students did (χ2 (3, N =178) = 

68, p < 0.001 for the physics transfer lab and χ2 (3, N =181) =120, p < 0.001 for the biology 

transfer lab). About half of design students evaluated the effects of assumptions on the result or 

validated them in both labs. No students in non-design section made an attempt to do this (Figure 

8a). 

 During the semester, non-design students were to learn how to identify sources of 

uncertainties and how to evaluate their effect on the final answer. Every lab handout had specific 

instructions on how to do it. Only few of these students, however, used this ability in the 

independent experimental investigation (Figure 8b). More then 50% of design students evaluated 

the effect of experimental uncertainties in this lab. The difference in the number of students who 

evaluated uncertainties is statistically significant with χ2 (3, N =178) = 30, p < 0.001 for the 

physics transfer lab and χ2 (3, N =181) = 94, p < 0.001 for the bio transfer lab. 

 A high score on the rubric “evaluating the results by means of an independent method” is 

possible only when a student discusses the discrepancy between the results of two methods and 
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possible reasons of this discrepancy considering assumptions and uncertainties. We found that 

design students demonstrated a higher ability to evaluate the result (Fig. 8c). We can see that 

72% of design students received score 2 or 3 for their reports in the physics transfer lab, i.e. 

discussed the reasons for the discrepancy. In non-design sections only 43% students did (χ2 (3,  

N =178) =16, p <0.001). In bio transfer lab 79% of the design students discussed the difference 

versus 37% non-design (χ2 (3, N = 181) = 42.25, p < 0.001). 

 One of the main scientific abilities we want students to develop is an ability to 

communicate their ideas. This includes an ability to draw diagrams and pictures, describe details 

of the procedure, and to explain the methods. The analysis of lab reports showed that more then 

60% of design students drew a picture while only 8% of non-design students did. Figure 8d 

shows the results of the scoring of the reports using the communication rubric. The difference in 

their scores is statistically significant (χ2 (3, N = 178) = 30, p < 0.001) for the physics lab and  

[χ2 (3, N = 181) = 41.65, p < 0.001] for the bio lab. 

 The analysis of the students’ reports for the physics transfer lab revealed another feature 

related to student construction of scientific interpretive knowing. When solving complex 

problems scientists spontaneously use different concrete representations such as pictures and 

diagrams as tools to assist them in problem solving (Kindfield, 1993; Kozma & Russell, 1997). 

In mechanics such tools are force diagrams. Students from different sections demonstrated a 

different quality of drawing force diagrams in spite of the fact that during the semester all 

students learned to draw force diagrams the same way. In this lab about 22% of non-design 

students drew incorrect force diagrams, (i.e. mislabeled or not labeled force vectors, wrong 

directions, extra incorrect vectors present, or vectors missing), while only 2% of design students 
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made a mistake in force diagrams. This difference is statistically significant (χ2 (3, N = 178) = 

18, p < 0.001).  

 In addition, we analyzed another ability – the ability to construct consistent 

representations (force diagram versus mathematics, a picture versus a free body diagram, etc). 

We used three codes for the representations: missing, inconsistent and consistent. We found a 

difference in the number of students who created inconsistent representations: 22% of design 

students versus 44% of non-design students (χ2 (2, N = 178) = 7.8, p = 0.02).  

 We also analyzed the lab reports written by design students during regular semester labs 

and their lab report written for the physics and bio transfer labs to find how the abilities develop 

during the semester and how students apply them in novel situations. Here we show how 

students acquire the ability to consider assumptions, and how they apply it in independent 

investigation without scaffolding.  Figure 9 shows the students’ lab reports scores for ability to 

consider assumptions in the theoretical model for six regular labs and two transfer labs. The 

number of students who identified assumptions in their lab reports increases during the semester 

and reaches about 80% in the labs at the end of the semester.  

 To illustrate the differences in student lab reports in the design and non-design groups in 

both transfer labs, we provide the examples of two representative lab reports form both groups 

annotating them using the rubrics (Figure 10). These two excerpts demonstrate the differences in 

the students’ approach. The non-design student writes step-by-step instructions copying the 

handout style, but does not provide a labeled sketch of a set-up and force diagram, while the 

design student does. Also the non-design student does not give any explanation or justification of 

the experimental procedure. The design student explains the physical processes of the 

experiment and gives a mathematical model of these processes. In addition, this student 
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identifies limitations and assumptions in this model and tries to evaluate how these assumptions 

may affect the result of the experiment. The non-design student provides a correct mathematical 

description of the physical process but does not consider inherent assumptions. This student uses 

this model to evaluate the required drag coefficients of air filled and helium filled balloons, but 

these results do not incorporate uncertainties. Note here that the non-design student emphasizes 

the necessity to use multiple trials but does not demonstrate the understanding that this is 

necessary to evaluate and minimize the uncertainty. This student seems to simply repeat the rote 

of the regular labs. Since the non-design student does not consider the uncertainty of the 

measurements, his/her judgment is not justified. It is impossible to say whether drag coefficients 

for air and helium balloons are different. On the contrary, the design student makes a judgment 

based on the uncertainty analysis and attempts to consider the effects of assumptions. In general, 

the design lab report demonstrated a more sophisticated approach to the same investigation when 

compared to the non-design report.  

Discussion 

 The results of the study support our hypothesis that the design element from ISLE labs 

enriches students’ learning opportunities. Students who were in design lab sections approached 

new tasks in biology and physics in more scientifically productive ways than the students who 

did not experience design labs during the semester. In particular, increased student attention to 

the measurement, assumptions in the mathematical procedure, evaluation of the results, and the 

ability to communicate were evident. These interpretive ways of knowing were most likely 

encouraged by the design and undertaking of experiments and the embedded reflection.  

We contend that it is the three theoretical pillars: preparation for future learning, 

cognitive apprenticeship and formative assessment of the ISLE design labs that account for group 
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differences. First, through cognitive apprenticeship in the design labs students became 

acquainted with the processes, procedures and methods of scientific practice. They had to design 

their own experiments in every lab. Although design is a complex task, we helped students be 

successful in it by following several strategies. The structure of the tasks and the instructors 

make scientific thinking visible to the students. The complex abilities such an ability to test a 

hypothesis were broken into smaller sub-abilities and scaffolding questions, rubrics, and 

reflective questions helped students master the elements of this thinking gradually. In addition, 

students received continuous coaching making their learning guided, supported, supervised and 

managed. The ISLE design labs provided scaffolding to learners’ work and progress. We were 

able to slowly remove scaffolding as students became more independent and began to develop 

scientific habits of mind. These labs integrate formative assessment by students’ ongoing 

assessment of their progress and by continuous feedback and adjustment of instruction in order 

to respond to students’ needs. The design labs prepare for future learning as instructional 

practices support students in the development of the types of knowledge that are more useful 

when handling new situations.  

 More concretely, we search for the answers to the following five questions: How does the 

need to design their own experiments affect the types of activities in which learners engage?  

How does the designing their own experiments affect students’ approaches toward experimental 

inquiry? How does designing their own experiments affect students’ development of 

experimental procedures, processes and methods?  Does devising, designing and conducting 

their own experiments affect students’ acquisition of science concepts? How does engaging in 

design affect students’ ability to construct interpretive knowing and transfer it to new situations? 
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 With respect the first question, we found that labs activities elicit more thoughtful 

responses when students engaged in design tasks, as the amount of time that design students 

spent on sense-making remained constant throughout the semester and it was significantly larger 

than the time for non-design students. Both groups of design and non-design students started the 

semester spending about the same time on sense-making but around the third week of the 

semester non-design students began to dedicate less than half the time that their counterparts did 

in reasoning exchanges. Previous studies such as the one by Hmelo, Nagarajan, and Day 

(2002) have shown that authentically complex tasks compel students to engage in monitoring 

and reflecting. Our previous studies show that in introductory labs in traditionally taught courses 

students spend about 15 min on sense-making on average (Karelina & Etkina, 2007) which is 

much less than we observed in the design labs in this study. It is possible that student sense-

making time decreases as the semester progresses because the nature of the tasks does not 

require such activity and students who initially seem to be eager to engage in sense making stop 

doing it. An alternative explanation is that as students become familiar with what is required in 

labs, they are able to execute them with less effort as some of these become ritualized (Kolodner, 

et al., 2003). However, if that were the case, then we would expect decreases for both groups. 

 The second question that we sought to answer was how design of experiments affects the 

way students approach experimental inquiry. Design students spent significantly more time on 

sense-making than non-design students. This seems to indicate that the design labs support the 

development of students’ initial tendencies to engage in experimental inquiry. We conjecture that 

all students start a physics course expecting to spend time sense-making in the labs. It is the 

prescriptive structure of the traditional tasks that might discourage sense-making resulting in 

students getting into a habit of not spending time on monitoring and reflecting. This habit is so 
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strong that, even if we give students a task that requires sense-making, students do not engage in 

it. The design students may continue with sense-making even when there are no prompting 

questions in the lab handout, because they acquired such a habit. Another explanation is that 

students in design sections got used to justifying their actions and procedures for their group 

mates while non-design students got used to following directions without questioning them. Thus 

when they encounter a task with no directions, they did not spend time arguing about it but 

performed the experiments that first came to mind. 

 With respect to our third question about the effects of design tasks on students’ 

development of scientific abilities we found that they improved significantly throughout the 

semester, but not all to the same degree. We discovered that after ten weeks the students 

designing their own experiments advanced their ability to identify and evaluate sources of 

uncertainty, their ability to minimize uncertainties, their ability to identify the implicit 

assumptions in their procedures and estimate the effect of these assumptions and the ability to 

evaluate their experimental results by means of an independent method. 

At the same time, we found that students’ learning of normative physics content did not 

suffer when they designed their own experiments taking into account that they spend more time 

writing their lab reports and thinking about scientific procedures versus solving physics 

problems. More significantly, their learning of physics did not suffer even though in some 

occasions their devised procedures were not optimal or their experimental results were incorrect. 

We make this statement because there were several instances during the semester when students 

learned particular content in the labs only and then had to solve problems related to this content 

on the exams. Therefore, we conclude that with the design experiments, students learn more than 

without them. They achieved similarly on exams than those students who are not assigned design 
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tasks and, in addition, they develop more productive scientific habits of mind. Learning the 

scientific habits of mind is as important as learning science concepts (Duschl, Schweingruber, & 

Shouse, 2007). 

 Finally, we also found that when students engaged in the design of experiments, their 

capacity to construct interpretive knowing and to transfer this knowing in the attempt to solve 

new problems increases significantly. By analyzing students’ lab reports of their physics and 

biology “transfer” investigations, we determined that students in the design group have acquired 

and applied some scientific habits of mind necessary to generate relevant, new knowledge. These 

habits of mind refer to cognitive steps, procedural moves and decisions required by the highly 

complex process of designing an experiment. According to Baker and Dunbar (1996), scientists 

possess a variety of rich experimental schemas that consist of the general properties in designing 

different types of experiments. Students from the design group wrote lab reports that received 

much higher scores on all scientific abilities perhaps meaning that these students acquired the 

schema of a simple lab design experiment: think about the physics of the situation, try to 

represent your ideas consistently to solve the problem, assess your assumptions, evaluate your 

uncertainties, make sense of your results and clearly communicate them to a person who will 

read your report. 

In conclusion, we have shown that the development of students’ scientific abilities is 

fostered through design labs. Students generated written samples reflecting understanding of the 

process of experimental design in physics and this knowledge was successfully applied to new 

problems.  

Conclusions 

In this study we regard transfer as the enculturation in the scientific community of 
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practice with their characteristic ways of framing and interpreting problem situations. For 

example, when scientists encounter a problem that involves some type of measurement, they 

automatically think of different kinds of measurement uncertainties inherent in this particular 

measurement. This ability to think about certain aspects of a problem is characteristic for 

different disciplines and this is what we call interpretive knowing. Therefore helping students see 

these aspects and attend to them is an important aspect of building their habits of mind. These 

habits of mind can be used in any situation, not only in the physics classroom.  

We hypothesize that interpretive knowing and the concept of cognitive resources 

(Hammer, Elby, Sherr & Redish, 2005) are connected. One of the goals of science education is to 

help students learn to activate the community accepted cognitive resources when solving science 

problems. These resources are not the factual solutions but the approaches that scientists use 

when faced with similar problems. This activation of resources by a person can be prompted by 

the context (when the task directly or indirectly leads the students), or can occur deliberately 

when the person is aware of what needs to be done in a particular situation. Possibly, that 

subsequent activation of the same group of resources helps form a habit of using them together.  

We can interpret the results of our study in a way that students who were enrolled in design labs 

learned to activate some of the resources that scientists would activate when faced with the same 

problem without any prompts. We found that the multi-faceted intervention in the design labs 

affords students a new way of perceiving the experimental tasks. 

Much of the previous research on transfer has focused on specific kinds of knowledge or 

procedures rather than habits of mind important in scientific inquiry. Unlike the prior research, 

we have demonstrated that these habits of mind transfer across scientific domains. But this level 

of transfer does not come easily. Rather we argue that it is the synthesis of the three pillars on the 
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basis of which ISLE labs were developed that is important in providing the kinds of experiences 

that prepare students for future learning and transfer. The cognitive apprenticeship helps provide 

the support that is needed for learners to engage in the complex tasks of designing, conducting, 

and interpreting experiments. The formative assessments scaffolds students in thinking about 

what was important for design and promotes student meta-cognition as students need to compare 

their own work with standards provided by the rubrics. Finally, when students engage in these 

complex tasks, they must activate their prior knowledge, differentiate their ideas and construct 

interpretive knowing that enables them to look at lab tasks with scientific eyes; therefore they are 

prepared for future learning.  In addition to the three pillars, we provide another example of the 

affordances of design tasks to provide a rich context for learning. Unlike constructionist theory 

that emphasizes constructing a concrete artifact (e.g, Kafai & Resnick, 1996), we have 

demonstrated that designing a conceptual object supports the development of habits of mind, as 

Bereiter and Scardamalia (2006) suggest is essential to creating a knowledge building society. 
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Footnotes: 

 

1 For details see in Etkina and Van Heuvelen (2007) and Van Heuvelen and Etkina (2006).  

 

2 A complete set of rubrics can be found at http://paer.rutgers.edu/scientificabilities  

 

3 Problem solving sections did not correspond to the lab sections; students from one lab section      

could be in different problem solving sections and vice versa. 
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Appendix 1: 

Handout in a design lab for one of the experiments during the semester 

Application experiment: The energy stored in the Hot Wheels launcher  

The Hot Wheels car launcher has a plastic block that can be pulled back to latch at four different 

positions. As it is pulled back, it stretches a rubber band—a greater stretch for each of the four 

latching positions. Your task is to use the generalized work-energy principle to determine the 

elastic potential energy stored in the launcher in each of these launching positions.  

Available equipment: Hot Wheels car, Hot Wheels track, Hot Wheels car launcher, meter stick, 

two-meter stick, ruler, masking tape, timer, scale to measure mass, spring scale. 

Write the following in your lab report: 

a) Start by making a rough plan for how you will solve the problem. Make sure that you use 

two methods to determine the energy. Write a brief outline of your procedure including a 

labeled sketch.  

b) In the outline of your procedure, identify the physical quantities you will measure and 

describe how you will measure each quantity.  

c) Construct force diagrams, and energy and/or momentum bar charts wherever appropriate.  

d) Devise the mathematical procedure you will need in order to solve the problem. Decide 

what your assumptions are and how they might affect the outcome. 

e) Perform the experiment and record the data in an appropriate manner. Determine the 

energies.  

f) Use your knowledge of experimental uncertainties to estimate the range within which you 

know the value of each energy. 
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g) Which rubrics should be used to evaluate your work? Please use them. 

h) What are the common features between this physics experiment and the estimation of the 

age of the Iceman? Make a comparison table. 

 

 

Handout for the same experiment in the non-design lab 

Energy stored in the Hot Wheels launcher: The Hot Wheels car launcher has a plastic block that 

can be pulled back to latch at four different positions. As it is pulled back, it stretches a rubber 

band a greater distance for each of the four latching positions. Your first task is to determine the 

elastic potential energy stored in the launcher in each of these four launching positions.  

 

Procedure: Launch the car vertically into the air starting at one of the launching positions. When 

released, the car flies up into the air. By measuring the maximum height the car reaches, you 

should be able to decide the original elastic energy stored in the Hot Wheels launcher. 

 

a) Measure the mass of the Hot Wheels car. 

b) Hold the Hot Wheels car launcher so that it is oriented almost vertical—so the car does not 

fall out when placed in the launcher. Experiment a little with shooting the car almost 

vertically up into the air.  

c) When ready to make quantitative measurements, place a meter stick beside the launcher and 

note the position on the meter stick of the front of the car when the car is ready to be 

launched.  

d) Hold the launcher firmly and release it. Observe the highest position of the car. Subtract its 
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initial position from this highest position to find the total vertical distance the car traveled. 

e) Repeat this measurement four times. Take the average of the four vertical distance 

measurements and calculate the standard deviation of the measurements. Note: The standard 

deviation is calculated using the equation below: 

s.d. =  Σ(Xi  −  X )2

N − 1
 

where Xi are the values of the four readings, X is the average of these four values, and N = 4 

is the number of values being averaged 

f) Calculate the fractional uncertainty in the vertical distance measurement (∆h/h). 

g) Repeat the measurements for the other three launching positions.  

h) Analysis: Construct a work-energy bar chart for the process starting with the car resting on 

the stretched launcher and ending when the car is at its maximum elevation.  

i) Apply the generalized work-energy equation for the process. 

j) Insert your measurement numbers and determine the initial elastic energy of the launcher.  

k) Calculate the fractional uncertainty of the elastic potential energy for each launching 

position—equal to the fractional uncertainty of the vertical distance traveled times the elastic 

energy for that launching position.  
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Appendix 2: Four versions of the physics transfer task. 

Lab task: Investigation of the behavior of the balloon 

Equipment available: a balloon filled with helium, a balloon filled with air, meter stick, 

measuring tape, stop watch, motion detector, electronic mass measuring scale that can be used 

to measure forces, computer, additional resources. 

Version 1: You hold an air balloon and a helium balloon. Design experiments to determine 

which physical model best explains their motion if you release them: the model with no air 

friction, the model with viscous flow or the model with turbulent flow.  

Version 2: Design an experiment to determine whether a helium-filled balloon and an air-filled 

balloon have the same drag coefficients. 

Version 3: Design and perform an experiment to determine the drag coefficient of the air 

balloon. Use this result to predict the speed of the helium balloon just before it reaches the 

ceiling. Then design and perform an experiment to determine this speed. Is the result consistent 

with your prediction? 

Version 4. Design and perform an experiment to determine the drag coefficient of the helium 

balloon. Use this result to predict the speed of the air balloon just before it reaches the ground. 

Then design and perform an experiment to determine this speed. Is the result consistent with 

your prediction?  

In your report describe the experiment, your analysis and judgment so that a person who did not 

see you perform the experiment could understand what you did and follow your reasoning.  



ISLE Transfer 48  

 

Table 1 

 Data sources related to the research questions 

Research question Data source 

How does the need to design their own 

experiments affect the types of activities 

in which learners engage? 

Observations of student behavior during 

labs 1-10 of the semester (20 observations, 

10 randomly chosen student groups in the 

design sections and 10 in non-design 

sections).  

How does the designing their own 

experiments affect students’ approaches 

toward experimental inquiry?  

Observations of student behavior during the 

physics transfer lab and bio transfer lab (8 

design and 8 non-design groups). 

How does designing their own 

experiments affect students’ development 

of experimental procedures, processes and 

methods?   

Students’ rubric scores (for the students in 

the design group) on relevant abilities 

during the semester based on the rubrics. 

Does the devising, designing and 

conducting their own experiments affect 

students’ acquisition of science concepts?  

All students’ scores on regular exams that 

included multiple choices and open-ended 

questions (2 midterms and one final exam). 

How does engaging in design affect 

students’ ability to construct interpretive 

knowing and transfer it to new situations? 

 

Student rubric scores for the physics 

transfer lab and bio transfer lab. 
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Table 2 

Codes for observations of lab behaviors 

Code Description 

Making 

sense 

Discussions about physics concepts, experimental design, the data, and 

the questions in the handout.  

Writing 
Describing the experiment, recording data, calculating the values, and 

explaining the results 

Procedure Gathering equipment, mounting set-up, and taking data. 

TA help 
Listening to a TA who was explaining and answering their questions 

(only for non-design groups). 

Off-task Any activity that did not relate to the laboratory task. 
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Table 3 

 
Total time in minutes spent by students on different activities 

 

 Design Non-design 

Lab Sm Wr Pro Rd TA Oft Tot Sm Wr Pro Rd TA Oft Tot 

1 39 53 7  9 12 120 22 48 11  5 0 86 

2 26 50 34  58 7 175 30 60 33  5 1 129

3 52 71 22  17 2 164 19 39 37  39 2 136

4 47 71 12  1 0 131 14 57 20  28 1 120

5 33 74 21  13 31 172 14 24 6  11 2 57 

6 44 64 20  16 2 146 17 60 17  31 5 130

7 44 93 24 7 11 3 182 12 33 14 6 24 2 91 

8 20 60 10 6 10 8 114 4 33 11 7 15 2 72 

9 27 63 49 5 31 4 179 6 36 21 0 9 0 72 

10 41 65 40 3 12 15 176 3 17 33 3 2 2 60 

 

Note. Sm = sense making; Wr = writing; Pro = procedure; Rd = reading; TA = TA help; Oft = off task;  

Tot = total. 
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Table 4 

 The average time in minutes that students spent on different activities in the labs  

 

 Sense 

making 

Writing Procedure Reading TA help Off task Total 

Design group       

Labs  

1-10 

37 (10.0) 66 (12.0) 24 (13.0) 5 (1.7) 18 (16.0) 8 (9.2) 159 (25.9) 

Non-design group 

Labs  

1-10 

14 (8.4) 41 (15.1) 20 (10.7) 4 (3.2) 17 (12.8) 2 (1.4) 96 (30.8) 
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Table 5. 

Exam scores 

 

 Fall Exam1 Fall Exam2 Fall Final Exam 
 M.C. 

(80) 

F.R. 

(60) 

Overall 

(140) 

M.C. 

(60) 

F.R. 

(80) 

Overall 

(140) 

M.C. 

(120) 

F.R. 

(120) 

Overall 

(240) 

Design 48.6 47.4 96.0 46.0 58.7 104.7 85.7 89.2 174.9 

Non-design 50.0 47.8 97.8 42.1 56.3 98.4 86.2 84.6 170.8 

 
Note. MC = multiple choice questions; FR = free response questions. 
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Figure 1. ISLE Cycle: Students’ activities that emulate the processes of scientific knowledge 

construction. 
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Figure 2. Three theoretical pillars of ISLE. 
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Figure 3. An example of a rubric for one sub-ability. 
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Scientific Ability Missing (0) Inadequate (1) 
Needs some 

improvement (2)  
Adequate (3)  

Is able to evaluate 

the results by 

means of an 

independent 

method 

No attempt is 

made to 

evaluate the 

consistency 

of the result 

using an 

independent 

method. 

A second 

independent 

method is used to 

evaluate the 

results.  

However there is 

little or no 

discussion about 

the differences in 

the results due to 

the two methods. 

A second 

independent 

method is used 

to evaluate the 

results. The 

results of the 

two methods are 

compared using 

experimental 

uncertainties.  

But there is little 

or no discussion 

of the possible 

reasons for the 

differences 

when the results 

are different.  

A second 

independent 

method is used to 

evaluate the 

results and the 

evaluation is done 

with the 

experimental 

uncertainties. The 

discrepancy 

between the 

results of the two 

methods, and 

possible reasons 

are discussed. 
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Figure 4. Why ISLE labs are generative: Different types of products. 
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Figure 5. Time students spent on sense making discussions in regular design and non-design labs 

during the semester.  
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Figure 6. The time spent on different activities by teams of students during the physics and bio 

transfer labs (N=4 groups).  
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Figure 7. Design students’ performance on scientific abilities a) at the beginning of the semester 

and b) at the end of the semester. The differently shaded bars show the percentage of students 

who received the scores of 0 – missing, 1 – inadequate, 2- needs some improvement, and 3 – 

adequate. The data for scores 2 and 3 are aggregated. 
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Figure 8. The percentage of students whose lab reports received different rubric scores for their 

ability to a) consider assumptions in the theoretical model; b) evaluate uncertainties; c) evaluate 

the result by means of an independent method; d) communicate ideas during physics and bio 

transfer labs. 
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Figure 9. The percentage of design students whose lab reports received different rubric scores 

for their ability to consider assumptions in the six regular semester design labs and two transfer 

labs. 
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Figure 10. Example of students’ lab reports. 
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Lab report of a student from a non-design lab group 
 (Task: version 2) Commentary 

1) Find the circumference of the balloon. 
2) Using circumference find the radius of the balloon. 
3) Find the mass of the balloon by taping the string to the 
electronic scale. (Note: you will get a negative value. Take 
the absolute value)  m = 0.65g 
4) Find the drag force FD = 0.65g× 10m/s2 

5) Determine the velocity of the balloon when air 
resistance and gravitational force are equal: 

a) place the motion detector on a stand 
b) place the sensor face downward 
c) place the helium balloon on the floor 
d) release the balloon as the motion detector collects 

data 
e) on the position-time graph find constant slope 

segment 
f) the slope of the graph is the velocity V1 = .8975m/s 
g) repeat twice more 
h) find the average velocity Vavg = .854m/s 

6) Use the following equation to determine Reynolds 
number… You should get a value larger than 10. 
- use the equation to solve for drag coefficient 

…Cd=0.51  
- now repeat this procedure for air filled balloon. Make 

sure to drop the balloon from the level of the motion 
detector… 

- air filled balloon - Cd= 0.61 
Drag coefficient for air and helium are indeed different. 

Clear step-by-step 
instructions, copying 
the handout’s style. 
No explanation or 
justification of the 
method. 
No picture or FBD. 
 
 
Detailed instructions 
 
 
Multiple trials with 
averaging without 
evaluating uncertainty, 
repeating the rote of the 
regular labs 
A correct mathematical 
description but it does 
not consider inherent 
assumptions. 
Since the results do not 
incorporate 
uncertainties, judgment 
is not justified and not 
reasonable.   

 
Lab report of a student from a design lab group 

 (Task: version 4) 

 
Commentary 

Part I. We need to know which equation to use based on 
the Reynolds number…To find the velocity we will have a 
motion sensor above the helium balloon. The balloon will 
be released and the motion sensor will measure its upward 
velocity.  

Clear description of the 
experiment 
Explanations and 
justification of chosen 
methods with clear 
force diagram. 
 
 
 
Here is the picture of 
the set-up.  
 
The position-time 
graph is attached 
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Multiple trials with 
averaging to evaluate 
uncertainty 
 
 
 
 
 
 
 
 
Labeled sketch, chart 
and force diagram are 
consistent 
 
 
Here are two force 
diagrams for balloon at 
rest and at terminal 
velocity. 
 
 
Explanations and 
justification of chosen 
methods with a clear 
force diagram. 
Additional assumptions 
are identified. 
Uncertainties are 
evaluated: diameter, 
scale, motion detector, 
and random uncertainty 
of the velocity. 
 
 
The final result 
incorporates 
uncertainty 
A picture is here. 
All important 
assumptions are 
identified. 
It is shown which 
values are affected by 

 
The velocity was taken 3 times and averaged to allow for 
random uncertainty.... 
When the balloon is let go the velocity increases until it 
reaches terminal velocity, here the net force is zero and 
acceleration is zero. 
When balloon is at rest the net force on it is equal to zero 
too.  

 
The buoyant force is always the same. Therefore the drag 
force is equal to the force of the string attaching the 
balloon to the scale… Cd = 0.43 
Assumptions: balloon travels in straight path, balloon is 
point particle, cross-section is circle, cross-section is level.  

Part II. Prediction (of the speed of the air balloon falling to 
the ground) 
When the air balloon falls it reaches terminal velocity. 

Uncertainty Relative 
uncertainty 

L= 21.9cm±0.05cm 
V(random uncertainty) =1.248m/s±0.1 
FD(scale) = 1.04g±0.05g 

0.2% 
8% - the largest 
5% 
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Drag force equals the force of the earth. …  
We can use the equation … to get the velocity: V= 
0.438±0.021m/s  
We will have a motion sensor aimed down and drop a 
balloon below it. It will record the velocity of the air 
balloon before it hits the ground.  
Assumptions: 1. Balloon achieves terminal velocity – 
otherwise Fe≠Fd; 2. Re>10 – otherwise Fd equation is 
wrong 3. Cd is the same for air and helium – otherwise 
calculated velocity will be wrong. 
V was measured and averaged over 3 trials (1.476, 1.02, 
1.153). V=1.216±0.228m/s 
The values do not overlap and therefore are not equal. 
Some assumptions must have been incorrect. 

assumptions 
The result incorporates 
uncertainty. 
Judgment is based on 
the uncertainty 
analysis. There is 
attempt to consider the 
effects of assumptions.  

 
 


	Lab task: Investigation of the behavior of the balloon
	Scientific Ability

