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Abstract: In this paper we describe a study that investigates whether—and how—authentic 

recreations of engineering practices can help students develop conceptual understanding of 

physics. We focus on the design-build-test cycle used by professional engineers in simulation-

based rapid modeling. In this experiment, middle school students worked for 10 hours to solve 

engineering design challenges using SodaConstructor—a Java-based microworld—as a simulation 

environment. As a result of the experiment, students learned about center of mass.  Our data 

further suggest that in the process of simulation-based modeling, rapid iterations of the design-

build-test cycle progressively linked students’ interest in the design activities and understanding of 

the concept of center of mass. We suggest that these rapid iterations of the design-build-test cycle 

functioned as exploratoids: short fragments of exploratory action in a microworld that 

cumulatively develop interest in and understanding of important scientific concepts.  

 

Petroski (2003) argues that young people are “born engineers” because of their natural tendencies to 

explore, build, and create. Previous studies have shown that engineering design activities can be a fruitful context 

for students to develop important science skills and understandings through the pursuit of personally meaningful 

projects (Kolodner, Crismond, Gray, Holbrook, & Puntambekar, 1998). Much of the extant design-based curricula 

for pre-college students focuses on students solving engineering problems with physical materials. The resulting 

tangible products can be a motivating factor (Sadler, Coyle, & Schwartz, 2000), but working with physical materials 

also be limiting—and thus also limit the insights gained.  

 
Practicing engineers face similar concerns over funding, safety, and time, particularly when dealing with 

new problems. In such situations, engineers often use computer simulations in the early stages of the design process. 

Simulations are less expensive, faster, and safer, so engineers can evaluate several design ideas before committing to 

a prototype. That is, simulations help engineers understand a problem by increasing the iterativity of the design-

build-test (DBT) cycle: the process by which engineers incrementally plan, construct, evaluate, and redesign 

elements of an emerging design (Elger, Beyerlein, & Budwig, 2000). Engineering design is characterized by shorter 

and more frequent DBT cycles when problems are difficult or complex (Dym & Little, 2000). 

 
The problem that professional engineers face when solving novel problems is similar to the problem faced 

by students dealing with an engineering challenge for the first time. The theory of pedagogical praxis (Shaffer, 

2004b) suggests authentic recreations of professional practices can provide a useful framework for designing 

technology-based learning environments. Building on this theory, we hypothesize that solving engineering design 

challenges using a computer simulation may help middle school students understand key concepts in physics. Our 

goal in the preliminary study we present here is to examine whether this hypothesis is correct, and if so, to explore 

the cognitive processes at work in such a learning environment. 

 
Theoretical Framework 
Engineering design  

The engineering design process has been well studied and documented in engineering literature (see, for 

example: Bucciarelli, 1994; Vincenti, 1990). Here, we concentrate on a particular aspect of engineering design: the 

design-build-test (DBT) cycle (Elger et al., 2000), which is an iterative process through which engineers develop 

and evaluate design alternatives. In each iteration of the cycle, engineers design a solution to the problem at hand, 

build a prototype of the proposed design, and then test the prototype to determine its potential effectiveness. As 

engineers start to work on a new problem with unfamiliar parameters, the DBT cycle is one of the ways in which 

they come to understand the physical systems with which they are working (Dym & Little, 2000). In this paper, we 

examine whether and how younger students can use a similar process to develop scientific understanding.   
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Professional engineers often use simulations to develop their understanding about the physical systems with 

which they are working—and as a testing ground for their initial design ideas. Simulations are computational 

systems that model the natural world (Edwards, 1995). By providing a virtual representation of a physical system, 

simulations allow users to engage in inquiry that is otherwise impractical or even impossible. For example, civil 

engineers test the effects of strong winds on a skyscraper design by creating a simulation to observe the amount of 

wind shear the structure can withstand (Dym & Little, 2000). Through the use of such tools, engineers reduce the 

cost in time and materials of each iteration of the DBT cycle. Thus they can increase the number of design 

iterations—and as a result, their potential understanding of the problem at hand.   

 
Microworlds 

Simulations are a form of computational microworld, which Hoyles, Noss, and Adamson (2002) define as 

“environments where people can explore and learn from what they receive back from the computer in return for 

their exploration”. Previous studies (see, for example: Resnick, 1997; Wilensky, 2001) have shown open-ended 

projects using such tools can be a rich and motivating way for students to develop mathematical and scientific 

understanding. In this study, we focus on two key factors associated with student learning with microworlds: 

autoexpressivity, a property of the tool, and expressivity, an affordance users experience when interacting with the 

tool.   

 
Autoexpressivity. Microworlds possess an embedded set of relationships from a particular domain, thereby 

allowing users to investigate these relationships within a virtual setting (Noss & Hoyles, 1996) by repeatedly 

articulating ideas in the microworld and then interpreting the microworld’s response. Students explore the 

relationships within a domain by testing out their ideas in the microworld and then observing the resulting feedback. 

A key feature of microworlds is that the feedback provided by the simulation depends on the way in which a student 

has used the relationships and concepts from the domain being modeled (Papert, 1980). Microworlds are therefore 

autoexpressive (Noss & Hoyles, 1996), meaning the behavior of the tool reflects the extent to which the student can 

represent the underlying domain principles with the grammar of the tool. As students test and revise their projects in 

the microworld, they also test and revise their understanding of the embedded domain.  

 

Expressivity. Generally speaking, microworlds make it easy for students to create, manipulate, and test 

prototypes with few constraints on their design imagination. Not all of their design ideas will work, but they are free 

to explore the design space and incorporate personal design choices into their work. When microworlds are used in 

open-ended activities, they allow students to develop understanding through expressive projects: that is, projects that 

allow students to explore their own individualized design decisions, to create solutions that are inventive, unique, 

and personalized. This freedom to explore can be both meaningful and motivating for students, affording them a 

sense of control and personal investment in their inquiry (Noss & Hoyles, 1996; Papert, 1980; Shaffer, 1997).  

 
Islands of Expertise 

Here we will explore what happens when students conduct rapid iterations of the engineering DBT cycle to 

solve expressive problems using an autoexpressive tool. We propose to explain this process using the theory of 

islands of expertise (Crowley & Jacobs, 2002), topics “in which children happen to become interested and in which 

they develop relatively deep and rich knowledge” (p. 333). In other words, islands of expertise are forms of 

scientific understand that are inextricably linked to personal interest. Islands of expertise develop through small, 

seemingly insignificant—yet collectively transformative—conversations between parent and child: short fragments 

of explanatory talk where the parent provides information to the child on a topic of interest which they refer to as 

explanatoids. As the child comes to understand more about the topic from each interaction, he or she becomes more 

interested in the topic—leading to further conversations and deeper understanding. These individually unremarkable 

interactions cumulatively provide a motivating and powerful connection between interest and understanding 

(Shaffer, 2004a).  

 
Berta’s Tower 

In this study, we examine whether and how middle school students can learn about concepts in physics 

through design activities by following the engineering practice of rapid prototyping using simulations. We 

hypothesize that just as engineers understand a novel problem through repeated iterations of the DBT cycle, students 

will develop understanding of the center of mass through repeated, short cycles of design and testing in a computer 

simulation environment. Moreover, we propose to extend the theory of islands of expertise (Crowley & Jacobs, 

2002) beyond parent-child interactions and apply it to the context of students working with microworlds. In 
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exploring mechanisms by which students learn through rapid prototyping in a simulation environment, we 

hypothesize that the short explorations students carry out in microworlds function in a manner similar to 

explanatoids, cumulatively forging a powerful linkage between interest and understanding of scientific ideas. 

 
Method 

The Berta’s Tower Project conducted two workshops for 12 middle school students in the spring of 2003. 

Each workshop consisted of 10 hours of instruction over 2 days. Students were recruited with the help of school 

administrators and teachers from middle schools in an urban Midwestern city. The students came from a variety of 

socio-economic backgrounds. There were ten males and two females; five participants were students of color. The 

first workshop consisted of 7th graders; the second workshop consisted of 6th graders.  

 
Description of tool 

The participants in this study used the SodaConstructor microworld (http://www.sodaplay.com), a Java-

based spring-mass modeling system that allows users to create structures in a virtual design space and test them 

against gravity. SodaConstructor provide users with three design elements: fixed point masses (displayed as a small 

square on the screen), free point masses (displayed as a small circle), and springs (displayed as lines). Students 

utilized two modes of the tool. In CONSTRUCT mode, students built their structures, placing springs and free 

masses into the design space by selecting from a drop-down menu and clicking in the design space to position the 

selected object. Students tested their constructions by switching to SIMULATE mode, which would subject their 

structures to the force of gravity. Students moved back and forth between CONSTRUCT and SIMULATE modes, 

saving their work in their personal SodaConstructor accounts prior to testing.  

 
Workshop activities 

Students solved a series of engineering design problems created by the researchers and civil engineering 

undergraduates on SodaConstructor, such as “build a multi-story structure”. These design problems were meant to 

help students learn about the design-build-test cycle from engineering as they iteratively piloted their design ideas, 

and about center of mass as they discovered design choices that would make their structures stand in SIMULATE 

mode. Students worked individually to produce designs to address each challenge. Midway through each problem, 

students discussed their progress within their design team. Students then refined and redesigned their structures. At 

the end of each challenge, students chose their “best design” to display on their computer for a 10-minute virtual 

poster session. At the conclusion of the viewing session, students and workshop leaders came together for a whole 

group discussion focusing on the designs and on the important concepts introduced by the challenge.  

 
Data Collection 

 Students were given clinical pre- and post-interviews (Denzin & Lincoln, 1998) where they were asked to 

define the center of mass, identify the location of the center of mass for a series of pictures, and answer two 

conceptual physics textbook problems. Students were asked to justify or explain their answers. In the post-interview, 

students were also asked to comment their experiences using SodaConstructor and in the workshop. Student 

activities and interactions during the workshop itself were captured on video by a member of the research team. The 

video data were not systematically collected; therefore, no quantitative analysis was done on the excerpts. However, 

the data were useful in providing specific examples of the events or processes identified in the post-interviews.  

 
Data analysis 

Pre- and post-interviews from the workshops were transcribed and analyzed within a grounded theory 

framework (Strauss & Corbin, 1998). Ten emergent categories were used for coding student responses: correct 

center of mass references, incorrect center of mass references, scientific answer justification, intuitive answer 

justification, testing, iteration, expressivity, autoexpressivity, positive comments about SodaConstructor, and 

negative comments about SodaConstructor. 

 
Results 

We present the results from Berta’s Tower in two parts: the outcome data, which examines student gains in 

conceptual physics understanding, and the process data, which explores the mechanism involved in this learning 

environment.  
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Outcome data 
References to Center of Mass. Students’ correct references to center of mass increased from pre- to post-

interview (paired t-test, mean difference +11.5 in correct references, p<0.01). For example, when asked for their 

definition of the center of mass, one student responded in the pre-interview: 

“Maybe where it’s like the strongest …?”  

However, during the post interview, the same student said:  

“Center of mass is like not the middle, but the point where weight is divided evenly. The weight is 

distributed on both sides…Center of mass is like where most weight is equal. Kind of like the place where 

you put your finger and balance something on it without falling. Pretty much where all the weight is 

equaled out and you can balance… it doesn’t have to be in the middle. It depends I guess on what the 

object looks like. The shape of it… where there’s more weight.”  

 

Conceptual physics textbook problems. The students gave more scientific justifications of their answers to 

textbook problems (paired t-test, mean difference +5, p<0.01) and less intuitive justifications (paired t-test, mean 

difference -2, p<0.01) from pre- to post-interview. For example, one problem said: “A man balances on his two 

hands with his feet in the air. Then he lifts his right hand off the floor and stands on the left one alone. How must his 

body shift if he is to keep from falling?”  During the pre-interview, one student answered: 

“I don’t know what to say. He just picks up his hand and maybe leans over…? I’m not sure why, that’s just 

what I think – he will fall over to this side.”   

In the post interview, the same student said:  

“This goes like that (draws the shifting figure)…he’d have to shift over to the left side to make sure that his 

center of mass is over his arm and hand and lines up. He’d fall over if he didn’t do any shifting because the 

center of mass would still be over here - I think he would fall over. I think he would have to even out [his 

weight] by moving to the left side.”  

 

In other words, during the Berta’s Tower workshops, students developed their understanding of center of 

mass, a fundamental concept in physics, and were able to use more scientifically-based reasoning when defending 

their answers to textbook physics problems.  

 
Process data 

We next present a brief video case study as a window into the means by which two students developed their 

understanding of center of mass through designing spring mass structural models using SodaConstructor during the 

workshop. The case study presents four excerpts from the work of a design team of two sixth grade boys, Carl and 

Rick.   

 

Excerpt one: Expressivity and interest. Carl and Rick were working at their own computers on the second 

design challenge, which asked them to “build a multi-story structure”—that is, a structure consisting of several 

shapes stacked on top of each other. Rick wanted to build a three-story building, and his first design is shown in 

Figure 1a. Figures 1b and 1c show what happened when he simulated his design.  

 

Figure 1. Rick's first attempt at solving a design challenge: 1a is in CONSTRUCT mode, 1b is the result of switching to 

SIMULATE mode and activating gravity, and the final equilibrium state is seen in 1c. 

Rick then reloaded his saved design (Figure 2a) in order to modify it. The conversation between Rick and 

Carl that ensued illustrates both the highly iterative nature of the design-build-test cycle and the high level of 

enthusiasm students had for their design work.  

Rick: (while building) This is cool… I want to do this all the time…I could do this all day.  

Carl: (looking at Rick’s screen, see Figure 3a below) This [design] is amazingly better. Tell me when you 

simulate it. 

Rick: Alright. 
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Carl. Oh, that’s not going to work.  

Rob: It might not work because I made the top triangle to big 

Carl: Simulate it! 

Rick: I have to save it first - 

Carl: (louder) Simulate it!  

Rick: (describing the results, see Figures 3b and 3c) Woo it works!  

 

Figure 2. Rick's second attempt to solve the design challenge. Once again, 2a shows his design in CONSTRUCT mode, 

2b is when he first SIMULATEs, and 2c is the final equilibrium position. 

As a comparison of Figures 1 and 2 shows, Rick decided to modify each of the stories, making them more 

uniform, which included narrowing the top story and widening the base of the bottom story. This second design did 

not collapse as much as the first, and Carl noted the second iteration “stood up more” than the previous one, which 

pleased Rick. However, Rick wanted to minimize the “droop” of his three-story structure. In a final iteration of the 

DBT cycle, he added members along the side of the structure, again saved it in CONSTRUCT mode, and then 

simulated it with success.  

 
Excerpt two: Autoexpressivity and understanding. During this part of the workshop, Rick and Carl were 

working on a design challenge in which they had to build a base for an irregular shaped object. In the design work 

that followed, Carl came to understand the critical relationship between the center of mass of an object and its base 

in determining stability.  

Carl: (referring to Figure 3a) This won’t work. 

Rick: Try it! 

Carl: (pause) Ok, I‘ll try it, oh wait, I should save it first.. I still don’t think this will work… let’s try it 

(simulates design and it falls over, Figure 3b)…Grrr… Oh, I know what to do! 

 

Figure 3. Two iterations of Carl' design cycle. 3a shows his first design in CONSTRUCT mode, and 3b is the result in 

SIMULATION mode. 3c shows his revised design in SIMULATE mode. There were no changes in 3c from 

CONSTRUCT to SIMULATE mode because the structure was stable. 

In Carl’s first design the base was too narrow to support the top half of the structure. After observing the 

design fall, he recognized he needed to widen the span base in order to include the center of mass within its 

horizontal boundaries and thus prevent tipping.  

 
Excerpt three: Expressivity, autoexpressivity, and iteration. The last video excerpt comes near the end of 

the workshop. The students’ final design challenge on SodaConstructor was to create a cantilever with both the 

widest span and the narrowest base possible. Rick decided he wanted to build his cantilever on a tall foundation, 

extending to the left and to the right. He began by building a wide slab supported at the center by narrow base (see 

Figure 4a).  
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Rick simulated this design and it fell over to the right. He reloaded it and modified it by rebuilding the 

cantilever, adding more members and connecting each mass in the slab to at least four other masses. After he 

simulated this design (see Figure 4b), which stood for a few seconds before slowly falling over to the right, he said: 

 “With the extra supports it actually works; it bends over a little bit more than before…But I think it fell 

because the center of mass is a little more on this side when I was making it… yeah, now it’s further out.”  

 

Rick continued to modify his design by reloading saved iterations of his work and making incremental 

changes: adding more members to the slab, reconstructing the base, adding a second story, adding vertical supports 

to the slab (see Figures 4c and 4d). Once he had a stable design that did not easily collapse or tip over, Rick began to 

lengthen the cantilever arms to increase the span-to-base ratio. Before his last iteration, he said: 

“You know it doesn’t look like it goes out very far… I don’t know, I have to figure it out… Oh! I know 

what I can do!”  

 

In his last iteration (see figure 4e), he added weight to the back half of his cantilever in order to shift the 

center of mass to the left. At the end of the design challenge—and a total of 19 versions of his design—Rick was 

able to build a structure with a span-to-base ratio of 6:1. 

  
Figure 4. Iterations of Rick’s cantilever design work for the final design problem. 

What we see in this excerpt from Rick’s design work is that Rick’s initial design decision to have a 

cantilever supported in the middle and extending in both directions was preserved through 19 design-build test 

cycles. At the same time, the autoexpressive feedback from SodaConstructor helped Rick develop the understanding 

of center of mass and its relationship to the design of cantilevered structures that he needed to implement that design 

decision as a response to an engineering challenge. In other words, the highly-iterative process of rapid prototyping 

in an autoexpressive computational microworld made it possible for Rick to incrementally develop scientific 

understanding in the context of an expressive and personally-motivating project. We have shown elsewhere 

(Svarovsky & Shaffer, in press) that these ideas of autoexpressivity, iteration, expressivity, and the linkages between 

them were common across the experiences of the majority of the participants in Berta’s Tower. 

 
Discussion 

Our data suggest that the middle school students in the Berta’s Tower project developed understanding of 

center of mass through virtual engineering design challenges using a computer simulation. Moreover, these results 

suggest that this learning took place through rapid iterations of the DBT cycle as students solved expressive design 

challenges in an autoexpressive microworld. In the discussion that follows, we argue that this process can be 

usefully characterized by the concept of exploratoids. 

 
Exploratoids 

Students went through multiple iterations of the DBT cycle for each design challenge, frequently and 

rapidly testing small ideas in the simulation in a manner similar to the rapid prototyping that marks the early stages 

of engineering design. As a result, they gained small and yet meaningful insights about physics from 

SodaConstructor’s graphical feedback—that is, from the autoexpressive properties of the tool. These insights 

accrued over time the students reloaded previously saved designs and refined them for their next design idea. Their 

motivation to continue refining their images in this intensive process came from the way in which the tool and 

activities allowed them to build designs that reflected their personal interests—that is, from the expressiveness of the 

endeavor. The students built their understanding of center of mass and their interest in using SodaConstructor 

cumulatively and incrementally through expressive activity in an autoexpressive tool.  

 

As we described above, Crowley and Jacobs (2002) argue that young children often develop scientific 

understanding through explanatoids: short fragments of explanatory talk between a child and parent that accumulate 

over time into a stable base of interest in and understanding of a topic. We propose extending this idea to explain 
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how students develop scientific understanding through expressive activities in an autoexpressive microworld.  Just 

as conversations between parent and child function as explanatoids that create a motivating connection between 

interest and understanding, iterations of the DBT cycle function as exploratoids: short fragments of exploratory 

action between a student and microworld that over time accumulate to build interest and understanding.  

 

The concept of exploratoid is a useful construct for understanding the experiences of students in the Berta’s 

Tower workshops—and more broadly, for understanding how solving expressive design challenges in an 

autoexpressive microworld develops interest and understanding. In particular, it shows how and why the engineering 

practice of simulation-based rapid modeling may be a useful model for the design of learning environments where 

students learn scientific concepts through simulation-based design activity.  
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