
Across the country, K-12 teachers and their trainers are preparing for yet another arduous 
journey in STEM education, this one with few guideposts and compasses. The just released 
Frameworks in K-12 Science Education (NRC, 2012) asks science educators, almost all of whom 
are non-engineers, to engage in professional development so that they help students develop the 
skills and knowledge needed to learn STEM ideas while doing design activities in the classroom. 
In this paper we present an example of an extended professional development sequence that was 
funded by a NY-state MSP-STEM grant, and which provided in-service NYC teachers with a 
series of three 3-credit graduate education courses that aimed to refresh teachers on the practices 
of scientific inquiry, while introducing them to the practices of engineering design and to 
recently published design-based science curricula. This paper will describe an organizing 
framework that was used with the three graduate STEM education courses, based on the paper 
“The Informed Design Teaching and Learning Matrix,” and activities and approaches that have 
been used with NYC teachers participating in this funded program. 

Overview of the MSP-STEM Program 

In July 2010, City College of New York received a grant from the state of New York for the 
Mathematics Science Partnership in STEM education that over a period of three years would 
offer tuition-free graduate credits at City College, CUNY, and professional development 
workshops to in-service NYC teachers. This training would focus on developing capability and 
pedagogical skill in using project-oriented, hands-on scientific inquiry and engineering design 
activities with their students. The first two years of the project involved 30 K-8 teachers taking a 
three-semester sequence of 3-credit graduate courses taught by David Crismond. During the final 
year of the grant, CCNY’s Gary Benenson and Jim Neujahr will offer workshops and training to 
teachers in the use of their new NSF-funded Physical Science Comes Alive materials.  

Course # 
Dates  Course Name & Description 

EDCE 
7504N 
Spring / 
Fall 2011 

Elementary Science & Engineering-1  This course introduces in-service 
NYC teachers to Harlen’s 7 strategies for scientific inquiry (2001), and asks 
them to do a range of hands-on investigations derived from published 
curricula while learning relevant “big ideas” in science. The culminating 
activity of this class involves teachers redesigning and teaching a 3-lesson 
sequence based on existing published curriculum that utilized a non-
cookbook, hands-on scientific inquiry task with one or more learners. 

EDCE 
7505N 
Fall 2011 / 
Spring 
2012 

Elementary Science & Engineering-2  This course introduces teachers to the 
practices of engineering design using the “Informed Design Matrix” paper, 
and do a number of engineering design activities drawn from published 
design-based science curricula. The final project involves teaching a 3-lesson 
sequence that uses a hands-on design task with one or more learners. 

EDCE 
7506N 
Spring / 
Summer 
2012 

Teacher As Designer (originally Elementary Science & Engineering-3)  This 
course integrates inquiry and design activities while highlighting features 
unique in these two important STEM practices. It also provides examples 
that teachers act as design thinkers in much of their work, and explores how 
they might apply the design process to their work in schools. 

Table 1 – Descriptions of the three graduate courses offered at CCNY to in-service teachers 
wanting to incorporate more inquiry and design activities into their teaching. 



The key learning goals established for the EDCE 7504N, 7505N, and 7506N courses include: 
(1) making basic distinctions between the fields of science and engineering; (2) developing a 
flexible and transferrable understanding of practices and strategies of scientific inquiry and 
engineering design so that teachers could use inquiry and design activities in their classes in an 
informed way; (3) becoming aware of teaching strategies and instructional sequences that can 
support the use of design tasks in the classroom; (4) developing in teachers a “can-do” attitude 
towards modeling and doing design tasks with their students. 

A key notion that helped organize this effort is the concept of “informed design,” which is a  
level of performance and skill that can be achieved in schools and lies between that of novice 
and expert designers (Crismond & Adams, under revision). Informed design entails doing: (a) 
non-stop learning while performing the various design strategies; (b) making knowledge-driven 
decisions; (c) working creatively both alone and with others to frame design challenges and 
generate solutions; (e) doing diagnostic troubleshooting; (f) conducting sustained technological 
investigations; and (g) using and reflecting upon design strategies effectively.  

A project-based learning approach was used in teaching all three courses, where learning was 
assessed each semester by teachers completing a culminating project where they redesign and 
teach a 3-session instructional sequence based on published curriculum to one or more learners 
that included a hands-on scientific inquiry task (7504N) or engineering design task (7505N), 
collect evidence of student learning, and then reflect and recommend ways to improve the 
lessons should they be taught again. Teachers gave presentations on their work during the last 
meeting of each course. The objective for the final course included connecting the problem 
solving and design work that engineers do with analogous work that teachers do: designing 
rubrics, developing assessments, and solving the many problems that a learning community faces.  

Teachers in 7505N were introduced to the practices of designers as they watched a 
documentary showing designers from the product development firm, IDEO, as it was shown 
redesigning a shopping cart. The centerpiece for that course was teachers’ reading of a 68-page 
article entitled “The Informed Design Teaching and Learning Matrix” (Crismond & Adams, 
under review). The Matrix paper and its table (see Figure 1) attempt to represent the Pedagogical 
Content Knowledge [PCK] (Shulman, 1986) that teachers need to know to teach students design 
that include: problem framing, research, idea generation, modeling and building, making 
decisions, doing experiment, troubleshooting, iterating and reflecting on the design. The Matrix 
article introduced teachers to the telltale signs of how beginning designers perform those 
practices, and to teaching goals and strategies that educators have used to help students become 
more competent or “informed designers.” The paper aimed to enhance teachers’ background 
knowledge about design, and was used a jumping-off point for discussions about hands-on 
design challenges done in class, and the specific techniques associated with teaching design.  

Enabling Teacher’s Design PCK 
The Matrix is designed to act as a reference tool for teachers and as a first-generation 

representation of design PCK for teachers that shows in a single page key elements of what 
instructors needed to know to use design activities effectively in the classroom. The first column 
of the Matrix (see Appendix) lists typical design practice strategies, ones found in any of a host 
of design models (Andrews & Goodson, 1980). The second and third columns of the Matrix 
provides “contrasting set” (Bransford et al., 1989) that compare how beginning and informed 



designers do each of the nine design strategies or habits of mind found in column 1. Each 
beginning/informed designer pattern is followed by a collection of short learning goal statements 
that teachers might use in developing lesson plans, as well as a collection of teaching strategies 
that aim to help students grow towards behaving and thinking as an informed designers. The 
following shows how practices and patterns drawn from the Informed Design Matrix were used 
to organize and frame activities throughout the three MSP-STEM courses. 

Design  
Strategy 

Beginning Vs. Informed Designer Patterns 
WHAT BEGINNING  

DESIGNERS DO 
WHAT INFORMED  

DESIGNERS DO 

Build 
Knowledge, 
Do Research 

Pattern B.  Skipping Vs. Doing Research 
Skip doing research and instead 
pose or build solutions 
immediately. 

Do investigations and research to learn about 
the problem, and how the system works. 

Teachers are quite familiar with the use of research to develop ideas and explanations in 
science. When given an extended design challenge involving the redesign of a small nook near 
class in the North Academic Center (NAC) building that is part of City College, CUNY, they 
employed a number of research strategies to learn about the challenge they faced. This area was 
regularly being co-opted and transformed by CCNY students into an ad hoc lounge, part-time 
cafeteria, and casual meeting place using nearby movable desks and office chairs. Teachers 
watched portions of the BBC documentary based on Steward Brand’s book, How Buildings 
Learn (1997), which told of how occupants frequently change even famous architects’ works all 
of the time. Teachers explored the needs of users using Barlex’s PIES model (2004), where the 
physical, intellectual, emotional and social needs of the targeted client get articulated and 
prioritized. They listened to interviews of these “users” to learn what appeal that place had for 
them –its greater sense of quiet, south-facing window, and good cellphone reception. They then 
proposed solutions using Google’s free CAD program, Sketchup, as they redesigned a piece of 
school architecture that was “learning” – i.e., was being adapted by its residents.  

Generate Ideas 

 Pattern C.  Idea Scarcity Vs. Idea Fluency 
Work with few or just one idea, 
which they can get fixated or stuck 
on, and may not want to discard, 
add to, or revise. 

Practice idea fluency in order to work with 
lots of ideas by doing divergent thinking, 
brainstorming, etc. 

Brainstorming is one of the better known strategies that most teachers were aware designers 
regularly use. During discussion, teachers were enthusiastic about encouraging their students to 
take risks while brainstorming a wide range of design ideas. Yet these same teachers could be 
quite tentative when asked to do the same with similar design tasks. A majority of teachers 
seemed more “ideaphobic” rather than “ideophoric” in that, like their students, they were 
reluctant to take risks in generating multiple ideas. Regularly, when they did come up with a 
solution, they tenaciously held on to that first idea – this being a common yet singularly 
challenging problem for designers and other problem solvers: idea fixation (Cross, 2000).  
Building teachers’ confidence in generating multiple ideas when presented with challenge was a 
goal of 7506N. Warm-up activities at the beginning of a number of class meetings asked them to 
post solutions to a short design task in 10 minutes. Design challenges from curricula used in the 
course were modified to require multiple solutions when the materials did not require this. 



Sketch	  &	  
Represent	  
Ideas	  

	  Pattern	  D.	  	  Surface	  Vs.	  Deep	  Drawing	  &	  Modeling	  
Propose	  superficial	  ideas	  that	  
do	  not	  support	  deep	  inquiry	  
of	  a	  system,	  and	  that	  would	  
not	  work	  if	  built.	  

Use	  multiple	  representations	  to	  explore	  and	  
investigate	  design	  ideas	  and	  support	  deeper	  
inquiry	  into	  how	  a	  system	  works.	  

The cross-disciplinary notion of modeling can take on quite separate meanings in science and 
engineering contexts, and can be quite confusing for both children and teachers. The different 
uses of modeling were illustrated and articulated throughout the three course sequence, as when 
scientists use models to generate or test possible explanations (e.g., sun-moon-earth model to 
investigation phases of the moon), and engineers use models to learn about how a device works. 
Most of the design challenges used in the courses involved creating prototypes that were 
simplified versions of more complex systems (e.g., model parachute made out of coffee filters, 
string and masking tape). One activity from Zubrowski’s Trees and Ponds website (2010) uses a 
design challenge to help teachers understand nature and its systems. Teachers used a 4-ft long 
wooden dowel, enamel-coated wire, post-its and masking tape to design a branch and its leaves 
so that the most sun (modeled using a 150-watt light source) was captured for photosynthesis. 
After teachers built their branch-and-leaf designs (see Figure 1 left), they explored the Black 
Rock Forest in Cornwall, NY to take note of trees’ many solutions to the fundamental 
optimization task of using the fewest leaves to make the most energy from available sunlight.  

  
Figure 1. At Black Rock Forest in Cornwall, NY, teachers explored the branching patterns of 

trees by designing a branch with post-it leaves and wire. They later created a model solar house 
that aimed to reduce overheating during mid-day, while collected sufficient energy for heating. 

Conduct Tests 
& Experiments 

Pattern F.  Confounded Vs. Valid Tests & Experiments 
Do few or no tests on prototypes, 
or may run confounded 
experiments that cannot provide 
useful information. 

Conduct valid experiments to learn about 
materials, key design variables and the 
system work. 

Teachers taking this MSP-STEM experience were more closely allied with science practices 
than engineering ones, but were open to learning the latter. For this reason, the role that planning 
and conducting fair-test experiments plays in doing informed design work was highlighted. The 
following questions from Harlen (2001) were a repeated mantra for these NYC teachers: What 
do you control? What do you vary? What outcomes do you measure? How do you measure 
them? For instance, in the design of a toy whirligig found in the Problem-Based Inquiry Science 
curriculum (GTRC, 2008), teachers used control of variable strategies (Klahr & Nigam, 2004) 
when testing key variables of this model and toy: changing the number of paper clips attached to 
the whirligig’s body, varying its wing length and shape, and changing the materials used for 



making the toy. They conducted paired-test drops (see Figure 2, left) to determine via side-by-
side comparisons the best setting for each design variable selected by the team to optimize. 
Teams translated the results of their tests into “design advice” for the rest of the class, which all 
teams combined creatively and then iteratively tested to optimize the performance of their 
prototypes and devise the best whirligig toy. 

  
Figure 2 - Teachers viewed videos of students’ fair-test experiments for the whirligig design 

task and watched other students discuss early plans for model parachute designs 

Troubleshoot 
Prototypes 

Pattern G.  Unfocused Vs. Diagnostic Troubleshooting 
Use an unfocused, non-
analytical way to view 
prototypes during testing and 
troubleshoot ideas. 

Focus attention on problematic areas and 
subsystems when troubleshooting devices and 
proposing ways to fix them. 

Troubleshooting is one of the signature activities of doing engineering design. Designers 
must diagnose issues that need addressing with their prototypes, as they do iterative designing. A 
number of approaches were used to develop this capability in teachers, including having teachers 
record tests of their own prototypes with an inexpensive Kodak PlaySport digital video camera 
(which the project provided to each participant) and doing frame-by-frame analysis of tests. At 
other times they watching videos of students prototype tests and using a four-step protocol for 
doing design-based troubleshooting – observe product behavior, name the issue(s) noticed, 
explain the problem or issue, and pose a remedy, which then gets tested (Crismond, 2008).   

Reflect	  on	  	  
Process	  

Pattern	  I.	  	  Tacit	  Vs.	  Reflective	  Design	  Thinking	  
Do	  tacit	  designing	  with	  little	  
self-‐reflection	  or	  monitoring	  
of	  actions	  taken.	  

Practice	  reflective	  thinking	  by	  keeping	  tabs	  
on	  design	  strategies	  and	  thinking	  while	  
working	  and	  after	  finished.	  

The ability to reflect upon one’s own and others design processes is an act of metacognition 
that informed designers become skillful at doing. Two approaches were used to help build in 
teachers an awareness of the design practices or in-context process skills that they and students 
use when engaging in design thinking and action. Teachers viewed videos (see Figure 2, right) 



from the Design In The Classroom website (GTRC, 2004), where they were asked to identify, 
analyze and critique the design practices that students used -- studies have shown improvements 
in learners’ understandings of design doing such work (Scott, Atman, & Turns, 2001).  Teachers 
also used the Design Compass (Crismond, Hynes, and Donahy, 2010) to log and then reflect 
upon the design strategies they used as a team when designing a tall structure that would not fall 
when tilted 6°. The Compass scaffolded their data-driven discussion of design processes they 
used with their instructor, which also allowed them to think about how they might use those 
practiced and skills differently in their future design work. 

The Matrix as an Aid to Lesson and Unit Planning   

The Matrix table itself (see Appendix) can be used to help teachers augment existing their lesson 
plans and curricula that employ design activities. The following scenario illustrates how one 
teacher used the Matrix to augment their implementation of published design-based curricular 
materials. A grade 4-5 science teacher was asked to use the Informed Design Matrix in order to 
revise a set of recently developing lesson plans for an instructional module from NSF-funded 
curriculum series, Engineering Is Elementary (Museum of Science, 2009). These materials 
utilize a five-step design process model: Ask, Imagine, Plan, Create and Improve. The design 
challenge for the Catching the Wind: Designing Windmills unit involves students redesigning the 
blade configuration for a model windmill so that it generates maximum torque. The teacher first 
reviewed the entire curriculum module, then read a short article from the NSTA journal Science 
and Children on its use in a fourth-grade inclusion classroom (Lotter-Perdue, Lovelidge, & 
Bowling, 2010), and then wrote out his own two-page lesson plan for the module.  

Engineering 
is Elementary 
Process Steps 

Description of  
Engineering Is 

Elementary Process Step 

Relevant Beginning 
Designer Strategy 

Alterations to Lessons 
Plans based on Matrix  

Ask 
Identify the problem and 
design constraints. 
Review prior knowledge. 

A. Make final design 
decisions prematurely  
B. Skip doing research. 

• Teacher will provide 
students with videos of 
other designs. 

Imagine Brainstorm ideas. 
Draw and label ideas. 

C. Get stuck on first 
design ideas 

• Students will build 
small models of ideas. 

Plan 
Pick one idea. 
Identify needed materials 
or conditions. 

D. Making unrealistic 
plans for devices. 
E. Do not weigh both 
pros and cons for all 
ideas 

• Visualize pros/cons of 
design choices using 
graphic displays. 

Create Build & test the design. 

F. Conduct confounded 
experiments of 
prototypes 
G. Do unfocused 
troubleshooting.  

• Students will do tests of 
blade design 
• Students will 
troubleshoot four faulty 
windmills. 

Improve 
Reflect on test results. 
Plan, create, and test a 
new (improved) design. 

H. Do linear designing. 
I. Do tacit designing 
with little self-reflection. 

•Students compare 
first/last designs & note 
changes . 

Table 1 – Aligning a curriculum’s design process (Columns 1 and 2) to the strategies found in 
the Matrix (Column 3) is a necessary step prior to identifying and selecting teaching techniques 
found in the Matrix (Column 4). 



The teacher, in consultation with Crismond, then reviewed the Matrix and made revisions to 
his six-session lesson plan. An analysis of this collaborative session, which was recorded and 
transcribed, revealed the following sequence of activities: (1) the teacher described his lesson 
plan and key planning decisions; (2) Crismond gave an overview of the Matrix table; (3) both 
aligned design strategies from the Engineering Is Elementary design process model to those 
found in the Matrix; (4) the teacher identified learning goals from the Matrix to include when 
revising his lesson plan; (5) the teacher picked Matrix teaching strategies for use in his revised 
plans (see Table 3 column 4).  

One outcome noted from this experience was that the elementary teacher revised his lesson 
plan based on addressing the Matrix’s emphasis on using design as a context for doing controlled 
experiments (Pattern F) and troubleshooting (Pattern G) which led to their inclusion in the 
revised lesson plan.  The session also helped the teacher appreciate the strengths of the EiE 
curriculum: its “kid-friendly” simplicity in expressing the design process and its use of case 
studies in the story book (“Leif Catches the Wind”).  

Reflections and Lessons Learned 

In an October 2008 talk at the National Academy of Engineering entitled, “Planning an 
Elementary Methods Course in Technological Design: Design Dilemmas & Approaches to 
designing a K-5 science methods course in technological design,” Crismond described a few 
challenges that teaching K-5 teachers about engineering practices and pedagogy might face: 
	  

ü Teachers feel their plates are already overly full with the high-stakes testing. 
ü Few elementary teachers see themselves as designers; even fewer have taken courses 

in engineering or design. 
ü Elementary teachers have even less prior knowledge and fewer experience related to 

doing design than they have in scientific inquiry. 
ü Teachers are often unfamiliar with the STEM concepts needed to understanding how 

things work or do design in an “informed” way. 
ü K-5 educators lack the “professional vision” they need to detect and remedy critical 

behaviors in students working with ill-defined problems.  

Implementing the three MSP-STEM program courses described in this paper helped show that 
for the most part, these 2008 predictions were close to the mark.. 

Helping in-service teachers who are non-designers become familiar with strategies and 
practices of design, and gain the confidence to take risks with design challenges about which 
they are often unfamiliar, takes time and support. A program of teacher professional 
development was found to be more coherently presented when developed and implemented 
around a framework, even a first-generation version of one like the Informed Design Matrix. The 
decision to have course participants teach a few 2- and 3-day lesson sequences using inquiry and 
design activities seems to have given most teachers familiarity and some confidence that they 
will be able to teach with design-infused science materials – a useful capability as the integration 
of engineering design gains greater traction in science classroom in the coming years.  
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