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DEDICATION

This book is dedicated to all my former students. I am indebted to 
each of you. Your willingness to work hard, with minimal grum-
bling, has been an inspiration. My goal was never to turn each of 
you into STEM researchers but rather to help you gain a clear un-

derstanding of how scientific knowledge is acquired. I thank you for putting 
up with my inadequacies and my pat sayings and for trusting me when I told 
you the hard work would pay off. 
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PREFACE

Our nation’s success depends on strengthening America’s role as the 
world’s engine of discovery and innovation. … CEOs…understand that 
their company’s future depends on their ability to harness the creativity 
and dynamism and insight of a new generation. And that leadership 
tomorrow depends on how we educate our students today—especially 
in science, technology, engineering and math.   

—President Barack Obama, September 16, 2010 (Sabochik 2010)

The importance of improving science, technology, engineering, and 
mathematics (STEM) education has become a popular topic in re-
cent years. It is clear, however, that the STEM education that today’s 
high school students receive rarely mirrors what individuals in 

STEM careers actually do. Students are focused more on memorization than 
on identifying problems and finding ways to solve those problems. STEM 
Student Research Handbook engages students with the same inquiry skills used 
by STEM professionals. The handbook supports students as they practice 
skills of designing and conducting experiments and analyzing and present-
ing their findings.

I believe that the primary reason STEM educators do not include student-
directed research as part of their curriculum is that they themselves have 
limited experience in this area. My goal in writing this book was to provide 
a practical resource that teachers and students can use to become actively 
engaged with topics that interest them as they are guided through the stages of 
a long-term research project. I hope that this handbook bridges a gap between 
STEM professionals and classroom teachers by providing a resource that will 
help students experience learning in the way scientists do, by doing research.

My experience is similar to that of many other teachers who at one point 
decide to implement a research component in their classrooms. Having 
designed and completed only one science experiment on my own as an under-
graduate and only educational research as a graduate student, I was uncertain 
about my ability to lead high school students in performing research. When 
I received the first set of student research papers, it was obvious that I had 
to make changes in how I supported students through the research process. 
Over the years, as I identified resources, modified deadlines, and developed 
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activities that helped students to implement the scientific process for them-
selves, I saw student research papers improve greatly. This handbook is a 
compilation of years of work, lessons learned from mistakes, and the good 
advice of other teachers and STEM professionals.  

The handbook addresses the two major aspects of conducting research: 
planning and conducting experiments and then analyzing and communicat-
ing results through writing. First, the handbook provides a structure for STEM 
teachers to use as they work through the stages of the research process with 
their students. There is enough detail here so that even teachers who have 
never designed an experiment on their own can feel comfortable guiding 
students through theirs. Second, large segments of the handbook address the 
writing (aka language arts) issues involved with research. I believe that STEM 
teachers who are not specially trained in writing will find the writing instruc-
tions here to be invaluable. As a science teacher who has also studied and 
taught English, I have been able to help STEM students see the importance of 
communicating their results through effective writing. Whole chapters in this 
book cover note-taking techniques, proper documentation of research papers, 
and presentation preparation. Sadly, in-depth writing advice is commonly 
missing from other books teaching students how to conduct research. 

The opportunity to design and conduct an experiment and then present 
the findings at local symposia has changed the lives of many of my high school 
students. They learned to take the initiative for their own learning, and many 
chose to enter STEM-related fields when they went to college. As I got better 
at leading my students through STEM research projects that they were really 
interested in, they started winning awards at the competitions, bringing home 
top prizes. In 2004, I was awarded the Sigma Xi (Illinois State University/
Illinois Wesleyan University chapter) Outstanding Science Teacher Award for 
my students’ contributions to these competitions and for encouraging other 
local teachers to implement long-term research projects. Most rewarding 
to me, however, has been that my students actually performed the exciting 
research process from beginning to end and acquired better understandings 
of how STEM knowledge is advanced. That experience is completely different 
from listening to a lecture, observing a STEM professional on the job, or even 
performing hands-on labs that someone else designed. 

Reference
Sabochik, K. 2010. Changing the equation in STEM education. The Whitehouse Blog: www.

whitehouse.gov/blog/2010/09/16/changing-equation-stem-education.
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INTRODUCTION

To the Teacher
If you are a high school STEM or other kind of science teacher, you most 
likely already understand the value of having students do science. However, 
even with our best efforts to include inquiry in our teaching, the logistics 
of organizing learning experiences that encourage students to ask questions 
that they themselves answer is overwhelming. If you have considered, or are 
considering, implementing student-centered, long-term research projects, my 
guess is you have a few questions, such as, How do I monitor students doing 
various projects, at various stages? What if students want to design an experi-
ment on a topic I know nothing about? What if the students get in over their 
heads? Can I include long-term research projects as part of my curriculum 
and still cover the required content? How can I ask my students to design an 
experiment if I have never done one? Questions like these are enough to send 
any teacher into a tailspin and to drop the idea forever. However, I am here to 
tell you, it can be done, and this handbook will show you how.

Incorporating Research Into the High School Science 
Curriculum
There are several ways that teachers, departments, and schools incorporate 
long-term research projects into the science curriculum. Sometimes it starts 
with a single teacher helping a few ambitious students who perform their 
own research before and after school. Other teachers add a long-term research 
project to an existing course and then work diligently to balance the content 
they need to address with the support students need to complete their proj-
ects. Some science departments systematically include research components 
throughout the curriculum, so that upon graduating, students have conducted 
multiple research projects at varying levels of difficulty. Sometimes a school 
is able to dedicate an entire course to student-centered research or provide a 
similar experience in summer enrichment opportunities. This handbook was 
written for any of the above scenarios. 

Whatever your situation, I advise you to first decide how much time 
you want to dedicate to a research project and then decide on deadlines. 
As with any other unit plan, start with the end in mind. When do you want 
to have the research project (either a paper or poster presentation) in your 
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hands to grade? Once you have determined the final deadline, set deadlines 
to assess your students along the way. This handbook provides support 
in the construction of deadlines on several fronts. Appendix A is a sample 
checklist for developing deadlines. More indirectly, there are cues for you 
throughout the handbook. Although I wrote the book in language directed 
to your high school students, you will find references to “your teacher” 
throughout. I intended these as cues for you. I use phrases such as, “Your 
teacher may ask to see…” or “Your teacher will prefer either ___ or ___” as 
a prompt for you to discuss your requirements with your students. These 
cues suggest options of what sort of assessments to make along the way. I 
suggest you give grades throughout the length of the project, both formally 
and informally, to foster the concept of a journey of research, rather than 
giving a single grade to a final product.

Next you will need to decide how you want students to work—individu-
ally, in pairs, or in groups. On one hand, having students work individually 
simplifies the research process because each student performs each stage of 
the process individually and can choose a topic that is personally meaning-
ful. For you, of course, individual projects will increase the total number of 
projects you must monitor and assess. On the other hand, allowing students 
to work in groups reduces your grading, but it does introduce other chal-
lenges—for example, students will often need guidance from you on how 
to divide the workload. (Throughout the handbook, a group icon—see  
p. xxvi—will signal tips for how groups might work together to accomplish 
the task at hand.) If you do choose the group route, I suggest that through-
out the process you provide time for group members to frankly discuss their 
strengths and weaknesses, evaluate themselves and each other, and assign 
specific tasks to each individual in a signed contract that you also sign. Each 

SCIENCE TECHNOLOGY ENGINEERING MATHEMATICS
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group contract should cover the background research (Chapter 3), proposal 
(Chapter 5), data collection (Chapter 6), paper writing (Chapter 11), and pre-
sentation (Chapter 12) stages of the research project.

Using Outside Mentors
You may want to consider encouraging or even requiring your students to 
find a STEM mentor within the research field that interests them. Even if you 
have no local university or STEM industry companies in the vicinity, students 
can search online for possible mentors and be mentored at a distance. Your 
role when students work with a mentor is that of coach: You ensure that stu-
dents meet deadlines, conduct the scientific process themselves (as much as 
possible), and communicate with their mentors. Support from mentors in the 
field frees you from having to be a content expert on each of the student proj-
ects. However, you are also releasing control of the level at which students 
experience the scientific process, particularly if a student is physically work-
ing in their mentor’s lab. It is possible that the mentor’s research interests will 
truncate your student’s interest in the topic or field of study. Students may not 
have the opportunity to develop their own hypotheses and research designs 
but instead will participate in research currently being completed. The experi-
ence would still be a rich one, and beneficial to students, but it will differ from 
the experiences of students who do not have mentors. 

Students who find online mentors are more likely to develop their own 
experimental design, using their mentor as a content expert and someone 
who can help them determine an appropriate research design for what they 
want to study. These mentors—if they become invested and prove to be reli-
able—are invaluable and provide students with an understanding of the 
research process that they may not otherwise receive. In this handbook, I refer 
students to “your teacher,” but in the section of this introduction called “To 
the High School Student” (which begins on p. xxv), I let them know that if 
they are working with mentors, some of the references to teacher may actually 
refer to their mentors. You will need to communicate clearly with students 
regarding the differing roles between you and their mentor. 

Do not underestimate your ability to coach students through research 
projects without mentors. Students can have successful research experiences 
with you as their primary resource. Even if you have never conducted a 
research project from the planning to the presentation phase, the STEM Stu‑
dent Research Handbook contains the details to guide you and your students 
comfortably through the process. 
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STEM Writing
After your students complete their research project, most likely you will ask 
them to either design a poster displaying their research results or to write a 
paper. In either case, students will be writing to communicate their results. It 

is important that you do not give short 
shrift to the writing part of their proj-
ects. Although it is natural that teach-
ers trained in STEM subjects would be 
more interested in the experimental 
techniques and experiences than in the 
final paper and the writing steps that 
lead up to it, it is crucial that you allow 

the necessary time for students to take notes, write up their designs and results, and 
write the final papers in preparation for presenting their experiments to an audi‑
ence. This handbook gives you great support in these areas (see especially 
Chapters 3, 10, and 11). 

It would also be a good idea to talk to members of your English depart-
ment about the writing aspect of your research project. Ask them at what level 
they require students to write their first large report and how they teach the 
report-writing process. This information will help you determine how much 
help your students will need. You are 
most likely to receive support from your 
English teachers if you use the note-tak-
ing strategies and documentation style 
that they teach. Most high school stu-
dents will have written reports prior to 
your class, but it is possible that the idea 
of keeping detailed, organized notes to 
be used in a paper with reference citations is a new concept to them. Perhaps 
they have not, up until now, had to use parenthetical citations within a paper 
and have simply listed references haphazardly at the end of their papers. You 
will do your students a huge service by helping them understand the impor-
tance of competent documentation.

I chose the MLA (Modern Language Association) documentation style as 
the one for students to use. MLA style is what most high school teachers use 
with their students, and it is the first documentation style they are likely to 
encounter in college. I completely understand a STEM teacher’s resistance to 
MLA style since scientific papers are never written in this style. However, it is 
more important for students at this stage to understand the principles behind 
documentation. If you plan on having your students present their research at 

When I was in high school, I learned how 
and where to find resources and use them 
to support my thoughts or ideas. This 
really helped me when I was in college and 
writing research papers.

—Student Researcher

The most important lesson I learned 
in completing a research project was 
the basic research skills such as using 
databases, taking notes, and using 
citations properly. 

—Student Researcher
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local, state, or national fairs or symposium contests, be sure to refer to their 
guidelines regarding documentation style. Most competitions do not require 
a specific style, only that it is applied consistently and correctly.

Another significant skill students should learn while doing this research 
project is how to do quality background research both online and at the library. 
I suggest that you contact your school and local librarians for help in orga-
nizing resources for your students. Although your school and local libraries 
may not have current paper resources on particular STEM topics, librarians 
can offer a session with students to help orient them to databases the school 
has access to along with any interlibrary-loan agreements that are available to 
students. (The technology icon—see p. xxvi—is used throughout the book to 
highlight tips for using technology during the research process.) I also highly 
recommend that, if possible, you organize a full-day field trip to a large univer-
sity library, particularly if students are not introduced to a university library as 
part of their English courses. The greater number of STEM scholarly resources 
available through academic libraries will be worth the effort.

The Proposal Process
The first year I implemented research 
projects it became clear just how little 
students knew about applying the 
scientific method to their own experi-
ments. My students could define the 
various aspects of an experiment, such 
as control, experimental groups, extra-
neous variables, and constants, but 
when it came to applying these concepts 
to their own research, they really struggled. I discovered that students need 
a lot of support in developing their research design. That’s when I developed 
a proposal approval process (see Chapter 5). The proposal itself is quite an 
accomplishment for students, and the STEM Student Research Handbook sup-
ports them as they take small steps to reach a point where they can write a 
full research proposal. These steps include identifying questions they have 
about a topic, identifying possible independent and dependent variables, 
researching ways in which connections have already been made between 
them, and then writing a hypothesis to test their idea. The research design 
table in Chapter 2 will help students hone their ideas further. I encourage 
you to spend significant time on writing hypotheses and to preapprove them 
before students begin writing their proposals. Students’ first significant grade 
should be the hypothesis. 

I don’t know if I ever really had an 
accurate understanding of the scientific 
research process before I did my own 
research project. I probably could’ve 
listed the steps for you, but until I 
actually did it myself I never really 
understood what it means in real life. 

—Student Researcher
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I also strongly suggest that you have 
students revise their proposals until you 
are confident that the proposals show that 
students have thoroughly researched the 
topic, that they have accounted for extra-
neous variables, and that their research 
designs are detailed enough to convince 
you that the students have a good chance 
of being successful. I call this type of 

assessment “Do Until Accepted” (DUA) (see Appendix A). To make this work, 
I have two due dates. The first is when students are required to turn in their first 
draft and the second is a week or two later. On each of these drafts, I write com-
ments to help students improve their research designs. I don’t give students an 
actual grade (in my grade book) until I give my approval for them to begin their 
research. If they want to receive an A on this assignment, they have to meet 
both deadlines. Within this time span, they can rewrite the proposal as many 
times as it takes to get it accepted. Some students will rewrite it three times and 
others nine times. Students who missed one of these deadlines cannot receive 
higher than a B on the proposal. 

Research Symposia and Science Fairs
I encourage you to seek out an oppor-
tunity for your students to share their 
research at a research symposia or sci-
ence fair. Knowing that individuals 
other than their teacher will be viewing 
and assessing their work is a strong 
motivator for students. You can locate 
competitions easily by searching online. 
Even if you decide not to attend some-
one else’s event, I highly suggest you 
have an open house one evening where 
students showcase their research to parents, administrators, and community 
members. You could choose to have judges or just allow individuals to visit 
and talk with your student researchers about their projects. 

My last piece of advice is to pay attention to the balance between how 
much control you have over student projects and how much choice you give 
to students. Although students need structure, feedback, and support, it is 
also important that they have ownership of their projects. This may mean that 
students will choose a topic with which you are not familiar. I encourage you 

I was never one to put more into 
school work than what needed to be, 
but because I was doing the research 
project on my own, and we were 
taking it to the symposium, I was 
more interested in the work that I was 
doing. I cared more about what the 
outcome would be instead of looking 
at how much work was put into it. 

—Student Researcher

Completing the research project was the 
first time I ever really learned on my own. 
The teacher wasn’t putting the information 
in front of me to memorize, rather I had 
to do my own research and how much I 
learned was directly related to how much 
effort I put into the research. 

—Student Researcher
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to allow students to include integrated 
STEM projects, even if their choices 
make you uncomfortable. For example, 
a student may have learned how to use 
a specific piece of equipment in another 
STEM course and wants to use it as 
part of this project. Admit your vulner-
ability, and agree to learn along with 
your student. Guiding students through 
the research process can be the most 
rewarding aspect of teaching. 

Importance of Student-Centered STEM Research
The scientific method is a common introductory topic within all science 
curricula (Bereiter and Scardamalia  2009). However, it is well documented 
that just because students can describe the scientific process doesn’t mean 
that they are able to perform scientific thinking or show productive inquiry 
skills (Ayers and Ayers 2007; Leonard and Chandler 2003; Tang et al. 2010). 
Therefore, without having gone through the scientific process themselves 
from beginning to end, students are unlikely to truly understand the nature 
of science, especially that the process of scientific inquiry is often nonlinear. 

Authentic research experiences have the potential to provide high school 
students with the scientific reasoning skills desired by both high school and uni-
versity instructors. Although some STEM classrooms use labs with procedures 
where students simply record the results, others use inquiry and problem-based 
learning (PBL). Research done in K–12 classroom shows that when teachers 
implement problem-based projects and inquiry-based labs, students not only 
learn the same content as in lecture-based units but also gain critical thinking 
and problem-solving skills (Drake and Long 2009; Tarhan et al. 2008; Wong and 
Day 2009).

PBL and inquiry should have an important role in STEM courses. Unfor-
tunately, the common model is still teacher-centered (Taraban et al. 2006)—
the teacher decides the topic that students will study and the teacher sets up 
the problem or question that students will answer. Although students may 
be engaged and learning about problem solving, they are not designing their 
own experiments to address problems that they themselves have identified. 
When students are in control of their own research, it increases motivation 
and creates a strong sense of ownership (Marcus et al. 2010).

Many high school curricula do not include long-term inquiry research 
projects in which students design and implement a lengthy experiment 

All too often in college and high school, 
students just regurgitate the knowledge 
of others over and over in papers and 
projects. But this, an actual research 
project, forced me to come up with 
my own ideas for an experiment and 
formulate my own educated conclusions 
with the support of other research.

 —Student Researcher
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themselves (Leonard and Chandler 2003; Taraban et al. 2006). This could be 
why postsecondary science instructors find college freshmen to be lacking in 
basic scientific processing skills (ACT 2009).

Organization of This Handbook
The STEM Student Research Handbook was written to support you and your stu-
dents in two areas of STEM research: planning and conducting research (Chap-
ters 1–6) and doing statistical analysis and communicating the research results 
(Chapters 7–12). Here is a brief description of the contents of each chapter:

Chapter 1	 “Beginning a STEM Research Project” defines research 
and provides ideas for how to generate and focus ideas 
for research topics. It also includes a section on safety and 
ethical issues in STEM research.

Chapter 2 	 “Research Design” introduces the components of a basic 
research design and defines key vocabulary terms such as exper‑
imental groups, constants, quantitative data, and qualitative data.

Chapter 3 	 “Background Research and Note Taking” helps students 
organize background research. It discusses how to identify 
reliable resources, provides two different ways to organize 
notes, offers tips for avoiding plagiarism, and cites helpful 
technology tools. 

Chapter 4 	 “Writing Hypotheses” walks the student through the process 
of constructing a testable hypothesis.

Chapter 5	 “Proposal Writing” guides students through the process of 
refining their research designs to a point where they can 
present you with a written proposal for their experiments 
that you find acceptable. This chapter also addresses some 
common misconceptions about scientific writing. 

Chapter 6 	 “Organizing a Laboratory Notebook” introduces students to 
the essential contents of a laboratory notebook and provides 
tips about making the same kind of entries in their notebooks 
that STEM professionals make. 

Chapter 7 	 “Descriptive Statistics” gives instructions for how to find 
measures of central tendency and statistical variability. It 
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also presents additional calculations that can be performed 
on data once an experiment is complete.

Chapter 8 	 “Graphical Representations” describes various graphical 
representations for communicating data such as various 
types of graphs, plots, and tables. Graphical representa-
tions are organized by the type of data, either qualitative or 
quantitative. 

Chapter 9 	 “Inferential Statistics and Data interpretation” introduces 
various mathematical tests that can be used to determine the 
statistical signifigance of data. The last part of this chapter 
helps students interpret their data.

Chapter 10 	 “Documentation and Research Paper Setup” introduces the 
basic concepts behind documentation and provides a brief 
introduction to MLA style documentation. 

Chapter 11	 “Writing the STEM Research Paper” walks students through 
the writing of the parts of a scientific research paper.

Chapter 12 	 “Presenting the STEM Research Project” supports stu-
dents who are asked to make oral presentations about  
their research.

Organization of Individual Chapters
Each chapter begins with a list of Key Terms that will be introduced in that 
chapter. The Learning Objectives at the beginning of the chapter will help you 
determine what it is that your students should know after reading and work-
ing through the chapter. Each chapter concludes with Chapter Questions and 
Chapter Applications. The Chapter Questions align with the Learning Objec-
tives; you might assign them for students to complete as homework or use 
them to stimulate a class discussion. The Chapter Applications summarize 
how the ideas taught in the chapter apply to the student research project, 
including how they apply to the next step of the project. 

To the High School Student
I wrote this research handbook for students like you who are being asked to 
conduct a large-scale research project. In your class, the research project may 
be part, or even all, of your grade. It is possible that this project is the biggest, 
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and the most long-term, assignment you have ever been asked to complete. 
Take heart! STEM Student Research Handbook is designed to support you in 
two major research areas: first, it will help you plan and conduct your own 
experiment (Chapters 1–6) and, second, it will help you analyze and then 
communicate your results (Chapters 7–12). 

Your teacher may choose to introduce you to STEM research in a variety 
of ways. This handbook addresses many of them; however, be sure to take the 
advice of your teacher and follow any additional guidelines given to you regard-
ing this research project. Some of you will be asked to pair up with a mentor—
either a university researcher or an individual in industry—in addition to having 
the support of your teacher. Therefore, there will be times in this handbook when 
I use phrases such as, “Your teacher….” If you are working with an out-of-school 
mentor, however, substitute the word mentor for teacher. Ask your teacher whom 
you should report to for specific aspects of the project. 

The fields of science, engineering, mathematics, and technology (STEM) 
require individuals who are creative and flexible and have a sense of humor 
about themselves and the world around them. The best way to learn about 
this exciting side of research is to experience it yourself rather than having 
it explained to you. I hope that as you begin the journey of developing your 
own research project, you will see how applicable and exciting research can 
be and how absolutely critical it is for researchers (including you!) to be cre-
ative as well as rational. 

Group and Technology Icons 
Throughout the STEM Student Research Handbook, you will find two important 
icons. The first is the group icon that highlights tips geared to students who 
are working in pairs or small groups. Overall, the handbook is written with 
the assumption that most of you will be working individually. Sometimes, 
however, teachers decide to have groups of students work together on research 
projects. The group icon is placed next to suggestions regarding how groups 
can work well together, share research responsibilities, and remain accountable 
to one another. 

The technology icon highlights tips in the text for using technology during 
the research process. The internet has truly made our world more global, with 
access not only to mind-boggling amounts of information but also to free Web 
2.0 tools to help find and organize research and streamline collaboration among 
people working together. On this “read-write-web,” users can mark up web 
pages, share files, photos, and create their own interactive spaces. The tech-
nology icon brings your attention to specific ways that technology might help 
you at specific times during the research journey. There are amazing free online 

Group icon

Technology 
icon
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tools that can help you retrieve and organize information from the internet and 
collaborate virtually with others. 

You will also find suggestions of specific hardware or software technol-
ogy that would be helpful during the analysis phase of research. At that point, 
you will most likely need either a graphing calculator and/or spreadsheet soft-
ware. Find a way now to have access to either one of these technologies so you 
aren’t scrambling later to come up with them. Always communicate with your 
teacher regarding how much and which technology he or she wants you to use. 

Using Technology as Part of the Research Process
Below are introductory descriptions of three basic Web 2.0 tools that will be 
referred to often in this handbook. If you have a basic understanding of each 
one, you can make an informed decision about whether or not to use them 
during the research process. 

Wikis

Wikis are websites that allow their members to have web pages that can easily 
be edited using “what you see is what you get” (WYSIWYG) editing tools. 
By clicking on the edit button located at the top of each page, a member can 
type in text, insert images, embed videos, upload documents, and provide 
links to pages within the wiki or to external web pages. After hitting save, the 
member has created a web page! If the creator of the wiki wants it to become 
a place of collaboration, he or she can invite others to become coeditors. Now 
group members have a place to edit text, add content, and make comments—
all on the same web page. Wikispaces.com and pbworks.com are two sites that 
are often used for educational purposes. 

But that is only the beginning. Using the “history” and “discussion” tabs 
at the top of each page is what makes a wiki unique. The history tab keeps 
a detailed record of each edit made to that specific page. The edits are listed 
by date and indicate the member who made the edit. Edits can be viewed, 
and added text will be highlighted in one color and anything deleted will 
be highlighted in another color. By clicking the link titled “revert to this ver-
sion,” edits can be overridden. The discussion tab allows members to discuss 
the construction of the page. For example, one student might start an outline 
on the actual wiki page and then also start a discussion “behind” the page, 
asking other members to add to specific parts. 

If you are working on your research project with other students, the wiki 
can become the unifying place where you are able to meet online as well as 
the one place where everything is located. You can post schedules and dead-
lines, discuss protocols, share online sources (although social bookmarking 
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sites do this better), or begin posting drafts of the paper (although Google 
Docs does this better). 

Google Docs

Google Docs is a public place where anyone with an account can upload doc-
uments to the web for storage and sharing purposes. A document is loosely 
defined as any file, including, for example, spreadsheets, images, PowerPoint 
presentations, and Word documents. Documents can be accessed anywhere 
a person has internet access, even on a phone. At the very least, it is a place 
where you should periodically post your proposal or STEM research paper 
for safe storage during the writing process. Google Docs, like wikis, allows 
you to invite other people to view or edit the uploaded document. This is a 
great way to work collaboratively with group members on the same docu-
ment without worrying if the “version” of the file is the most current one. 

Sending documents as attachments via e-mail may be more private, but 
it is less efficient. Keeping Google Docs organized is easy because files can be 
put into folders, much as you do on your own computer, and whole Google 
folders can be shared. If your group decides to make a wiki, you could even 
organize one of the wiki pages to link to the Google Docs that the group is 
currently working on. Although Google Docs is the share location that I will 
refer to throughout this book, you may have access to alternatives, such as a 
network drive, or a classroom space within a school portal. Websites such as 
Buzzword, Zoho, Zimbra, and Microsoft Office Live provide similar services. 

Social Bookmarking

Social bookmarking—an online bookmarking system—will save you time 
as you begin researching your topic and developing the research design. If 
working individually, any bookmarking system (if organized into appropri-
ate folders) is sufficient. However, if you are working with others on this 
research project, consider a social bookmarking site like Diigo (www.diigo.
com) or Delicious (www.delicious.com). These sites allow you to organize your 
bookmarks as well as leave comments on web pages, highlight text, and share 
those bookmarks and edits with the members of your group.
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Introduction
In Chapter 1, you worked on focusing your preliminary research ideas. In 
this chapter, you will learn how experiments are structured. This structure 
or experimental setup is called the research design. The research design of an 
experiment determines both whether the experiment is likely to succeed and 
the reliability of its results. 

Learning Objectives

The main objective of this chapter is to have you write a first draft of your 
experimental research design. By the end of the chapter, you should be able to

1.	 list the main components of an experimental design,

2.	 describe the purpose of having a hypothesis in a STEM-based research project,

3.	 explain the importance of doing background research on independent and 
dependent variables, 

4.	 compare and contrast the individual entities or trials within the experimental groups, 

5.	 describe how constants are different from the control,

6.	 explain why it is important to consider possible extraneous variables when you 
are designing a STEM research project, 

7.	 distinguish between quantitative data and qualitative data, and

8.	 describe how recording only inferences may interfere with data collection.
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Key Terms

Constants: The factors within an experiment that 
are kept the same for all groups or trials in an 
attempt to reduce the influence of extraneous 
variables. 

Control group: The group in an experiment that 
receives the exact treatment as the experimental 
groups except it does not receive any change of 
the independent variable. It is the group to which 
the experimental groups are compared.

Dependent variable (DV): The variable in an 
experiment that changes in response to the 
independent variable and, therefore, is also 
referred to as the responding variable.

Experimental groups: The groups or trials in an 
experiment that receive all the same conditions 
except varying amounts or qualities of the 
independent variable.

Extraneous variable: An “undesirable” variable 
in addition to the independent variable that 
may influence the results of an experiment, 
introducing error if it is not, as much as possible, 
controlled or significantly decreased in the 
research design.

Focal sampling: A behavioral recording technique 
where a narrative (i.e., what is called an essay in 
English class) is written on every behavior of one 
individual or group for a set length of time. 

Hypothesis:  A tentative (i.e., not final and 
definite) and testable proposed explanation for 
an observable phenomenon.

Independent variable (IV): The variable in 
an experiment that is purposely changed or 
manipulated, either in quantity or quality, by the 
researcher; also referred to as the manipulated 
variable.

Inference: A conclusion, based on facts, that a 
person perceives to be true.

Population: The complete collection of every 
item that has the same characteristics of the 
individuals in the sample group.

Qualitative data: Data that describe 
characteristics or qualities, such as color, odor, or 
texture, or data that describe category frequency 
or ratings, such as stem sturdiness (e.g., “sturdy,” 
“somewhat sturdy,” “limp”).

Quantitative data: Data that use numbers with 
a unit of measurement, such as the length of an 
insect in millimeters (millimeter is the unit of 
measurement) or the weight of a projectile in 
kilograms (kilograms is the unit of measurement). 

Sample: A subcollection of data that represent a 
larger population. 

Scan sampling: A behavioral recording technique 
where the activity of the individual or group is 
recorded only at preselected time intervals.

Sequence sampling: A behavioral recording 
technique where behaviors that occur within a 
sequence are recorded in the order in which they 
occur.

Trial: The replication of experimental and 
control groups; used to decrease the influence 
of variations associated with the independent 
variable, researcher measurement error, and 
difference between entities studied.
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Components of a STEM Experimental 
Research Design
An experimental research design includes a hypothesis, variables, experi-
mental and control groups, and constants. Each of these elements is briefly 
discussed below. 

Hypothesis
Once you have determined the question you would like to answer, and after 
you have begun background research, you are ready to modify your ques-
tion into a testable statement. You do this by writing a hypothesis, which is a 
tentative, yet testable, proposed explanation for an observable phenomenon 
or event. The purpose of the hypothesis is to formulate what you want to test 
and defines the limit of your experiment. It is considered tentative because 
it states a connection that you believe exists and want to test. However, one 
research experiment will not ultimately “prove” or “disprove” the connection 
you are suggesting. The purpose of a hypothesis is to connect the manipulated 
changes made by the independent variable with the effects on the measurements of the 
dependent variable. 

Writing hypotheses to be tested through experiments and observations 
is central to doing research (Gordon 2007). The question you developed in 
Chapter 1 will help you stay focused as you do your background research. 
Now, by changing the question into a hypothesis statement, you accomplish 
several critical research design issues. In writing a hypothesis, you will

1.  	 determine a specific variable to be tested,

2.  	 determine how changes within the experiment will be measured or 
recorded, and

3.  	 predict an outcome of what you think the results of the experiment 
will be.

For instance, in the following planaria example, the question only asks “how” 
reproduction is affected by temperature and is not written in such a way that 
it could be answered in a single experiment. How the reproduction “effect” 
would be measured is not clear. Planaria reproduction could be measured 
many different ways, such as the number of offspring that come from one 
individual or the mortality rate of offspring. (The independent variable is 
underlined once and the dependent variable is underlined twice.) 

Question: What effect does temperature have on planaria 
reproduction?
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Hypothesis: If the speed of planaria reproduction is related to tem-
perature, then planaria in lower temperatures will reproduce more 
slowly than planaria in higher temperatures.

The hypothesis, on the other hand, identifies not only the specific variable 
to be tested (temperature) but also what will be measured (speed of planaria 
reproduction). The inclusion of a prediction—that lower temperatures will 
lower reproduction rates—makes it clear that the experiment is designed to 
either support or reject that prediction. Hypotheses like this one are testable 
because (a) one variable is tested, (b) it is clear how the changes will be mea-
sured, and (c) it includes a prediction that will be either supported or rejected 
by conducting the experiment.

You should write your hypothesis after you do your preliminary research 
but before you begin your experiment. More details about how to write a 
hypothesis are provided in Chapter 4, “Writing Hypotheses.”

Variables 
The independent variable (IV) is the variable that is purposely changed or 
manipulated. Information about the independent variable is known before 
the experiment begins. Independent variables are also known as manipulated 
variables because you change either the quantity or quality of this variable 
in the experimental groups. Therefore, the independent variable will deter-
mine the organization of levels for the experimental groups. Although more 
complex experiments can have more than one independent variable, research 
projects that are to be completed over a series of weeks or months should only 
have one variable that can easily be tested and measured.

The dependent variable (DV) is the variable that changes in response to 
the independent variable and, therefore, is also referred to as the responding 
variable. Essentially, this is the “effect” and the data that you record during 
the experiment. It is best to quantify measurements as much as possible, but 
accurate descriptive data throughout the experiment are helpful as well. 

Every research question has several ways in which changes could be mea-
sured. Background research should help you determine which dependent 
variables are most likely to show change in the time you have to conduct the 
experiment. Therefore, it is important to base the choice of your dependent 
variable on what you have learned in your background research. Plan your 
experiment so it focuses on a few related dependent variables. For example, 
for the research question “How effective are plant-based insect repellents?” 
there are several different options of dependent variables that a researcher 
could choose.
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Research Question: “How effective are plant-based insect repellents?”

Independent Variable Possible Dependent Variables

Different brands of plant-based repellents 
(ideally with differing levels of the active 
ingredient)

•	 Total number of insect bites
•	 Size of insect bites
•	 Color and/or itchiness of insect bites
•	 Length of time

Experimental Groups
Experimental groups are the treatment groups or trials that receive all of the 
same conditions, except varying amounts or qualities of the independent vari-
able. Experimental groups are sometimes called treatment groups because they 
receive the change of the independent variable. An important component of 
designing strong experiments is replication (i.e., performing an experiment 
more than once). In some STEM experiments, experimental groups contain-
ing several entities can be running at the same time, while other experiments 
will have multiple trials, or runs, that are conducted periodically over time. 

The word trials refers to the number of treatment replications that you 
perform on experimental and control groups. Having multiple entities in 
each experimental group or running multiple trials is important because it 
decreases the influence of variations associated with the independent variable, 
researcher measurement error, and difference between the entities studied. 
For example, in a biology experiment with seeds and pH, four experimental 
groups, each with multiple seeds, can be set up at the same time, each with 
different pH levels, and data can be collected from each of the groups at regu-
lar intervals throughout the experiment. But an engineering research project 
testing the mechanical advantage of differing arm lengths of a catapult would 
use multiple trials of each arm length, which would require making adjust-
ments to the catapult in between experimental groups. 

By doing thorough background research, you should be able to deter-
mine both how many experimental groups to have and the appropriate levels 
of the independent variable for each of the groups. The organization of the 
experimental groups is critically important for a strong research design. Hav-
ing experimental groups that are not varied enough in quantity or quality 
may not show any change in the dependent variable and, therefore, will not 
help you determine any connection between your independent variable and 
dependent variable. Let’s look at an example. The following hypothesis is 
testing to determine a relationship between levels of vitamin C and when a 
fruit is picked.
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If the concentration of vitamin C in oranges is related to the length 
of time it has been removed from the tree, then oranges freshly 
picked will have higher levels of the vitamin.

The experimental groups for this experiment should be varying times after 
the fruit is picked. It is important that these groups be selected carefully to show 
an adequate spread of results. If the vitamin C levels are measured in oranges 
at intervals of 6 hours, 12 hours, and 24 hours, the levels of vitamin might not 
differ enough to notice. Similarly, experimental groups divided into extreme 
high and low quantities will not show the detail needed to analyze the effects. 
If experimental groups in the orange/vitamin C experiment are measured at 
1 day, 4 weeks, 8 weeks, and 16 weeks, the levels of vitamin C might be drasti-
cally different, but, without multiple gradients of the independent variable, 
there is no subtle data to determine critical levels or provide insight as to why 
those changes might have occurred. Therefore, it is important that you use 
background research to study the variables so that your groups can be set up 
appropriately. 

It is also possible that experimental groups cannot be predetermined. 
Sometimes, it is only after the data are collected that data can be grouped for 
analysis. For the river otter experiment shown in Figure 2.1, the data could 
be categorized into groups based on the range of temperatures that were 
actually observed on data collection days. The independent variable of this 
experiment is the change in water temperature and the dependent variable is 
the frequency of river-otter behaviors that the researcher categorizes as active 
or nonactive when making observations.
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Figure 2.1

Sample Behavioral Ecological Design Table

Hypothesis Draft

Behavior of a river otter in different water temperatures

Independent Variable

Water and air temperature
Background Questions

What is the normal river otter behavior?
How should I record and quantify behavior in my lab notebook?
How quickly does water temperature change in the fall? (Will it be 
significant enough to study?)
How do otters prepare for the winter months? Behaviorally and 
physically?

Dependent Variable

Quantitative

None

Qualitative

Descriptions of behaviors
Tallies of specific behaviors
(Categorical data)

Constants

Make observations at the same time of day 
Same otter observed in the same location throughout the experiment

Note: Experimental and control groups can’t be predetermined! I will 
categorize after data are collected, choosing temperature category ranges 
that match the observation data.

Experimental Groups and  
Control Group

Control Group

Average 
expected 
temperature for 
the season

Exp. Group #1 Exp. Group #2 Exp. Group #3

Coolest water 
temperature
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Control Group
The control group is the one group to which all other groups will be compared. 
The control group receives the exact treatment as the experimental groups 
except it does not receive the change of the independent variable. In the 
orange/vitamin C experiment, the control group would be the level of vitamin 
C while still attached to the tree (or shortly thereafter), but in all other ways, it 
is treated and cared for in the same manner as the experimental groups. This 
way you can determine whether or not there are hidden variables that may be 
changing without you knowing it. 

A control can also be a known measurement or level of the independent 
variable. In the river otter experiment, the average expected temperature 
could be designated as the control group. 

Sometimes a control can only be designated after data are collected. Also, 
for some experiments, there is no control group and the comparison among 
the experimental groups is enough. 

Notice there is no control group for the geology research design shown 
in Figure 2.2. This is acceptable because the data collected at each depth will 
be compared to one another because the researcher is looking for a pattern 
in an event that occurred many years ago. This geology research design also 
highlights how, because the data are located in the environment, there are 
fewer constants than there would be if completed in a controlled setting. 

In the chemistry design shown in Figure 2.3, it is important to note that sev-
eral trials of this experiment should be performed, and additional experimental 
group rows could be added in the table to indicate this. Comparing this data to 
another brand of cosmetics would be a way to expand this experiment. 

Both the experimental and control groups are considered a smaller sample 
of the larger population. Statistically, a sample is a subcollection that represents 
the entire population. The sample is the group from which you actually collect 
data. The population represents a complete collection of every item that has the 
same characteristics as the individuals in the sample group. For example, in 
an experiment that has three experimental groups and a control group, these 
four groups make up a representative sample of the entire population. Under-
standing that these groups are samples that represent a population is important 
when you begin to statistically analyze your data after your experiment. 

Samples are commonly used in research studies to make claims regarding 
the entire population. The assumption is that as long as the sample represents 
the population—that is, that the characteristics of those entities within the 
sample match those in the population—these types of inferences (claims) can 
be made. The larger the sample, the more likely this assumption is correct. In 
the STEM studies we are conducting, rarely if ever, can data be collected from 
an entire population; therefore data from samples must be studied instead. 
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Figure 2.2

Sample Geology Research Design Table

Hypothesis Draft

The number and type of fossils will differ at varying depths.

Independent Variable

Soil sample from 
different depths 
(meters)

Background Questions

What methods for collecting soil from a cliff will do the least amount 
of damage? And be safest for me?
How will I identify fossils?
What categories for “type” will I use?
How do I best organize my lab notebook for this type of research?
How will I count partial fossils?

Dependent Variable

Quantitative

Number of fossils  
(# per kg)

Qualitative

Type of fossils

Constants

Soil samples removed from clliff on the same day
Soil samples spread out and allowed to dry before weighing  
1 kilogram from each depth

Experimental Groups and  
Control Group

Exp. Group #1

Soil sample 
from top 
surface of  
a cliff

Exp. Group #2

Soil sample at 
5 meters

Exp. Group #3

Soil sample at 
10 meters

Exp. Group #4

Soil sample  
at 15 meters
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Figure 2.3

Sample Chemistry Research Design Table

Hypothesis Draft

Comparing color dyes found in cosmetics

Independent Variable

cosmetics that contain 
straight dyes

Background Questions

In what cosmetics are dyes found? Which will be easiest to 
test?
What are the different types of dyes?
What testing has been done on dyes? Are some dangerous?
How are cosmetics tested?
What makes cosmetic dyes stay where they are applied?
Can I use chromatography to distinguish the different 
dyes?
How do I do that? What supplies will I need?
Are dyes required to be listed in the ingredients?
What makes a cosmetic product darker? Different darker 
dyes or many dyes used together?

Dependent Variable

Quantitative

# of dyes per product

Qualitative

Description (and photographs) 
of chromatograms

Constants

Chromatograms are all made from filter paper used from 
the same package.
same method of obtaining samples is used for all groups.

Same product and brand is used, but different shades and 
multiple trials.

Note: Experimental groups will be various shades from 
lightest to darkest.

Experimental Groups and  
Control Group

Exp. Group #1

Lightest color 
product

Exp. Group #2

Darker than control. 
Lighter than 
group 2

Exp. Group #3

Darkest color 
product
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Constants
Constants are the factors within an experiment that are kept the same for all 
groups or trials in an attempt to reduce the influence of additional variables. 
Once you have chosen the independent variable, you must design an experi-
ment to take all of the other potential independent variables into account and 
make them constant. Otherwise, you will not be able to support a clear rela-
tionship between the two variables for which you have data. 

How you decide to perform the experiment, meaning the step-by-step 
procedure, is crucial and can greatly influence the integrity of your experi-
ment. Your treatment of each of the groups must be the same in every way. 
When analyzing the data after the experiment, you will have to critique your 
methods to see if something you may have done, or failed to do, influenced 
the results. This is another reason why background research before starting 
the experiment is so important. 

You need to consider what it means to provide a constant environment 
for all the groups. For example, in a plant experiment where different intensi-
ties of light are used, it is likely that the soils will dry out at different rates. 
Does keeping the water a constant mean that each plant gets watered the 
exact amount, on the same days of the week? Or does keeping the water a 
constant mean that each plant gets enough water so that its soil is moist 1 cm 
below the surface? Although there is not always a “right” answer to these 
types of questions, you need to do background research to determine which 
methods would introduce the least amount of error.

In the reproduction/temperature experiment on planaria (pp. 17–18), the 
constants might include the methods used to observe and handle the pla-
naria, the length of time each group receives light, and how often planaria are 
fed and environments cleaned. The list of conditions to keep constant within 
your experiment can be extensive. It is important to learn as much as pos-
sible about the entity being studied AND about the independent variable. 
You want to be as informed as possible about any additional factors that may 
influence the results. 

Be careful that by controlling for one extraneous variable you are not 
introducing another one. An extraneous variable is a variable in addition to the 
independent variable that may influence the results of an experiment. Extra-
neous variables can introduce errors if they are not controlled or significantly 
decreased. For example, if planaria specimens are placed in different rooms 
to keep the varying temperatures from interfering with the experimental and 
control groups, additional variables have now been introduced. The differ-
ent rooms might have varying amounts of light or might be used more or 
less frequently by people. You will not be able to control everything, but you 
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will have to make decisions on what is least likely to influence the results. Be 
ready to address any limitations of the experiment. Explaining the efforts that 
went into reducing the effects of extraneous variables is important. Figure 
2.4 shows a sample of what a biological experimental design might look like 
when put into an experimental design table. 

Difference Between Quantitative Data and 
Qualitative Data
Quantitative data are data that use numbers with a unit of measurement—for 
example, the length of an insect in millimeters or the weight of a projectile in 
kilograms. Qualitative data are data that describe characteristics or qualities, 
such as color, odor, or texture, or data that describe category frequency or 
ratings, such as stem sturdiness (e.g., “sturdy,” “somewhat sturdy,” “limp”). 
Therefore, both describe the same situation but in different ways. While quan-
titative measurements are of upmost importance in all STEM-based research, 
qualitative descriptions of data are appropriate to supplement and give a dif-
ferent view of the same data. 

Quantitative = data that can be expressed in 
numbers (quantified)

Qualitative = descriptive data or data that has 
been put into categories (i.e., categorized data) 

Quantitative Data Uses
Quantitative data are the primary data collected for most STEM research. The 
purpose in collecting quantitative data is to enable you to categorize, organize, 
and classify your observations in such a way that the experimental groups 
can be compared mathematically to one another and to the control group. 
In other words, the quantitative data collected throughout the experiment 
(hourly/daily/weekly) can later be calculated into changes over the course of 
the experiment to determine if the difference is statistically significant. End of 
the experiment mathematical calculations may include means, modes, medi-
ans, total change, rate of change, or speed of change. These numbers are used 
to determine whether the differences are statistically significant. See Chapters 
7–9 for a lot more information about mathematical analyses.

As the researcher, you will first consider quantitative measurements by 
measuring the effects of the dependent variable. You must consider using 
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Figure 2.4

Sample Biology Research Design Table

Hypothesis Draft

If the amount of solid surface on top of the soil is related to the strength of the seedling, then 
seedlings will break through thinner surfaces more consistently and with less damage to the 
seedling.

Independent Variable

Varying depth of solid 
surfaces for seedlings to 
grow through

Background Questions

What species of seeds would best be used?
What type of seed has a fast germination rate and is easy to 
grow in controlled conditions?
What are the best solid surfaces to use? (Plaster of paris, concrete 
mix, spackling paste?) What other variables might be introduced 
by using these materials? How can I reduce those?
What are the best ways to measure “strength” of seedlings? 
(Crack of surfaces, speed at which they get through the 
surface?)

Dependent Variable

Quantitative

# of days it takes to 
break through surface 
width/length of the crack
Thickness of seedling stem 

Qualitative

Condition of the seedling 
during and after breaking 
through surfaces
Conditions of roots and 
seedling

Constants

Seedlings all have the same lighting, watering, and feeding 
schedule (plants are rotated weekly).
Data collection is done at the same time every day.
Temperature of the room remains the same for all seedlings.
Seeds of the same kind came from the same package.
Seeds are all planted in the same type and size container (clear 
plastic cup).
All seeds have the same quality and amount of soil underneath the 
solid surface.

Experimental Groups and  
Control Group

Control Group

No solid 
surface  
(just soil)

Exp. Group #1

.5 cm depth
solid surface

Exp. Group #2

1 cm depth
solid surface

Exp. Group #3

1.5 cm depth 
solid surface
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mathematical measurements such as area, angle, conductivity, density, elec-
trical current, force, heat, humidity, length, light intensity, mass, pH, pres-
sure, salinity, temperature, time, velocity, volume, or others. Your teacher will 
most likely require you to use only metric units or the International System 
of Units (SI), so you will use centimeters instead of inches and liters instead of 
gallons. The quantitative data you choose to record should be based on your 
background research. 

Be sure to have reasons that support the relationship between the inde-
pendent and dependent variables. For example, in an experiment that seeks 
to determine whether powdered drinks contain different food dye concentra-
tions, it would not make sense to measure pH because pH is not the factor 
being studied in the relationship between the variables. 

Quantitative data are used primarily to measure your “effects.” There 
are other ways, however, in which quantitative measurements are a part of 
your experiment. First, you need to record measureable differences between 
your experimental groups. For example, if your independent variable is pH, 
you must record accurate measurements to ensure that the pH levels for each 
experimental group are appropriately different from one another. Second, 
you need to record quantitative measurements to ensure that extraneous 
variables remain constant. For example, temperature is often an added influ-
ence in an experiment and so must remain constant. Therefore, you must find 
ways within the experimental design to keep temperature the same and then 
plan to monitor and record this measurement periodically throughout the 
experiment. 

The type of data and how you collect it will depend on what type of STEM 
research project you plan to do. In mathematics, physics, and population and 
human genetics research, the data may already exist. You may even be able to 
find reliable resources of data online. Then, it is a matter of obtaining the data 
and organizing it so that an analysis correlating it to the dependent variable 
can be made. 

Qualitative Data Uses
Qualitative descriptions help you record changes within your experiment 
that may not necessarily be measureable. When collecting these observations, 
you describe how something looks, smells, feels, sounds, or tastes (when 
appropriate) or categorize it into a specific category. However, just because 
you may not be using numbers, don’t lose your objectivity. Your observa-
tions should be scientific in nature and not make judgments or inferences. 
An inference is a conclusion, based on facts, that is perceived to be true by the 
researcher. Be careful, however, when you make an inference. The statement 
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“The solution looks normal” is an inference, but this conclusion obviously is 
based on observations that are not recorded. Although you may know what 
you mean, inferences written without factual descriptions will not help you 
compare results at the end of the experiment. Statements that include infer-
ences are best saved for after data are collected. Instead, the actual observa-
tions, which lead to the inferences, should be recorded. Remain scientific and 
use detailed and descriptive language.

If you have trouble determining how to describe qualitative data, ask 
yourself, “What is ‘normal’ about this?” Make a long list of adjectives to 
describe the qualitative aspects of your dependent variable. For example, if 
you are studying viscosity of a fluid, list words that will help you describe 
varying thicknesses of the solutions—for example, stringy, thready, dense, 
clumps, or runny. If you photograph the entities throughout the experiment, 
you’ll be able to compare qualitative differences. You may notice something 
in photographs that you didn’t notice on a day-to-day basis. These observa-
tions will help supplement the quantitative data that you collect.

In addition to narrative descriptions, qualitative data can also be in the 
form of category frequency or ratings, both of which use numbers. Counting 
frequencies allows you to keep track of changes that are not normally quanti-
fied. For example, to record color change, you could use paint swatches, with 
each gradient of color assigned consecutive numbers—perhaps low numbers 
for lighter shades and higher numbers for darker shades. In a catapult-testing 
experiment, after research and/or pretrials, you might determine that there 
are three basic arch shapes in which the projectile might fall. After each trial, 
you could measure distance (quantitative) but also determine which of the 
three arch categories a catapult belongs to (qualitative). 

If you choose to do behavioral research, you might collect data on loca-
tion, like at a zoo, for animal behavior or at a coffee shop for human behavior. 
Recording behavior is a good time to use qualitative data. Behavioral research 
can be recorded several ways; the most common are focal sampling, scan 
sampling, and sequence sampling (Morgan 2009). 

•	 In focal sampling, you choose one individual or group of individuals 
and record your observations for a set length of time. You watch and 
record everything you observe, writing in a narrative form. 

•	 In scan sampling, you record the activity of an individual or group 
at preselected time intervals. Scan sampling should give you a 
sample representation of the behaviors taking place, and if you 
predetermine categories, it will also allow you to tally behaviors that 
can be used in data analysis. For example, if using scan sampling in 
the river otter experiment (Figure 2.1), you might observe the river 
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otter in two-minute segments for several hours. At the moment 
each two minutes has passed, you would record what the otter 
is doing. Otter behavioral categories to be tallied might include 
walking, swimming underwater, floating on back, diving, grooming, 
foraging, or playing. Scan sampling helps keep an accurate record 
of observed behaviors as well as a record of changes over time if 
multiple observations are made. 

•	 In sequence sampling, you record behaviors that occur within a 
sequence, in the order in which they occur. The rubric in Table 2.1 
is an example of sequence sampling. The rubric was designed for a 
horse-training experiment in which the researcher wanted to keep 
track of a horse’s progress as it learned a new skill. The behavior 
(taking a first step) was broken down into smaller pieces and then 
used during each training session to record the progress of the horse 
as it learned the new behavior. 

Table 2.1

Sample Rubric for Observation of Horse Behavior (From Lifting the Hoof to Taking First Step)

1 2 3 4 5

Slightly bends knee for 
less than a second and 
puts back on ground

Bends knee but leaves 
toe of hoof on ground 
for about a second and 
then puts weight back 
on ground

Lifts hoof off ground 
but puts it back down 
less than a second

Lifts hoof off ground 
for a second and then 
puts weight back on 
ground

Lifts hoof off ground 
for more than a 
second

Table 2.2 shows sample quantitative and descriptive data for various types 
of research projects. The table may help you tell the difference between quan-
titative data and descriptive data that you collect during your experiment.
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Table 2.2

Sample Quantitative and Qualitative (Descriptive) Data for STEM Research Projects

STEM Field Entity Studied Quantitative Data Qualitative (or Descriptive) Data

Anatomy and 
physiology

Elbow joint range 
of motion (ROM)

110°
Patient winced at 95° but was able to go to 
110°.

Biology
Earthworm 
growth

62 segments above 
the clitellum, 170 

below

Worm pink at the posterior end and brown 
everywhere else. 

Chemistry
Precipitation 
reaction

2.1 g Bright yellow precipitate = 4 (scale 1–5) 

Geology Soil porosity 360 ml
Color of the soil did not change with the 
addition of water, but a bitter odor was 
noticeable.

Mathematics Travel time 40 min.
The roads were wet because it was drizzling 
at the time of data collection.

Physics/
engineering

Tensile stress and 
strain 

87 g
6.4 cm

Cord made loud cracking sounds before it 
snapped. 

Chapter Questions
1.	 What are the main components of an experimental design?

2.	 What is the purpose of having a hypothesis in a STEM-based 
research project?

3.	 When doing background research on independent and dependent 
variables, what sort of information will help you write a good 
research design? 

4.	 How do the individual entities or trials within the experimental 
groups differ? How are they the same? 

5.	 How are the constants different from the control?

6.	 How should the consideration of extraneous variables affect the 
design of a STEM research project?

7.	 How do quantitative data differ from qualitative data?

8.	 Why might recording inferences (instead of facts) interfere with data 
collection? 
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Chapter Applications 
Now it’s your turn. Look back at your Student Handout #1, Focusing Prelimi-
nary Research Ideas, on page 14. Use it to complete the Student Handout #2, 
the Research Design Table, on the following page. Refer to the example design 
tables provided in this chapter. Carefully consider the elements of your exper-
iment. Think about the variables that can best be observed and measured, 
taking into consideration the equipment, resources, and lab skills you have 
at your disposal. Consider advice and suggestions from your teacher and 
your classmates. Completing this table in writing will help you determine 
the strengths and weaknesses of your research design. It will tell you what 
you still need to learn more about. Don’t be surprised if you complete several 
drafts of the table, maybe on completely different topics. 

If you are working with a group or with a partner on this project, your 
teacher may prefer that you brainstorm together regarding the research ideas 
and variables and then complete the remaining parts of Student Handout #2 
individually. In that case, group members can discuss the differences between 
the different proposed research designs and then combine the best of each 
version to make a single group draft. At that point, consider typing up the 
group draft and posting it to a Google Doc that you can share with all mem-
bers of your group and with your teacher (for more information on Google 
Docs, see p. xxviii). In that way, each group member can make edits to the 
document, and the teacher can check on the group’s progress.

The next chapter will help you develop research questions to help focus 
your background research. Continue doing background research on your 
topic. Though it may seem contradictory, the more background information 
you have, the better you will be able to modify your research design. 
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Research Design Table
Name __________________________________________________ Class ____________ Date _______________

Directions: Complete the following table with your research project idea.

Hypothesis Draft

Independent Variable Background Questions

Dependent Variable

Quantitative

 

Qualitative

Constants

Experimental Groups and  
Control Group

Control 
Group

Exp. Group #1 Exp. Group #2 Exp. Group #3
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Page numbers in italics refer to 
figures, tables, student handouts, 
forms, or boxed sidebars. Page 
numbers in bold refer to Key Term 
definitions.

Abstracts, 156, 166‑167
on posters, 185

Analysis and conclusions, 91, 156, 
162, 164‑165, 179, 184

Analysis of variance. See ANOVA
Anatomy, data type examples, 31
Animals

nonhuman vertebrates, 11, 12
as research projects, 10

ANOVA (analysis of variance), 132

Back-ups of files, 156, 183
Background research, 359

hypotheses and, 38, 60
importance of, 25, 38
lack of information, 37‑38
note-card method of organizing, 

41‑44, 42, 43
number of questions, 37
question categories for, 36‑37
research questions (handout), 

38, 54
Backing up files, 156, 181, 183
Bar graphs, 112, 124‑125, 125
Behavioral ecology, research design 

table, 21
Behavioral research

location data, 29
recording methods, 29‑30

Bibliographies. See Documentation; 
Works cited

Bimodal, 94
Biology

data type examples, 31
research design table, 27

Blogs, Wikis, Podcasts, and Other 
Powerful Web Tools for 
Classrooms (Richardson), 50

Box and whisker plots, 112, 117‑119, 
117, 118, 119

Calculators, statistical, online sources 
for, 106, 133, 134, 135, 136

Cartesian coordinate system, 112
Central tendency, 94
Chemistry

data type examples, 31
research design table, 22, 24

Chi-square, 132
Citations, 146

comparing in-text citations 
with Works Cited list, 
150‑151, 153

in-text, 146‑149, 148, 149
works cited list, MLA style, 

149‑150
See also Style manuals

Conclusions. See Analysis and 
conclusions

Connections, background research 
questions about, 37

Constants, 16, 25
Control groups, 16, 22
Correlation, 132

online search terms for, 136
Cosmetics (research example), 22, 24

Data, 2
qualitative, 16
quantitative, 16

Data collection, 2, 28
by groups, 80‑81

Data interpretation, 138‑140
additional questions arising 

from, 138‑139
graphical representations for, 

127
hypothesis support, 139‑140
hypothesis support lacking, 140
interpreting graphical and 

statistical data 
(handout), 142‑144

ongoing questions to ask, 138
peer editing exercise (handout), 

142‑144
relationship between variables, 

139
See also Graphical 

representations; 
Qualitative Data; 
Quantitative Data; 
Statistical data

Data sets, 94, 95
Data tables, 86‑89, 87, 88, 89

descriptive and inference data, 
87, 88

external variables data, 89, 89
quantitative and qualitative 

data, 87, 87
quantitative and total change 

data, 87‑88, 88
Dependent variables (DV), 2, 16, 18, 19

background research questions 
about, 36‑37

See also Variables
Descriptive data. See Qualitative data
Descriptive statistics, 94, 95

central tendency measures, 
95‑96, 99

arithmetic mean (average), 
97‑98

median, 98‑99
mode, 96

choosing which to use, 141
to explain experiments’ results, 

108
rate of change, 107
total change, 107
variation, interquartile range, 

100, 100

see also Inferential statistics; 
Statistical variation

Design. See Research design
Dispersion. See Statistical variation
Documentation, 36, 40, 145, 146

bibliographic information, 44, 
44

bibliography cards, 42, 42
Chicago Manual of Style, 146, 161
citations, 146
comparing in-text citations with 

Works Cited list, 150‑151
general principles, 147
how much to use, 151
in-text citations, 147
MLA style for, xx‑xxi, 40, 146, 

147‑151
Notebook Organizer: 

Bibliography (handout), 
49, 55

other works consulted, 146, 185
photographs, 89‑90
photography cards, 90, 90
quotations, 48‑49, 151
style guides, 146‑147
works cited, 146
Works Cited list, MLA style, 

149‑150
See also Research papers; 

Scholarly research
Dot plots, 112, 115, 115
Due dates checklist, 191‑192

E-mails
backing up files via, 156
in laboratory notebooks, 85
to scientists, 51‑52, 52
to STEM professionals, 51‑52, 51

Earth sciences. See Geology
Ecology (behavioral), research design 

table, 21
Editing, by peers (handouts), 142‑144, 

169
El Yunque National Forest (statistics 

example), 103, 104
Engineering, data type examples, 31
Entities, 2, 36
Equipment

designing of, 5
research ideas and, 5‑8, 6‑8

Experiment design. See Research 
design

Experimental groups, 16, 19‑20
description for experimental 

design, 159, 159
measurable differences between, 

28
multiple entities in, 19
multiple trials in, 19
organization of, 19‑20
predetermining, 20

Experiments, 1, 2
See also Research design

INDEX
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INDEX

Extraneous variables, 16, 25‑26

Figures, 152, 153, 161‑162, 173
File backups, 156, 183
Focal sampling, 16, 29
Fossils (research example), 22, 23
Frequency distribution, 112
Fruit ripening (research example), 

19‑20, 22

Geology
data type examples, 31
research design, 22, 23

Google Docs, xviii, 32, 38, 79, 80, 156
privacy concerns, 79

Graphical representations, 112
bar graphs, 124‑125, 125
box and whisker plots, 112, 

117‑119, 117, 118, 119
choosing which to use, 141
dot plots, 112, 115, 115
to explain data, 127
figures, 152, 153, 161‑162, 173
generating visuals, 113
histograms, 112, 113‑115, 114
interpreting (handout), 142‑143
line graphs, 112, 120‑121, 120
narrative observations, 126, 127
pie charts, 125, 126
for posters, 128
for qualitative data, 124‑127
for quantitative data, 113‑124
scatter plots, 112, 121‑122, 122, 

136, 137
stem and leaf plots, 116, 116
tables, 112, 122‑124, 123, 126, 

152‑153, 161‑162, 161
See also Data interpretation

Group projects
Google Docs for, 32, 38, 156
laboratory notebooks and, 82, 

85, 86
location of the experiment, 80
official titles for members, 81
oral presentions, 178
recording group discussions, 

85, 86
rotating tasks among, 81, 85
task assignments, 80‑81
writing the research paper, 156
See also Research projects

Handbook of Biological Statistics 
(McDonald), 131

Hazardous biological agents, research 
involving, 11, 12

Histograms, 112, 113‑115, 114
Horse-training experiment, 30, 30
Human subjects

informed consent, 10‑11
research projects on, 10‑11, 12

Hurricane Hugo (statistics example), 
103, 104

Hypotheses, 16, 17‑18, 58, 58

background research and, 38, 60
changes in, 61, 61
examples, 18, 59‑60, 61
not supported by data, 140
in oral presentations, 178
in proposals, 69
in research paper introductions, 

157, 158
support or rejection of, 61, 

139‑140
writing of, 17‑18, 57, 58‑61, 61, 

62, 184
writing practice for (handout), 

63‑65
Hypothesis testing, 132

statistics tutorials for, 58
See also Research design

Independent variables (IV), 2, 16, 18, 
19

background research questions 
about, 36, 37

See also Variables
Inference, 16, 28‑29
Inferential statistics, 99, 112, 131‑132, 

132
analysis of variance (ANOVA), 

134‑135
chi-square, 132, 135‑136
choosing which to use, 141
correlation, 132, 136
hypothesis testing, 132, 133
scatter plots, 136, 137
statistical significance, 132, 133
t-tests, 132, 133‑134

Information resources
libraries, 38, 39
Open-Access databases, 39
scholarly research projects, 39

Informed consent, 10‑11
Inquiry learning, STEM research and, 

xxiii‑xxiv
Insect repellents (research example), 

18, 19
Instruments

devising, 5
research ideas and, 5‑8, 6‑8

Intel International Science and 
Engineering Fair (ISEF), 10

Internal Review Boards (IRBs), 
research project approval by, 
10, 11

Internet resources. See 
Documentation; Online 
resources

Interquartile range, 94
Introductions, 156, 157‑158, 158, 178, 

184

Junior Science and Humanities 
Symposium (JSHS), 10

Key terms, 2, 16, 36, 58, 68, 78, 94, 112, 
132, 146, 156

See also specific key terms

Laboratory notebooks, 77, 78, 92, 128
acceptable vs unacceptable 

entries, 95
calculations in, 93‑95, 108
components, 82‑91
correspondence record, 84‑85, 

86, 127
data tables, 86‑89, 87, 88, 89, 91
e-mails included in, 85
experimental proposal section, 

83‑84
graphs, 91
for group projects, 82
online, 79‑80, 95
outlier data in, 128
paper, 78‑79, 95
procedures record, 84, 85, 91, 

127‑128
purpose of, 78
rereading for out-of-ordinary 

items, 127‑128
research conclusions, 91
reviewing, 127‑128
scientific language usage in, 

94‑95
statistical analyses, 91
table of contents, 83
title page, 83

Libraries, database access and, 39
Limitations, 156, 164
Line graphs, 112, 120‑121, 120

Materials and Methods, 156, 159, 159, 
178‑179, 184

Mathematics, data type examples, 31
Measurement

metric system use, 27
in qualitative research, 29

Median, 94
Mode, 94

Normal distribution, 112
Note-taking

avoiding plagiarism in, 47
background research questions 

(handout), 54
bibliography page (handout), 55
in-text citations during, 153
methods, 40
note-card system, 41‑44, 42, 43
Notebook Organizer: 

Bibliography (handout), 
49, 55

Notebook Organizer: Question 
Page (handout), 49, 56

notebook system, 44‑46, 44, 45, 
46

online tools for organizing, 41
research question page 

(handout), 56
social bookmarking tools, 50‑51
using MLA citation style for, 153
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Online resources
blog postings by scientists, 49
Boolean search how-to, 49
correlation statistics, search 

terms for, 136
documentation styles, 146
e-mails to science professionals, 

51‑52, 52
e-mails to STEM professionals, 

51‑52, 51
Google Docs, xviii, 32, 38, 79, 80
Google News, 50
library access to, 39
news websites, 50
note-organizing tools, 41
Open Access research databases, 

39, 39, 53
photography-sharing sites, 

90‑91
podcasts, 49
privacy concerns, 79
research report databases, 39, 39
RSS feeds and readers, 49‑50
social bookmarking, 

xxvii‑xxviii, 50‑51
spreadsheet software, 96, 106
statistical calculators, 96, 106, 

133, 134, 135, 136
statistics, tutorials, 96
STEM mentors, xix
video-sharing sites, 91
wikis, xxvii‑xxviii
Yahoo News, 50

Oral presentations
answering audience questions, 

181‑182
backups, 181, 183
closure, 179
dressing for, 181
of group projects, 178
practicing, 180‑181, 186
preparing for, 180‑182
rubric for, 209‑211
See also Poster presentations; 

Research presentations
Other works consulted, 146, 185
Outliers (outlier data), 94, 101‑102, 128

Peer editing, handouts for, 142‑144, 
169‑175

Peer review, 39
Photography, 89‑90, 90

videos, 91
Physics, data type examples, 31
Physiology, data type examples, 31
Pie charts, 112, 125, 126
Plagiarism

avoiding, 47‑48, 155
of ideas, 47

Planaria (research example), 17‑18, 
25, 59

Population, 16, 22
Poster presentations, 128, 166, 

183‑186, 186‑187

abstracts, 166, 185
audience members, 185‑186
being an audience member, 186
conclusions, 184
creating the poster, 183
graphical representations for, 

128
how to behave, 185‑186
hypothesis, 184
introduction, 184
materials and methods, 184
poster components, 184‑185
preparing for, 185‑186
results, 184
symposium preparation, 

185‑186
title, 184
See also Oral presentations; 

Research presentations
Preliminary research ideas

focusing of (handout), 14
generating ideas, 4‑8, 6‑8, 9

Pretrial, 68
Problem-based learning (PBL), STEM 

research and, xxiii
Proposal process, xxi‑xxii
Proposal writing, 67, 68

active vs passive voice, 74, 75
appendixes, 73
components, 68‑73
data collection descriptions, 

72‑73
data collection frequency, 71‑72
experimental design table, 69
formatting rules, 68
introduction, 69
materials list, 69‑70
method descriptions, 70‑73
narrative vs step-by-step, 71
title, 69
trials, number of, 71‑72
See also Writing

Qualitative data, 16, 28‑30, 31
category frequency, 29
describing, 29
graphical representations for, 

124‑127
quantitative data distinguished 

from, 26
ratings, 29
See also Data interpretation

Quantitative data, 16, 26, 31
graphical representations for, 

113‑124
mathematical measurements, 27
qualitative data distinguished 

from, 26
uses, 26‑28
See also Data interpretation

Questions
about connections, 37
about dependent variables, 

36‑37

about independent variables, 
36, 37

about relationships between 
variables, 139

about whether hypothesis is 
supported, 139‑140

arising from data interpretation, 
138‑139

background research questions, 
37

background research questions 
(handout), 38, 54

if hypothesis is not supported, 
140

new, during research, 4, 8‑9
ongoing questions to ask, 138
“why” questions, 5‑8

Range, 94
Raw data, 78
References. See Works cited
Research. See Background research; 

Research projects; Scholarly 
research; STEM research

Research design, 15, 17
components, 17‑26
data collection, 72
data collection frequency, 71‑72
experimental group 

descriptions, 159, 159
experimental group 

organization, 19‑20
materials required, 69‑70
method descriptions, 70‑73
pretrials, 70‑71
table for (handout), 33
trials, number needed, 71‑72
See also Experiments; 

Hypothesis testing
Research design tables, 69

animal behavior, 21
behavioral ecology, 21
biology, 27
chemistry, 24
geology, 23
student handout, 33

Research papers, 145, 155, 168
abstracts, 156, 166‑167
accompanying materials, 167
analysis and conclusions 

sections, 156, 162, 172
introductory paragraph, 

162
last paragraph, 164‑165
limitations in, 164

appendixes, 161‑162
experimental group 

descriptions, 159, 159
figures, 152, 153, 161‑162, 173
file backups, 156
first page contents and format, 

151‑152
formatting, 151, 152, 169
grade sheet, 167, 195‑198
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grading rubric, 167, 199‑207
for group projects, 156
introductions, 156, 157‑158, 158, 

169‑170
limitations, 156, 164
materials and methods sections, 

156, 159, 159, 170‑171
peer editing form (handout), 

169‑175
personal reflections, 165
preparing graphical 

representations for, 128
results section, 156, 160‑162, 

171‑172
results section organization, 

160‑161
setup, 151‑153
subdivisions within, 152
submission preparation, 167
tables, 152‑153, 161‑162, 162
See also Documentation; Writing

Research presentations
observation sheet, 193‑194
research symposia, xxii‑xxiii
science fairs, xxii‑xxiii
See also Oral presentations; 

Poster presentations
Research projects

animal research concerns, 10, 11
due dates checklist, 191‑192
ethical issues, 9‑10
focusing a topic, 8‑9, 9
focusing ideas for (handout), 14
human subjects, 10‑11, 12
Internal Review Board approval 

for, 10
Judge’s score sheet for, 213‑214
new questions arising during, 

4, 8‑9
ongoing questions to ask, 138
preliminary ideas for, 4‑8, 6‑8, 9
safety issues, 9
stages, 3‑4
title, 69, 184
“why” questions, 5‑8
See also Group projects

Results, 156, 160‑162, 179, 184
River otter behavior (research 

example), 20, 21, 22, 30, 135
background research questions, 37

Safety
laboratory, resources for, 11
research project considerations, 

9
Samples, 16, 22
Scan sampling, 16, 29‑30
Scatter plots, 112, 121‑122, 122, 136, 

137
Scholarly research, 36, 38‑39

access to information resources, 39
Open Access website sources, 

39, 39, 53
See also Documentation

Science fairs, xxii‑xxiii
Scientific method, 1, 2

steps in, 2‑3
Scientific research resources. See 

Information resources
Scientific writing, 73‑74, 75
Seeds, preliminary research ideas 

for, 9
Sequence sampling, 16, 30
Significance. See Statistically 

significant
Social bookmarking, xxvii
Spread. See Range; Statistical variation
Standard deviation (σ, SD, s), 94
Statistical data, interpreting 

(handout), 142‑144
Statistical variation, 94, 99

analysis of variance (ANOVA), 
134‑135

outlier data, 94, 101‑102, 128
range, 99‑100
software for calculating, 106
standard deviation, 102‑106, 

103, 104, 105
variance, 106, 106
See also Descriptive statistics

Statistically significant, 132
Statistics. See Descriptive statistics; 

Graphical representations; 
Inferential statistics

Stem and leaf plots, 112, 116, 116
STEM professionals

e-mails to, 51‑52, 51
presenting research results, 177

STEM research, 1, 2
group icons, xxvi
importance of, xxiii‑xxiv
incorporation in high school 

curricula, xvii‑xix
inquiry and, xxiii
mentors, xix
problem-based learning (PBL) 

and, xxiii
process, 3
proposal process, xxi‑xxii
technology icons, xxi, xxvi

STEM research papers. See Research 
papers

Student Handouts
Background Research 

Questions, 38, 54
Focusing Preliminary Research 

Ideas, 14
Form for Peer Editor of STEM 

Research Paper, 169
Interpreting Graphical and 

Statistical Data, 142‑144
Notebook Organizer: 

Bibliography, 49, 55
Notebook Organizer: Question 

Page for Notes, 49, 56
Peer Editing Exercise, 142‑144
Practicing Writing Hypotheses, 

63‑65

Research Design Table, 33
Style manuals, 146

Chicago Manual of Style, 146, 161
MLA Handbook for Writers of 

Research Papers, xx‑xxi, 
40, 146, 147‑151, 153

Subjects. See Experimental groups; 
Research projects

t-test, 132, 133‑134
Tables, 112, 122‑124, 123, 126, 152‑153

in laboratory notebooks, 86‑89, 
87, 88, 89, 91

referring to, 161, 161
size of, 161‑162

Tennis court (research example), 60
Titles, of projects, 69, 184
Tools. See Equipment; Instruments
Treatment groups. See Experimental 

groups
Trials, 16, 19

Unimodal, 94

Variables, 18, 19
See also Dependent variables; 

Independent variables
Variance (s²), 94
Variation (statistical). See Statistical 

variation
Videos, 91
Vitamin C (research example), 19‑20, 22

Web resources. See Online resources
Wikis, xxvii‑xxviii, 79, 80

privacy concerns, 79
Works cited, 146, 185

comparing list with in-text 
citations, 150‑151, 153

MLA style for, 149‑150
research paper formatting of, 

152
Works consulted. See Other works 

consulted
Writing

active vs passive voice, 74, 75
appendixes, 73
avoiding plagiarism, 48
figures and tables, referring to, 

161
hypothesis statements, 17‑18, 57, 

58‑61, 61, 62
hypothesis writing practice 

(handout), 63‑65
narrative vs step-by-step 

method description, 71
quotation use, 48‑49, 151
research paper introductions, 

157‑158, 158
scientific writing characteristics, 

73‑74, 75, 94‑95
See also Proposal writing; 

Research papers; Style 
manuals
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