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The use of lab notebooks for scientific documentation is a ubiquitous part of physics research.
However, it is common for undergraduate physics laboratory courses not to emphasize the
development of documentation skills, despite the fact that such courses are some of the earliest
opportunities for students to start engaging in this practice. One potential impediment to the
inclusion of explicit documentation training is that it may be unclear to instructors which features
of authentic documentation practice are efficacious to teach and how to incorporate these features
into the lab class environment. In this work, we outline some of the salient features of authentic
documentation, informed by interviews with physics researchers, and provide recommendations for
how these can be incorporated into the lab curriculum. We do not focus on structural details or
templates for notebooks. Instead, we address holistic considerations for the purpose of scientific
documentation that can guide students to develop their own documentation style. While taking into
consideration all the aspects that can help improve students’ documentation, it is also important
to consider the design of the lab activities themselves. Students should have experience with
implementing these authentic features of documentation during lab activities in order for them to

find practice with documentation beneficial. © 2018 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.5001933]

I. INTRODUCTION

Scientific documentation is a vital component in the
process of research. These records, documented in physics
laboratories all around the world, constitute the foundational
information for essentially all the published experimental
results found in physics journals. Without thoughtful and
thorough records of experimental progress, it is difficult to
imagine physicists successfully navigating the complexities
of today’s research frontier. Given its importance, we should
actively be teaching scientific documentation skills to phys-
ics students.

To further motivate the importance of teaching documen-
tation, several recent reports have emphasized the need for
educational improvements that focus on engaging undergrad-
uate students in skills that are similar to those of professional
scientists.' The use of lab notebooks to perform authentic
scientific documentation is identified as one of these skills.

Effective development of students’ documentation skills
requires understanding what constitutes authentic documen-
tation and how to incorporate it into a lab course. There
have been research efforts, outside of physics, that address
the incorporation of scientific writing into lab courses, but
much of this work has focused on summative forms of writ-
ing, such as lab reports.*® Most of the work that directly
addresses the development of notebook documentation skills
can be found in chemistry'®"'* and engineering'>'® educa-
tion. Some of this literature places a strong emphasis on the
role of documentation for patent support and as a result is
formulaic.'>!>!7

Although some of the recommendations from this body of
work could prove useful in the context of physics, it is not
clear which aspects actually translate. In our view as educators,
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experimental physicists, and physics education researchers, the
physics lab environment has distinctly different concerns and
considerations than those of a chemistry, biology, or engineer-
ing lab."® For this reason, we thought it prudent to focus on the
documentation practices used in physics to inform how to
address the use of notebooks in physics lab courses.

In the physics education literature, there has been little
work done that addresses documentation. A few exceptions
include case studies of historical notebooks'® and descriptions
of lab courses that emphasize the importance of notebook
documentation, but do not (Brovide details about practice or
lab class implementation.2 22 However, there have been
some instructor efforts to design activities that engage stu-
dents in wunderstanding and developing documentation
skills.>** Our goal for this work is to add to these efforts.

In our previous work, we interviewed physics graduate
student researchers to understand the educational experien-
ces researchers have with lab notebooks that help them
develop their documentation skills. We found that despite
the apparent importance and ubiquity of scientific documen-
tation, many had not developed a practice of scientific docu-
mentation that was suitable for their research until after they
had started in their graduate research groups. Most of them
described their undergraduate lab courses as being poor
preparation for maintaining these lab records—generally,
scientific documentation was not taught in these courses.”
There are a number of reasons why this could be the case.
For example, developing documentation skills may not be a
high priority for physics lab courses (in particular, introduc-
tory lab courses), and thus it is not established as a learning
goal. Alternatively, if developing documentation skills is in
fact a learning goal, the course may not be explicitly incor-
porating documentation-based activities into the curriculum.
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Regardless, we believe lab courses should take an active
approach in motivating and incorporating the use of lab note-
books so that students start developing effective documenta-
tion skills earlier. This will not only be helpful for students
who go on to do graduate research but also those that pursue
other professional avenues that involve technical documenta-
tion but are not necessarily centered on research.

The purpose of this paper is to provide physics instructors
with an outline of some of the main features of documenta-
tion in experimental physics research and recommendations
for incorporating the use of notebooks into a lab course that
are based on this authentic documentation. Our recommen-
dations are based on (1) our own extensive experience with
performing documentation in physics research, (2) our own
experience in teaching lab courses, and (3) interviews with
graduate student researchers that focused on how they per-
form scientific documentation in their work and how they
developed these documentation skills over the course of their
education. The recommendations are the result of a qualita-
tive synthesis of researchers’ interview responses, which we
have evaluated and justified using our own expertise.

In these interviews, we have addressed a range of aspects
of the researchers’ approach to documentation: the purpose
notebooks serve in their research, the format of their note-
books, the degree of detail of their entries, the types of infor-
mation that they record, the frequency with which they write
in and reference their entries, limitations and difficulties that
they confront, and other things to consider when recording
information.

Some aspects of the researchers’ documentation were idio-
syncratic and highly variable, but others proved to be quite
consistent. Understanding both universal and variable fea-
tures of authentic scientific documentation can be helpful to
inform what should and should not be the focus of instruc-
tion. The recommendations we present are for the consider-
ation of instructors when deciding: (1) how to frame the role
of notebooks in their course, (2) how to align the use of note-
books with the goals of the lab activities, and (3) how to
evaluate the quality of the students’ notebook entries and
provide feedback.

The remainder of the paper consists of the following: an
overview of the interview process in Sec. II; a synthesis of
the interviewees’ stated purpose for documentation in Sec.
IIT; a synthesis of the general characteristics of the interview-
ees documentation practice in Sec. IV; recommendations to
instructors that include framing, lab activity design, and
evaluation/grading in Sec. V; and, finally, a brief summary
in Sec. VL.

II. INTERVIEWS

The interviewees were 13 physics graduate students (six
women, seven men) at the University of Colorado Boulder.
They represented a range of years, with the most junior being
in their second year and the most senior being in their sixth.
All interviewees had spent at least six months doing research
in their graduate program, and 10 of them had spent at least
three years doing research in their group. More information
about the participants can be found in our previous work.?

All interviewees were actively involved in research in one
of the “table-top” experimental physics subfields (i.e., those
that involve daily, hands-on experimental activities with
in-house equipment). The breakdown was seven in atomic,
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molecular, and optical physics; three in condensed matter
physics; two in biophysics; and one in plasma physics.

We chose to focus on these subfields because the daily
activities and hands-on nature of the research are most simi-
lar to the activities of students in upper-division lab courses;
therefore, the interviewees’ use of notebooks was likely to
be the most relevant to the use of notebooks in a lab course.

These interviews were part of a broader effort to explore
the scientific documentation of physics graduate student
researchers. Each interview consisted of three different parts:
(1) lab context, in which we probed the nature of the experi-
ment and work dynamic the interviewee experienced; (2)
features of their documentation, in which we probed the spe-
cifics of what, how, and why the interviewee recorded the
information they did; and (3) educational background, in
which we probed the interviewee’s experience with scientific
documentation at various periods in their education. We
have previously used these interview data in a research
capacity to examine the interviewees’ educational experien-
ces with notebooks. Here, we rely on the interviews in a non-
research capacity to motivate and reinforce our pedagogy
recommendations regarding documentation. For the purposes
of this paper, we focused narrowly on the responses to
the second section of the interview. The data from the third
section have been reported on in our previous work.>

Prior to the interviews, the interviewees were asked to find
an entry they wrote in their research notebooks that they evalu-
ated as higher quality and one of lower quality, and to bring
this notebook to the interview. During the interview, the inter-
viewer went through these entries in detail with the interviewee
and had them compare and contrast the content and features of
both entries. This was done as a way for us to understand the
interviewees’ documentation through specific examples, as
well as provide a visual aid for discussion about what does and
does not make for good scientific documentation.

To synthesize the interview data, we listened through each
interview individually and wrote field notes that summarized
the researchers’ responses. We then went through all of the
field notes to look for aspects of their documentation practice
that were either variable or consistent amongst the interview-
ees. Our recommendations were based on these findings and
were informed by our experience as physics researchers and
lab instructors. In the following sections, we outline the com-
ponents that are important features of documentation (Secs.
IIT and IV) and describe our recommendations for incorpo-
rating these into a lab course (Sec. V). We refer to the inter-
viewees as “researchers” for the remainder of the paper.

III. PURPOSE OF LAB NOTEBOOKS

Researchers generally had a consensus view of the purpose
for lab notebooks in their research. The notebook is intended
to serve as a record of precisely what one did (both success-
fully and unsuccessfully) throughout the course of one’s
experiment—it was described as being the memory of the
experiment. It was emphasized that the complexity of their
experiments made it too difficult to remember all of the daily
details, and so the notebook was essential for keeping track
of them. Additionally, in order to make progress in their
work, researches had to synthesize results from different
days—by comparing and contrasting different measurements,
they were able to make sense of the subtitles of their experi-
ment. This required that the details of various days’ efforts
were adequately recorded. These different measurements
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may have been taken over the course of days, weeks, or
months. Also, from a summative perspective, information in
the notebook was essential to corroborate anything that would
ultimately be published. For many of the researchers, the
notebook also serves as a place to develop new ideas for the
future trajectory of the project, so that they could revisit and
further refine these ideas as new results arose. Furthermore,
the notebook served to communicate the researcher’s efforts
to others involved in the project either at present or to those
in the future. In essence, the purpose of the notebook was to
help make sense of the experiment, think through future
directions of the project, create a foundation for publications,
and communicate progress with others.

IV. GENERAL CHARACTERISTICS OF
DOCUMENTATION

In this section, we discuss the general characteristics of
how the researchers approached the process of documenting
their experiments. In an attempt to synthesize their approach,
we focus on the aspects that seemed the most germane to the
broadest range of environments. We describe the format and
structure of researchers’ entries, three guiding principles
researchers used when documenting, the different types of
information researchers record, and common difficulties
researchers face when documenting.

A. Format and structure of entries

Although researchers generally agreed on the purpose of
using a notebook for research, this does not necessarily mean
their actual documentation process was similarly consistent. In
fact, we found a large degree of variation between researchers
in their notebook entries. This variation was in both the specif-
ics of the recorded information, and in the overall structure and
format of the entries.

As one might imagine, the specifics of the information in
the researchers’ notebooks were largely dependent on the
specifics of the researchers’ experiments—differences in
research focus, experimental design, equipment, and types of
measurements naturally lead to differences in the informa-
tion that was recorded.

Furthermore, no two formats for their entries were the
same from researcher to researcher—the layout of the entries,
the length/detail of the entries, how information like graphs/
tables/data were arranged, how neat and organized overall
were the entries, etc., were all diverse.

However, there were some notable commonalities among
the researchers’ notebooks. Namely, all notebooks were
organized chronologically; the start of each entry was dated;
relevant data files were clearly labeled and referenced; and
figures/graphs had appropriate units, labels, and legends. But
aside from these more basic considerations, there was great
diversity in the appearance of the researchers’ entries.

B. Principles of context, audience, and timescale

Although the structure and format of researchers’ note-
books are diverse, there were several general principles for
documentation that were implemented by virtually all the
researchers. In part, these principles encapsulate the broader
picture of the purpose of scientific documentation and how it
facilitates research. We labeled these as context, audience,
and timescale.
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1. Context

Understanding the context means understanding the what
and the why of each experimental decision—that is “what
was it that I measured and why did I measure it?” In other
words, it means understanding each notebook entry in the
broader context of the entire experiment. Researchers con-
sidered the inclusion of context to be a characteristic of good
notebook entries. Conversely, they considered it bad practice
to simply write down the numbers for each parameter and
list the different data they collected without explaining their
reasoning, since this made it more difficult to interpret their
measurements in the future.

2. Audience

The next principle is that of audience. For most research-
ers, they themselves were the primary audience of their own
notebook. However, given that most research is collabora-
tive, the researchers expected that the lab records might be
used by others involved in the experiment. This included
peers in the same research group, the advisor, researchers
from collaborating research groups, or researchers involved
with the project in the future. Researchers emphasized that it
was important to consider who the audience would be for the
information they were recording. In other words, it was
important for them to be aware of what they assumed with-
out recording, and considering whether or not others may be
able to make sense of the context of the entry without this
information. Some of that information might be relevant
only to themselves (such as information that would be used
only that day), but some information would be referenced by
all members of the research group and therefore needed to
be broadly understood. Many researchers did not have to
consider a broader audience until they began working in an
authentic research setting.

3. Timescale

The final principle is that of timescale. Researchers
described a broad range of different timescales on which they
wrote and referenced their documentation. The recorded infor-
mation could be referenced in a week, a month, or even more
than a year from when it was written down. Researchers
describe looking back on notebook entries they had written
months or even years before, and in some cases looking back
on the notebooks of former researchers from up to half a
decade before. It was important to consider what the relevant
timescale was for any piece of information and writing it down
in sufficient detail that reflected that timescale. Some of the
information might have been of more short-term importance
(e.g., equipment parameters that will be updated in the subse-
quent few days), whereas other information researchers would
continue to come back to over the course of months (e.g., a
commonly reproduced alignment procedure). Entries used on
shorter timescales generally did not need to be as thorough and
detailed as that which would be revisited months later.

In the subsequent subsections, we discuss how these prin-
ciples of context, audience, and timescale played a role in
the types of information found in researchers’ notebook
(Sec. IV C) and how they were implicated in the difficulties
of performing documentation (Sec. IV D).
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C. Types of information

Although the specific information in researchers’ note-
books was largely dependent on their experiments, all the
information could be categorized in one of five ways. These
categories are as follows:

1. Objective information

This consists of the parameters, settings, and data that
result from measurements, alignments, etc. This type of
information is likely what undergraduate students imagine to
be contained in scientific records. The objective information
might be thought of as the “facts” of the experiment—the
core of the documentation.

2. Analytical information

Commonly, researchers performed partial or incremental
analysis on raw data throughout the entire experimental pro-
cess. Often this was done to directly compare experimental
results to theoretical models/predictions. The information
from this analysis is often recorded in the notebook along-
side the objective experimental details about the data.

3. Interpretive information

This usually manifests as the researcher’s interpretation or
evaluation of the objective information. Interpretation of
measurements (e.g., “this data looked unusual” or “it seems
like the alignment is bad” or “I think this measurement is
better than the previous one we took”), helped the research-
ers recall their in-the-moment impressions of the data when
reflecting on past entries (incorporating the principle of time-
scale). Furthermore, it helped to make sense of the measure-
ment relative to other similar measurements (incorporating
the principle of context). Finally, this interpretation helped
other researchers, who did not collect the data, make sense
of the measurements (incorporating the principle of
audience).

4. Synthesis information

This information served to connect the daily data and doc-
umentation to the broader scientific questions of interest, by
speculating on how the data may be relevant to the working
hypotheses or theories. This information helped the research-
ers to formulate new hypothesis, which then could inform
the direction of future inquiry. This information could be
thought of as incremental “conclusions” about the results—it
is speculation about what the data “means” and how it fits
into the broader picture of the experiment. This serves to
synthesize the previous three types of information and is one
of main ways that researchers incorporated the principle of
context into their documentation.

5. Brainstorming information

This consisted of the researchers’ future plans or direc-
tions for their experiments. This information entailed both
short-term/incremental plans (e.g., taking more data similar
to previous measurements, but with slightly different param-
eters) as well as long-term/substantial plans (e.g., complete
redesigns of experimental apparatus). Researchers constantly
reflected on and re-conceptualize the day-to-day outcomes of
their work. Thus, the researchers provided an overarching

48 Am. J. Phys., Vol. 86, No. 1, January 2018

narrative for the experiment, which was useful for the pri-
mary researcher not only to keep track of ideas, but also to
communicate to other researchers how the experiment was
evolving—consideration for the principles of context and
audience.

These were the types of information found in all the
researchers’ notebooks. However, the balance between these
different types was variable from one notebook to the next.
Some researchers kept brainstorming and analysis to a mini-
mum in their notebooks and instead predominantly wrote
objective information, whereas others provided detailed nar-
ratives of their real time thought process that included a great
deal of synthesizing and future planning.

D. Difficulties with documentation

Researchers described some common difficulties that they
experienced while developing their documentation skills.
These difficulties were present at all levels of experience,
and many were persistent struggles that they still confront on
a daily basis. These difficulties can be seen as relating to
attempts to incorporate the principles of context, audience,
and timescale.

1. Time investment

The process of keeping lab records is a fine balance
between writing enough detail so that the records will be use-
ful in the future and doing so in a time efficient way that
does not slow the progress of the experiment. Given that
record keeping is a time intensive part of the experimental
process, many researchers expressed feeling they should be
taking more time to write additional information in the
records they keep. Very few felt they spend too much time
adding detail to these records. Many expressed difficulties in
finding enough time to write down all that they felt they
should.

To adequately incorporate the context of the daily activi-
ties so that the entries are understood by the intended audi-
ence, the researcher includes more detail in their entries.
Fundamentally, this time investment is a resource challenge
that will persist throughout the experimental process.

2. Ambiguity in what to record

Even when time is not a factor, it may not be immediately
clear what is and what is not important to record. Most of the
researchers expressed that frequently, when writing informa-
tion down, they were not necessarily sure if that information
would be useful in the future. If time was pressing, deciding
what to record could be even more of a challenge. Several
researchers described examples of instances where they later
realized that not writing something down caused them to
have to retake measurements, costing them a great deal of
time and effort. At the time, the researchers were uncertain
about the importance of this information they chose not to
record.

Generally, the researchers felt it better to err on the side of
more information, not less. As they gained more experience/
familiarity with their experiment, they came to understand
what information was and what was not needed. In part, this
ambiguity is the researcher’s lack of understanding of the
context of the experiment, which prevents them from incor-
porating that context into their entries.

J. T. Stanley and H. J. Lewandowski 48



3. Delayed gratification

The entries of most notebooks are rarely intended to be
immediately beneficial. Consistent with the stated purpose of
the notebook, the entries are predominantly beneficial in
hindsight, after a good deal of complimentary information
has been collected. For this reason, researchers described
that it could be difficult in the moment to be diligent in
recording all the pertinent information, especially given the
time consuming nature of documentation.

This difficulty relates to the consideration for timescale
and audience. It can be difficult for researchers to find the
motivation to document adequately when the information
they record is not intended to be useful for them directly, not
going to be utilized until far in the future, or both.

4. Cause of bad entries

Poor entries commonly occurred at points when the
researchers were not sure about the state of their experiment
(e.g., how to interpret the data they were getting, how they
should proceed, whether or not they were having technical
issues), either because they were getting confusing results or
they were involved in new experimental activities with
which they were not familiar. Because the experiment was
not proceeding as expected, they either did not know what to
write down or felt it was a waste to write down things they
did not know how to interpret. However, given the basic pur-
pose of the notebook, good documentation during these
points in the experiment might eventually be fruitful upon
reflection at some point in the future. What might not make
sense in the moment may later make sense when more infor-
mation has been collected and the context is better
understood.

V. RECOMMENDATIONS FOR INSTRUCTION

In this section, we discuss the recommendations for
instructors that incorporate the features of researchers’ docu-
mentation practice, discussed in Secs. III and IV. These

Instructor Framing

Lab Activity Design

recommendations consist of three parts: instructor framing,
lab activity design, and evaluation/grading of notebooks.
Instructor framing consists of the ways in which the instruc-
tor outlines and presents the use of documentation in their
course. Lab activity design addresses design elements that
could be incorporated into students’ lab activities, which
may be part of, or ancillary to, the lab experiments.
Evaluation consists of recommendations for how instructors
could evaluate and grade student notebooks in a way that
effectively encourages productive use of notebooks. A sum-
mary of these recommendations can been seen in Fig. 1. At
this point, we would like to acknowledge the great degree of
variation in course design, equipment availability, class size,
institution type, learning goals, etc., from lab course to lab
course, that might make it difficult to adopt very specific rec-
ommendations. For this reason, our recommendations herein
instead consist of broad ideas intended to be adapted for any
particular lab course context.

A. Instructor framing

Instructor framing is a valuable first step to teach students
the importance of, and approach to, scientific documentation.
There are a number of ways that the features of researchers’
documentation could be presented to students. For example,
they could be organized into a notebook primer and dissemi-
nated to students at the start of the course. Alternatively,
they could be the basis for instructor-guided student discus-
sions about the role of documentation in lab. The following
are suggestions to communicate to students when framing
how students should make use of documentation in their lab
course.

1. Purpose

Having a clear idea of the role that the notebook plays in
lab can help to motivate students to engage in and develop
their documentation skills. As described in Sec. 111, the note-
book serves a number of purposes in lab and students should
be made aware of all of these, so that they do not limit their

Notebook Evaluation

-
Syllabus, course materials, and
lecture framing should include:

e The importance of considering
context, audience, and timescale.
(Sec. IV.B.)

e Descriptions of common types of

recorded information (Sec. IV.C.) (Sec. V.B.)

e Descriptions of common
difficulties with documentation
(Sec. IV.D.)

e Guided student analysis of
research notebook examples at
the start of the course (Sec. V.A.)

J

\ L

Design elements that promote
authentic documentation:

o Activites requiring collaborative

documentation involving 2 or
more students (Sec. V.B.)

o Activities that are multi-staged

e Activities that provide minimal
scaffolding (Sec. V.B.)

o Activities that span several
weeks or more (Sec. V.B.)

\( \
Methods of evaluation that
promote authentic documentation:

e Peer-to-peer feedback:
Students read and interpret
one another's notebooks to
provide feedback (Sec. V.C.)

Documentation oral quiz:
Instructor questions student
about their understanding and
interpretation of their previous
records (Sec. V.C.)

Laboratory practicum:
Student must reproduce their
previous experiments using
only their lab notebook

(Sec. V.C.)

J \ J

Fig. 1. Notebook recommendations. Here we present a summary of our recommendations for incorporating authentic documentation into a lab course. Not all
of these will be appropriate for all courses, so we encourage instructors to adopt those they feel will be best suited to their learning goals and course design.
For each point, we have included reference to the relevant section containing further detail.
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expectation of what constitutes authentic scientific documen-
tation. Providing students with concrete examples for each
purpose could help them to better conceptualize how they
might approach their own documentation.

2. Format and structure

It is not consistent with authentic practice to require a
rigid format for student notebook content or structure. To the
contrary, instructors should expect that the content and style
of what students record in their notebooks will vary from
activity to activity and lab course setting to lab course set-
ting. Thus, it is likely counter-productive to the development
of authentic documentation skills to require students to con-
form to a specific format or template for their notebook
entries, aside from the few basic structural similarities stated
above. Moreover, within this basic structure for notebook
entries, students should be encouraged to adapt and develop
their own documentation format that best suits the require-
ments of their lab activities—practice that will aid them in
future research settings. However, if a choice is made to
standardize elements of the format (e.g., for grading pur-
poses), the purpose of the standardization should be commu-
nicated to the students. To the extent that a format is
imposed, it will benefit the student to vary the format from
activity to activity in order to provide opportunities for stu-
dents to practice different styles of documentation suitable to
different experimental contexts.

3. Context, audience, timescale

Instructors should explicitly highlight these three princi-
ples (outlined in Sec. IV B) and prompt students to consider
them when performing documentation during their lab activ-
ities. First, for effective documentation, students must under-
stand and make explicit the context of the information they
are recording. So, when recording information in their note-
books, students should be encouraged to consider whether or
not they can understand how the documented details pertain
to the experiment as a whole. If they are simply writing
down the numbers for their parameters and data, without
explaining the reasoning behind the measurements, they may
be unable to make sense of what is written. This requires that
the students are actively engaged in understanding the moti-
vation for their measurements and interpreting the results
they obtain.

Second, in order to encourage students to be mindful of
the audience for their notebook, they should imagine how
their writing may be interpreted by others—being aware of
the things they infer or assume, without writing it down, and
ask whether or not others may be able to make sense of the
context of the entry without this information. In a lab class,
the audience will primarily be the students themselves but
may be their lab partners and the instructors as well. These
different audiences are likely to have varying degrees of
familiarity with the experiment, so will need varying degrees
of recorded detail to make sense of the documentation.

Third, it should be conveyed to students that in authentic
scientific documentation, notebooks are written in and refer-
enced on a wide range of different timescales. This range
depends on the nature of the information being recorded and
the stage of the experiment. They should be encouraged to
ask themselves, “When might I need this?”” whenever writing
down new information. The more time that elapses between
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when one writes the information and when it is referenced,
the more detail they will need to include in order to under-
stand the context of the notebook entry.

4. Types of information

Although students might find obvious some of the catego-
ries in Sec. IV C, many will not realize the remaining catego-
ries are not only appropriate, but also beneficial to
document. Students may naively assume that only objective
and analytic information is suitable for scientific documenta-
tion and might not recognize the benefit of providing some
of their own interpretation, synthesis, or future planning in
their entries. The relevance of these other types of informa-
tion could be easily outlined for students in a primer, early in
their course. These lend themselves to instruction even for
structured introductory labs. To improve students’ documen-
tation, it is likely helpful to describe to them these categories
of information, explain their function in the notebook, and
outline how they are related to the principles of context,
audience, and timescale. In this way, students are provided a
framework for how to think about the range of information
they might record, but still have the opportunity to think crit-
ically about the specifics of what they should write.

5. Difficulties

Instructors should communicate to the students the com-
mon difficulties that researchers experience, as described in
Sec. IVD. Students should be encouraged to not look at
record keeping as an afterthought to the actual experimental
process, but rather as an integral part that will require sub-
stantial amounts of lab time to get right. It should also be
communicated to them that they will not necessarily know
what is and is not important to document and that most of
the benefit of the information they record will be realized
only at some point in the future, upon reflection. If students
are made aware that these difficulties exist and are common
to researchers’ lab experiences, it may help them to better
navigate the frustration and discouragement they might
experience while attempting to keep suitable lab records. In
turn, this may help improve their documentation, and thereby
aid them in completing their lab activities. Ultimately, this
could result in a better overall lab course experience.

The instructor’s framing could be reinforced by providing
the class with examples of actual scientific notebooks (e.g.,
notebooks from the labs of physics faculty in the department)
and having the students analyze them as a lab activity. The
students could be asked to describe things like the types of
information they see, how information is organized, etc., in
order to get them thinking about documentation more
broadly. By using multiple examples of notebooks, students
could compare and contrast the details between them. A sim-
ilar approach to framing documentation has been described
in other works.****

B. Design of lab activities

Although thoughtful framing of lab notebooks, in the
ways outlined earlier, can go a long way to providing a foun-
dation for students to understand what constitutes scientific
documentation, by itself it is unlikely to cause students to
engage in, and develop, productive documentation practices
of their own. Essentially, all the researchers emphasized the
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importance of having authentic use of notebooks for docu-
mentation in lab courses for the students to effectively learn
scientific documentation skills. Specifically, the design of
the lab activities should explicitly incorporate student docu-
mentation. If lab activities are not designed in such a way
that necessitates use of lab notebooks, commensurate with
how scientific documentation is performed, then students are
not likely to develop this skill—regardless of how well the
theoretical use of lab notebooks is framed at the start of the
course. In previous work, we discussed that many of the
interviewees felt keeping a lab notebook was not practically
useful for the activities in their undergraduate lab courses
and as a result they did not improve their practice as much as
they otherwise could have.”> An example of this is expressed
in the following quote.

“The usefulness of a lab notebook and the utility of it
only became apparent to me when I started doing
long term research that spanned days, weeks, and
months and was not canned. Only then did I really
start relying on the notebook to make sense of all the
unknowns. Those unknowns weren’t inherent to the
activities I was doing in [my lab class], so it didn’t
really make sense to have a lab notebook in the way
that I do now. But to fix that, or to make my
experience more authentic in the way that we just
described, it requires more than just grading the lab
notebook better or having lab notebook requirements
be better. It would involve fundamentally changing
the structure of the experimental course, as a whole.”

In order to design lab activities that provide productive
learning opportunities for documentation, the lab instructor
should incorporate consideration for authentic context, audi-
ence, and timescale. To incorporate these aspects, lab activi-
ties could:

(1) involve multiple students in such a way that they must
rely on one another’s documented work to make progress
on the broader goal of the lab activity;

(2) be sufficiently complex and multi-staged so that students
must make sense of, and synthesize, a number of differ-
ent measurements;

(3) provide the minimum amount of scaffolding in the lab
guides so that students must be proactive in recording
the step-by-step process of the activities themselves,
instead of relying on a lab guide;

(4) span a sufficiently long period of time so that students
rely on more than their memories or hastily written notes
to make sense of the results.

Activities that address one or more of these features will
provide students with an experience that emulates facets of
authentic documentation.

One example would be a project-based lab course where
students work in teams of 2—4 on a single project for much
or most of the academic term. These projects could be cho-
sen by the students (the oversight of the instructor could
assure that the project is sufficiently complex but tractable).
Open-ended projects that lack thorough lab guides to rely on
provide students the opportunity to experience what it is like
to rely on their own documentation. Furthermore, if the pro-
ject has a number of different components, this provides the
students the opportunity to divide up this work and practice
documenting the progress of their respective efforts, which
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can then later be shared with the rest of the group when the
different components of the project are to be synthesized. In
this way, students get experience reading other’s documenta-
tion and could be encouraged to provide feedback about the
clarity and thoroughness of the records. This type of interac-
tion can authentically mimic how documentation is per-
formed in actual research settings.

Alternatively, a more structured approach may be to have
a project-based lab course in which each group of students
spends some period of time (a few weeks, say) working on
each project. The goals of these projects could be outlined
by the instructor. Every project would require the entire aca-
demic term to complete, but each group would be complet-
ing only a portion of each one. When the groups rotate to a
new project, they must rely on the lab records, documented
by all previous groups, in order to understand the progress
that had been made on the project and how they should pro-
ceed. In this way, the efforts of the previous groups get con-
veyed through the project’s notebook and the current group
must be mindful of the documentation they contribute, in
consideration for the groups that follow them. A similar
activity has been suggested in the literature.*

However, there are also activities that can be incorporated
into very structured lab courses that provide exposure to
aspects of authentic documentation. One example would be
to have lab activities that require students to compare their
results to those of previous students in the class. The students
would identify and assess the previous results by looking at
the previous students’ notebooks. The relevant portions of
the notebooks would be identified and provided by the
instructor. These activities could consist of the calibration/
alignment of some apparatus or the completion of a multi-
stage measurement, for example. Designing these activities
so that students would have to examine the parameters and
conditions under which the previous students collected their
data, would encourage a greater engagement with the docu-
mentation than merely comparing a single number. This
exercise would be helpful in analyzing the context of entries
and providing the students an authentic experience with
extracting information from documentation. This could
prime them to consider how they go about record informa-
tion in their own notebooks.

It should be noted that these suggestions for structured lab
courses provide students with experiences that get at the
principles of context and audience, but not timescale. The
short-term nature (the duration of each activity is at most a
couple weeks) will likely make it difficult to address the
principle of timescale in such an instructional environment.

In this section, we have presented a number of general
ideas for designing lab activities that actively promote
aspects of authentic documentation practice. The design
ideas presented in this section are far from the only ways in
which documentation can be addressed in lab courses. With
some creativity and mindfulness about authentic use of note-
books, instructors can come up with ideas that best align
with their course—when doing so we recommend that
instructors keep in mind the four features that we have enu-
merated earlier in this section.

C. Evaluating student notebooks

The last component is how to grade/evaluate students’
notebooks. When asked how to evaluate students use of lab
notebooks, the researchers responses were quite universal.
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Both what they did and did not suggest was informative.
None of the interviewees stated that the student should be
evaluated on the format, neatness, organization, or degree of
detail of the entries. Instead, the focus was on holistic and
pragmatic aspects of the notebook. Specifically, the research-
ers stated that students’ entries should be interpretable as a
whole and make sense in the broader context of the note-
book. They stated that the student should be able to use their
notebook entry as a guide to explain what they had done that
day to someone else. If a student had good documentation,
they would be able to open their notebook to an arbitrary
page, explain what occurred on that day, and provide rational
for why those actions were germane to the experiment as a
whole.

One way of accomplishing this would be peer-to-peer analy-
sis of notebooks. By pairing up students and having them read
through one another’s notebook, the students would attempt to
make sense of the experiment using only the documented infor-
mation and provide feedback about its understandability. The
instructor could facilitate this activity by providing questions
the students could take into consideration when analyzing
another’s notebook (e.g., What was the intended goal of their
experiment? What measurements did they make? Do they pro-
vide interpretation for the results of their measurement? What
difficulties and uncertainties were they confronted with during
their experiment and what did they do to proceed?).
Ultimately, this would be beneficial to both students: the stu-
dent receiving feedback would get direct input about how their
documentation is being interpreted and the student providing
the feedback would get experience in what it is like trying to
make sense of scientific documentation.

Another approach would be for the instructor to give oral
examinations in which they question students about their
understanding and interpretation of specific notebook entries.
The questions asked would be similar to those described in the
previous paragraph, in order to see how well students can make
sense of their own documentation. This could be a midterm or
end of term examination, which would allow the instructor to
select notebook entries from a range of timescales. A similar
idea is suggested,'! except on a much shorter timescale, which
does not engage students in examining their records on time-
scales common to research (weeks and months).

Finally, students could be instructed to perform a lab prac-
tical, in which they must reproduce an experiment they per-
formed and documented earlier in the course, using only
their lab notebook as a guide. In essence, this would get at
one of the fundamental purposes of documentation—
reproducibility.

Although these approaches might be time consuming, it
would align the evaluation/grading of the notebook with
authentic documentation practice, communicate to students
why documentation is important, and encourage them to
actively reflect on how they record their entries.

VI. IN SUMMARY

Informed by interviews with graduate physics researchers,
we have presented recommendations for which aspects of
authentic documentation are important for students and what
to consider when incorporating the use of lab notebooks into
a lab course. The general principles that can guide good doc-
umentation are (1) to convey context in one’s entries, (2) to
be aware of the audience of the entry, and (3) to take in to
consideration timescale of use for recorded information.

52 Am. J. Phys., Vol. 86, No. 1, January 2018

These three principles help to inform the types of informa-
tion to be recorded, navigate potential difficulties with docu-
mentation, and orient students’ view of the purpose of
maintaining a lab notebook. Finally, the design of lab activi-
ties is important for students to effectively learn how to per-
form scientific documentation. Lab activities must be
designed so that students rely on their notebooks in a manner
similar to an authentic research setting. Regardless of how
well instructors frame the use of notebooks, or convey their
importance to experimental physics, if the course design
does not make authentic documentation an integral part of
the lab activities, it is unlikely students will make significant
progress toward developing effective documentation skills.

ACKNOWLEDGMENTS

The authors would like to acknowledge and thank Robert
Hobbes, Dimitri Dounas-Frazer, and Bethany Wilcox for
their helpful feedback. This work was supported by NSF
Grant Nos. DUE-1323101 and PHY-1125844.

' American Association of Physics Teachers, AAPT recommendations for
the undergraduate physics laboratory curriculum, AAPT Resources,
Report (2014), pp. 1-29.

%President’s Council of Advisors on Science and Technology, Engage to
Excel: Producing One Million Additional College Graduates with Degrees
in STEM (PCAST, Washington, DC, 2012).

?Advisory Committee to the National Science Foundation Directorate for
Education and Human Resources, Shaping the Future: New Expectations
for Undergraduate Education in Science, Mathematics, Engineering, and
Technology (NSF, Arlington, VA, 1996).

“Cary Moskovitz and David Kellogg, “Inquiry-based writing in the labora-
tory course,” Science 332, 919-921 (2011).

SLeonora Jackson, Wilhelm Meyer, and Jean Parkinson, “A study of the
writing tasks and reading assigned to undergraduate science students at a
South African University,” Engl. Specific Purp. 25, 260-281 (2006).

*Neal Lerner, “Laboratory Lessons for Writing and Science,” Written
Commun. 24(3), 191-222 (2007).

"Peter J. Alaimo, John C. Bean, Joseph M. Langenhan, and Larry Nichols,
“Eliminating lab reports: A rhetorical approach for teaching the scientific
paper in sophomore organic chemistry,” WAC J. 20, 17-32 (2009), avail-
able at https://wac.colostate.edu/journal/vol20/alaimo.pdf.

8Julie A. Reynolds, Christopher Thaiss, Wendy Katkin, and Robert J.
Thompson, “Writing-to-learn in undergraduate science education: A
community-based, conceptually driven approach,” CBE Life Sci. Educ.
11, 17-25 (2012).

“Nancy Ruzycki, “Writing, speaking and communicating—Building disci-
plinary literacy in materials science undergraduate students,” in ASEE
Annual Conference, Seattle, WA, 2015, pp. 1-12.

ow. G. Bowers, “Notebooks in laboratory instruction,” J. Chem. Educ. 3,
419-424 (1926).

Uy w. Gould, “How grade laboratory notebooks?” J. Chem. Educ. 4,
890-891 (1927).

25 C. Mortensen, “How, when, and where grade laboratory notebooks?”
J. Chem. Educ. 4, 892-893 (1927).

YSHoward K. Karare, Writing the Laboratory Notebook (American Chemical
Society, Washington, DC, 1985), available at https://eric.ed.gov/?id=ED344734.

“Bradford D. Pendley, “Keeping a scientific notebook: The Lego exercise,”
J. Chem. Educ. 74, 1065 (1997).

Roy V. Hughson, “The right way to keep laboratory notebooks,” IEEE
Trans. Prof. Commun. PC-22, 83-85 (1979).

1%John B. McCormack, Robert K. Morrow, Harold F. Bare, Robert J. Burns,
and James L. Rasmussen, “The complementary roles of laboratory note-
books and laboratory reports,” IEEE Trans. Educ. 34, 133—137 (1991).

"Malcom M. Renfrew, “Review: Writing the laboratory notebook,”
J. Chem. Educ. 66, A74 (1989).

18 Anne-marie Hoskinson, Brian A Couch, and Benjamin M Zwickl,
“Bridging physics and biology teaching through modeling,” Am. J. Phys.
82, 434-441 (2014).

J. T. Stanley and H. J. Lewandowski 52


http://dx.doi.org/10.1126/science.1200353
http://dx.doi.org/10.1016/j.esp.2005.04.003
http://dx.doi.org/10.1177/0741088307302765
http://dx.doi.org/10.1177/0741088307302765
https://wac.colostate.edu/journal/vol20/alaimo.pdf
http://dx.doi.org/10.1187/cbe.11-08-0064
http://dx.doi.org/10.1021/ed003p419
http://dx.doi.org/10.1021/ed004p890
http://dx.doi.org/10.1021/ed004p892
https://eric.ed.gov/?id=ED344734
http://dx.doi.org/10.1021/ed074p1065.1
http://dx.doi.org/10.1109/TPC.1979.6500285
http://dx.doi.org/10.1109/TPC.1979.6500285
http://dx.doi.org/10.1109/13.79894
http://dx.doi.org/10.1021/ed066pA74.2
http://dx.doi.org/10.1119/1.4870502

John L. McKnight, “Laboratory notebooks of G. S. Ohm: A case study in
experimental method,” Am. J. Phys. 35, 110-114 (1967).

Irving E. Dayton, “Toward a more effective introductory laboratory,” Am.
J. Phys. 30, 218-220 (1962).

2'M. G. Miller, “Intermediate physics laboratory at Clemson,” Am. J. Phys.
33,296-297 (1965).

2Hans G. Graetzer, “Cumulative experiments in the advanced laboratory,”

Am. J. Phys. 40, 270-276 (1972).

23Leslie J. Atkins and Irene Y. Salter, “Using scientists’ notebooks to foster
authentic scientific practices,” AIP Conf. Proc. 1513, 50-53 (2013).

**Irene Salter and Leslie Atkins, “Student-generated scientific inquiry for
elementary education undergraduates: Course development, outcomes and
implications,” J. Sci. Teach. Educ. 24, 157-177 (2013).

ZJacob T. Stanley and H. J. Lewandowski, “Lab notebooks as scientific
communication: Investigating development from undergraduate courses to
graduate research,” Phys. Rev. Phys. Educ. Res. 12, 020129-1-11 (2016).

Froment Motor

A number of early electric motors used the attraction between a solenoid and a mass of iron to produce useful rotation.
Some were reciprocating, but the rotating style, in the form invented by the French engineer, Paul-Gustave Froment

(1815-1815) proved to be the most efficient. In his design, iron bars mounted on a revolving cage are pulled toward
an electromagnet that is energized on and off through a commutator. This example is at Transylvania University and
was of the form built by Daniel Davis, Jr. of Boston before 1851. (Picture and Notes by Thomas B. Greenslade, Jr.,

Kenyon College)

53 Am. J. Phys., Vol. 86, No. 1, January 2018

J. T. Stanley and H. J. Lewandowski 53


http://dx.doi.org/10.1119/1.1973899
http://dx.doi.org/10.1119/1.1941971
http://dx.doi.org/10.1119/1.1941971
http://dx.doi.org/10.1119/1.1971477
http://dx.doi.org/10.1119/1.1986507
http://dx.doi.org/10.1063/1.4789649
http://dx.doi.org/10.1007/s10972-011-9250-3
http://dx.doi.org/10.1103/PhysRevPhysEducRes.12.020129

	s1
	s2
	s3
	s4
	s4A
	s4B
	s4B1
	s4B2
	s4B3
	s4C
	s4C1
	s4C2
	s4C3
	s4C4
	s4C5
	s4D
	s4D1
	s4D2
	s4D3
	s4D4
	s5
	s5A
	s5A1
	f1
	s5A2
	s5A3
	s5A4
	s5A5
	s5B
	s5C
	s6
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25

