










the principle of acoustic reciprocity.27 The amplitude of a
peak at a specific frequency for the imaginary part of the
frequency response function (consisting of the ratio of ac-
celeration to force) represents the mode shape amplitude
for that specific location at that frequency.28 Recording
the amplitudes of the peak in the imaginary part of the
frequency response function at a specific frequency as the
hammer impact location moves along the length of the
beam constitutes a “poor man’s modal analysis” and al-
lows one to sketch the mode shape corresponding to that
frequency.29

After this initial experimental introduction to the vi-
brational behavior of flexing beams, time is spent devel-
oping the theory of the fourth-order differential equation
of motion and the solutions for flexural bending waves in
a beam, paying special attention to the effects of bound-
ary conditions. Students are given a homework assign-
ment to determine the frequencies and plot mode shapes
for a free-free beam with the dimensions and approximate
material properties of the beam they have been study-
ing experimentally. Subsequent class periods are devoted
to having students work through a complete experimen-
tal modal analysis of the free-free beam using the STAR
Modal software package for extracting mode shapes and
frequencies from the frequency response functions. Fi-
nally, they create a finite element model of the free-free
beam and compare the mode shapes and frequencies with
experimental data and theory. Examples of student ex-
perimental data are shown in in Fig. 3, and computer
model results in Fig. 4. The data shown in includes the
first three bending modes and the first torsional mode for
the free beam.

Students quickly discover that the computer model
predicts a number of mode shapes that are not observed
experimentally nor predicted theoretically. The experi-
mental and theoretical results only account for transverse
flexural bending waves in one direction while the com-
puter model predicts flexural waves in other directions
as well as longitudinal and torsional modes as well. The
material properties (Young’s modulus and density) of the
beams used for experimental data are not exactly known,
so students must use their experimental data to fine-tune
the parameters of their computer model and theoretical
calculations. This is another point where it is possible
to stress the importance of comparing and synthesizing
data from several viewpoints, discussing the similarities

FIG. 3. Student data (scanned from a laboratory notebook)
showing mode shapes for a free-free bar as obtained through
experimental modal analysis. Frequencies for the first three
bending modes are 140.75Hz, 381.7Hz, and 760.17Hz.

FIG. 4. (Color online) Student data (scanned from a labo-
ratory notebook) showing mode shapes for a free-free bar as
predicted from a finite element computer model. Frequencies
for the first three bending modes are 137.8 Hz, 380.2Hz, and
746.1Hz.

and differences between mode shapes and frequencies ob-
tained through different methods and to weigh the va-
lidity of different results. Students are not specifically
told what to do, though well-timed hints are provided.
Few students, on their own, think to construct a table
in their lab notebook comparing the frequencies or node
locations from the five different approaches they have
used to study the same beam. Most students are satis-
fied to state that the results from different methods are
“close” without any further elaboration. This laboratory
approach encourages students to synthesize results from
multiple approaches into a single coherent description of
structural vibration.

For the project phase of this module, students are given
the opportunity to study the vibrational characteristics
of a relatively simple object. Some opt to study the
vibration of the same tuning fork for which they stud-
ied the intensity in first module while others often chose
to explore a sports implement, such as a baseball bat,
hockey stick or golf club. A preliminary computer model
of the structure is made, and experimentally obtained
mode shapes and frequencies from a complete experi-
mental modal analysis of the actual structure are used
to refine the parameters of the computer model. De-
pending on the size of the class, students are sometimes
split into teams, with one team focusing on developing
the computer model while the other team was conduct-
ing the experimental modal analysis. Finally the various
student teams collaborate to write a research paper com-
paring the results of the experimental and computational
investigation of their particular structural object.
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V. STUDENT DELIVERABLES

A. Laboratory Notebooks

The core component of this laboratory course, both
in terms of student effort as well as grades, is the lab-
oratory notebook. Students are required to continually
maintain and update a bound laboratory notebook that
contains all class notes; any homework; summaries of
assigned reading materials; descriptions, photos and/or
sketches of all experimental apparatus; details descrip-
tions of computer models; detailed descriptions of ex-
perimental procedures; data and results from computer
models and experiments, presented through tables and
plots; discussion of results comparing experiment with
theory and computer models; and evidence of cross refer-
encing through citations linking back and forth between
related material throughout the notebook. The lab note-
book is essentially a journaled scrapbook of a student’s
entire experience during the course. The lab notebook
also serves as the primary source of information for the
two research papers the students write at the culmination
of each project.

Significant time during the first class period is spent
discussing the role that the notebook will play, as well
as for sharing some guidelines for maintaining a good lab
notebook.30 The practice of maintaining detailed labora-
tory notebooks is the personal practice of both authors of
this paper. However additional justification for requiring
laboratory notebooks is supported by a recent survey of
experimental practices in industry which revealed that
the practice of maintaining a detailed laboratory note-
book seems to be in sharp decline in industry and gov-
ernment labs, with some detrimental consequences.31,32

From an educational perspective, a laboratory notebook
serves two very important purposes. First it provides stu-
dents with a complete history of a research project from
start to finish, including all of the dead ends and wrong
turns along the way, as well as the breakthroughs and
bursts of insight. Secondly, maintaining a detailed note-
book greatly aids in the comparison of theoretical and
computational models with experimental results, which
is a primary goal of this laboratory course.

Lab notebooks are collected four times throughout the
term, and are graded according to a rubric. Points are
awarded in four categories: Navigation (table of con-
tents, citations linking back and forth between related
material), Clarity (legible writing and layout, profes-
sional looking tables and plots, identification of different
types of material), Completeness (are all components
present: theory notes, homework, reading summaries, de-
scriptions of experimental setups and apparatus, exper-
imental data, results with discussion, computer model
parameters and results), and Thoroughness (minor el-
ements: apparatus sketches are labeled, units for data,
comments provided to explain mathematical derivations,
correct bibliographies, margin notes indicating revision,
review, and updating content). Each category has five
levels of performance, and the grade is a sum of scores in
each category. Plenty of allowance is given for individ-
ual style and personal preference. For example, students

FIG. 5. (Color online) Scanned page from a student lab note-
book showing experimental directivity patterns for monopole,
dipole, and quadrupole sources.

are not required use the same method for distinguish-
ing different types of material, or for indicating citations
linking to related material, but those two features must
be present and easily identified. When deficiencies are
found, students are encouraged to go back and add ma-
terial before the next time notebooks are graded.

Figure 5 shows a page scanned from a student note-
book summarizing results, from the air-borne sound
module, of the sound radiated by monopole, dipole and
quadrupole sound sources. The notebook contains pho-
tographs showing the experimental setup (a detailed
written description of the setup was on the previous page
of the notebook), along with results from the experi-
ment, and discussion of those results. In this case, the
quadrupole directivity data did not turn out as cleanly
as expected, and the student drew a sketch of what the
expected results should have looked like. The yellow
highlighted page numbers link to related material (data,
theory and computer models) elsewhere in the notebook.
Another page from the same student’s notebook is shown
in Fig. 6 and summarizes the experiment to measure the
bending and torsional mode shapes for a free-free beam
using the microphone scanning technique. This student
used different color pens to identify different types of
content (black for theory discussions or explanations of
experimental setups, blue for measurements and data,
and green for discussion of results). Margin notes on the
left side of the page were added later when the student
was going back through the material. Yellow highlights
link to other pages in the notebook containing related
material, including theoretical predictions, the computer
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FIG. 6. (Color online) Scanned page from a student lab note-
book showing experimental mode shapes and frequencies for
a free-free beam with the microphone scanning method.

model results shown in Fig. 4 and experimental results
in Fig. 3.

B. Homework and Reading Assignments

Most of the content in the laboratory notebook comes
from activities conducted during the laboratory class pe-
riod, in the form of theoretical derivations, data col-
lection and analysis of model and experimental results.
However, several times during the term students are as-
signed materials to be read and summarized in their lab-
oratory notebooks. For example they might be asked
to read a short journal paper or excerpt from a text-
book that pertains to a specific topic under investigation.
A few additional brief homework assignments help stu-
dents practice presentation skills (i.e. making graphs), or
guide students in the development of the theoretical mod-
els. Summaries of reading assignments are expected to
have complete bibliographic entries, detailed enough that
it would be possible to quickly find the original source
from the citation alone. Homework involving any kind of
mathematical derivation is expected to have accompany-
ing written comments explaining the mathematical steps
and the meaning of results.

C. Research Papers

Each of the modules culminates in a research paper,
written in a style and format similar to those published

in Am. J. Phys. or J. Acoust. Soc. Am. The papers are
a group effort, with two to four students collaborating
to write a summary of the project. Each paper places
specific emphasis on explaining and comparing the theo-
retical model, computer model, and experimental results.
The first drafts of each paper are submitted anonymously
and are reviewed, using a process similar to that used for
this journal, by the professor teaching the course and one
other faculty member not associated with the course. Re-
viewer comments are returned to the students, who then
have the option of making changes to their paper before
submitting the final version.

D. Certification Exams

Twice during the term, before approaching the ma-
jor project portion of each module, students are given a
certification exam to check whether they have each in-
dividually learned to properly use laboratory equipment
and to carry out experimental techniques. Students ro-
tate through a number of specific experimental tasks in
a round-robin setting. Students are allowed to use their
lab notebooks (hence the importance on keeping a good
record of experimental procedures) and are expected to
perform tasks such as calibrating a microphone, setting
up an FFT analyzer to record a specific type of measure-
ment, recording a frequency response function, building
a simple computer model, plotting a set of data, and
recording a specific set of data for an experiment.

VI. SUMMARY

In this paper we have described an advanced under-
graduate laboratory course in acoustics, a field which is
not often encountered in any depth at the undergraduate
level. The approach taken with this laboratory course is
very appropriate for Kettering University students given
the nature of the co-op program and the industrial em-
phasis of the school’s undergraduate education. The
combination of fundamental theoretical models, compu-
tational models, and experimental results as a means of
studying a problem is intended to prepare students for
real world problem solving. The emphasis on team col-
laboration and dialogue between computational and ex-
perimental teams is similar to what many of our students
encounter when they go to industry or to graduate school.
The requirement of keeping a detailed laboratory note-
book work is good preparation for any future research
experience. And, the use of a certification exam to verify
that students know how to use specific lab equipment or
to perform certain important experimental tasks mimics
practices in the real world and would be applicable to
any field.

We should make it clear that this approach to a labora-
tory course involves a significant sacrifice of topical mate-
rial that students can be exposed to during an academic
term. This active learning approach focuses on fewer
topics in greater depth, and places more of the responsi-
bility to design the experiment, develop models, analyze
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the results and synthesize information on the students
themselves. The focus is not so much on teaching stu-
dents everything there is to know about the field of acous-
tics, but rather to use acoustics as an avenue to provide
students with the laboratory and critical thinking skills
necessary for careers in both industry and academia.
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