
 1 Copyright © 2007 by ASME 

Proceedings of IMECE 2007 
2007 ASME International Mechanical Engineering Congress and Exposition 

November 10-16, 2007, Seattle, Washington, United States 

IMECE2007–44066 

INTRODUCING MODERN LABORATORY EXPERIENCES TO MECHANICAL AND 
AEROSPACE ENGINEERING STUDENTS 

 
 

Frank K. Lu, Philip K. Panicker, M. Byron Webb 
Aerodynamics Research Center, Mechanical and Aerospace Engineering Department, 

University of Texas at Arlington 
Arlington, Texas 76019 

U.S.A. 
franklu@uta.edu, philipkpanicker@uta.edu, mbwebb@uta.edu 

 
 
 
 
 
 

ABSTRACT 
Amongst some of the more challenging aspects of engineering 
education is in imparting hands-on experience.  Despite the fact 
that engineering requires practical know-how, this challenge is 
in itself being compromised as the engineering curriculum over 
the past few decades moves away from workshops and 
laboratories toward classroom lectures and software domina-
tion.  This paper describes a laboratory experience early in a 
mechanical and aerospace engineering student’s career which 
provides an adequate preparation for understanding all aspects 
of modern, digital data acquisition systems.  This laboratory 
experience is coupled with classroom lectures and projects.  
The laboratories comprises of modules that cover a variety of 
topics which exposes the students to digital data acquisition 
techniques, data processing and analysis, uncertainty analysis 
and comparison with theory.  Moreover, instead of generic 
experiments, most of the experiments were built around 
ordinary items and processes.  The laboratory experience is 
based around National Instruments hardware, controlled via 
LabView™.  Data processing is via MS EXCEL.  These 
platforms are ubiquitous and provide good exposure to similar 
hardware and software. 

 
INTRODUCTION 
Practically all of the undergraduate engineering curricula in the 
U.S. are subjected to policies and procedures formulated by the 
Accreditation Board for Engineering and Technology, or 
ABET, for short. (www.abet.org).  While not explicitly stated, 
most curricula include a minimum of three semester hours of 

engineering laboratory experience, with the introductory 
laboratory offered in the sophomore year [1]. 

The three semester hours of engineering laboratory 
experience, together with typically two to three hours of 
laboratory experience in physics and chemistry, adds up to 
about 4–6 percent of an engineering undergraduate’s education, 
a small proportion, indeed.  With pressure to impart 
fundamental knowledge and a curriculum of 120–130 semester 
credit hours, efficient use of the limited laboratory experience 
requires an innovative approach for imparting a modern 
laboratory experience. 

Amongst some of the more challenging aspects of 
engineering education is in imparting hands-on experience of 
the latest technologies in measurements and testing.  Despite 
the fact that engineering requires practical know-how, this 
challenge is in itself being compromised as the engineering 
curriculum over the past decades moves away from workshops 
and laboratories toward classroom lectures and computer 
simulations, including virtual laboratories and web-based 
learning strategies [2–5]. 

The last decade or so has seen an escalating increase in the 
use of technology in the undergraduate teaching laboratory.  
The trend started slowly and in fits and starts, with progress 
being paced by the availability and the cost of technology.  The 
trend most likely began with the requirement that laboratory 
reports be submitted as a computer-generated document, 
usually using Microsoft Word.  The next step likely involves 
processing data, recorded by pen and paper, using Microsoft 
Excel [5–8].  Once the students and instructors became 
comfortable with these approaches, the stage is then set for the 
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Table 1.  Topics covered in the lectures 

1. The scientific method and purposes of experiments 
• Experimental planning and design 
• Qualitative and quantitative observations 

2. Measurement systems 
• Characteristics of measurement systems 
• Fourier transforms 
• Sensors, transducers, signal conditioners, 

digitizers 
• Characteristics of digital systems – sampling, 

aliasing, resolution 
• Noise and interference 
• Methods to improve signal quality 
• Calibration 
• Regression 
• Precision, accuracy and bias 

3. Dynamic performance of instruments 
• Zeroth order 
• First order 
• Second order 

4. Engineering statistics 
• Purposes of statistical analysis 
• Causes and types of error 
• Uncertainty analysis 
• Error propagation in a measurement chain 
• Variability in a quantity that is dependent on 

others 
• Control of error 

5. Random data 
• Statistical measures 
• Probability 
• Histograms and distributions 
• Infinite statistics – Gaussian distribution 
• Finite statistics – T distribution, chi-squared 

distribution 
• Hypothesis testing, goodness of fit 

 

next stage which is an entirely seamless computer-based 
approach.  During this time, the cost of computer-based data 
acquisition systems, both hardware and software, started to 
plummet to make it feasible for educational institutions to 
consider their implementation in teaching laboratories.  For 
example, Ertugrul [3] commented that recent technological 
advances in computer technology and software make it feasible 
develop such laboratories efficiently and at low cost.  To these 
two features, one may also add effectiveness and adaptability, 
amongst others.  Despite similar proclamations [9–12], the 
experiences have been varied and may even be less than 
expected.  Thus, even though there is broad consensus on the 
desire to implement technology in teaching laboratories, the 
extent and nature of the technology may be open to fine tuning.  
For example, such laboratories may inadvertently allow 

students to plagiarize from previous students, a seemingly 
widespread problem with the convenience afforded by the 
Internet [13,14].  Such laboratories may be too automated that 
the learning process may become extremely passive, with 
students being merely spectators.  Thus, safeguards must be 
implemented and conscious effort must be placed to ensure that 
students have a rich learning experience and not consider 
experimentation to be stringing together a bunch of “magic” 
boxes.  There appears to be much room for experimentation in 
developing teaching laboratories to ensure that engineering 
students are trained in the latest experimental techniques, from 
a purely pedagogical to a highly interactive approach [15], 
including active, project-based ones [16–18].  Despite the 
latter, at the introductory freshman or sophomore level, a more 
structured approach is most likely necessary to successfully 
introduce students to the tools of the trade and to provide 
guidance in understanding what these tools are capable of.  
Guidance is also needed in data reduction and data analysis. 

This paper describes a laboratory experience early in a 
mechanical and aerospace engineering student’s career which 
provides an adequate preparation for understanding all aspects 
of modern, digital data acquisition systems.  This course is also 
offered for pre-biomedical engineering graduate students at the 
authors’ institution.  This laboratory experience is combined 
with classroom lectures and projects.  The laboratories 
comprise of modules that cover a variety of topics which 
exposes the students to digital data acquisition techniques, data 
processing and analysis, uncertainty analysis and comparison 
with theory. Moreover, instead of generic or “canned” 
experiments, most of the experiments were built around items 
and processes that were deemed to be meaningful as simple 
extensions of ordinary experiences the students may have had.   

COURSE STRUCTURE 
The objectives of the course are 
 
• To provide a background in engineering measurements and 

measurement system performance  
• To convey the principles and practice for the design of 

measurement systems and measurement test plans, 
including the role of statistics and uncertainty analyses in 
design  

• To introduce data analysis and reduction 
 
The objectives are accomplished through two hours of lectures 
per week plus a total of nine laboratory sessions.  The course 
currently follows the text by Figliola and Beasley [19] although 
it had also used the text by Holman [20].  The text materials are 
supplemented by notes posted online as well as a downloadable 
laboratory manual of over 130 pages.  The prerequisites are that 
the student must have previous exposure to differential and 
integral calculus.  The topics covered in the lectures are 
highlighted in Table 1.  Of necessity, the coverage in general is 
of an introductory nature.  It can be noted that the lectures 
consciously attempt to move the students away from the pen-
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Table 2.  The laboratory modules 

1. Metrology 
2. Basic Digital Measurements 1 
3. Basic Digital Measurements 2 
4. Structural Dynamics Analysis 
5. Flow Rate Measurement 
6. Heat Transfer 1 (Free/Forced Convection) 
7. Heat Transfer 2 (Forced Convection) 
8. Heat Transfer 3 (Conduction) 
9. Introduction to LabVIEW™ 

and-paper concept of data recording and force the students to 
think of data as spatial and temporal signals to be gathered 
electronically.  Fortunately, the advent of ubiquitous electronic 
devices, such as the mobile telephone, digital still and video 
cameras, and so forth have made it easy to discuss these 
concepts. 

The laboratory experience is based around National 
Instruments hardware, controlled via LabView™ through the 
implementation of virtual instrumentation [21].  Data 
processing is via EXCEL. These platforms are ubiquitous and 
provide good exposure to similar hardware and software. Each 
class during the regular semester is from 70–80 students, 
broken into three sessions.  In summer, there are 30–40 
students which can be handled in one session.  Students work 
generally in groups of two or three. At present, there are nine 
laboratory modules (see Table 2), including one where students 
develop the LabVIEW interface.  Thus, the students are rotated 
through these modules in no particular order except that Basic 
Digital Measurements 1 and 2 must be taken back to back.  
Since the instructions are self-contained, there is no serious 
danger of the students learning out of sequence.  The number of 
laboratory modules is being increased so that, eventually, the 
students will be able to choose certain modules in addition to 
having a fixed number of mandatory modules.  In addition to 
the physical experiments, each module has a “pre-lab” section 
which includes reading notes or an appropriate section of the 
text, and requires the student to answer a number of questions.  
The pre-labs assist the students in preparing for the laboratory 
and in grasping the concepts to be introduced.  Based on 
experience, not all students are motivated to complete the pre-
labs.  Thus, the approach now is to give bonus points to 
students who answer the pre-lab assignments correctly. 

BRIEF DESCRIPTION OF THE OBJECTIVES OF EACH 
MODULE 
The laboratory sessions are organized into an introductory 
briefing followed by the nine laboratory modules.  The 
introductory briefing familiarizes the students with the 
laboratory rules, including safety rules, report writing and other 
administrative details.  The students are also assigned into their 

groups during this time.  The laboratory sessions begin the 
following week.  Since the workload is heavy, only skeleton 
reports are required from the students.  A brief summary of the 
lesson objectives in each module is provided below. 

Metrology 
This module is of basic mensuration using a ruler, a vernier 
caliper and a micrometer.  Students dimension a representative 
engineering part employing a machine drawing as a guide.  
This serves not only to acquaint the student with the use of 
various measurement devices, but also introduces the metrics 
required by a machinist to manufacture a particular component.   
The multiple measurements are then used to compute an aver-
age and a standard deviation.  This module provides students 
with a basic skill that appears to be diminishing amongst engi-
neering students, namely, the ability to make a simple meas-
urement and apply some judgment on the precision.  While the 
actual laboratory is quite straightforward once the students 
have a grasp of the techniques of reading a vernier scale, extra 
time is spent by the instructor to guide the students on what is 
now a not-so-obvious procedure.  The precision aspect is also 
important and is reinforced throughout the lectures and assign-
ments since most students reproduce the results from their 
pocket calculator or the computer to an excessive number of 
significant figures.  Finally, this laboratory requires the students 
to consciously record the dimensions, whether in inches or mil-
limeters.  This reminds the students of the need to include units 
to their numerical results. 

Basic Digital Measurements 1 
This module digitizes a sine wave generated by a function gen-
erator.  The same signal is displayed on an analog oscilloscope 
and a computer screen, via a so-called virtual instrument.  The 
set-up is shown in Fig. 1a while the virtual instrument interface 
is shown in Fig. 1b.  The display in Fig. 1b shows a number of 
operator functions, such as the sampling rate, the application of 
data windowing, filtering and display settings.  An interesting 
feature is the deliberate ability to produce a noisy signal, 
thereby allowing the students to gauge how noise deteriorates a 
signal. 

This module covers many learning goals.  It introduces 
students to three major items of hardware.  First, the students 
are acquainted with a function generator as an indispensable 
piece of electronics in any laboratory.  Next, it introduces 
students to an oscilloscope.  Finally, it shows how a computer-
based, digital data acquisition system is connected; reinforcing 
what is learned in the classroom. 

In terms of digital signal processing, this module 
demonstrates the problem of aliasing and the related concepts 
of sampling, oversampling, the Nyquist criterion and the 
Shannon sampling theorem.  The module also introduces 
software filtering methods.  Care is taken to explain that anti-
aliasing filtering can only be performed via hardware filters 
and software filtering is a post-processing procedure.  How 
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Figure 1.  Set-up for Basic Digital Measurement 1 

filtering improves the signal-to-noise ratio is also 
demonstrated. 

Basic Digital Measurements 2 
This is an extension of Basic Digital Measurements 1 and in-
troduces students to the potential complications that can arise in 
gathering a field signal, as opposed to a “pathological” signal 
whose characteristics are somewhat known.  The field signal is 
one of the group’s voice recorded by a microphone.  Thus, the 
previous concepts are reinforced.  Further, the concepts of 
bandwidth, Fourier transforms and spectrograms are intro-
duced.  The hardware for implementing this laboratory module 
is generally similar with those of Basic Digital Measurements 
1, as seen in Fig. 2a.  The differences include the microphone 
as the signal source, an amplifier and speakers to playback the 
recording.  The virtual instrument interface is shown in Fig. 2b. 

An example of a field signal and its spectrogram is pre-
sented in Fig. 2c.  Aliasing is brought to the attention of the 
students when they playback their recorded voices at sampling 
rates below the Nyquist frequency.  Analogously, the students 
have an understanding of practical limitations in dynamic data 
acquisition, where both large sample sizes and high sampling 
rates may not be available or necessary.  The students also gain 
a better appreciation of the need to record the best data possible 
since any subsequent filtering cannot remove the noise already 
present in the signal bandwidth.  Since the data are captured by 
a piezoelectric transducer, the students also learn about dy-
namic data acquisition.  Finally, the large datafiles obtained are 
used in a qualitative sense since the data processing is beyond 
the scope of the course. 

Structural Dynamics Analysis 
The aim of this experiment is to determine the natural 
vibrational frequencies of a space-truss test model.  This type 
of study has many important applications across various 
engineering disciplines such as: fatigue analysis, structural 
earthquake response, vibration suppression, modal analysis, 
aerospace structural design, machine design, etc.  This 
laboratory provides basic insight to modal analysis, an 
important tool in understanding structural behavior.  A major 
difficulty encountered with this type of analysis is the 
application of an appropriate input signal, which will fully 
excite the natural dynamics of a given system over a selected 
region of the vibration spectrum.  Specifically, the input signal 
should be selected such that the given structure is 
instantaneously excited at all frequencies across the desired 
range and then allowed to relax to equilibrium while the output 
“free” response is monitored. 

The truss is shown in Fig. 3a.  It is constructed such that 
there is no plane of symmetry.  An accelerometer is visible on 
the upper left of the truss and another accelerometer is mounted 
on the impact hammer, visible in the foreground.  High-speed 
SCXI-based data acquisition is required for this module, with 
sampling rates of 50 kHz, Fig. 3b.  Figure 3c is a screenshot of 

the virtual instrument.  The figure shows that the students are 
able to choose various windows and sampling parameters to 
understand their effects.  A sample output is shown in Fig. 3d.  
This module reinforces the concepts of dynamic data recording, 
the use of time-domain windowing techniques to improve the 
spectrum, and engineering applications of fast Fourier trans-
forms. 

Flow Rate Measurement 
This experiment uses a vacuum cleaner to provide an air flow.  
Using such an ordinary household appliance for instruction 
appears to make a favorable impression on the students, espe-
cially when the students realize that the test equipment costs 
more than ten times the vacuum cleaner.  Moreover, an interest-
ing feature of the set-up is that the original wiring of the vac-
uum cleaner was replaced to incorporate an auto-transformer.  
This auto-transformer enables the vacuum cleaner to operate 
with variable speeds.  A venturi is attached into the middle of 
the vacuum cleaner tube.  Pressures are measured upstream and  
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Figure 3.  Truss experiment. 
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Figure 4.  Flow rate experiment. 

at the throat of the venturi.  These pressures are displayed on 
two analog pressure gauges, a digital differential gauge and a 
voltmeter, as well as acquired for computer display and storage 
via a pressure transmitter.  In other words, four different ways 
of acquiring and presenting the data are provided.  The experi-
mental setup is shown in Figs. 4a and b.  A sample screenshot 
of the virtual instrument is shown in Fig. 4c.  The students are 
required to calibrate the venture during the experiment.  Fol-
lowing the calibration, the students are then able to obtain the 
volumetric flow rate from the differential pressure measure-
ment, an example of which is shown in Fig. 4d.  Another re-
quirement is a crossplot of the flow rate for various voltage 
settings of the auto-transformer. 

Learning goals of this experiment include the application 
of Bernoulli’s equation for flowrate measurements through 
measuring differential pressures, instrument calibration, and the 
empirical adjustments required to match experiment with the-
ory.  An uncertainty analysis is also performed by the students.  
Students also learn the tradeoffs between the sophistication of 
the instrumentation, the capabilities afforded by the sophistica-

tion, and the initial and operating costs involved.  The princi-
ples illustrated in this experiment are also useful for helping 
students when they take the fluid mechanics course. 

Heat Transfer 1 (Free/Forced Convection) 
This is one of three heat transfer experiments.  Only convection 
and conduction are introduced in this course, although radiation 
may be incorporated in the future.  The setup for this experi-
ment is shown in Fig. 5a.  This experiment involves the deter-
mination of the heat transfer coefficient via Newton’s law of 
cooling.  The type of convection problem explored here is per-
tinent to HVAC applications. 

The experiment utilizes thermocouples and a heat transfer 
gauge, as well as a flow measurement device based on forced 
convection (not shown in Fig. 5a).  Other than free convection, 
forced convection is demonstrated by blowing air past the hot 
plate via a portable household fan to the left of the test appara-
tus but not visible in Fig. 5a.  Figure 5b shows the virtual in-
strument interface.  To the left are two strip charts for display-
ing the temperature and heat flux.  Three temperature level in-
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a.  Overall view of the experimental hardware. 
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Figure 5.  Free/forced convection experiment. 

dicators are seen on the lower right.  In addition to exposing 
students to thermal measurements, this module also exposes 
them to displaying data in nondimensional form in a plot of 
Nusselt number against Rayleigh number.  For example, the 
free convection data are reduced into an average Nusselt num-
ber  and a Rayleigh number and compared against a commonly 
used correlation: 
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The students are also made to realize that free convection data 
are fraught with a large amount of uncertainty and that plots 
found in textbooks are meant for guidance only.  Caution 
should be exercised when such standard data are used for de-

sign purposes.  A discussion of the interaction between test data 
and design is, in fact, provided in classroom lectures. 

Heat Transfer 2 (Forced Convection – Hot Impinging Jet) 
The experiment is to determine the heating rate of an impinging 
hot jet.  The setup is shown in Fig. 6.  The measurement tech-
niques here are similar to those of Heat Transfer 1.  The stu-
dents are further exposed to heat flux and temperature meas-
urements.  A goal of this laboratory is to demonstrate how ex-
periments can be used to provide insight to a seemingly simple 
problem but which is not easy to solve analytically or numeri-
cally.  Students learn that even though there may be experimen-
tal limitations, such as the amount of data, the test results may 
be adequate for design applications. 

Heat Transfer 3 (Conduction) 
In this experiment, an array of eight thermocouples is embed-
ded equally along the centerline of a lexan plug and at the top 
and bottom surfaces.  The plug is 76.2 mm in diameter and 40 
mm thick and it is wrapped with insulation.  The plug is placed 
on a hot plate.  The thermocouples measure the temperature 
along the plug and the one-dimensional heat conduction equa-
tion is then used to obtain the heat flux, given the conductivity 
of lexan.  Linear regression analysis is applied to the experi-
mentally determined temperature distribution to obtain the 
temperature gradient.  An uncertainty analysis is also per-
formed.  The boundary conditions at the heated surface and the 
free surface are different and, thus, only four data points near-
est the heated surface can be used for the linear fit. 

This is a straightforward experiment.  Students learn data 
reduction, uncertainty analysis and curvefitting.  They also 
learn how thermocouples function and how modern thermo-
couple signal conditioners have a built-in ice point reference.  
Students also understand that physical constants, in this case 
the thermal conductivity of the material, need to be known.  
Such knowledge may be hard to come by, a fact that is some-
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Figure 6.  Impinging hot jet experiment. 

times overlooked in classroom lectures and homework exer-
cises. 

Introduction to LabVIEW™ 
Students have an opportunity to perform a simple exercise in 
LabVIEW programming to round up their laboratory 
experience.  This exercise requires them to acquire data from a 
thermocouple.  A skeleton LabVIEW interface with certain 
elements missing is provided to the students.  They follow 
instructions on how to add and connect these elements to obtain 
a functional program. 

APPRAISAL AND OUTLOOK 
This introductory course is fairly grueling.  On average, about 
20 percent of the students either fail or drop the course.  
Feedback on the course has been mixed and difficult to 
quantify at the moment.  Anecdotal evidence suggests that the 
students are able to use the experiences in subsequent 
laboratory courses including, when necessary, the senior design 
projects. 

There were a few reasons that can be given for the high 
rate of failure.  One is the lack of preparation and another is the 
lack of time.  The latter is a common reason, even before the 
revamped laboratory was introduced.  On the other hand, the 
feedback from visitors, including the Industrial Advisory Board 
and ABET evaluators have been positive.  It therefore appears 
that there is appreciation for such a laboratory professionally 
although students may be overwhelmed by the material.  
Continuous “product improvement” is called for and expected. 

On a side note, there is concern that plagiarism may be a 
problem as students pass materials from one semester to the 
next [14].  Scanlon suggests that educational institutions have 
been lax in addressing problems of academic dishonesty [22].  
Instead of sophisticated techniques, some simple safeguards are 
implemented to prevent plagiarism.  Deterrence, clearly spelt 

out at the beginning of the semester, in the form of policy 
statements and requiring students to acknowledge the policy by 
signing a form at the beginning of the semester help to raise 
awareness [23,24].  In addition, the laboratory assistants sign a 
laboratory sheet to ensure that the students attend the 
laboratory for their assigned sessions.  Next, since the students 
work in groups, it is relatively easy to determine if they copy 
from each other.  Other inconsistencies, such as different results 
that may be due to merely copying from a previous semester 
can also cause suspicion.  In some situations, students are 
required to submit their electronic files for further checking.  
Plagiarism, at least whatever that is detectable, has been 
negligible. 

At the authors’ institution, there are no other sections or 
instructors for this course.  In other words, unlike most 
sophomore courses with multiple sections and instructors, this 
course appears as a bottleneck.  This may also be partly the 
reason for the relatively large number of students who fail or 
drop the course.  The zero tolerance policy appear to limit 
options that student have in fraudulent excuses [25] or in 
registration choices [26]. 

CONCLUSIONS 
A comprehensive summary of a laboratory development to 
introduce modern, computer-based experimentation for 
undergraduate mechanical and aerospace engineering students 
is provided.  The laboratory experiences cover the essential 
material for understanding how software and hardware are 
interfaced to develop powerful capabilities.  Other skills taught 
include an understanding of the intricacies of digital data 
acquisition.  The laboratory experiences supplement the course 
materials.  The instructions provided allow the laboratories to 
be independent of one another so that a large number of 
students can be accommodated in the laboratory.  Moreover, the 
instructions are self-contained so that they do not depend 
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directly on the lectures.  Instead, as the students progress 
through the semester, the synergism between classroom and 
laboratory strengthens each other. 
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