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Abstract

Laboratory experiences, i.e. visudization of materid covered in class and hands-on use of
equipment, are especidly advantageous to engineering classes such as structural mechanics.
Unfortunately, it can sometimes be difficult for on-campus sudents to be given sufficient
laboratory time and it may be impossible for those dready using distance education due to work,
disahilities, or other complexities. The project describes a shake table experiment that is being
converted to a distance-learning environment. Thiswill include remote access, control, and
protection from misuse. An aspect of the project that differentiatesit from smple remote
viewing of alecture or experiment is the ability to control the experiment and to protect against
the possibility of damage occurring to this particular setup if left unmonitored. Thislast point
necessitates the incluson of sufficient safety protocols. The environment must dlow remote
contralling of the system, multi-user viewing, data saving, and download capabilities. The
technology selected for usein this project isthe LabVIEW programming environment in
conjunction with its red time counterpart, LabVIEW RT. By using thislanguage, practicd and
intuitive control panels coupled with easy to follow data flow block diagrams are made possible.
The LabVIEW code likewise handles the data acquisition. The setup in this project connects the
host computer to a DAQ accessory device by way of a PXI card, which combines the PCI bus
with integrated timing and triggering. The information sent and recelved through the DAQ card
is processed by LabVIEW code embedded in the redl time processor. The information isthen
sent to the host Windows 2000 processor for saving, visuaization, and distribution to remote
clients. Thisvisudization includes an oscilloscope displaying the accd erations from both the
table and the structure resding on the table. Further visudization will be made by way of a
video camera. Findly, the code must be made safe from unauthorized usage and the university
network must be protected. This paper outlines the implementation of the project using the
vibration experiment.

I ntroduction

Use of [aboratory equipment is essentid in dlowing students to visudize and better understand
the concepts taught in classes such as structurd mechanics. 1n a conventiona classroom setting
it can be hard for studerts to grasp the actual materia or structura behaviors being described.
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Unfortunately it is often impractical for each student to be taken to alab setting and shown
examples. However, through the use of a distance-learning lab, these concepts can be conveyed
while students remain in the classroom.  The educationa opportunities of such alab are gredt.
The following sections will illugtrate the educationd benefits of such alab devoted to a structurd
mechanics shake table experiment as well as describe previous work regarding smilar distance-
learning laboratories.

Overview of Recent Work

Many universitiesin the US and abroad have dready seen the importance of distance learning
associated with their classes. However only afew have done similar work with experimentation.
These examples, including those in aresearch setting, provide auseful ingght into the

gpplication of aremote Ste solution towards the shake table experiment.

Remote research collaboratories have been developed to accelerate research and share
resources. These collaboratories dlow for groups to use equipment that was previoudy
inaccessible. The Network for Earthquake Engineering Smulation (NEES)® is one of the most
prominent in the structura field. The NEESgrid associates with both the earthquake engineering
research community and the information technology community. Mot of the engineersinvolved
are gructurd, geotechnica, and tsunami researchers, and they reside at participating universities
acrossthe USA. This group’s objectivesinclude setting up “ collaborative capabilities [that] will
dlow andysts and experimentalists to work together in ways that were not previoudy possible.
Tde-obsarvation, data streaming and video streaming will provide access to data, access to state-
of-the-art equipment, and the capability to cooperate across distance and time.” The shake table
experiment is one of the experiments that the NEESgrid is addressing. Additiondly, NEESis
doing work on supporting hybrid experiments combining elements of the shake table experiment
with centrifuge, tsunami wave basin, and reaction wall experiments. Their success dependencies
are outlined as

Productive communications environment for collaboration

Acquistion, management and visudization of massive amounts of digita, video, photo,

and numeric data

Reliable distribution of red-time data

Synthesis, andys's, management, mining, dissemination and findings from various

experiments and comparisons.

The research outlined in this paper has the same initid three gods but places the highest
importance on developing educationd abilities. These abilities include the expansion of benefits
ganed from laboratory experience to alarger audience. Such benefits include hands on
experience, better visudization, and practica knowledge towards applications. Most of the
NEES related research is ongoing at the time that this paper is being written. SUNY Buffalo and
the Univerdity of Nevada a Reno are both working on research that will alow remote access to
shake table experimentation™. However, asimplied earlier, the NEESgrid differs from the
research addressed by this paper in that distance learning and education applications are not a
god of that project.

Southern llinois University has aso done research involving remote testing of ascde
model building attached to a shake table smulating earthquake excitation. Thisis Smilar to the
shear building modd in the shake table experiment focused on in this paper. One smilarity lies
in the need for inputting varying waveforms, frequencies, and amplitudes®. However, the
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research done at Southern lllinoisis different from that being donein this study, asit did not
address remote control. Once the input values were set, remote viewing and analyss were the
only objectives. Changesto the inputs were not needed. “The Web pages created alowed
students and interested engineers to remotely access the website and learn by watching the 3D
graphics mode2.”

Educational Value

Converting our conventiona teaching laboratory into a distance-learning lab will result in
sgnificantly increased educationd vaue. Not only will the qudity of learning for present
students be increased by this change, but dso the number of students reached, and the diversity
of this group, will be enhanced. Through distance learning, non-traditiona students such as
underrepresented minorities, working parents, part-time students, students with disabilities, and
career changing adults could al benefit from the exercises.

Learning and retention of lecture materid can be improved through alowing active
participation by the students. The use of observation, control, and anadlyss of experiments are
each beneficia towards increased learning and can be used in conjunction with or as an
dternative to passve lisening and reading exercises. In fact, some studies have shown that
sudents do more critica thinking in their online exchanges than in face-to-face classroom
discussion’’. By using adistance learning |aboratory students will gain hands on experience
while the need for an ingructor is optiona. Outside of the classroom environment, students will
dill have the opportunity to view and study the procedure. Furthermore, they will have the
ability to actudly control the shake table giving them hands on knowledge of vibration
experimentation.

Thistype of implementation holds additiona appea for non-traditiond students. By
placing courses online, students no longer need to commute to acampus. This can save both
time and monetary resources, thus opening the door for those who otherwise would not be able
to gain further education. Those with physicd disabilities would benefit from the same factors.
Lessons and experiments could be accessed from their own homes.

The development of collaboratories mentioned earlier aso has educationd value. The
use of aremotely operated structures lab would alow stimulated development of shared
resources between other indtitutions and colleges. Students a community colleges and smdler
schools would have an opportunity to use equipment previoudy inaccessible to them.

Present Lab Setup and Procedure

The firgt stage of the implementation process shown in figure 1 is observation of the present lab
setup. The Structura Behavior Measurements Laboratory at NC State University, which is used
for undergraduate studies, contains, anong other facilities, asmal, one-dimensond table with a
50 Ib. electromagnetic shaker as depicted in figure 2. The primary use of this equipment is for
introductory dynamics exercisesin thelab. The “Free and Forced Vibrations of a Single Story
Shear Building” lab acquaints students with conceptsin the theory of vibrations and requires
them to determine the natural frequency and damping retio of a shear building. The shear
building has two thin columns supporting a stedl girder. It isthen bolted to the shake table and
accelerometers are connected to both the girder and the table. These, in turn, are connected
through use of a DAQ accessory and desktop computer system to display software running
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Nationd Instrument’s Virtua Bench software®. Currently, a function generator is used to
produce the desired excitation.

The procedure for this experiment can be generdized into four steps:
» Theoreticd cdculations
= Sdictesing
* Freevibration testing
= Forced vibration testing
The theoretica cdculations step necessitates weighing of the girder assembly and

obtaining geometric properties. These properties are then used with known dynamic equations to
find the stiffness, period, and frequency.

Development Process

Observe
present lab
setup and

functionality

Electromagnetic
Shaker

Choose a
programming
language

Shaking
Table

Adopt code to run /

the lab on single
computer

Write Wavefo l Bisplay and Save

code l Data

Modify code to work

on the Real Time Figure 2 — Diagram of the shake table setup.

operating system

¥

Write code to display
interface through the
web

v

Add code to
account for
security

v

Write html code giving
instructions and links
related to usage of the
code

Figure 1 — Flowchart for the implementation
process.

For the gatic testing portion of the lab, the shear building is bolted verticaly to a iff
column. AnLVDT isthen cdibrated and set up to measure verticd displacement of the girder.
Initid voltages are read and weights are added incrementdly to the girder and then removed in
the sameincrements. Voltage readings are recorded at each increment. By plotting the
aforementioned data as |oad versus displacement, the dope can be used to find the static
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diffness. Vauesfor stiffness, period, and frequency are found. These lab values are compared
with the theoretical vaues previoudy caculated.

In the free vibration-testing phase, the LVDT isremoved and the Sructure is excited by
goplying aninitid displacement. An oscilloscopeis used to obtain the period and the damping
ratio. All three sets of data are then compared.

Lagtly, the shear building is placed on the shake table and excited at various frequencies.
At resonance, the period of excitation and the maximum accelerometer voltages of the Structure
and table are recorded. These data then alow the natura frequency and damping ratio to be
cadculated. By comparing the various sets of results, the students are exposed to differences
between the various lab techniques.

Overview of Improved Lab Setup with Distance L ear ning Support

In order to make the shake table |ab ready for a distance-learning environment, certain additiond
pieces of hardware were necessary. The first was a computer with a redl-time processor and a
Windows operating system. Here, red-timeisin reference to actions teking placein a
determinigtic manner where code is executed in predictable time intervals as opposed to with a
Windows operating system where timing is unpredictable. In addition, the red-time hardware
allows code to be downloaded to and embedded upon an independent hardware target with a
real-time operating system. Each hardware target has a dedicated processor running ared time
operating system independently from Windows>. Any Windows rdated difficulties or even a
Windows reboot would have no negative consequences associated with the equipment. A
Windows 2000, 1.26 Gigahertz Pentium I11 system with ared-time PXI card from National
Instruments was used in this research. An E series DAQ card cagpable of andog to digitd and
digital to analog conversons was aso required dong with LabVEIW 6.1 and aweb camera
This system alows the shake table excitation signa to be generated by LabVIEW rather than by
afunction generator. By embedding this code onto the redl-time board, the mouse and keyboard
interface are able to take the user commands and send asignd out of the PXI1 card into the E
series DAQ device. Thisin turn sends the desired waveform to the shake table. Accelerometers
attached to a power source and to the shake table then send data back to the analog input
channds on the DAQ board. Future stepswill dlow viewing viaa camera set up that can be
connected to Microsoft Netmeeting software embedded in the html code.

Mogt of the activities mentioned in the previous section are attainable with the current
setup. Notes and ingtructions will be placed on the web o that the theoretica calculations may
be evduated and so that each control on the graphical user interface is understood. The forced
vibration phaseis dso implemented using this setup. LabVIEW and the World Wide Web are
used to dlow students to request control of the experiment and run the test with variable
waveforms. The web camera and Netmeeting software will |et the remote user view the
experiment and sketch the lab setup.

LabVIEW and the Red-Time Board

In order to convert the exigting lab into a suitable environment for distance learning, amedium
for control of the equipment was needed. As outlined in figure 2, this necessitated the choice of
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aprogramming language. LabVIEW was chosen becauseit dlows for ahigh leve of control
and flexihility.

Like C, C++, and Java, LabVIEW is a programming language. However, lines of code
are not used. Instead, graphics and logic diagrams are used with programming objects such as
loops to produce the desired results. An example code can be seen in figure 3. Dueto these
differences compared to a more traditional programming language, LabVIEW isreferred to asa
graphica programming language, or “g” programming. LabVIEW provides amore intuitive
environment for creating controls due to the ability to drop dids, switches, buttons, etc. directly
onto the LabVIEW front panel. These front panels are used as the user interface. Two front
pands are shown in figures 5 and 7. Thisfunctiondity alows an easy-to-use, professiona
looking interface to be quickly constructed. The programs produced are called virtua
instruments or vi's. Vi's are portable between system architectures such as PC, Mac, or Sun.
The aforementioned graphica user interface and itsintuitiveness dong with the gbility to
program many different ingruments are other reasons for using the g programming system.

D e ———— ]
Select Waveform

[d

Figure 3 — Example LabVIEW code for aremote front pane waveform generation solution.

LabVIEW 6.1 has a built in web server that dlows for ease of placing vi’s onto the web.
With this ability, it was easy to see and sat up tests for remote controlling of various experiments
throughout the devel opment process.

The rea-time PXI1 board and accompanying rea-time vi’ s were also a good match for this
research. The PXI board combines the high-speed PCI bus and integrated timing and triggering
in order to provide improved performance when compared to older setups’. Therea-time
architecture is necessary 0 that reliable timing and updating will teke place. It dso dlows for
increased ability to quickly shut down the experiment if a problem wereto arise. By writing
handshake functions between LabVIEW Red- Time and the Windows 2000 system, the shake
table can be made to stop if certain safeguards are not met. The redl-time architecture dso
alows the system to keep running during a crash of the supporting CPU. Thisisdueto the
compiled g code being embedded within the red time controller itself. The Windows 2000
machine accompanying the PXI RT board can therefore run other tasks such as web serving
while the RT board handles the LabVIEW code and DAQ functions. The PXI board has a
connector for aDAQ accessory to alow for the process of these functions. Thisis essentid for
sending analog waveforms and receiving displacement data
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Tasks Accomplished for Distance L earning Lab Setup

With the intention of creating a distance learning version of the origind shake table lab, many
taskswererequired. Firgt, proper software had to be written to drive the shake tableitself. This
would need an intuitive interface and dlow inputs to be received and sent to the DAQ board. A
functional oscilloscope was aso essentid to display data received from the DAQ board while
alowing for triggering and cursors. Also, the data presented needed to be saved for further
andyss. SAfety precautions induding input limits and handshaking where placed within the

code aswell. These agpects followed the middle set of nodes in figure 2.

The procedure for creating the waveform generation and controlling code for the shake
tableisshown in figure 4. Amplitude, frequency, and waveform type input controls were placed
on the user interface displayed in figure 5. The interface used isthe LabVIEW front pane
diagram itsdlf as discussed in the LabVIEW and Red time board section. Thisdlows for easy
placement of buttons and switches. The code runs on the redl time (RT) operating system due to

the need for data acquisition. The DAQ controller islocated within the RT system architecture
and cannot be initidized from the Windows system.

EE WaveGen2.vi !E

File Edit OQperate Tools Browse Window Help

|:{>i@{ |@|E| | 13pt Application Fonk |~ || e %
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Receive Inputs vv_aveform points to DAQ
points using board Select Wavefarm Frequency SEMD
\ input data :j Sie :jD.DD
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Moo | STOP
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Figure 4 — Functiondlity diagram for the Figure 5— Example Front Pandl (GUI) for
waveform generation code. the waveform generation code.

The oscilloscope interface was crested in a manner smilar to the waveform generation
code. The stepsfollowed are shown infigure 6. Since data were taken in by the DAQ
accessory, this code must reside on the RT board aswell. Sample code from LabVIEW 6.1 was
taken and modified to create the oscilloscope shown in figure 7. Cursors, triggering, vertica
reszing, and time-gpan control are al functionditiesincluded as part of the scope. This portion
of code also sends dl of the numeric data to the screen where it can be copied and placed into a
spreadsheet program for further analyss. The datalogging was a mgor portion of the
converson of codeto the RT setup. More efficient implementations for saving data are presently
being addressed. These include the use of TCP/IP and shared memory VI'singtead of the
LabVIEW remote front panels solution.
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Figure 6 - Functionality diagram for the display code.
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Figure 7— Example Front Pand for the display code.

Another concern for the setup was safety. Certain aspects pertaining to safeguards were
exercised in each portion of the code. The waveform generation section of the code had limits
added to theinputs. This was done within LabVIEW and was set so that any values outside the
specified range would be limited to the closest dlowable vaue. These input limits were placed
upon the amplitude and frequencies. Data from tests conducted on a shear building smilar to the
one used in the experiment together with professond judgment was used to determine arange
for the various limits. Changing these values for different structuresis asmple task for the
adminigtrator. Feedback using the data in the display code is also a safety protection thet is
presently being implemented. The data received will stop the code if the amplitude vaues are
found to betoo large. A fina precaution presently being added is a handshaking function. As
depicted in figure 8, this function sends asgnd from the Windows operating system to the RT
systemn saying that it is working properly. In the case of a system crash the RT board would
remain active however, the remote user would lose access to the interface. If this occurred, the
RT board would no longer receive the “OK” signa and would safely shut down the experiment.
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Figure 8 - Functiondity diagram for the handshaking code.

Web Setup

In order to dlow for distance access to the shake table experiment, an Internet setup isindituted.
A dient-server setup of the type shown in figure 9 is used for this purpose. The controlling
computer runs LabVIEW and hasa DAQ card that is attached by coaxia cable to aDAQ device.
Not only is LabVIEW used to control the experiment, but the built in web server isaso used to
place the vi onto the World Wide Web. HTML code is automatically generated by LabVIEW
and can be modified as needed. The client computer only needs aweb browser with the

LabVIEW run time module downloaded from the National Instruments web sSite to access the
sysem.

Computer Setup

PXI System

Win 2000 —
— —
Shake 1 o HIl____ sl RTBoard |
Table Web* L
Server =
DAQ Board Remote User

Figure 9 — Communication between |aboratory equipment and the web.

The LabVIEW codeisrun on the RT board and remote front panels are used to see the
code on the Windows 2000 system. The use of remote front panelsis an option within
LabVIEW that allows any front panglsto be seen by way of the internet. This smplifies
programming so that the transfer of information no longer needs to be hard coded. The RT
controller being used cannot be directly used as aweb server by itsdf. However, whenthe RT
board istargeted by LabVIEW, the vi’ s being used are placed into virtua memory on the
Windows 2000 system. This alows the web server on the Windows 2000 system to distribute
the code. The use of remote front panels required additiond licenses from Nationa Instruments.
Given the additiond licenses and proper configuration, the lab was structured so that there could
be as many remote viewers as there were licenses but that only one could control the experiment
a asngletime.

TCP/IP protocols are used for dealing with communications. TCP/IP isafamily of
protocols often caled the “internet protocol suite” that allow computers to share resources over a
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network. These ded with file transfer, remote login and execution, as well as other events. By
only dlowing certain | P addresses access to the interface, a greater level of security is gained.

Associated Web Documentation

With the use of LabVIEW programming on the server machine, it isimportant that any client
computers have software that can read the g language. To do this, the client must have either
LabVIEW or aLabVIEW run-time module ingtdled on their machine. Assuming that most users
will not have LabVIEW existing on their computer, an accompanying webdte is offered asthe
eases primer for downloading al of the necessary components. This website specifies input
limits and includes a brief description of the lab aswell asingructions on use of al virtud
ingruments. Therewill dso bealink to Nationd Instruments Ste for free downloading of the
run-time module. Once the cameraiis added, alink to the Netmeeting download site will be
included.

Future Considerations and I ncreased Scope of theLab

Presently, the atic and free vibration tests are difficult to implement with this setup. Thisisdue
to the need for fixing the shake table so that it cannot move. At the time of this paper, screws are
used to clamp onto the table and must be hand tightened. One option is to replace these screws
with pneumatic actuators that will clamp down upon the shake table to make it Sationary.
Another actuator can be used to gpply an initid displacement to the girder of the shear building
giving it an initid excitation. The control of these actuators could be implemented in LabVIEW,
as was the control for the shake table.

Another future consderation is the use of the web camera. Currently the camerabeing
used has rdatively low frames per second with basic usage limited to showing the lab setup and
verifying whether or not the table is moving. Purchase of afagter, higher qudity camerathat
will be able to show the video of the experiment more fluently is planned. Furthermore, with a
higher quaity camera combined with proper software, it will be possible to grab a selected
number of frames per second matching or closely matching the frequency of various structurd
modes. Thiswould produce an effect smilar to a strobe light and dlow for the user to better see
the different structural modes of vibration.

With these changes, the equipment will be usable in away that closaly meets each aspect
of the origind lab. Thiswill let sudents learn without the need of being present on campus. The
changes made will dso make the lab more accessible as atool for classes other than the
structures lab. Graduate level classes such as advanced dynamics could utilize the lab from the
classroom. Thiswould alow students to see varying mode shapes and gather data while making
caculations away from the clutter of the |aboratory.

Conclusion

Through studying the distance-learning laboratories of other ingtitutions and keeping the users
needsin mind, a pogtive distance-learning environment can be achieved. This environment will
be able to reach a broader spectrum of students and researchers aswell as dlow for the eventud
formation of collaboratories with other teaching and research-oriented organizations.
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Along with the educationa and collaboratory benfits, this work will dso dlow for
modifying other experimentsin the [aboratory. After the setup described has been completed,
only the LabVIEW portion of the setup and the placement of the data acquisition tools should
have to be changed in order to convert labs with smilar data acquisition needs. This procedure
shows that proper safety guiddines are required for placement on inputs limits and feedback
options. Remote front panels were also seen as the best option for balancing ease of
programming and functiondlity.
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