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Laboratory instruction is a major component of the engineering and technology undergraduate curricula.  Traditional 

laboratory instruction is hampered by several factors including limited access to resources by students and high laboratory 

maintenance cost.  A photorealistic 3D computer-simulated laboratory for undergraduate instruction in microcontroller 

technology was developed to address these issues.  �e virtual laboratory includes a realistic representation of devices and 

components used in a traditional laboratory setting.  �e virtual laboratory requires the students to engage in the same 

processes as the traditional laboratory. An initial formative evaluation of the virtual laboratory environment (VLE) 

was conducted with a group of 42 undergraduate students enrolled in an introductory microcontroller course at Purdue 

University.  Findings show that students perceived the VLE experience comparable to the physical laboratory experience; 

in addition, they thought the VLE was easy-to use, engaging and useful. In the paper we describe the development of the 

VLE and report and discuss the results of the evaluation.

_____________________________________________________________________________________
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Laboratory experiences represent fundamental 
instructions for electrical and computer engineer-
ing technology students. Laboratory exercises al-
low the students to build electronic circuits, mod-
ify design parameters and measure the resulting 
e�ects.  Embedded microcontroller laboratory ex-
periences are similar in that the students construct 
circuits, create software to accomplish the desired 
task, and then test the software.  In order to reduce 
the chance of errors within the physical electronic 
circuits, the Electrical and Computer Engineering 
Technology department at Purdue University has 
turned to a set of pre-built laboratory peripheral 
boards that include: a lights and switches board, 
a scanned keypad board, a multiplexed 7-seg-
ment display board, a stepper motor board, a liq-
uid crystal display board, a slide potentiometer 
and joystick board, and a synchronous serial in-
terface board.  Having pre-built hardware allows 
the students to focus their time and attention on 

the embedded microcontroller hardware and soft-
ware, the real focus of an embedded microcon-
troller course.  However, the pre-built laboratory 
peripheral boards add a signi�cant cost element to 
the course.  �is additional cost prevents typical 
students from acquiring the hardware necessary to 
work on laboratory exercises from their individual 
residence.  �e cost associated with laboratory pe-
ripheral boards also prevents the department from 
having enough development boards to make them 
available to the students outside of their normally 
scheduled laboratory sessions.  In order to help 
solve these issues, a virtual laboratory environment 
was created using state-of-the-art 3D technology 
that provides a photorealistic representation and 
simulation of the actual embedded microcon-
troller development board and the peripheral 
boards available to the students during a normally 
scheduled laboratory.  �e virtual laboratory re-
quires the students to perform the same type of 
steps that are performed during a regular labora-
tory session to make interconnections between 
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boards, connections to the power supplies, and 
even requires the parameters on the virtual power 
supply to be adjusted by manipulating the power 
supply controls.
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Traditional laboratory instruction has several 
limitations including: limited availability to the 
hardware and resources, high laboratory mainte-
nance and operational cost, and limited assistance 
for students with disabilities such as students with 
limited motion or visual impairments [1].  Simu-
lation tools and other multi-media technologies 
have proven valuable in the learning process and 
have been documented in many numerous pub-
lications [2].  Research has shown that the use of 
simulation tools reinforces learning and leads to 
performance improvements in a variety of dis-
ciplines [3].  A comprehensive literature search 
produces numerous examples of virtual laborato-
ries across a wide variety of disciplines including 
various engineering and science laboratories, mi-
croelectronics, earthquake simulators, mechanical 

stresses, etc [4-9].  Commercial products such as 
MultiSIM are also available for use in simulation 
of electronics circuits [10].  At Temple Univer-
sity, a virtual laboratory was developed to assist 
students with limited mobility of their hands and 
upper bodies to perform electronic laboratories 
through a virtual reality environment instead of 
using the physical laboratory hardware [5].

A virtual laboratory environment that includes 
a highly realistic representation of the devices, 
components, and processes required to complete 
a laboratory activity can provide the mental en-
gagement necessary to transfer the activities from 
within the virtual laboratory to the physical labo-
ratory [1].  A photo-realistic virtual laboratory 
environment can be employed to reduce the high 
operational costs of a traditional laboratory en-
vironment and when web-enabled, or delivered 
through removable media such as a CD, DVD, or 
Flash Drive. A virtual laboratory can be accessed 
by students at any time day or night and can also 
be utilized to provide laboratory education at a 
distant location [1].

Figure 1 – Screenshot of the Virtual Laboratory
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�e object of this research e�ort was to create a 
virtual laboratory environment that utilizes state 
of the art, photorealistic 3D computer graphic 
technology to emulate the devices and processes 
required to complete an embedded microcon-
troller laboratory activity within the Electrical and 
Computer Engineering Technology Department 
at Purdue University.  Once the laboratory envi-
ronment was created and validated, the next step 
would be to utilize the laboratory environment to 
assist students with visual or physical impairments 
overcome obstacles to their education.
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�e virtual laboratory environment provides 
extremely realistic representations of the physical 
laboratory equipment utilized during a typical ex-
periment as shown in �gure 1.  �e con�guration 
shown includes the main microcontroller develop-
ment board, a lights and switches board (primary 
device utilized for input and output operations), a 
stepper motor development board, and a bench-

top power supply.  Additional development boards 
are also available and include a liquid crystal dis-
play, 7-segment display board, and a scanned key-
pad board which are not shown.

To maintain a high level of detail and scale re-
lationship, all of the 3D models of the develop-
ment boards were modeled from the actual techni-
cal drawings of the physical laboratory hardware.  
Once the actual sizes and relationships were estab-
lished of the development boards, photographs of 
the physical boards were utilized to complete the 
models with special attention given to the level of 
details within the development boards.  Figure 2 
shows a close-up view of the microcontroller de-
velopment board utilized in the virtual laboratory. 
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�e virtual laboratory project was developed us-
ing high end, 3D interactive animation develop-
ment tools.  Autodesk Maya software was utilized 
to model and texture the 3D laboratory compo-
nents as polygonal surfaces and to animate their 

Figure 2 – Screenshot of the Microcontroller Development Board



R ' C ' 4 ) 5 ! ) 6 6 % ! ) 5 * 7 6 ' ! 5 ) * 8 % $ 9 # ! " ' * : ( ; % ) $ 0

: ' 2 ' + ' " ' $ . * * * < = * * * % ' " ' $ - ' . ' * * * * >

functionality.  �e textures were created using 
photographs of the actual development boards.  In 
order to achieve a high level of performance and 
speed in response to user inputs, the poly-count 
of each model was kept below 20,000 polygons.  
Color and bump maps were employed to simulate 
photorealistic details in order to maintain a high 
level of representational �delity within the envi-
ronment.  Figure 3 and 4 illustrate the creation of 
the virtual devices within the environment.  Once 
the models were created, they were exported as 
.obj �les.

Interactivity with the 3D components was 
programmed with OpenGL and the C(++) pro-
gramming language.  In order to create a platform 
independent environment, the OpenGL Utility 
Toolkit (GLUT) was utilized to allow the applica-
tion to be executed on platforms such as Linux, 
Macintosh OS, or Windows based systems.  Each 
individual development board was treated as a sep-
arate graphics �le with the movable parts exported 
separately in order to provide easy manipulation of 
the model within the OpenGL framework.

�e virtual laboratory workspace is designed 
with a matrix setup where speci�c peripheral 
boards are always placed in the same quadrant of 
the workspace.  �is was initially done to simpli-
fy the creation of the interconnecting wires and 
cables required to perform a typical laboratory ex-
ercise.  Students create wire connections between 

Figure 3 – Development Board Modeling

Figure 4 – Modeling of Test Equipment
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the virtual microcontroller board and the periph-
eral development boards by selecting the desired 
wire type from the setup pull-down menu as 
shown in �gure 5.  �e environment has also been 
programmed with “hot keys” that allow the user to 
simply press a number between two and eight to 
place a multi-conductor cable between two of the 
development boards.  A similar process is followed 
in order to create the power cable connections be-
tween the individual development boards and the 
virtual power supply.

In all cases, the interconnecting cables and wires 
are created in a dynamic fashion.  �is allows wires 
and cables to be placed in any con�guration re-
quired and can be manipulated by the user at will.  

�e wires and cables utilized in the virtual 
laboratory environment not only provide a visual 
representation of the connections within the en-
vironment, but they are also utilized to “carry” 
signals from one development board to the next.  
�e interconnections of each development board 
are programmed using object-oriented techniques 
which allow the properties on one development 
board to be linked to the object associated with 
the opposite end of the cable.  When a cable is 
placed in the system, as seen in �gure 6, a logic 
value or voltage level can then be shared between 
two boards allowing values on toggle switches to 
be read by the virtual microcontroller and in a 
likewise fashion, an output value from the micro-
controller can be utilized to create the appearance 
of turning lights on and o�.

Picking methods enable the user to interact 
with switches, buttons and knobs on each of the 

objects in the virtual laboratory environment from 
any point of view. When a user selects a switch 
by clicking on it with the mouse, the switch will 
change positions.  For instance, the shaft of a tog-
gle switch will move from one position to the next 
as seen in �gure 7.  Likewise, pushbuttons will 
move up and down.  Users can rotate knobs by 
clicking on the knob in the viewing window and 
by holding the right mouse button down, while 
dragging the mouse in the desired direction of ro-
tation.

(D>E6&3'GF9,',Q,G6EDFB

�e embedded microcontroller development 
board is based on the ATmega16 RISC microcon-
troller from Atmel Corporation. �e virtual mi-
crocontroller supports FLASH, RAM, EEPROM, 
Register File, and Input/Output Register locations 

Figure 5 – Pull-Down Menu for Wire Placement

Figure 6 – Close-up View of Interconnecting Ca-
bles

Figure 7 – Toggle Switch Movement
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along with representations of the microcontroller’s 
Status Register and Program Counter. �e key 
feature of the virtual microcontroller board lies in 
its ability to decode and execute the various mi-
crocontroller instructions [1].  A unique feature 
of this environment is that the virtual microcon-
troller actually operates from an Intel Hex �le.  
�is feature eliminates the special �les (normally 
object �les) that are commonly used by commer-
cial simulators [4].  �e hex �les can be produced 
by a variety of methods including any C compiler 
or assembler capable of generating executable code 
for the target microcontroller.  Once selected, the 
actual �le is loaded into the virtual microcontroller 
and then separated into the individual commands 
and any accompanying data required.

A system clock, based on the graphics update 
refresh rate, instructs the virtual microcontroller 
when to execute the next instruction. As each in-
struction is executed, various memory locations 
are read, data values are calculated, new values 
are stored, and the microcontroller’s status regis-
ter and program counter are updated as required 
to match the exact operation of a physical micro-
controller.  Depending on the instruction being 
executed, various !ags in the status register can 
be utilized to control the branching or “jump” 
instructions within the microcontroller.  �e vir-
tual microcontroller is capable of executing any of 
the assembly language instructions within the mi-
crocontroller which includes all the arithmetic & 
logic instructions, branch instructions, data trans-
fer instructions, bit & bit-test instructions and 
MCU control instructions.  �ere are four MCU 
control instructions that are not applicable to the 
virtual microcontroller laboratory environment 
and therefore have not been implemented.  �e 
remainder of the instructions from all the other 
categories have been successfully implemented 
and tested.  Once the latest instruction has been 
completed, the virtual environment is updated so 
that output devices such as lights can be illumi-
nated or turned o� as required.  In the event of a 
device like a stepper motor seen in �gure 8, the in-
struction may result in the position of the gear to 
be rotated either clockwise or counter clockwise.
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�e virtual laboratory environment develop-
ment plan was broken down into four main phases.  
�e �rst phase was the creation of the microcon-
troller’s basic operations.  �is phase required the 
modeling of the various memory locations within 
the microcontroller along with the instruction de-
coder and the status register as shown in �gure 9 
below.  �e advanced peripherals of the microcon-
troller were not required to prove initial operation 
and were therefore not modeled.  �e next phase 
of the development cycle was the creation of the 
3D models for each of the peripheral boards re-

Figure 8 – Stepper Motor Gear

Figure 9 – Block Diagram of Microcontroller CPU
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quired for the environment.  �e third phase of 
the development cycle was the linkage between the 
virtual microcontroller and the 3D models which 
included the animation of the moveable parts 
within the system.  �e completion of this phase 
allowed the virtual environment to be implement-
ed and tested by the actual students enrolled in an 
introductory embedded microcontroller course.  
�e last phase of this project, the completion of 
the advanced peripherals, has purposely yet to 
been completed.  �is limits the operation of the 
virtual laboratory environment to the �rst half of 
the introductory course.
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Initial testing was conducted by expert users 
consisting of faculty members and graduate stu-
dents within the Electrical and Computer Engi-
neering Technology department at Purdue Uni-
versity to ensure proper operation of the various 
features and functions of the environment.  �e 
initial evaluation included testing of normal op-
erating parameters and extreme conditions.  �is 
testing was designed to determine the behavior 
of the virtual environment in the event a student 
user connects something improperly or inadver-
tently leaves a device unconnected.  During these 
tests, cables were intentionally placed in the wrong 
location or improper orientation.  In addition to 
incorrectly connected circuits, the testing focused 
on situations where the power supply was either 
not connected or set to an improper value.  �or-
ough testing during the development cycle led to 
very few issues during the initial testing.  �e only 
major issue discovered was with respect to the op-
erating voltages of the various peripheral boards 
due to miscommunication between the develop-
ment team and was corrected prior to undergradu-
ate student testing and validation.

,:!+"!#)2%'X)#?'@#"/.%#@

Subjects: �e entire sophomore embedded mi-
crocontroller class utilized the virtual environment 
to conduct a set of typical laboratory exercises. �e 

pool of subjects included 42 students, 39 males, 3 
females, with an average age of 20 years old.

U*21./"*.

�e laboratory instructor initially led the stu-
dents through the preliminary stages of getting the 
environment setup and instructed the students on 
how to navigate through the virtual environment.  
Once the students were shown the basic require-
ments to navigate through the environment and 
make connections using the cables within the en-
vironment, the students were given a set of tasks to 
complete on their own.

Experiment 1: �e �rst test required the stu-
dents to verify and validate that the virtual lights 
and switches operated in the same manner as the 
physical lights and switches board.  �is particu-
lar experiment required the students to make vir-
tual connections with cables to the virtual power 
supply and the lights and switches board.  �e 
students were required to manipulate the power 
supply output voltage and compare the results of 
the virtual environment again the physical hard-
ware when in over-voltage, under-voltage, and 
appropriate voltage settings.  �e experiment also 
required the students to utilize the wire cable con-
nection abilities within the virtual laboratory.  

Results: At the completion of this exercise, 
the students recorded their results and answered 
questions related to virtual laboratory environ-
ment.  �e student results are shown in �gures 10 
through 16 below.

Overall, the students indicated that the virtual 
laboratory lights and switch operated in the same 
manner as the physical lights and switches board 
as seen in �gure 10.  �e students also indicated 
that they were able to e�ectively utilize the virtual 
laboratory to install the required cables to com-
plete the tasks as seen in �gure 11.  �e students 
indicated some di"culty in utilizing and adjusting 
the output of the virtual power supply as shown in 
�gure 12.

Experiment 2: After establishing that the vir-
tual laboratory environment operated in a similar 
manner as the physical hardware, the next labora-
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tory experiment required the students to actually 
create software and program the virtual embedded 
microcontroller.  Since a typical �rst experiment 
with an embedded microcontroller requires the 
students to input and output data from the mi-
crocontroller, this approached was adopted for the 
virtual environment.  �e students were required 

to read values from the virtual toggle switches 
and display the values on the virtual LEDs.  Since 
the students had previously performed the same 
procedure on the physical hardware, they were re-
quired to report their experiences with the virtual 
laboratory hardware against that of the physical 
hardware as shown below.

Figure 10 – Operation of the Lights and Switches Board

Figure 11 – Usability of Placing Cables
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Results: �e overall results indicate that the 
student users felt that the virtual environment 
required the same procedures and produced the 
same results as the physical hardware as seen in 
�gures 13 and 14.

9DOG6OODFB

Overall, the students reported a very positive 
experience with the virtual environment.  Two 
students within the course experienced di"culties 
above those encountered by the rest of the class.  

Figure 12 – Power Supply Operation

Figure 13 – Laboratory Processes
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�e results of these two students are visible in the 
graphs of the data as shown in �gures 14 and 15.  
Despite their di"culties, these students reviewed 
the VLE positively. Furthermore, the students in-
volved with the validation of the virtual laboratory 

indicated a strong desire to be able to utilize the 
virtual laboratory from their residence.

�e last question of the student questionnaire 
was designed to gauge whether or not the students 

Figure 14 –Laboratory Results

Figure 15 – Replication of Physical Hardware
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would prefer to utilize the virtual laboratory envi-
ronment over the physical environment as seen in 
�gure 16.  �e students who actively interact or 
play with newer video gaming systems indicated a 
stronger desire to utilize the virtual laboratory en-
vironment than the students that do not actively 
play with video gaming consoles.

Demonstration videos are available on-line at:
http://www2.tech.purdue.edu/cgt/Facstaff/nad-
amovillani/microcontroller.htm

W"#"*.']2*^

�e current virtual environment allows the stu-
dents to perform all the activities associated with 
the �rst half of the introductory course.  Future 
work will focus on expanding the content of the 
Virtual Laboratory to allow the students to per-
form advanced timer operations, advanced serial, 
and analog to digital conversions. Functionality 
will also be added to allow the saving of con�gura-
tion �les to allow assignments and con�gurations 
to be submitted electronically for instructor help 
or to verify assignment completion.  �is feature 
will allow students to perform laboratory activities 
from distance.

Once the advanced peripheral functionality has 
been added, additional work will be undertaken 
to expand the interface of the virtual laboratory 
environment to facilitate students with both vi-
sual and/or physical limitations.  Many labora-
tory assignments require a high-level of dexterity 
and good vision [1].  According to Duarte and 
Butz, students with reduced motor skills can at 
most, watch their laboratory partners perform 
the experiments [5]. In 1999, the U.S. Depart-
ment of Education’s National Center for Educa-
tion Statistics (NCES) reported that an estimated 
428,280 students with disabilities were enrolled at 
two-year and four-year postsecondary educational 
institutions. According to a recent search of the 
Purdue University O"ce of the Dean of Students 
database, over 400 students could bene�t from a 
system that addresses impairments. �e VLE will 
be designed to meet the needs of these students. 
It will be designed according to the policy of the 
U.S. Department of Education - National Insti-
tute on Disability and Rehabilitation Research 
(NIDRR 2007), and the Accessible Digital Media 
Guidelines established by the National Center for 
Accessible Media (NCAM 2009). Speci�cally we 
will consider guidelines A (images), E (interactiv-
ity), F (graphs), G (math), H (multimedia). In ad-

Figure 16 – Virtual Laboratory Preference
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dition, the software will support specialized input 
devices in order to meet the needs of students with 
limited dexterity.
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