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The Implementation of Virtual Labs in Aerospace Structures 
Education 

 
Abstract 
 
Virtual laboratories are valuable resources to support students’ learning in engineering and 
science.  They allow students to perform experiments with minimum resources, be prepared for 
other hands-on activities or lectures, and better understand the conceptual knowledge of the 
discipline.  Due to those benefits, the School of Aeronautics and Astronautics at Purdue 
University has been implementing virtual labs in the lab course of AAE 20401 Aeromechanics 
II.  AAE 20401 is an aerospace structural mechanics lab course for second-year students where 
they had the opportunity to use the Virtual Lab software.  When implementing the Virtual Labs, 
we characterized the content, assessment, and pedagogy of the course under the Backward 
Course Design Model to identify how the Virtual Lab software could be integrated into the 
coursework.  After a year of getting feedback on the software from the students and investigating 
the pedagogical approaches on how to use it, we introduced a new format on the use of the 
virtual lab in Fall 2019.  This paper describes the latest version of the lab course with the 
integration of the Virtual Lab software.  The curriculum design, presented in this paper, is a 
useful reference for educators who seek to integrate virtual technologies into their new or 
existing laboratories. 
 
1. Introduction 
 
The School of Aeronautics and Astronautics (AAE) at Purdue University recently experienced a 
dramatic surge in new undergraduate student enrollment.  One of the difficult tasks is to 
accommodate the increased number of students with physical facilities that were built for fewer 
students.  To this end, we proposed a countermeasure to cope with the situation without 
increasing the physical lab space by creating a virtual lab (VL) space.  We had several thoughts 
on the possible positive outcomes as a result of the VL implementation.  First, VLs could 
improve the educational efficiency during the hands-on lab if students complete VLs as a part of 
pre-lab assignments.  This means that physical lab may take less time; therefore, we can 
accommodate larger number of students.  Second, any enrolled students can use VLs anytime, 
which means that the restrictions to gain hands-on experience on the physical lab apparatus can 
be compensated by the use of VLs.  Third, VLs can address problems for those experiments that 
cannot be reasonably performed during hands-on labs due to space limitations (e.g., experiments 
with very large or very small specimens), due to time limitations (e.g., fatigue experiments that 
takes several days to complete), and due to safety limitations (e.g., experiments with dangerous 
chemicals).  These are positive consequences of VLs that we foresaw.   
 
In Fall 2018, we implemented VLs for AAE 20401, Aeromechanics II Laboratory, a one-credit 
lab course for the aerospace engineering students.  However, we were unable to confirm the 
educational effectiveness of VLs since we implemented VLs without the Scholarship of 
Teaching Learning (SoTL) research activities.  Therefore, in Fall 2019, we initiated the SoTL 
research project on the implementation of the AAE 20401 VLs.  Since we wanted to pursue the 
excellence in VLs by creating the innovative virtualized lab of the existing hands-on labs, we 
used the Backward Course Design Model to analyze and characterize the course context, content, 



assessment, and pedagogy of the course so that we can integrate VLs into the existing lab 
coursework smoothly.  However, no matter what aspect of VLs we choose to implement or what 
specific approach we choose to pursue for the VL implementation, the objective of creating the 
VL space remains the same:  VLs must improve the quality of education for students, which is 
the thesis of the virtual lab project.  In order to achieve this thesis, we want to answer the 
following research questions.   
 

a) How did students perceive VLs?   
b) What connections did students make between VLs and Physical Labs?   

 
2. Literature Review 
 
One of the earliest use of VLs in higher education was Project Athena at Massachusetts Institute 
of Technology (MIT) [1].  Project Athena began in 1983 to improve the educational quality for 
students at MIT.  In Project Athena, MIT researchers used the philosophy of 
“gedankenexperiment” (German for “thought experiment”) [2], a term coined by German-born 
physicist Albert Einstein to create the theory of relativity conceptionally, rather than physical 
experiments [3].  Project Athena at MIT was an educational experiment to use advanced 
computers throughout MIT’s academic departments [2].  Interestingly, Project Athena was meant 
to be for nonprogramming courses since the programming courses at MIT were already utilizing, 
and had a great access to, computers [4].   
 
Another earlier use of VLs was introduced by William Wulf in 1989 [5] as ”Collaboratory,” 
which was a combined word of collaboration and laboratory, where scientists to “perform their 
research without regard to geographical location” [6], [7].  Wulf intended VLs to be a 
collaboration tool that allows “interacting with colleagues, accessing instrumentation, sharing 
data and computational resources, and accessing information in digital libraries” [8].   
 
Since the initial introductions of the VL concepts, research on the effectiveness of VLs 
confirmed that properly designed virtual simulation tools can enhance students’ learning 
processes [9], [10].  As a result, VLs have been implemented and/or studied across the wide 
variety of disciplines, such as life science (e.g., biology) [11], [12], [13], [14], [15], physical 
sciences (e.g., physics and chemistry) [16], [17], [18], [19], [20], mathematics/computer sciences 
[21], [22], [23], [24], [25], and engineering [26], [27], [28], [29], [30].  However, we will need to 
be careful when using the term “virtual lab” since there is no set definition for “virtual lab.”  For 
instance, in some papers, the term “virtual labs” refers to the remote operation of physical labs 
[31], [32].   
 
Furthermore, we identified that in certain cases, the term “virtual lab” is used in place of 
“simulation” especially for those fields that are numerical in nature [33], [34].  One of such fields 
is the mechanics education in aerospace, mechanical, and civil engineering [35], [36].  We found 
this observation to be interesting because the use of finite element method to solve problems is 
essentially an elaborate (i.e., more rigorous) approach to solving mechanics problems.  In other 
words, if students understand how to setup a computer model in a finite element (FE) software, 
apply a load and boundary conditions, and complete the FE analysis, the use of VLs becomes 
unnecessary.  Thus, at this point, we realized one of the potential target audience for the VL use:  



VLs are effective in educating undergraduate aerospace/mechanical/civil engineering students 
who are trying to learn the basis of mechanics of materials.  That is, the use of VLs is a great 
bridge between the first-year engineering students who have not had any exposure to structural 
mechanics and fourth-year engineering students who have experienced both hands-on 
experimentation and some simulation.   
 
The process of the Backward Course Design Model, according to Wiggins and McTighe [37], is 
i) to identify the desired outcome at the beginning of designing a course, ii) to assess evidences, 
and iii) to design the learning experience and instructions.  This process stems from the 
fundamental philosophy of the Backward Course Design:  Focus on the outputs of the 
instruction, rather than the instruction itself, when designing a course [37].  That is, the primary 
attention in education must be paid on student learning and understanding, not instructor 
teaching.  Thus, the Backward Course Design Model provides a framework for an effective 
curricular designing and redesigning [37], [38], [39].  Based on the literature review presented 
above, we used the Backward Course Design Model to analyze and characterize the course 
context, content, assessment, and pedagogy of the course so that we can design and implement 
the VL software as a part of effective learning tool for the Purdue AAE students.   
 
3. Methods 
 
In order to incorporate the use of VLs as a part of curriculum, we analyzed the course context of 
AAE 20401, Aeromechanics II Laboratory.  Furthermore, we characterized the course content, 
assessed student learning, and developed the pedagogy of the course using the Backward Course 
Design Model [37] so that we were able to identify how VLs could (and should) be integrated 
into the curriculum.  Using the knowledge we gained from these analyses, we integrated VLs as 
a part of AAE 20401 curriculum during the Fall 2018 semester as a preliminary implementation 
followed by a full-on implementation with the SoTL activities during the Fall 2019 semester.  
For SoTL results and discussion on the research questions, please see the subsequent section.   
 
Course Context 
 
AAE 20401, Aeromechanics II Laboratory, is a one-credit laboratory (lab) course in aerospace 
structural mechanics at Purdue University.  The lab course offers six lab preparatory lectures and 
six physical (hands-on) labs.  The durations of the lectures and labs are 50 minutes and 110 
minutes, respectively.  During the lab preparatory lecture session, a faculty member delivers a 
lecture.  Then, at the beginning of the physical lab sessions, graduate teaching assistants (TAs) 
leads the guided physical lab sessions.  All individuals in the teaching team are Purdue AAE 
members.  Table 1 shows the summary of AAE 20401 using abstract terms in Structural 
Mechanics.  The course provides the students with the opportunities to conduct guided hands-on 
experiments on the mechanics of materials.  Through conducting experiments and understanding 
the fundamental behavior of materials, the enrolled students will be in a better position to 
understand the fundamentals of structures and materials as well as the basic engineering 
requirements used in the aerospace vehicle design.   
  



 
Table 1:  Summary of Aeromechanics II (AAE 20401) Labs 

Lab # Lab Title Abstract Terms in Structural Mechanics 
1 Strain Gages and the Wheatstone Bridge Instrumentation 
2 Material Characterization Uniaxial Members 
3 Truss Structures Truss Members 
4 Beam Bending Beam Members 
5 Torsion and Shear Shaft Members 
6 Biaxial Stress and Strain Biaxial Members 

 
In the current academic year (i.e., Fall 2019–Spring 2020), 297 Aerospace students are taking 
AAE 20401 at Purdue University.  We worked with these students to conduct the SoTL 
activities.  As far as the historical enrollment for AAE 20401 is concerned, Figure 1 shows the 
course enrollment for the past 12 academic years (i.e., Fall 2008–Spring 2009 to Fall 2019–
Spring 2020).  As Figure 1 depicts that the increase in the student enrollment in AAE 20401 was 
a recent phenomenon, especially for the last three academic years.  To this end, if we calculate 
the average enrollment per year for each of the four 3-year intervals starting Fall 2008 and 
ending Spring 2020, the numbers are 190, 183, 193, and 275 students/year for Fall 2008–Spring 
2011, Fall 2011–Spring 2014, Fall 2014–Spring 2017, and Fall 2017–Spring 2020, respectively.  
These numbers demonstrate the dramatic surge in new undergraduate student enrollment in the 
last three academic years.   

 
 

Figure 1:   Historical Student Enrollment in AAE 20401 [40]  
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The implementation of VLs coincided with the increase in the number of the student 
enrollments.  In fact, the VL conceptualization and development started in the Academic Year 
Fall 2017–Spring 2018, followed by the implementation of VLs without the SoTL activities in 
Fall 2018–Spring 2019, and the implementation of VLs with the SoTL activities in Fall 2019–
Spring 2020.  This was the direct result of our hope to help and improve students’ learning 
environment without increasing the physical space.  We will discuss the specifics of VLs under 
the “Implementation of VL” section.   
 
Course Content 
 
Each lab has “big ideas,” enduring outcomes in which students must learn upon the conclusion of 
each lab activity.  Determining the enduring outcome for the course is the key to the course 
design; in other words, we must have a clear idea of what we want student to know at the end of 
the coursework and many years after they completed the study [41].  The “big ideas” remains the 
same whether the experiments were conducted virtually or physically.  Table 2 shows the big 
ideas (i.e., enduring outcomes) for the lab; since this is a practical, skill-based course, our big 
ideas are around the procedural knowledge that we expect students keep for the rest of their 
careers.   
 

Table 2:  Big Ideas – Enduring Outcomes 
Lab # Items 
1 Conduct basic measurements using strain gages and the Wheatstone bridge circuit. 
2 Characterize the behavior of materials based on how they respond under mechanical 

loadings. 
3 Calculate the internal loads of truss members based on applied external loads. 
4 Predict and analyze the behavior of beam structures using the Euler-Bernoulli beam 

theory. 
5 Predict and analyze the behavior of shaft subject to torsion and plates under pure 

shear. 
6 Calculate the principal stresses and strains for a pressure vessel by applying the 

thin-walled structure theory. 
 
In addition to enduring outcomes (Table 2), the labs will educate students on the “important to 
know” topics (Table 3).  These are specific (i.e., more detailed) topics that students learn when 
they participate in the lab and write a lab reports afterwards.   
 
In addition, students confirm lab results with the theoretical results as a part of lab report write 
up so that students will be able to understand the theories behind the lab activities and also to 
understand potential errors associated to each activity during the lab.   
 
In addition to the contents of Table 3 for specific topics, students must become proficient with 
the equipment usage to conduct hands-on experiments all labs.  Also, they must be able to 
analyze the raw data, confirm lab results with the theoretical results, and predict the potential 
outcome through modeling as a part of lab report write up so that students will be able to 
understand the theories behind the lab activities and also to understand potential errors associated 
with lab activities.    



Table 3:  Important-to-Know Topics 
Lab # Items 
1 Students learn the following topics related to the experimental instrumentation: 

Electrical resistance strain gages, Wheatstone bridge circuit which is used inside 
commercial strain indicators, circuit tester, and power supply. 

2 Students learn the following topics related to the material characterization:  
Behavior of solids under the uniaxial mechanical loading, modulus of elasticity, 
yield strength, ultimate tensile strength, toughness, Poisson’s ratio, and analysis and 
comparison of measurements with the literature data. 

3 Students learn the following topics related to truss structures:  Measurement of axial 
strain in a truss structure, conversion of axial strain into stress (based on material 
behavior learned in Lab #2), determination of internal forces of each member, and 
analysis and comparison of measurements with the truss theory. 

4 Students learn the following topics related to beam bending:  The Euler-Bernoulli 
beam theory, loads, reactions, beam deflections, stresses, strains, neutral axis, the 
use of a mechanical press and sensors for measuring strain, and analysis and 
comparison of measurements with the theoretical data. 

5 Students learn the following topics related to torsion and shear:  Torsion of shafts, 
shear modulus of elasticity, torque, angle of twist, angle of twist per unit length, and 
analysis and comparison of measurements with the theoretical data. 

6 Students learn the following topics related to the biaxial stress and strain:  3D 
Hooke’s Law, thin-walled theory, principal stresses and directions, stresses and 
strains in a cylindrical pressure vessel, and analysis and comparison of 
measurements with the theoretical data. 

 
In addition to enduring outcomes (Table 2) and the important-to-know topics (Table 3), the lab 
activities also promote “good-to-be-familiar with” topics as follows:  Students are expected to 
learn and demonstrate the following topics throughout all six labs:  Teamwork, report writing, 
and communication.  If we, for instance, take modeling as an example, being able to model 
constitutes an important and direct predictor of conceptual understanding of often-complicated 
engineering topics, such as heat transfer [42].  To sum up on these “good-to-be-familiar with” 
topics, they are covered in all labs (Labs #1–#6) and will become a part of necessary skills as a 
practicing engineer in the future no matter what field of engineering s/he choose to practice.   
 
Assessment of Students Learning 
 
Once we identified the course content, we aligned the learning goals of the six labs with the 
content.  Later, we verified that we had the evidence to assess that students reach each of the 
goals.  We will only enlist the learning goals and expected evidence related to Lab #6 since we 
conducted our SoTL activities (e.g., video recording, interview, revision of pre-lab assignment, 
and revision of report rubric to include VL experiments) during this lab (Table 4).   
 
The assessment part of the course was the first place where we observed that VLs could be 
integrated.  Since some of the learning goals of this lab focused on the application of different 
models of mechanics to analyze experimental data, we could include VLs as a source of virtual 
data.  This virtual data is different from the experimental data as it is generated by using a 



specific mathematical model with a predefined percentage of uncertainty.  Thus, with this new 
data, students will be able to not only apply the mechanical models to analyze data but also 
compare the results from two different sources of data (i.e., the experimental and the virtual 
data).   
 

Table 4:  Assessment of Students Learning for Lab #6 
Learning Goal Expected Evidence 
Students will be able to calculate 
principal stresses and principal 
directions. 

In the pre-lab assignment, students are expected to confirm 
the overall purpose of this lab.  By knowing that the stress 
element is experiencing only normal stresses when the 
element is oriented at 0 degree with respect to the axis of 
loading, students are expected to comment on the 
significance of pure normal conditions (i.e., no shear 
stress), which is essentially the principal stresses and 
directions. 

Students will be able to calculate 
hoop, longitudinal stresses and 
associated strains by applying 
the theory of thin-walled 
pressure vessels. 

In the pre-lab assignment, students must derive the 
expressions for axial and hoop strains in terms of internal 
pressure, Young’s modulus, Poisson’s ratio, and specimen 
thickness.  Furthermore, in the lab reports, students are 
expected to calculate the hoop and longitudinal stresses. 

Student will be able to conduct 
the transformation of stress and 
strain components from one 
coordinate system to another. 

In the pre-lab assignment, students must derive a 
relationship between a strain in generic direction (with 
respect to theta) as a function of the measured axial strain 
and angle with respect to the loading direction.  Also, in 
the lab report, students are expected to discuss the 
transformation of strain by comparing the theoretically 
calculated transformed results to the experimental results 
which was measured using the strain gages oriented at the 
specific angles with respect to the axis of loading. 

Students will compare among 
theoretical results, experimental 
results, and virtual results. 

In the lab reports, students must compare the theoretical 
results, experimental results, and virtual results so that any 
deviation of the data from the hands-on lab will be 
identified.   

Students will identify different 
sources of error. 

In the lab reports, students must identify sources of errors 
associated to the experimental data based on the data 
comparison explained above. 

Students will enhance their 
teamwork skills by performing 
the experiment and elaborating 
the inform in groups. 

During the hands-on lab, students conduct experiments as a 
group.  After the lab activities, students will prepare lab 
reports as a group.  Students will evaluate each other’s 
work using a peer review sheet individually and submit 
with the group report. 

Students will exercise 
professional behaviors by 
sending a clear written report on 
time. 

Students are expected to prepare a clear and concise pre-
labs and lab reports. Students are also expected to submit 
both pre-lab and lab reports on time at the beginning of lab 
period and one week from the day of lab, respectively.) 

  



Pedagogy 
 
The current course provides students with virtual and hands-on experiences in order to apply and 
enhance their understanding of the following fundamental concepts in aerospace structural 
mechanics:  Strain gages and Wheatstone bridges, mechanical characterization, truss structures, 
beam bending, torsion and shear, and biaxial stress and strain.  In addition, the course promotes 
the learning of data analysis, modeling, equipment usage, error analysis, teamwork, and 
communication by engaging the students in six lab modules.  In each lab module, we 
implemented the following sequence of learning activities.   
 
1. A professor introduces the concepts of the lab module and provides general guidelines for 

data analysis and modeling (Before the physical lab). 
 
2. Students complete the pre-lab assignment individually to refresh their theoretical background 

and technical details of the upcoming hands-on experience (Before the physical lab). 
 
3. Students conduct VL experiments to familiarize themselves with the equipment and collect 

virtual experimental data as a part of the pre-lab assignment (Before the physical lab). 
 
4. Lab instructors deliver a brief lecture on the equipment usage, modeling considerations, and 

error analysis of the lab module (During the physical labs). 
 
5. Students perform the hands-on experiment in teams to learn the correct operation of the 

equipment and collect data for subsequent data analysis (During the physical labs). 
 
6. Students apply the module concepts, make comparisons among the results from the theory, 

virtual, and hands-on labs, discuss their discrepancies and analyze the potential error sources 
to complete their final lab report as a group (After the physical labs).   

 
7. Lab instructors provide feedback on the lab reports to the students (After the physical labs) 
 
Implementation of Virtual Labs 
 
In the development and integration of VLs as a part of the Purdue AAE undergraduate education, 
our target is to recreate the current-state of the AAE 20401 hands-on lab activities in a computer-
generated virtual environment.  Table 5 shows lab titles, physical lab activities in each lab, and 
corresponding VLs.  Each lab has two lab activities, except for the Lab #3.  Out of 11 potential 
lab activities, we selected 9 activities for VLs based on the order of importance.  We completed 
the initial development of the VL software together with Algetec Corporation at the end of 
Spring 2018 [43], [44].  After we completed logistical requirements (e.g., creating the VL user 
manual for students, installing software on the computers at Purdue AAE, and proof-testing VLs 
in the computer-lab environment) in Summer 2018, we started using VLs for AAE 20401 in Fall 
2018.   
  



Table 5:  Physical Lab Activities and Corresponding VLs 
Lab # Lab Title Physical Lab Activity VL 
1 Strain Gages and the 

Wheatstone Bridge 
Strain Gage and Wheatstone Bridge 
Experiments 

Figure 2 

 Strain Gage and Multimeter Experiments n/a 
2 Material 

Characterization 
Tensile and Rupture Experiments Figure 3 

 Linear Properties Experiments n/a 
3 Truss Structures Truss Experiments Figure 4 
4 Beam Bending I-Beam Experiments Figure 5 
 Rectangular Beam Experiments n/a 
5 Torsion and Shear Shaft Experiments Figure 6 
  Shear Plate Experiments Figure 7 
6 Biaxial Stress and 

Strain 
Uniaxial Specimen Experiments Figure 8 

 Pressure Vessel Experiments Figure 9 
 
In Fall 2018, we started using VLs as a part of pre-lab and post-lab activities although the 
activities at that time were limited to simply follow the VL manual to a) familiarize the users 
(students) for the upcoming physical lab activities and b) repeat the experiments virtually after 
the completion of hands-on lab sessions to confirm experiments and to understand the subjects 
better.  Furthermore, the activities at that time did not include a systematic SoTL approach 
although the instructor was able to observe students’ comments as a part of the continuous 
improvement process.  Using the students’ comments, VLs made a steady and gradual 
improvements during the Fall 2018–Spring 2019 academic year.   
 
In Fall 2019, we had students start conducting VL experiments at various experimental 
parameters, which stimulated the pre-lab assignment activities in preparation for hands-on labs.  
We revised the contents of both pre-lab assignments and final lab report rubrics in such that 
students must include the VL experimental results as a part of pre-labs and final lab reports.  In 
addition, we asked students to compare physical lab results, VL results, and theoretical 
calculation results in the final lab reports.   
 
Figure 2 shows the screenshot of VL #1, Strain Gages and the Wheatstone Bridge.  In this VL 
exercise, the users (i.e., students) start the VL experiment by turning the resistor knobs to 
balance the Wheatstone bridge circuit (Figure 2, left).  Then, the user places a virtual beam with 
a strain gage onto a fixture/jig with a known radius of curvature (Figure 2, right) to obtain the 
voltage output from the Wheatstone bridge circuit.  Students will convert the voltage values into 
strains (using the theory of the Wheatstone bridge circuit and gage factor), which will be 
compared against the physical lab results as well as the theoretical calculation based on the beam 
theory.   
 



 
 

Figure 2:  Screenshot of VL #1:  Strain Gages and the Wheatstone Bridge 
 
Figure 3 shows the screenshot of VL #2, Material Characterization.  In this VL exercise, the 
users start the VL experiment by loading the specimen into the fixture, followed by the closing 
of the upper and lower jaws to mount the specimen onto the fixture.  After that, students hit “Go” 
button to start experiments.  As the specimen is being elongated, students can see the specimen’s 
deformed shape and stress distribution to have a better understanding of what is happening with 
the specimen as the force increases.  Finally, the specimen fractures which concludes the 
experiments.  By using the results of the virtual experiments, students can plot a stress-strain 
curve and calculate Young’s modulus of the material.  Students can also see the yield stress from 
the stress-strain plot.   

 

 
 

Figure 3:  Screenshot of VL #2:  Material Characterization 
 

Figure 4 shows the screenshot of VL #3, Truss Structures.  In this VL exercise, the users start the 
VL experiments by applying the downward force at the middle of the truss structure.  As the 
force increases, the virtual strain gages at various locations in the truss structure measures the 
strains.  As the force increases, the users can see the increase in the strain magnitude.  Based on 
the experiments, students can calculate the stresses and internal forces of the structure.  Students 



can also calculate the theoretical internal force by using either the method of joints or method of 
sections.   

 

 
 

Figure 4:  Screenshot of VL #3:  Truss Structures 
 
Figure 5 shows the screenshot of VL #4, Beam Bending.  In this VL exercise, the users start the 
VL experiment by applying the downward force at the middle of the upper fixture that is 
attached to the I-beam specimen.  This is a four-point bending (flexural) experiment, so the 
applied force from the top is separated into two forces while the I-beam specimen is supported 
by two supports on the bottom.  As the force increases the virtual strain gages at various 
locations of the I-beam structure measure the strains.  After the conclusion of the experiments, 
the users can plot the experimental data against the theoretical data that is based on the beam 
theory.  Students can also draw a shear force and bending moment diagrams in order to further 
understand the theoretical background of the beam problem.   
 

 
 

Figure 5:  Screenshot of VL #4:  Beam Bending 
 
Figure 6 shows the screenshot of VL #5, Torsion and Shear (Shaft).  In this VL exercise, the 
users start the VL experiment by applying the torsional loading onto the specimen, which is a 



hollow tube, through the turning wheel.  The VL apparatus measures not only the strains from 
the virtual strain gages but also the linear travel distances from the virtual dial gages at the top of 
the shaft.  Based on the experiments, students can calculate the shear strains as a function of 
torque.  Students can also calculate the shear modulus, which is the slope of the initial linear 
portion of the in the shear stress–shear strain curve.   
 

 
 

Figure 6:  Screenshot of VL #5:  Torsion and Shear (Shaft) 
 
Figure 7 shows the screenshot of VL #5, Torsion and Shear (Shear Plate).  In this VL exercise, 
the users start the VL experiment by applying the upward force onto the specimen.  Due to the 
specimen’s L-shaped holding fixtures, the specimen experiences a shear loading.  Based on the 
results, students can plot the shear stress vs. shear strain.  Students also can compute shear 
modulus, similar the exercise above.   

 

 
 

Figure 7:  Screenshot of VL #5:  Torsion and Shear (Shear Plate) 
 
Figure 8 shows the screenshot of VL #6, Biaxial Stress and Strain (Uniaxial Specimen).  In this 
VL exercise, the users start the VL experiment by applying the upward force onto the specimen.  
The virtual strain gages are oriented at various angles with respect to the longitudinal axis (i.e., 



axis of loading).  Based on the results, students can observe how the strains change based on the 
angle with respect to the axis and compare them with the theoretical values.   

 

 
 

Figure 8:  Screenshot of VL #6:  Biaxial Stress and Strain (Uniaxial Specimen) 
 
Figure 9 shows the screenshot of VL #6, Biaxial Stress and Strain (Pressure Vessel).  In this VL 
exercise, the users start the VL experiment by pressurizing the virtual pressure vessel with the 
pump.  Students observe the increase in the strain values measured by the strain gages that are 
mounted on the pressure vessel in the longitudinal (axial) direction as well as in the transverse 
(hoop) direction.  Based on the results, students can observe how the strain values change 
depending on the angle of the strain gage with respect to the longitudinal direction.  Students can 
also calculate the stress from the hands-on lab experiments and from the pressure vessel theory 
so that students can compare the VL results to both the experimental and the theoretical results.   
 

 
 

Figure 9:  Screenshot of VL #6:  Biaxial Stress and Strain (Pressure Vessel)  



4. Results and Discussion 
 
During the Fall 2019–Spring 2020 academic year, we worked with the enrolled students while 
video recording them and asked questions about the use of VLs as a part of AAE 20401 lab 
activities.  More specifically, we conducted the video interviews on nine students while they 
were performing VL experiments on computers.  Then, we transcribed the video interviews so 
that we can assess the VL implementation qualitatively and answer the following research 
questions:  a) how did students perceived VLs and b) what connections did students make 
between VLs and Physical Labs? 
 
Research Question #1:  How did students perceive VLs? 
 
Overall, the students perceived the VL as a useful part of the AAE 20401 course.  They provided 
mostly positive comments during the interviews such as “I think, it [the VL] does a really good 
job” or “I think the virtual lab itself is great and it’s been really helpful.”  When we, as 
researchers, were more into why students like the VL, we found that they help students to be 
more prepared for the physical lab.  For instance, one student said, “I kind of like it because it 
can give me an idea of the equipment before I get through the lab.”  We would expect this 
response from the student as we initially conceived the VL as tools to help students to be more 
prepared for the hands-on experiments.  On the other hand, since the VL helps students to 
prepare the experiments, we wonder what happened with the rest of the available material that 
have a similar goal.  For example, one student mentioned the VL “is not as kind of complicated 
as the lab manual can be.”  In this case, the lab manual seems to present an implicit cognitive 
challenge for this student that the VL helps to overcome.  Further research needs to be conducted 
about the cognitive load that studying the lab manual generates in the student and how the VL 
could reduce it.   
 
The students provided suggestions about how to improve technical elements of the VL in 
addition to their positive comments.  They mostly focused on technical aspects of the VL such as 
the slow speed of the software when it run remotely.  This comment was common also in the 
previous semesters.  Consequently, the development team has modified the future VLs, which is 
beyond the scope of this paper, so that they will work online instead of using remote software.  
Additionally, other students complained about how the camera worked.  For example, one 
student said: 
 

“The only thing that I can think would be, like a bottom for a camera alignment, because 
a lot of times it rotates like … [the student moves the cursor on the screen in a circular 
motion to show how the camera moves] spherically, this is like when things are hard to 
look at” 

 
In this example, the student described the problem with the camera and also provided a solution: 
create a new bottom on the interface.  Finally, another student mentioned the software is not 
totally user friendly.  He would prefer the VL gives some additional instructions about how to 
use all the features.  The camera issue and user friendlessness are problems that we were not 
aware until this research was performed.  We will try to fix these issues in the current and future 
VLs.   



 
One final comment that called our attention was one student who did not perceive any learning 
from the VLs.  Specifically, the student said, “in terms of like actual learning something, I don't 
think I get much of it other than just know how do it [the hands-on experiment].”  The student 
saw the VL as a tool useful only to know what to expect from the experimental lab.  However, 
we believe the VL helps the students to develop cognitive skills such as data analytics and error 
analysis.  To determine how the VL supports the students’ learning, more research needs to be 
done.  We will inform the future findings to the upcoming students; so, they will be more aware 
of their learning through the VL.   
 
Research Question #2:  What connections did students make between VLs and Physical Labs? 
 
Students made a positive connection between VLs and physical labs in general.  The following 
section discusses the answer to Research Questions #2 by using the lab reports, videotaping 
interviews, and end-of-semester student assessment.   
 
Based on the review of the Lab Report #6, what we found was that all groups have attempted 
some form of comparison between the VLs and physical labs.  This was a predictable result since 
we explicitly stated in the lab report rubrics to make the comparison between the VL and 
physical lab results.  Therefore, the evidence of students trying to make a connection was very 
clear.  However, what we found interesting was that we observed vastly different approaches that 
each group chosen to make the comparison.  For instance, some groups created separate plots:  
one for VL and the other for physical lab.  Then, they expressed the characteristics of each plot, 
such as linear fit equations and R2 values.  For these groups, this approach was their version of 
the “comparison” although no direct comparison was made between VLs and physical labs.  On 
the other hand, some other groups put VL and physical lab data into one plot and made the 
comparison visually and directly.  Based on this experience, what we learned was that if we are 
looking for something specific from the students (e.g. asking students to compare VL and 
physical lab results on one plot, not two separate plots), we should say so in order to further 
clarify the content of the rubrics.  By simply stating to compare VLs and physical labs generated 
different types of answers.   
 
For those groups that plotted the VL, physical lab, and theoretical results in one plot, the VL and 
theoretical results are on top of each other.  One of the groups was wise to identify the error in 
the VL results as follows: [After talking about the errors in the physical lab results] “The same 
errors could apply to the VLs although these errors are programmed into the VL.”  The group’s 
error analysis was excellent in such that the group identified the inherent (and intentionally 
added) error in the VLs.   
 
From the videotaping interviews, the feedback was positive in terms of how they connect VLs 
and physical labs.  Since the AAE 20401 VLs gave the students with theoretical data (with some 
built-in intentional errors), some students used it as a reference to troubleshoot potential issues 
during their experiments and/or identifying potential errors after the experiments in their own 
experimental data as a quick data verification tool to check the experimental data without going 
into the full-blown theoretical calculations.  The comments from the video taping interviews 



sounded slightly inarticulate since the students were working on the VLs while also giving their 
opinions on the VLs.   
 

"It [the virtual lab] is useful to do because you have some data to confirm to, and if 
something is going to go wrong in the lab, then, you know this is the experimental data 
that you got from the virtual lab, and our experimental data has this error in it because 
something got wrong"   

 
Another example of students using the VLs as a quick check tool although this student’s 
expression is somewhat inarticulate, and he appears to be just using VLs as a simple tool without 
being overly enthusiastic.  Again, we felt this was the result of student talking to the interviewer 
while also working on the VL, simultaneously.   
 

“Sometimes I just [inaudible] see writing that numbers, I don't really think about why I 
am writing that those numbers or why they make sense, because I know they are not 
going to be like any major data on the virtual lab data, that they gave us, so I don't need 
to consider anything like that, I know the values theoretically should be correct.”   

 
From the end-of-semester student assessment, the feedback was positive in terms of how they 
connect VLs and physical labs.  The VLs appeared to provide students with a physical sense of 
what they will be doing in the upcoming hands-on lab, which is beneficial for student learning.   

 
“Virtual labs help with the actual labs and give a good visual of what to expect on the 
actual lab day.”   

 
Instructor Reflection about the VL Implementation 
 
The AAE 20401 instructor shared his experience during the VL implementation.  The instructor 
specifically talked about the challenging issues that he faced during the implementation.   
 

“When we first received the Virtual Lab software (Spring 2018), we received the 
prototype version of the software.  Thus, it needed some work before implementing it in 
the student learning environment.  In Spring 2018, we had graduate student lab TAs run 
the prototype VL program so that we can get a proper feedback.  Then, during Summer 
2018, I hired one graduate student to go through all the functionality of VLs in the actual 
computers in the computer lab to give feedback to the software company and create VL 
user manual for students.  Finally, in Fall 2018, we were able to implement VLs although 
it was without the SoTL activities at that time.  From this experience, what we learned 
was that we should not underestimate the amount of work involved for the VL launch.  
The most challenging task was to make the user interface as friendly as possible without 
abbreviating the certain equipment operations that are essential during the physical lab 
sessions.” 

 
The AAE 20401 instructor shared his opinion on what he thought he would have done differently 
to improve the AAE 20401 based on his experience with the [Course number removed] VL 
implementation.   



 
“It would have been better if we made AAE 20401 VLs as a web-based program that is 
hosted on a web server.  Currently, the AAE 20401 VLs are installed on physical 
computers in the computer lab because the AAE 20401 VLs requires software installation 
on the computer that runs the program.  We chose to take this option since we did not 
want students to install this software on their laptops due to potential licensing issues.  
Although there are no issues with the user experience and functionality, this option is not 
very convenient for students since they have to come to the physical computer lab to do 
VLs.”   
 
“We also had the program installed on the Purdue servers so that we can access it via 
Purdue Software Remote, which is a Purdue in-house remote app solution.  However, the 
Software Remote has an issue with the user experience because the Software Remote 
application does not appear to work well for graphics-intensive programs, such as VLs, 
due to its sluggish response.  Thus, the use of the AAE 20401 VLs via Purdue Software 
Remote became a test of patience for students.”   

 
The AAE 20401 instructor shared his opinion on a byproduct of the VL implementation.  He 
specifically talked about the use of VLs during the lab preparation lectures.   

 
“I use VLs during the lab preparation lecture.  How I teach the lab preparation lectures 
is to go through the theoretical reviews for the upcoming labs in the first part of lectures.  
Then, in the second half of the lecture, I demonstrate the apparatus in VLs and conduct 
virtual experiments in front of the class.  Students seem to be more confident and have a 
better idea of the upcoming physical labs after my lab preparation lectures because of the 
VL demonstration.”   

 
The AAE 20401 instructor shared his experience on the SoTL activities on VLs.  The instructor 
explained how the improvement of the VL software before SoTL activities made sense.  Also, 
the instructor gave his view of the SoTL activities (Note:  The AAE 20401 instructor is not the 
faculty of engineering education).   

 
“The SoTL activities went smoothly, and one of the reasons was that the VL software 
worked very well by the time we started working with the engineering education 
researcher in Fall 2019 so that we did not have to worry much about the issues on the VL 
software itself by then.  I felt that the qualitative research with VLs was a significant task 
simply because it involves time-consuming activities, such as video recording and 
interviewing students.  The key to the SoTL activities on VLs was to get early assistance 
from engineering education researchers.  They have know-how on dealing with 
qualitative research, which is fundamentally different from the research on the aerospace 
structures and materials where we drive project with numerical numbers like force, 
displacement, stress and strain.   

  



5. Conclusions and Future Work 
 
The AAE 20401 VLs are the innovative virtualization approach of the current hands-on labs in 
order to improve course instruction.  The thesis behind the VL implementation at Purdue remains 
the same as the thesis for MIT Project Athena almost four decades ago:  Improvement of the 
educational quality for the students.  However, there were slight differences in the approach, 
where we used the Backward Course Design Model to analyze and characterize the context, 
content, assessment, and pedagogy of the course which allowed us to identify how this VL 
software should be integrated into the existing lab coursework.  Based on the pedagogy we 
developed, VLs help students to familiarize themselves with the equipment before the hands-on 
experiment and allow them to collect virtual data.  The use of VLs after the hands-on lab 
activities allows students to further reflect during the data analysis process.   
 
As future work, we will conduct qualitative research to further characterize VLs’ contribution to 
the students’ learning of data analysis, modeling, and error analysis.  Although our VL SoTL 
activities specifically focused on the second-year aerospace engineering students, VLs are a 
disruptive technology that can propagate to other age groups (e.g., K-12, upper-class 
undergraduate/graduate students, and working professionals) as well as other disciplines (e.g., 
life sciences, physical sciences, mathematics/computer sciences, and continuing education for 
workforce development).  Therefore, SoTL activities on VLs will be beneficial to educational 
researchers at all levels and will need to be expanded to other disciplines.   
 
Acknowledgements 
 
The authors would like to thank the Purdue University School of Aeronautics and Astronautics 
and Professor Tom Shih for funding the development of the VLs, the College of Engineering 
funding and Dean Mung Chiang for funding the educational assessment, and Professor Bill 
Anderson, Professor Wayne Chen, and Professor Bill Crossley for insightful discussions about 
the development of the VLs.   
 
  



References 
 
[1] G. A. Champine, D. E. Geer, and W. N. Ruh, “Project Athena as a Distributed Computer 

System,” Compute, vol. 23, no. 9, pp. 40–51, 1990, doi: 10.1109/2.58217. 
[2] E. Balkovich, S. Lerman, and R. P. Parmelee, “Computing in Higher Education: The 

Athena Experience,” Commun. ACM, vol. 28, no. 11, pp. 1214–1224, Nov. 1985, doi: 
10.1145/4547.4553. 

[3] S. Abiko, “Einstein’s Kyoto Address: ‘How I Created the Theory of Relativity,’” Hist. 
Stud. Phys. Biol. Sci., vol. 31, no. 1, pp. 1–35, 2000, doi: 10.2307/27757844. 

[4] G. A. Champine, “Athena as an Instructional System,” in MIT Project Athena - A Model 
for Distributed Campus Computing, Digital Press, 1991, pp. 37–68. 

[5] W. A. Wulf, “The Collaboratory Opportunity,” Science (80-. )., vol. 261, no. 5123, pp. 
854–855, Aug. 1993, doi: 10.1126/science.8346438. 

[6] J. Lederberg, K. Uncapher, and W. A. Wulf, “Towards a National Collaboratory: Report 
of an Invitational Workshop at the Rockefeller University, March 17-18, 1989,” 1989. 

[7] Y. Lin, S. Wang, Q. Wu, and L. Chen, “Key Technologies and Solutions of Remote 
Distributed Virtual Laboratory for E-Learning and E-Education,” Mob. Networks Appl., 
vol. 24, no. 1, pp. 18–24, 2019, doi: 10.1007/s11036-018-1130-z. 

[8] J. P. Vary, “Report of the Expert Meeting on Virtual Laboratories,” United Nations Educ. 
Sci. Cult. Organ. Tech. Rep. CII-00/WS/01 2000, 2000. 

[9] W. K. Adams et al., “A Study of Educational Simulations Part 1 – Engagement and 
Learning,” J. Interact. Learn. Res., vol. 19, no. 3, pp. 397–419, 2008, doi: 10.1590/S1415-
65552003000100007. 

[10] J. L. Davenport, A. N. Rafferty, and D. J. Yaron, “Whether and How Authentic Contexts 
Using a Virtual Chemistry Lab Support Learning,” J. Chem. Educ., vol. 95, no. 8, pp. 
1250–1259, 2018, doi: 10.1021/acs.jchemed.8b00048. 

[11] G. Makransky, M. W. Thisgaard, and H. Gadegaard, “Virtual Simulations as Preparation 
for Lab Exercises: Assessing Learning of Key Laboratory Skills in Microbiology and 
Improvement of Essential Non-Cognitive Skills,” PLoS One, vol. 11, no. 6, pp. 
e0155895–e0155895, Jun. 2016, doi: 10.1371/journal.pone.0155895. 

[12] G. A. Maldarelli et al., “Virtual Lab Demonstrations Improve Students’ Mastery of Basic 
Biology Laboratory Rechniques,” J. Microbiol. Biol. Educ., vol. 10, no. 1, pp. 51–57, Dec. 
2009, doi: 10.1128/jmbe.v10.99. 

[13] A. E. Swan and A. M. O’Donnell, “The Contribution of a Virtual Biology Laboratory to 
College Students’ Learning,” Innov. Educ. Teach. Int., vol. 46, no. 4, pp. 405–419, Nov. 
2009, doi: 10.1080/14703290903301735. 

[14] B. Rai, H. S. Tan, and C. H. Leo, “Bringing Play Back into the Biology Classroom with 
the Use of Gamified Virtual Lab Simulations,” J. Appl. Learn. Teach., vol. 2, no. 2, pp. 
48–55, 2019. 

[15] E. Paxinou, C. T. Panagiotakopoulos, A. Karatrantou, D. Kalles, and A. Sgourou, 
“Implementation and Evaluation of a Three-Dimensional Virtual Reality Biology Lab 
versus Conventional Didactic Practices in Lab Experimenting with the Photonic 
Microscope,” Biochem. Mol. Biol. Educ., vol. 48, no. 1, pp. 21–27, 2020, doi: 
doi:10.1002/bmb.21307. 

 
 



[16] M. Darrah, R. Humbert, J. Finstein, M. Simon, and J. Hopkins, “Are Virtual Labs as 
Effective as Hands-on Labs for Undergraduate Physics? A Comparative Study at Two 
Major Universities,” J. Sci. Educ. Technol., vol. 23, no. 6, pp. 803–814, 2014, doi: 
10.1007/s10956-014-9513-9. 

[17] Z. Tatli and A. Ayas, “Virtual Laboratory Applications in Chemistry Education,” in 
Procedia - Social and Behavioral Sciences, 2010, doi: 10.1016/j.sbspro.2010.12.263. 

[18] I. I. Salame and D. Samson, “Examining the Implementation of PhET Simulations into 
General Chemistry Laboratory,” Int. J. Environ. Sci. Educ., 2019. 

[19] M. D. Koretsky, “An Interactive Virtual Laboratory Addressing Student Difficulty in 
Differentiating between Chemical Reaction Kinetics and Equilibrium,” Comput. Appl. 
Eng. Educ., vol. 28, no. 1, pp. 105–116, 2020, doi: doi:10.1002/cae.22178. 

[20] M. Suleman, K. H. Sugiyarto, and J. Ikhsan, “Development of Media Three-dimensional 
(3D) Visualization using Virtual Reality on Chemistry Education,” J. Phys. Conf. Ser., 
vol. 1397, p. 012034, Dec. 2019, doi: 10.1088/1742-6596/1397/1/012034. 

[21] I. Syamsuddin, “VILARITY-Virtual Laboratory for Information Security Practices,” TEM 
J., vol. 8, no. 3, pp. 1011–1016, 2019. 

[22] C. Brand, J. Massey-Allard, S. Perez, N. Rummel, and I. Roll, “What Inquiry with Virtual 
Labs Can Learn from Productive Failure: A Theory-Driven Study of Students’ Reflections 
BT - Artificial Intelligence in Education,” 2019, pp. 30–35. 

[23] Y. Deng, D. Lu, C. Chung, D. Huang, and Z. Zeng, “Personalized Learning in a Virtual 
Hands-on Lab Platform for Computer Science Education,” in 2018 IEEE Frontiers in 
Education Conference (FIE), 2018, pp. 1–8, doi: 10.1109/FIE.2018.8659291. 

[24] A. H. Alharbi, “A Portable Virtual LAB for Informatics Education using Open Source 
Software,” Int. J. Adv. Comput. Sci. Appl., vol. 9, no. 2, 2018. 

[25] K. H. Cheong and J. M. Koh, “Integrated Virtual Laboratory in Engineering Mathematics 
Education: Fourier Theory,” IEEE Access, vol. 6, pp. 58231–58243, 2018, doi: 
10.1109/ACCESS.2018.2873815. 

[26] W. Yang, N. Yuan, W. Chinthammit, and B. Kang, “A Distributed Case- and Project-
Based Learning to Design 3D Lab on Electronic Engineering Education,” Comput. Appl. 
Eng. Educ., vol. 27, no. 2, pp. 430–451, Mar. 2019, doi: 10.1002/cae.22087. 

[27] E. Verlage et al., “Web-based Interactive Simulations and Virtual Lab for Photonics 
Education,” in Fifteenth Conference on Education and Training in Optics and Photonics: 
ETOP 2019, 2019, p. 11143_136, [Online]. Available: 
http://www.osapublishing.org/abstract.cfm?URI=ETOP-2019-11143_136. 

[28] A. Corbi, D. Burgos, F. Vidal, F. Albiol, and A. Albiol, “X-ray Imaging Virtual Online 
Laboratory for Engineering Undergraduates,” Eur. J. Phys., vol. 41, no. 1, p. 014001, Jan. 
2020, doi: 10.1088/1361-6404/ab5011. 

[29] D. Mirauda, N. Capece, and U. Erra, “StreamflowVL: A Virtual Fieldwork Laboratory 
that Supports Traditional Hydraulics Engineering Learning,” Appl. Sci., vol. 9, no. 22, p. 
4972, 2019. 

[30] G. Santos, E. Mandado, R. Silva, and M. Doiro, “Engineering Learning Objectives and 
Computer Assisted Tools,” Eur. J. Eng. Educ., vol. 44, no. 4, pp. 616–628, 2019. 

[31] C. Xuemin, S. Gangbing, and Z. Yongpeng, “Virtual and Remote Laboratory 
Development: A Review,” Earth and Space 2010. pp. 3843–3852, Jan. 31, 2020, doi: 
doi:10.1061/41096(366)368. 

 



[32] R. Bose, “Virtual Labs Project: A Paradigm Shift in Internet-Based Remote 
Experimentation,” IEEE Access, vol. 1, pp. 718–725, 2013, doi: 
10.1109/ACCESS.2013.2286202. 

[33] B. Balamuralithara and P. C. Woods, “Virtual Laboratories in Engineering Education: The 
Simulation Lab and Remote Lab,” Comput. Appl. Eng. Educ., vol. 17, no. 1, pp. 108–118, 
2009, doi: 10.1002/cae.20186. 

[34] V. Potkonjak et al., “Virtual Laboratories for Education in Science, Technology, and 
Engineering: A Review,” Comput. Educ., vol. 95, pp. 309–327, Apr. 2016, doi: 
10.1016/J.COMPEDU.2016.02.002. 

[35] N. Sharma, T. R. Mahapatra, S. K. Panda, and P. Sahu, “Characterization of the Acoustic 
Radiation Properties of Laminated and Sandwich Composite Panels in Thermal 
Environment,” IOP Conf. Ser. Mater. Sci. Eng., vol. 338, p. 012031, Mar. 2018, doi: 
10.1088/1757-899X/338/1/012031. 

[36] S. M. Cornick, W. Maref, and M. A. Lacasse, “The Virtual Lab: A Research Complement 
to the Integrated Design Process.” pp. 63–73, 2005. 

[37] G. P. Wiggins and J. McTighe, Understanding by Design, 2nd ed. Alexandria, VA: 
ASCD, 2005. 

[38] J. Emory, “Understanding Backward Design to Strengthen Curricular Models,” Nurse 
Educ., vol. 39, no. 3, 2014, [Online]. Available: 
https://journals.lww.com/nurseeducatoronline/Fulltext/2014/05000/Understanding_Backw
ard_Design_to_Strengthen.6.aspx. 

[39] D. L. Carlson and P. A. Marshall, “Learning the Science of Research, Learning the Art of 
Teaching: Planning Backwards in a College Genetics Course,” Biosci. Educ., vol. 13, no. 
1, pp. 1–9, Jun. 2009, doi: 10.3108/beej.13.4. 

[40] “Purdue University Office of the Registrar,” myPurdue Self-Service under 
https://wl.mypurdue.purdue.edu/. . 

[41] N. P. Pitterson and R. A. Streveler, “Teaching and Learning Complex Circuit Concepts: 
An Investigation of the Intersection of Prior Knowledge, Learning Activities, and Design 
of Learning Environments,” in ASEE Annual Conference and Exposition, Conference 
Proceedings, 2016, doi: 10.18260/p.26018. 

[42] T. J. Moore, R. L. Miller, R. A. Lesh, M. S. Stohlmann, and Y. R. Kim, “Modeling in 
Engineering: The Role of Representational Fluency in Students’ Conceptual 
Understanding,” J. Eng. Educ., vol. 102, no. 1, pp. 141–178, Jan. 2013, doi: 
10.1002/jee.20004. 

[43] G. S. Coutinho, A. S. Mello, A. J. Magana, V. Dias, and V. Côrtes, “Work-in-Progress: 
Developing Virtual Equipment to Enhance Learning of Structures and Material Science in 
an Aeronautics and Astronautics Engineering Program,” in Proceedings of the 2018 
Connected Learning Summit, MIT Media Lab, Cambridge, MA, 2018, doi: 
10.1184/R1/7793804.v1. 

[44] G. S. Coutinho, A. S. Mello, A. J. Magana, V. Dias, and V. Côrtes, “Developing Virtual 
Equipment to Enhance Learning of Structures and Material Science in an Aeronautics and 
Astronautics Engineering Program,” Glob. J. Eng. Sci., vol. 4, no. 4, 2020, doi: 
10.33552/GJES.2020.04.000593. 

 


